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ABSTRACT

Synthetic biomaterials are widely used in medical applications. Their 

biocompatibility is believed to be related to first interactions with proteins. Thus, 

quantitative techniques which provide information on the spatial distribution of adsorbed 

proteins are of interest.

In this work, two soft X-ray spectromicroscopy techniques, scanning transmission 

x-ray microscopy (STXM) and photoemission electron microscopy (X-PEEM), were 

used for the determination of the preferred sites of interaction of blood proteins on phase 

segregated polymer films. These techniques are advantageous due to their high chemical 

speciation, which is provided by near edge X-ray absorption fine structure (NEXAFS) 

spectroscopy, and their high spatial resolution of ~50 nm for STXM and ~100 nm for X- 

PEEM. STXM, X-PEEM and atomic force microscopy (AFM) were used to characterize 

thin film polymer blends of polystyrene (PS) and poly(methylmethacrylate) (PMMA). 

PEEM was used to map the adsorption of fibrinogen (Fg) on this surface from both 

isotonic, buffered, and low ionic strength, unbuffered aqueous solutions at varying 

fibrinogen concentrations. STXM was used to locate human serum albumin (HSA) and 

Fg on microtomed sections of polyurethanes containing copolymer filler particles. The 

results shown in this thesis demonstrate for the first time that STXM and X-PEEM have 

the capability to simultaneously locate and detect both adsorbed proteins at the 

submonolayer level, and the underlying polymer phases, and to map the protein 

distribution relative to the polymer phases. The STXM measurements are quantitative 

and can be carried out in the presence of an overlayer of the protein solution.
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Chapter 1

INTRODUCTION

This chapter presents a general introduction to biomaterials and the motivation 

for developing X-ray microscopy as a new tool to study them. Existing analytical 

techniques for biomaterials are briefly described and their ability to help design new 

biomaterials is discussed. A review of X-ray microscopy techniques used to study 

polymers and biological materials leads to a short discussion of the possible 

contributions of soft X-ray spectromicroscopies to study protein-polymer interactions in 

the context of biomaterial interface optimization. The chapter closes with an outline of 

the whole thesis.

§ 1.1 Introduction to Biomaterials

Nearly twenty-five years ago, the editorial written for the very first issue of the 

journal Biomaterials categorized biomaterials to “(...) include synthetics as well as those 

of natural origin, and comprise materials that may he implanted in the body to provide 

specific prosthetic functions, used in diagnostic, surgical, therapeutic, and storage 

applications without causing adverse effects on blood or other tissues" [BH80].

At a National Institutes of Health consensus development conference in 1987, 

biomaterials were defined as "any substance other than a drug, or combination of 

substances, synthetic or natural in origin, which can be used for any period of time, as a 
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whole or as a part of a system which treats, augments, or replaces any tissue, organ, or 

function of the body" [W87]. This definition remains the most commonly accepted today.

Clearly, under the umbrella of biomaterials there exist many classes (biological 

materials, polymers, ceramics, metals, composites), and applications (prosthetics, 

diagnostic, surgical, therapeutic, storage and sensing). In order for a material to be 

suitable for medical applications it must be biocompatible. Biocompatibility is an ill- 

defined term with poor methods of characterizing a material as being “biocompatible”, or 

not. Over 10 years ago, Professor Buddy Ratner wrote a paper titled “The blood 

compatibility catastrophe” [R93a]. The motivation for this publication stemmed from the 

fact that at a “National Heart, Lung, and Blood Institute” (NHLBI) Device and 

Technology Branch (DTB)-sponsored meeting on cardiovascular devices and materials, a 

distinguished panel of experts on blood compatibility was challenged to name a blood­

compatible material. The group declined to do so (although pharmacologic approaches 

were suggested). Ratner [R93a] believes this seriously problematic response is 

symptomatic of a crisis in understanding that is observed throughout the field of 

cardiovascular materials. For example, the literature is abundant with controversies about 

what is “blood compatible”, with widely differing classes of materials labelled “blood 

compatible”.

Millions of medical devices are implanted into humans each year with reasonable 

levels of success (table 1.1) [CR02]. Regulatory agencies categorize these medical 

devices as biocompatible. Castner and Ratner [CR02] suggest two ideas as to why this 

word is so poorly defined. First, smooth materials that do not leach biologically reactive
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Table 1.1 Medical implants used in the United States (as of 2002) [CR02].

Device Number/year Biomaterial
Intraocular lens 2,700,000 PMMA
Contact lens 30, 000, 000 Silicone acrylate
Vascular graft 250, 000 PTFE, PET
Hip and knee prostheses 500, 000 Titanium, PE
Catheter 200, 000, 000 Silicone, Teflon
Heart valve 80, 000 Treated pig valve
Stent (cardiovascular) > 1,000,000 Stainless steel
Breast implant 192,000 Silicone
Dental implant 300,000 Titanium
Pacemaker 130, 000 Polyurethane
Renal dialyzer 16, 000, 000 Cellulose
Left ventricular assist devices > 100, 000 (since inception) Polyurethane

substances will heal in the body in a manner now considered biocompatible. Is the 

biocompatibility of these non-leaching materials independent of their surface properties?

The second idea put forth by Castner and Ratner [CR02] is that of the foreign 

body reaction. The body reacts similarly to nearly all materials that are called 

biocompatible by segregating a thin avascular, tough, collagenous bag, roughly 50-200 

μm thick. This reaction can be described in 6 steps:

1) A biomaterial is implanted.

2) Within one minute, the implant adsorbs a layer of proteins. This is a normal 

process for a solid surface in biological fluids [A85].

3) Cells (neutrophils and then macrophages) interrogate and attack the invader, or 

biomaterial. The main mammalian phagocytes are neutrophils (granular, with a 

nucleus containing three to five lobes) and macrophages (round, granular, 

mononuclear). Phagocytosis is the uptake of material into a cell by the formation 

of a membrane bound vesicle.

3
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4) When the macrophages find they cannot digest the implant, they fuse into giant 

cells to engulf the object. However, most macroscopic implants are too large to 

completely ingest. The giant cells then send out chemical messengers (cytokines) 

to call in other cells.

5) Fibroblast cells arrive and begin synthesizing collagen.

6) At the end stage of the reaction the implant is completely encased in an acellular, 

avascular collagen bag. There are macrophages between the collagen sac and the 

implant.

The presence of this capsule may inhibit the biomaterials from functioning as 

intended due to the lack of intimate contact between device and tissue. The long term, 

low level inflammation and macrophage activation due to the foreign body reaction may 

lead to the following problems: healing of vascular grafts does not occur ([JWR.&91 ], 

[WJK94], [WRJ94], [W95], [WJ96]), capsular opacification found with intraocular lenses 

[AAS&02], [BFM&02], [DSD&02]), extrusion of percutaneous devices ([WSQ&98], 

[TPY00], [W01]), device calcification ([SSC&01], [SMG&02], [SML&02]), contact lens 

discomfort, other complications and undesirable outcomes associated with today's 

medical devices.

Castner and Ratner [CR02] note that, in contrast, our body has an excellent 

capacity to heal wounds and injuries with healthy, vascularized tissue, and thus ask: 

Could this normal healing be wrong? Why do “biocompatible” implants shut off normal 

wound healing?

4
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Given a list of 10 common materials used in medicine (for example, gold, 

polyurethane, silicone, rubber, polytetrafluoroethylene (PTFE), polyethylene (PE), 

poly(methyl methacrylate) (PMMA), poly(2-hydroxyethyl methacrylate) (PHEMA), 

poly(ethylene terephthalate) (PET), titanium, alumina), one finds materials that are 

hydrophobic, hydrophilic, hard, soft, polymeric, ceramic, and metallic. Yet, after one 

month implantation in mammals, they are all found to heal essentially identically. On the 

other hand, each material will be found, in vitro, to adsorb different proteins, and to show 

substantially different cell attachment and cell growth behaviour.

The commonality among the ten materials listed in the previous paragraph is that 

they adsorb a complex, non-specific layer of proteins. Each will have a different protein 

mixture at its surface, but all the materials will quickly acquire a layer that contains many 

proteins (possibly comprised of 200 or more proteins) in many states of orientation and 

denaturation [H93]. However, nature never uses such non-specific layers. Nature's use 

of proteins as signalling agents comes from one (or a few) specific proteins in fixed 

conformations and orientations so they optimally deliver signals. A hypothesis has been 

developed suggesting that the body views this non-physiologic proteinaceous layer as 

something with which it has no experience and reacts to it as an unrecognized foreign 

invader that must be walled off [R97], [R98]. In a normal wound, the macrophage cell 

responsible for orchestrating wound healing is activated. In the presence of an 

uncomplicated wound, the macrophage turns on the pathways leading to normal healing 

by first cleaning up the wound site and then secreting the appropriate cytokine messenger 

molecules. These soluble messengers activate processes in the cell types needed for 

5
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healing. The biological reaction to the surfaces of today’s biomaterials turns this normal 

healing process off. Is it possible to design a biomaterial with a surface that is truly 

biocompatible, i.e. one which stimulates normal healing rather than the foreign body 

rejection response?

Castner and Ratner [CR02] suggest a number of steps that must be taken to realize 

“biomaterials that heal”. First, a serious investment must be made in the study of the 

basic biology of normal wound healing, in contrast to wound healing with a biomaterial 

present. Second, the non-specific adsorption of proteins and other biomolecules must be 

inhibited. Finally, the surfaces of biomaterials must be synthesized to present to the body 

the same signalling groups as the surface of a clean, fresh wound. In order to go beyond 

the current situation in which biomaterials elicit only the foreign body response, surfaces 

must be developed that control the conformation and orientation of proteins with 

precision so that the body will specifically recognize them.

Many ways to inhibit non-specific protein adsorption, the second step in the 

paragraph above, have been developed (see table 1.2). Several questions driving research 

in this area have been formulated and are summarized in the Journal of Biomaterials 

Science: Polymer Edition (Volume 11, 2000). These questions are: How resistant to 

protein pickup can such surfaces be made? Why are they resistant to protein adsorption? 

How long can they remain resistant to protein fouling? Can they be functionalized with 

organic groups permitting the immobilization of active biomolecules on a bland 

background?

6
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Table 1.2 Strategies to achieve protein-resistant (non-fouling) surfaces [CR02]

Surface strategy Comments Reference

PEGa Effective but dependent on chain density at the surface; 
damaged by oxidants [M92]

PEG-like surfaces by plasma 
deposition

Applicable for the treatment of many substrates and 
geometries; highly effective [MRY99]

PEG oligomers in self­
assembled monolayers

Highly effective; applicable for precision molecularly 
engineered surfaces; durability to elevated temperature is 
low.

[PW93]

PEG-containing surfactants 
adsorbed to the surface

A simple method for achieving non-fouling surfaces; 
durability may be low and high surface densities are hard 
to reach

[LC96]

PEG blocks in other polymers 
coated on the surfaces

May provide a relatively low density of surface PEG 
groups [KVE&OO]

Polysaccharides Nature's route to non-fouling surfaces; some successes 
but much territory remains explored

[DSB&OO], 
[MC99]

Choline headgroups 
(phosphatidyl choline) Has shown good success in many applications [ISN&99]

Hydrogen bond acceptors
Possibly, this principle imparts non-fouling properties to 
PEG surfaces; this is leading to new discoveries of 
surface functional groups for non-fouling

[COT&OO]

Adsorbed protein layer
A pre-adsorbed protein layer resists further adsorption of 
proteins; this approach, long used by biologists, is easy to 
implement but of low durability

[CBO80]

Hydrogels in general PEG is in this class; many other hydrogels have shown 
non-fouling behavior [LRR&93]

a Also called poly(ethylene oxide) (PEO).

§ 1.2 Capabilities of Techniques Commonly Used in Biomaterials Development

A number of experimental techniques have been applied to the study of surfaces in 

general, and specifically to biomaterials. The ultimate goal for biomaterials surface 

science would be to provide an understanding of how the surface chemistry and structure 

of a material can be used to control the biological reactivity of bio-macromolecules and 

ultimately a cell interacting with that surface. To accomplish this goal requires 

understanding the cell reactivity and characterizing a complex, protein-covered surface 

[CR02]. “A layer of adsorbed proteins mediates the interaction of cells with a 

biomaterial when that biomaterial is placed in the biological environment. In order to 

7
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mimic that environment, future multilayered engineered surface-biology constructs may 

have a synthetic material, a hydrogel-like support, a SAM (self-assembled monolayer), a 

variety of tethering hooks and a number of oriented, organized biomolecules. Thus, it is 

especially important to develop surface analysis methods that can fully characterize these 

complex layers containing proteins and other biomolecules" [CR02]. Table 1.3 

summarizes the principles, depth sensitivity, spatial resolution and analytic sensitivity of 

some of the most commonly used techniques. Note that table 1.3 by no means includes 

all surface science techniques available, but it does give an overview of the main 

techniques used in studies of biological interfaces. The first nine techniques are 

mentioned in [R93b], the following three are discussed in [BN00], AFM is discussed in 

[R93b] and [BN00], and the last 2 methods described in this table are described in detail 

in this thesis.

Some of the main criteria of techniques useful for the study of biomaterials are 

chemical sensitivity, molecular quantification, imaging with good spatial resolution, and 

appropriate depth sensitivity. The level of chemical sensitivity that is required for the 

study of biomaterials necessitates that the technique(s) be able to differentiate all the 

components at the interface of the material, be it the substrate's components (metals, 

polymers, SAMs, hydrogel, etc.) or the biological species adsorbed on the substrate 

(various proteins, lipids, cells, etc.). Also, not only should the species be qualitatively 

differentiable, but in order to understand the nature of the interactions between the 

adsorbates and substrate, the technique(s) should also be able to quantify the amount of 

the species present on the surface at the molecular level.

8
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Table 1.3 Methods to Characterize Surfaces, bold italic methods were used in this thesis

Method Principle
Depth
Analyzed 
(nm)

Spatial 
Resolution 
(nm)

Analytic
Sensitivity

Enviro 
nment

aAuger X-rays or electron beam causes the 
emission of Auger electrons 5-10 10 0.1 at. % UHVb

XPS X-rays cause the emission of 
electrons of characteristic energy 1-25 1x104-

1.5x 105 0.1 at. % UHV

SIMS Ion bombardment leads to the 
emission of surface secondary ions 1 -1000c 50 High UHV

FTIR-ATR IR radiation is absorbed in exciting 
molecular vibrations

1000-
5000 1x104 1 mol %

UHV, 
air, or 
water

STM
Measurement of the quantum 

tunnelling current between a metal 
tip and a conductive surface

0.5 0.1 Single 
atoms UHV

SEM
Secondary electron emission caused 

by a focused electron beam is 
measured and spatially imaged

0.5 4
High, but 

not 
quantitative

UHV

Contact 
angles

Liquid wetting of surfaces is used to 
estimate the energy of surfaces 0.3-2 1 x106

Low/high 
depends on 
chemistry

air

Radiolabel­
ling Surface 
Analysis

Relates the amount of adsorbed 
protein to the solution concentration 

of protein
<3 none 0.002 

μg/cm2 air

AFM
Measurement of the attractive or 

repulsive force between atoms in a 
surface and in a tip

0.5d 0.3 single 
molecules

air or 
water

Brewster 
Angle 
Microscopy

Reflectivity of light at interfaces 0.5 1x104 monolayer In 
water

Imaging
Ellipsometry

Polarization changes occur upon 
reflection at oblique incidence of a 

polarized monochromatic plane 
wave.

0.5 5x103 monolayer In 
water

Neutron 
reflection

Reflectivity of a neutron beam at 
interfaces.

2 None Sub­
monolayer

air or 
water

STXM
Detection of transmitted soft X-rays; 

spatial resolution obtained via 
Fresnel zone plate optics

~min. 5e ~40 High air or 
water

X-PEEMf
Upon exposure to X-rays, detection 
of secondary electrons imaged via 

electron optics
3-20 -30-100

Signal of 10 
Fg proteins 

has been 
detected

UHV 
needed

a Auger electron spectroscopy is damaging to organic materials and used for inorganic; bUHV is ultra 
high vacuum; cStatic SIMS ≈ 10 Å, dynamic SIMS up to 1 μm; dThe depth sensitivity and spatial 
resolution depend on the type of AFM mode employed and the nature of the substrate; e5 nm protein 
layer on top of 100 nm thick film, under ~2 μm water; fThe depth sensitivity and spatial resolution is 
material dependent; the best spatial resolution obtained for polymers is ~ 100 nm.
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The various species that adsorb on surfaces, which themselves can be patterned, 

come in different size scales (for example, proteins, nm; cells, μm). One must be able to 

image these features with a spatial resolution that is at least on the nm scale. One further 

requirement of the ideal biomaterials surface science technique(s) is that it must have 

sufficient depth sensitivity to obtain signal from the adsorbates as well as the substrate, 

with sufficient analytical sensitivity to detect the thin layer of adsorbate on the thick 

substrate.

Out of all the techniques detailed in table 1.3, most of the ones which offer 

adequate spatial resolution and depth sensitivity require an ultra high vacuum (UHV) 

environment. This can be a disadvantage because the UHV environment may alter the 

biological activity of molecules which normally live in an aqueous, buffered 

environment. Thus, of great significance for STXM, is the fact that measurements can be 

made in situ, ie, in the presence of an overlayer of the protein solution [HMH&02].

§1.3 Role of X-Ray Spectromicroscopv in This Field

Soft X-rays have several basic attractions for the microscopist. First, since the 

wavelength is much shorter than that of visible light, one can hope for higher resolution 

than is possible with optical microscopy. Second, the interaction of soft X-rays with 

matter strongly depends on both wavelength and on atomic number. As a consequence 

one has unique contrast mechanisms, a sensitivity to elemental constituents, and one may 

accommodate specimens with a wide range of thicknesses. These properties have been 

appreciated for a long time ([L36], [LT36], [H61]). During the period between 1945 and 
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1961 a considerable amount of attention was paid to the development of various forms of 

X-ray microscopy ([H61), [CN60], [KP57], [E66], [HRS72]), but the excitement and 

enthusiasm died away due to instrumental problems and the successful development of 

powerful electron microscopy and microanalysis techniques [KR85]. In the 1980’s, the 

availability of synchrotron radiation sources, the development of high resolution zone 

plates, efficient multilayer reflectors, and high resolution X-ray resists have all 

contributed to renewed interest ([G78], [KS80], [P80], [S81], [SDN82], [S83], [AU84], 

[HK84], [SR84], [W84]).

The first scanning X-ray microscope was built in 1972 by Horowitz and Howell 

([HH72], [H78]). They used synchrotron radiation focused onto a 1-2 μm diameter 

pinhole to define the microprobe, and formed images of a variety of specimens detecting 

either the X-ray fluorescence from the specimen or the transmitted X-rays. The ~ √(λd) 

blurring due to Fresnel diffraction limits the probe-to-sample distance to < 1μm for soft 

X-ray wavelengths; (λ is the wavelength of the light, d is the distance between the probe 

and the sample) [KJH95]. Thus, to reach submicron resolution while maintaining a finite 

working distance with soft X-rays, it is necessary to use a focusing element. The first 

scanning transmission X-ray microscope (STXM) to use a zone plate objective was built 

in 1982 by Rarback [R83J. It used a bending magnet beamline with a grating 

monochromator at the 0.7 GeV ring at the National Synchrotron Light Source at 

Brookhaven National Laboratory. A small pinhole placed near the monochromator exit 

slit defined the beam to illuminate the zone plate, which focused the beam to a spot of 

about 300 nm [KJH95]. The basic scheme of STXM has not changed over the years, 
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although every subsystem has been dramatically improved with respect to instrumentation 

components (zone plates, detectors, scanning motors, etc), quality of the synchrotron 

light, data acquisition and analysis methods, and sample preparation methods. One of the 

very latest implementations of STXM, STXM 5.3.2 at the Advanced Light source, will be 

described in chapters 2 and 3.

Table 1.4 highlights a review of the literature of the past decade or so, on soft x- 

ray microscopy techniques and their applications in biology and polymers. The main 

techniques discussed are transmission X-ray microscopy (TXM), X-ray microtomography 

(XMT), scanning photoemission electron microscopy (SPEM), and emphasis is placed on 

scanning transmission x-ray microscopy (STXM) and photoemission electron microscopy 

(X-PEEM). The publications derived from this thesis work are in bold italics.

Table 1.4 Summary of selected literature in soft X-ray microscopy (page 1 of 5)

Ref Code Tech­
nique

Edge or 
energy Sample Problem/Comment

[JWA&91] STXM 340 eV Gold test object Resolution of 36 nm features

[A92] SPEM Si2p Al/Si and PP/PS 
blend

Review of instruments and applications of 
MAXIMUM and XI-SPEM at NSLS

[BBF&92]
STXM/ 
SFXM/ 
XMT

Ca2p Human articular 
cartilage Mapping of calcium mineral deposits

[FPF&92] TXM 380 eV Unicellular algae 
Chlorella

Examination in TEM of damage caused by 
TXM

[LTJ92] TXM 280-
550 eV

Bacteria, cells 
(type unspecified)

Use of colloidal gold to reduce dose in 
microscopy and holography

[AH93] STXM C1s Kevlar Rotate sample; first chemically specific linear 
dichroism X-ray microscopy

[D94] X- 
PEEM A12p

Various brain 
model systems, 
neural cell cultures

Review, applications to neurobiology, 100 nm 
spatial resolution

(KKA&94] SPEM 280-800 
eV none

Instrument and beamline description for an 
instrument that combines XPS and zone plate 
microfocusing

[DDT&95] X
PEEM

A12p,
Fe3p. 
Cr2p

Purkinje neurons Visualization by subtraction imaging and 
NEXAFS spectra from microscopic areas.
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Table 1.4 Summary of selected literature in soft X-ray microscopy (page 2 of 5)

Ref Code Tech­
nique

Edge or 
energy Sample Problem/Comment

[KJH95] STXM Various various
Soft X-ray microscopes and their biological 
applications. Review that deals with: the 
interaction of soft X-rays with matter, soft X- 
ray microscopes, and biological applications.

[MHT&95] STXM/
XMT 345 eV

test object with 
two gold patterns 
on Si3N4, 4.75 μm 
apart, 100- to 300- 
nm-wide and 65- 
nm-thick features

Scanning soft X-ray microtomography used to 
obtain high-resolution 3D images. Special 
rotation stage. Features of the test object were 
resolved to ~ 100 nm in transverse and 
longitudinal extent with low artefacts in 3D 
images rendered from the volumetric set.

[SNG&95] TXM 516 eV
whole
Chlamydomonas 
rheinhardtii cell

Description of cryo-object stage, sample 
cooling methods, evaluation of radiation 
resistance of vitrified biological structures 
embedded in ice at temperatures around 100K.

[WJK&95] STXM C1s, 
P2p

MDl-poly urethane, 
bull sperm, Kevlar, 
labelled PS 
spheres

STXM @ NSLS offers 3 forms of imaging: 
(1) XANES microscopy; (2) luminescence 
microscopy at the resolution determined by 
the size of the X-ray microprobe; and (3) 
dichroism microscopy.

[ASZ&96] STXM C1s Various industrial 
polymers

Spectral analysis and single energy images are 
used to study these materials. Sub-100 nm 
features are detected.

[JCF&96] STXM C1s Au-labelled 
fibroblast

Imaging in transmission, spectroscopy, 
luminescence and dark field of ultrastructure 
of cell; mapping of DNA and protein in cell.

[KYG&96] TXM 516eV COS-1 cells Mitochondria, endoplasmic reticulum and 
plasma membrane were observed.

[ASZ&97] SPEM/
STXM C1s Various polymers STXM and SPEM provide 50 nm and 250 nm 

spatial resolution, respectively

[CDA&97] X- 
PEEM

C1s, 
N1s

PS/Poly 
(vinylmethylether) 
and
PS/PSacrylonitrile

The X-PEEM at ALS has a spatial resolution 
of 0.2 μm at an accelerating voltage of 12 kV. 
Tunability of the photon energy used to 
provide chemical state information using 
NEXAFS on the sub-micrometer scale. 
Enrichment of phases is shown 
spectroscopically and microscopically.

[DM97] X-
PEEM

C1s, Ca 
2p, P2p, 

K2p, 
S2p

Comparisons of 
ashed and non­
ashed cells of 
various types

Photon energy is scanned to see various 
components of the cells shine; instrumental 
development to allow measurements in 
transmission.

[FWU&97] X-
PEEM

Soft X- 
rays none

Construction of a UHV spectromicroscope: 
SMART (spectromicroscope for all relevant 
techniques): (XAS, XPS, UPS, XAES), 
calculated spatial resolution of better than 1 
nm. Maximum energy resolution of about 0.1 
eV will be provided by a corrected omega 
filter.
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Table 1.4 Summary of selected literature in soft X-ray microscopy (page 3 of 5)

Ref Code Tech­
nique

Edge or 
energy Sample Problem/Comment

[CDL&98] X-
PEEM C1s

130 nm thin films 
of stylized BPDA- 
PDA; stylizing 
mimicks the 
rubbing process.

Try to understand alignment process in rubbed 
aromatic polyimide films. Samples oriented 
parallel and perpendicular to the electric field 
vector. The films oriented by the conventional 
rubbing method showed lateral 
inhomogeneities in the orientation of the 
polymer at the surface.

[JK98] TXM 516eV 
and C1s

frozen hydrated 
Chlamydomonas 
rheinhardtii (fresh 
water organisms)

2D imaging, 100 nm resolution of hydrated, 
unsectioned specimens

[PBA&98] STXM C1s

Blend of PET and 
a liquid crystalline 
polymer (LCP), 
Vectra A950

Functionality sensitive X-ray microscopy 
reveals LCP dispersions as small as 100 nm in 
diameter. Single energy images.

[WFK&98] STXM
C1s, 

Nls, Ols, 
Fe2p

Kevlar fibres, wet 
soil samples, Fe 
films

Design and performance of a STXM at the 
Advanced Light Source is described (STXM 
7.0). This instrument makes use of a high 
brightness undulator beamline and extends the 
STXM technique to new areas of research. 
Acquisition modes are point spectra, linescan, 
single energy images and image sequences 
(stacks).

[AWS&99] STXM C1s PS:PMMA Observation of microdomains in both phases

[UAS&99] STXM C1s, Ols

polyurethane 
polymers made 
from 4,4- 
methylene di-p- 
phenylene 
isocyanate (MDI) 
and toluene 
diisocyanate (TDI) 
isocyanate 
monomers

At X-1A STXM (NSLS) and 7.0 STXM 
(ALS). NEXAFS spectra illustrate the 
spectroscopic fingerprints for distinguishing 
between MDI-based and TDI-based 
polyurethane polymers. MDI and TDI 
polyurea and polyurethane spectral models 
show that the urea and carbamate (urethane) 
linkages in these polymers are distinguishable. 
Differences between the spectra of MDI and 
TDI polyurethanes synthesized with polyether 
polyols of different molecular composition 
and different molecular weight are presented.

[AUS00] STXM
C1s, 
Nls, 
O1s

natural and 
synthetic polymers

Book chapter describing NEXAFS 
spectroscopy and microscopy with 
applications in surfaces and thin films, bulk 
morphology and composition of 
multicomponent, multiphasic polymers, fibers, 
organic geochemistry, meteorites and 
interplanetary dust particles, soils and 
environmental studies, etc

[JWF&OO] STXM C1s

layered polymer, 
micro-meteorite, 
interplanetary dust 
particle section.

First image sequence alignment, selection of 
NEXAFS spectra from large irregular regions, 
and from small regions (as small as the spatial 
resolution of the microscope (~40 nm).

14



Ph.D. thesis - Cynthia Morin McMaster, Chemistry

Table 1.4 Summary of selected literature in soft X-ray microscopy (page 4 of 5)

Ref Code Tech­
nique

Edge or 
energy Sample Problem/Comment

[HKT&01] STXM
C1s, 
Nls, 
Ols

styrene- 
acrylonitrile-based 
(SAN) copolymer 
and polyisocyanate 
polyaddition 
product-based 
(PIPA) reinforcing 
particles in a co- 
polymer polyol- 
polyurethane

Morphology, size distributions, spatial 
distributions, and quantitative chemical 
compositions of co-polymer polyol- 
reinforcing particles in a polyurethane. Spatial 
resolution is 50 nm. Quantitative analysis of 
the chemical composition of individual 
reinforcing particles is achieved by fitting C1s 
spectra to linear combinations of reference 
spectra. Regression analyses of sequences of 
images recorded through the chemically 
sensitive ranges of the C1 s, N1 s and O 1s 
spectra are used to generate quantitative 
compositional maps.

[KHL&01] STXM C1s

Core-shell polymer 
microspheres of 
polydivinylbenze- 
cores coated with 
wide shells of 
poly(DVB55-co- 
EDMA), ethylene 
glycol dimethyl 
acrylate (EDMA).

The chemical composition, core-shell 
morphology, and porosity of these 
structured microspheres have been studied 
quantitatively with (STXM) at a spatial 
resolution of 100 nm. Images recorded at 
selected energies through the C 1s absorption 
region were analyzed using singular value 
decomposition (SVD) to obtain quantitative 
maps of the components.

[LSH&01] TXM
400 eV, 
413 eV, 
516eV

exocrine pancreas 
sections embedded 
in glycol 
methacrylate 
(GMA) polymer

GMA embedding and sectioning, widely used 
in other forms of microscopy, is applicable to 
X-ray microscopy essentially without 
modification. This sample preparation 
demonstrates good radiation tolerance at the 
doses used for imaging, with little mass loss 
and no appreciable distortion.

[MIT&01]
STXM/ 
PEEM/
AFM

C1s

Various films of 
PS:PMMA blends, 
unannealed and 
annealed

Comparison of AFM, STXM and X-PEEM 
to study thin film polymer blends before and 
after annealing.

[HMH&02] STXM C1s, 
Nls

Various 
polyurethane 
microtomed 
sections exposed 
to blood proteins

STXM can detect proteins on soft X-ray 
transparent polymer thin films with 
monolayer sensitivity. Of great significance 
is the fact that measurements can be made in 
situ, i.e. in the presence of an overlayer of 
the protein solution.

[HMT&02] STXM C1s various

Examples are given from recent studies of: 
phase segregation in polyurethanes and 
polymer blends, protein adsorption on 
polymers relating to biomaterial 
optimization, and metal mapping in biofilms.

Table 1.4 Summary of selected literature in soft X-ray microscopy (page 5 of 5)
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Ref Code Tech­
nique

Edge or 
energy Sample Problem/Comment

[KHM&02] STXM C1s

poly(acrylic acid) 
in a microporous 
polypropylene 
support membrane

SVD analysis of images recorded at carefully 
selected photon energies was used to obtain 
quantitative maps of the two components. The 
sample was studied fully hydrated. Optimum 
strategies of data acquisition for quantitative 
X-ray microscopy analysis of radiation 
sensitive materials are discussed.

[WAK&02] STXM
C1s, 
Nls, 
Ols

various
A new bend-magnet beamline (5.3.2) for 
STXM at the Advanced Light Source is 
described.

[YS02] TXM 280 eV-
540 eV

Hydrated 
macrophage cells

Application of two X-ray microscopes types: 
one use laser-produced plasma X-rays, the 
other, synchrotron radiation. Both types show 
the network of fine fibrillar surface structures.

[BFF&03] STXM Various Bones, cells

Review of STXM at NSLS. Mapping of 
calcium in bone; imaging of cellular and 
subcellular structures, studies of radiation 
damage limitations in biology, absorption 
spectromicroscopy for studies of polymers, 
and biomedical specimens.

[CBM&03] STXM C1s

oriented single 
crystals of N.N”- 
ethylenebis(N’-2- 
methylphenyl)- 
urea

NEXAFS comparison to the single-crystal 
structure of this material. A strong 
polarization dependence (linear dichroism) is 
interpreted with the aid of the single-crystal 
structure and crystal alignment. Ability of 
STXM to determine molecular orientation on 
a sub-μm scale.

[KTS&03] STXM
C1s, 
Nls, 
Ols

Test patterns, 
DOW Chemicals 
polyurethanes

Interferometer-controlled STXM microscopes 
at the Advanced Light Source; FIRST of its 
kind in the world. See section 2.3.2.2 for a list 
of advantages of this design.

[LSL&03] STXM
C1s, 
Nls, 
Ca2p

Biofilms from 
river water 
supplemented with 
methanol

Confocal laser scanning microscopy (CLSM), 
(TEM), and (STXM) used to map distribution 
of macromolecular subcomponents. STXM 
provided compositional mapping without the 
addition of probes. By examining exactly the 
same region of a sample with combinations of 
these techniques (STXM with CLSM and 
STXM with TEM), multimicroscopy analysis 
can be used to create a detailed correlative 
map of biofilm structure and composition.

[LL04] Cryo-
TXM 510 eV

Yeast 
Sacharomyces 
cerevisiae

3D imaging; density only, no chemical 
analysis, 60 nm resolution

[MHC&04] X- 
PEEM

C1s, 
N1s, 
O1s

Fg (water) and Fg 
(buffer) on 
PS:PMMA

First demonstration of protein adsorption on 
(phase segregated) polymers, investigated by 
X-PEEM with 120 nm spatial resolution
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At present, implementations of full field TXM do not provide chemical speciation 

in as precise a manner as STXM and X-PEEM where NEXAFS spectroscopy can be used 

to obtain chemical mapping of components in a mixture. Most TXM beamlines do not 

have energy resolution better than 1.0 eV, which is inadequate for NEXAFS 

spectroscopy. The chemical differentiation in TXM relies on immunogold-labelling of 

proteins and elemental speciation of the other components of a biological cell in order to 

generate 2D or 3D maps of the components within the cell. SPEM provides excellent 

surface sensitivity and chemical speciation but the spatial resolution of current 

instruments does not exceed ~300 nm.

For these reasons, and due to best information per unit radiation damage, STXM 

and X-PEEM have the best combination of chemical speciation and spatial resolution. 

However, one of the important messages of tables 1.3 and 1.4, and figure 1.1, which 

compares the performance of STXM and X-PEEM to that of a number of other analytical 

microscopy techniques [HMT&02], is that no single technique can provide all the 

information needed to understand biomaterial surfaces. Some give excellent spatial 

resolution, but poorer chemical information; others have very high chemical content but 

have poorer spatial resolution. X-ray microscopy in general, and also STXM and X- 

PEEM, already provide very high spatial resolution (~ 30-100 nm) and information 

pertaining to the chemical nature of a specimen based on NEXAFS. With improvements 

in instrumentation, data acquisition and data analysis methods, and sample preparation, 

both spatial resolution and chemical content will be improved even further.
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Spatial Resolution

Figure 1.1 Qualitative comparison of the relative performance of various microanalytical 
techniques applicable to soft matter. Chemical information refers to speciation, not simply 
elemental analysis. Spatial resolution is that typically achieved rather than the absolute 
state-of-the-art.

With respect to the challenges of biomaterial optimization, although there was no 

evidence in the XRM literature of protein detection on surfaces, based on the scientific 

progress of X-ray microscopy before the start of my PhD thesis (2000) with respect to 

spatial resolution and chemical sensitivity, STXM and X-PEEM showed promise in being 

able to identify the adsorption of proteins on polymeric substrates and also the possibility 

of imaging cells on such protein decorated surfaces. Although the initial goal of the 

project was to extend from protein decoration to applications in control of subsequent 

adsorption of cells, the development of X-ray microscopy for the first stage, protein 

detection, turned out to be a significant challenge and thus became the focus of my thesis. 

STXM and X-PEEM were working, but they had not yet been applied to biomaterial 

surfaces. They had potential of chemically identifying the proteins and the substrate on a 
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spatial scale correspondent to biological species (100 nm - 2 μm), however, these 

spectromicroscopy techniques, and our understanding of them, were in their early infancy 

stage. Cell adsorption and competitive protein adsorption were not tested over the course 

of my PhD because the techniques needed further development for their application to 

organic, polymeric and biological materials. Limitations of the experimental techniques 

lead to the choices of model surfaces that also had to be designed and tested. In the near 

future, competitive protein adsorption will be investigated either on the PS:PMMA model 

surface used for much of this thesis, or on other, more relevant biomaterials. Cells and 

cell-environment interfaces are being extensively studied by STXM ([HMT&02], 

[LSL&03], [HMZ&04), so extension to cell-biomaterial interactions will be 

straightforward.

§1.4 Outline of Thesis Chapters

Chapter 2 outlines the fundamental principles of synchrotron radiation, near edge 

X-ray absorption fine structure (NEXAFS), spectromicroscopy (scanning transmission x- 

ray microscopy, STXM, and photoemission electron microscopy, X-PEEM) and atomic 

force microscopy (AFM).

Chapter 3 describes in detail how STXM and X-PEEM measurements were 

performed. For X-PEEM, methods were developed to acquire data with minimal damage 

and maximal statistical information by exploration of the beamline and microscope 

parameters, and development of various corrections for the two CCD cameras that were 

used. The principles of data analysis for spectromicroscopy are introduced and methods 

19



Ph.D. thesis - Cynthia Morin McMaster, Chemistry

applied to specific data sets are detailed. In the final section of chapter 3, the sample 

preparation used for STXM and X-PEEM studies of proteins on phase segregated 

polymers is outlined.

Chapters 4 to 6, inclusive, are the results and discussion chapters, where each 

chapter is a publication shown here in published form. These chapters are not presented in 

chronological order of publication, but in a methodological fashion where the substrates 

are tested and characterized (4) followed by protein detection on two different types of 

substrates, PS:PMMA (chapter 5) and microtomed polyurethane sections (chapter 6), 

using different spectromicroscopy techniques, X-PEEM (5) and STXM (6).

Historically, the reasons that lead to these experimental choices are outlined 

below. From July 1999 to November 1999, in the early months of this project, we wished 

to study real life biomaterials in the STXM and X-PEEM instruments. The substrates that 

were investigated at the time were polyurethane materials that were either a) spun cast or, 

b) microtomed.

The former were PTMO-ED-MDI (polytetramethylene oxide - ethylene diamine - 

methylene diphenyl diisocyanate) and PTMO-ED-MDI-PIPA (PIPA: a (MDI)-based hard 

segment-like material). These polymers were dissolved in dimethylformamide (DMF). 

The latter microtomed materials were all provided by The Dow Chemical Company. 

They consisted of a compressed polyurethane foam, with a TDI (toluene diisocyanate) 

hard segment and a butane oxide (BO) soft segment. One substrate (code #355) contains 

poly(styrene-co-acrylonitrile) (SAN) and poly-isocyanate poly-addition product (PIPA), 

both referred to as copolymer polyol (CPP) filler particles.
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One of the difficulties encountered with the spun cast polymers was that the 

intrinsic phase segregation of these materials was too small (~10-30 nm) to be detected by 

the limited spatial resolution of the microscopes (at the time, STXM: 60 nm, X-PEEM: 

150 nm). As for the PIPA modified PTMO-ED-MDI polymer, even though the ~200 nm 

wide PIPA particles were detected in STXM, the films did not cover the substrate 

(Au/Si3N4) uniformly and the protein selectively adsorbed on the gold patches rather than 

on the polymer film. In addition, the films were very corrugated as the AFM results 

showed 100 nm root-mean-square (rms) roughness over a 10 μm x 10 μm area. Such 

corrugation is sufficient to cause charging in the X-PEEM such that these samples could 

not be used in that microscope.

Similarly, the microtomed Dow polyurethane sections could not be adequately 

measured in X-PEEM due to charging caused by the rough topography of the surface; the 

1-2 pm wide SAN particles protrude from the surface by ~150 nm.

However, the 355 sample (with domains in the range of ~200-400 nm for PIPA, 

and 1-2 pm for SAN) could be studied in STXM. Chapter 6 shows the results of human 

serum albumin (HSA) and fibrinogen (Fg) adsorbed to that surface and to two other Dow 

polyurethane materials. These experiments have been published in the journal of 

Biomaterials Science, Polymer Edition (J. Biomater. Sci. Polymer Edn. Vol 13, No.8, p 

919-937, 2002). The author of this thesis contributed to this work by performing the 

protein adsorption parts of the sample preparation, and in collaboration with the first 

author of the publication (A.P. Hitchcock), contributed to data acquisition, data analysis 

and writing.
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For adsorption of proteins on patterned polymer films, measured with X-PEEM, a 

phase segregated patterned polymer film with low topography and covering the whole 

substrate needed to be developed. One approach was to use microcontact printing of self 

assembled monolayers. For reasons explained in section 3.2.5, this approach turned out to 

be inadequate. PS:PMMA films of various compositions were then prepared and 

measured in STXM, X-PEEM and AFM; the results of these experiments are shown in 

chapter 4. This work was a collaboration between members of Prof. A. P. Hitchcock’s 

group, Prof. J. L. Brash's group, Prof. H. Ade’s group, and beamline scientists Dr. A 

Scholl and Dr. F. Nolting at the Advanced Light Source. This work has been published in 

the journal of Electron Spectroscopy and Related Phenomena (J. Electron Spectrosc. 121, 

201, 2001). The publication reviews the literature on the PS/PMMA system as of January 

2001. Also, it documents the STXM, X-PEEM and AFM results from a variety of 

PS:PMMA films, as-made and after annealing. The chemical sensitivities and spatial 

resolutions of these three techniques are compared.

The author of this thesis contributed to this publication by:

preparing most of the samples (the high molecular weights (> 25 KDa PS/PMMA 

films were prepared by me and the low MW ones by Dr. G. Appel)

acquiring and analyzing the AFM images (with Andy Duft's help), except for figure 

10 which is adapted from reference 16 of the publication and was acquired by D. A. 

Winesett.

acquiring the data (all of X-PEEM, part of STXM), carrying out data analysis and 

interpretation
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preparing a first draft which was refined for publication by Prof. A. P. Hitchcock and 

Prof. H. Ade.

Following this work, some improvements concerning the cleanliness of the 

samples, choice of polymer molecular weights and annealing methods were required to 

obtain a substrate appropriate for protein adsorption. These efforts are detailed in section 

3.4. Furthermore, learning how to properly use X-PEEM for organic materials was a 

challenge in itself (see section 3.2). Among these problems, arose the issue of radiation 

damage to polymers; this is briefly discussed in section 3.2.6. With most sample and 

experimental problems under control, one could finally address the problem of proteins 

adsorbed on PS:PMMA, which is the subject of chapter 5.

Chapter 5 documents the X-PEEM and radio-labeling results of various 

concentrations of fibrinogen adsorbed to PS/PMMA from two different solvents 

(phosphate buffer saline and deionized water). This work has been published in the 

Journal of Electron Spectroscopy and Related Phenomena (J. Electron Spectrosc. 137- 

140. 2004, 785-794). The author of this thesis prepared all the samples for this 

publication, performed all the X-PEEM experiments, analyzed a large portion of the X- 

PEEM data (in collaboration with Prof. A. P. Hitchcock) and wrote the publication with 

assistance in later stages by Prof. A. P. Hitchcock and Prof. J. L. Brash. The radio­

labeling experiments were performed by Mrs. Rena Cornelius.

Chapter 7 discusses the significance of the results obtained in chapters 4-6 and 

proposes future work.
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Chapter 2

METHODS

This chapter describes fundamental principles of synchrotron radiation, near edge 

X-ray absorption fine structure (NEXAFS), spectromicroscopy and atomic force 

microscopy (AFM). Section 2.1 briefly introduces synchrotron radiation, which is the X- 

ray source used to perform NEXAFS spectroscopy. Section 2.2 outlines the theory of 

NEXAFS. Sections 2.3 and 2.4 give the general principles of the microscopic 

implementation of NEXAFS in scanning transmission X-ray microscopy (STXM) and 

photoemission electron microscopy (X-PEEM). Section 2.5 describes principles of 

atomic force microscopy (AFM). STXM and X-PEEM are "spectromicroscopy” 

techniques because NEXAFS spectroscopy ("spectro”) is used in conjunction with the 

imaging capabilities ("microscopy”) to give chemical mapping. For the two synchrotron 

based techniques, the beamlines and microscope instruments are described.

§ 2.1 Synchrotron Radiation

Whenever charged particles undergo acceleration they emit electromagnetic 

radiation. When electrons are subjected to an acceleration perpendicular to their velocity 

(that is, a centripetal acceleration such as is the case when electrons pass through a 

magnetic field), their direction is changed - they begin to travel in a circular path. When 

the electron kinetic energy is low compared with the rest mass energy given by mc2 (i.e., 

when the electron velocity is non-relativistic or low compared to the velocity of light) the
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Figure 2.1 Emission patterns of radiation from electrons in circular motion; case (a): at a 
low velocity compared to the velocity of light; and case (b): approaching the velocity of 
light.

radiation is emitted in a rather non-directional pattern (called a dipole pattern) as shown 

in figure 2.1, case (a). However, as the speed of the particle approaches the speed of 

light, the radiation pattern is distorted by relativistic effects and changes to a narrow cone 

of radiation with angular spread Δϕ. The latter type of radiation is called synchrotron 

radiation, case (b) [W94].

The properties of synchrotron radiation are well known and some of them are 

described here. For a particle moving at velocity v with a total energy E:

Eq. (2.1) E = γm()c2 , with

Eq. (2.2) γ= 1/√(1 - v/c2)

the opening of the radiation cone (in steradians) shown in figure 2.1 (b) can be expressed, 

for high values of γ as:
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Eq. (2.3) Δϕ≈y-1

Therefore, for high values of γ, a narrow beam of radiation is emitted tangentially 

to the electron trajectory.

For high-energy electrons curving in the magnetic fields of storage rings, this 

radiation is extremely intense over a broad range of wavelengths extending from the 

infrared through the visible and ultraviolet range, and into the soft and hard X-ray parts of 

the electromagnetic spectrum. The high intensity, high brightness, broad spectral range 

and other properties (collimation, polarization, pulsed-time structure, partial coherence, 

high-vacuum environment) make synchrotron radiation a powerful tool for basic and 

applied studies in biology, chemistry, medicine, and physics, and their many subfields 

[W94].

First-generation synchrotron sources were originally built for high-energy physics 

research, in most cases involving the study of reactions that occur when counter-rotating 

electron and positron beams collide. In many cases, the synchrotron radiation programs 

started in a parasitic mode.

Second-generation storage rings were designed specifically as dedicated light 

sources. In general, these rings have a large number of beam lines and experimental 

stations, primarily from bending magnets, and they serve many users. Third-generation 

facilities use a combination of bending magnets and insertion devices such as wigglers 

and undulators. The latter are high field magnetic structures placed in straight sections 

which make wiggles (long period, high amplitude) or undulations (short period, short
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Figure 2.2 Schematic of the three approaches used for synchrotron light generation. 
Bending magnet light is available at all sources. Wigglers or undulators, which are 
periodic magnet structures installed in straight sections, provide much enhanced flux and 
brightness. (Figure courtesy of ALS, LBNL).

amplitude) in the charged particle trajectory which reinforces the light emitted by the 

accelerated electrons (see figure 2.2).

Both wiggler and undulator magnets deflect the electron beam in alternate 

directions, producing an angular excursion of the beam. However, the electrons leave the 

magnet structure in the same way they would if the magnet were turned off- that is, they 

produce no net deflection or displacement [WBH81].

An undulator is a magnetic structure with many periods in which the angular 

excursion of the electron beam is less than or of the order of the natural emission angle of 

synchrotron radiation (as shown in Eq. (2.1), given by γ-1 = m()c2/E, the ratio of the 

electron rest mass energy to its total energy). The undulator preserves the intrinsic 

brightness of synchrotron radiation in the plane of deflection. Unlike the smooth and 
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continuous spectral distribution of radiation produced by ring bending magnets and 

wigglers, interference effects in undulator radiation result in peaks at a few wavelengths. 

The undulator radiation has high spatial and spectral brightness at these wavelengths, 

which are tunable by changing the strength of the undulator field, usually by changing the 

gap.

A wiggler is a magnetic structure with one or a few periods in which the angular 

excursion of the electron beam is considerably greater than γ-1 but less than the angular 

deviation produced by one ring bending magnet. A wiggler is usually designed so that 

the angular excursion of the radiation from each pole approximately fills the angular 

acceptance of the synchrotron light beam pipe. Also, it is usually designed so that the 

peak magnetic field may be greater than the field in the bending magnets, resulting in a 

spectrum which may extend to higher photon energies. Thus, a wiggler magnet offers an 

extended spectral range and overall enhancement of the radiation brightness compared to 

the ring bending magnets.

The quality of the light produced by synchrotron light sources may be quantified 

by standard figures of merit, essentially the spectral flux and the brightness. The 

relevance of each figure of merit depends on the requirements of the experiment. The 

spectral flux, F, is the number of photons per unit time in a relative bandwidth (BW: Δλ

/λ = Δε/ε ) of 0.1% whose units are ph/s/0.1%BW. The other figure of merit is the 

brightness. B, defined as the number of photons emitted per unit time, 0.1% of bandwidth 

and per unit phase space, i.e., per unit source area and per unit solid angle (i.e. in units of 

ph/s/mm2/mrad2/0.1%BW). Brightness cannot be improved by any optical element, and
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Figure 2.3 Comparison of the brightness of the bending magnet and undulator sources at 
the Advanced Light Source (ALS) to that of other common light sources.

consequently, it unambiguously predetermines the quality of the synchrotron light. In 

other words, the physical meaning of brightness is a density of useful photons either per 

unit area or per unit solid angle.

Figure 2.3 shows a comparison of the brightness available at the Advanced Light 

Source for bending magnets (1015 photons/sec/mm2/mrad2/0.1% BW) and undulator 

beamlines (1019 photons/sec/mm2/mrad2/0.1% BW) to that of other common light 

sources, such as an X-ray tube which varies between 108 and 1010 

photons/sec/mm2/mrad2/0.1 % BW.
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§ 2.2 NEXAFS Spectroscopy

§ 2.2.1 History

The near edge X-ray absorption fine structure, NEXAFS, technique was 

developed in the 1980’s with the goals of elucidating the structure of molecules bonded to 

surfaces, in particular low Z molecules, that are mainly organic molecules containing 

atoms such as hydrogen, carbon, nitrogen, oxygen and fluorine [S92]. NEXAFS selects a 

specific atomic species by using photons at the energy of the core excitation edge and 

probes the electronic structure associated with its bonds to neighbouring atoms. 

NEXAFS is based on absorption of X-ray photons to cause excitation of the inner shell 

electrons of the atoms in the substance. These excited inner shell (core) electrons can be 

promoted to unoccupied energy levels to form a short lived excited state or they can be 

removed completely to form an ionized state.

After revealing the shell structure of atoms at the beginning of this century, X-ray 

absorption spectroscopy was first used in the 1920's for structural investigations of 

matter. The observed fine structure near the absorption edges was first explained in 

general terms by a theory of Kossel [K20a, K20b] and for many years was referred to as 

“Kossel structure”. In contrast, the structure extending for hundreds of electron volts past 

the edge was called “Kronig structure” after the scientist [K31, K32] who proposed an 

explanation. The latter is what is now called extended X-ray absorption fine structure 

(EXAFS).

During the 1970's, when EXAFS was developed into a powerful structural tool, 

the near edge structure which was automatically recorded with every EXAFS spectrum 
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was largely discarded as too complicated to interpret. One exception was the near edge 

structure of low-Z molecules which K-shells with binding energies in the 250-750 eV 

range could be conveniently excited by electron energy loss spectroscopy [B85, H82]. 

The high quality K-shell excitation spectrum of N2 recorded with inner shell electron 

energy loss spectroscopy (ISEELS) [WBV73] served as the input for the first quantitative 

calculation of the near edge structure of a molecule, performed by Dehmer and Dill in 

1975 [DD75, DD76].

The near edge structure has been mostly referred to as the X-ray absorption near 

edge structure, XANES, [B80] or the near edge X-ray absorption fine structure, NEXAFS 

[SJ82]. The term XANES is more commonly used for solids and inorganic complexes 

while NEXAFS is used more in conjunction with molecules, either free or adsorbed on 

surfaces. Alternatively, one can think of “N” EXAFS as “Not” EXAFS. In the remainder 

of this thesis, we shall use the term NEXAFS specifically for low-Z molecules, polymers 

and proteins.

§ 2.2.2 Theory of Inner Shell Excitation Spectra

For details of the theory of NEXAFS spectroscopy, there exists an excellent book 

on this topic [S92]. Some of the basic principles are given here with examples of the 

spectra of the materials that were investigated in this work.

Traditionally, X-ray absorption spectroscopy was described in terms of absorption 

edges which are the onset of inner shell ionization (see figure 2.4). There is an absorption 

edge associated with each inner shell energy level of an atom. All elements have an X-ray
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Photon energy (eV)

Figure 2.4 X-ray absorption response [HGD93] of fibrinogen, a blood protein, in the 
region of carbon, nitrogen and oxygen K-edges (thick line) normalized to optical density 
for 1 nm of protein at its standard density. NEXAFS spectra of fibrinogen recorded by X- 
PEEM scaled to the predicted elemental response (thin line). A rapid increase of the 
absorption occurs at the threshold of energy required to excite electrons from these inner 
shells.

absorption edge in the soft X-ray energy range (100-1200 eV). The amount of a 

particular element can be determined quantitatively from the difference in the X-ray 

absorption just above and just below its absorption edge.

While this traditional aspect of X-ray absorption provides the basis for elemental 

analysis, the modern technique as practiced at synchrotron facilities is much more 

powerful. It can identify and quantitate chemical structures (i.e. speciation, not elemental 

analysis) from the fine details of the absorption spectrum that occur at each edge.
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§ 2.2.3 Detection methods

In NEXAFS, the X-ray energy is scanned and the absorbed X-ray intensity is 

measured. NEXAFS spectra can be recorded in different ways. Common methods are 

total electron yield (TEY), partial electron yield (PEY), partial Auger yield (PAY), 

transmission and fluorescence yield. The two spectromicroscopy techniques used in this 

work each illustrate one of these methods: STXM (transmission) and X-PEEM (total 

electron yield detection, TEY), see figure 2.5.

In transmission, the photons that are not absorbed by the material are detected 

using an X-ray sensitive detector. The intensity of these photons is proportional to the 

incident photon intensity, where the proportionality is given by an exponential function 

dependent on the energy dependent mass absorption coefficient, μ(E), the sample density, 

p, and the sample thickness, t. This is illustrated by Beer-Lambert’s-Law [H48] below:

Figure 2.5 Two methods of recording X-ray absorption spectra: a) transmission and b) 
electron yield, c) A cartoon of electron generation and propagation in the near surface 
region. A represents an Auger electron and p is a primary electron. See text for further 
explanation of the figure.
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Eq. (2.4) It = Ioe-μρt

Rearranging this equation, one gets:

Eq. (2.5) OD= ln (I0/It) = μ(E)ρt

The optical density, also called absorbance, is the log of inverse transmittance, 

which is the transmitted intensity over incident intensity.

For transmission detection, the samples must be partly transparent at the X-ray 

energy of interest, which means a sample thickness of 50 to 200 nm for carbon 1s studies 

of unit density organic material, ranging up to 1-2 microns thick for higher energy edges 

or low density samples such as hydrated polymer gels or biological samples.

For electron yield measurements, as long as the sample is conductive, it need not 

be very thin. The relation between the observed X-PEEM electron yield and the true 

absorption that occurs in the surface layer that contributes to the signal is a very 

complicated process that depends on many factors. Some of the most important of these 

variables are: the incident photon energy, the e- propagation in the surface layer, the 

surface work function, the transport of e- from the surface to the detector and the 

detection efficiency. Equation 2.6 describes the parameters involved in the X-PEEM 

signal.

Eq. (2.6) S = G*t*  {[(Flux)*( σ)*(f esc)*(f Φ)*( εPEEM) - B]} 

where:

S = detected signal, G = camera gain (2,4,8), t = exposure time, Flux = photons/s at the 

sample, σ = photoabsorption cross-section, fesc = e- escape probability, Φ = work function, 
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εpeem = X-PEEM column efficiency (depends strongly on the sample position), B = no-X- 

ray background and:

Eq. (2.7) Flux α (I-ring)*(Cmax-C)/Cmax  * (Tmax-T)/Tmax * (other filters) 

where:

I-ring = the current in the ALS ring, Cmax = the maximum opening between the mask 

and chopper, which together control the polarization and the size of the beam hitting the 

sample, C = the experimental opening between the mask and the chopper, Tmax = when 

no Ti filter is in the beam path, T = when the Ti filter is in the beam path

 Eq. (2.8) εpeem α (magnification)-1 * (aperture)2

The incident photon energy influences the resulting signal in that the absorption is 

energy dependent, as shown on figure 2.4. The maximal absorption, and corresponding 

photoemission, occurs near the edge of a particular element and follows a decreasing 

sloped background above the edge.

The way electrons propagate through the surface layer is depicted in Fig. 2.5 c). 

Electron transport is very material dependent. A typical estimate of the secondary yield in 

organic materials, is approximately le- per 30 eV of photon energy in organic materials 

but only some of these make it to the surface with a velocity large enough to escape.

The main issue that affects the electron transport in the PEEM is the chromatic 

aberrations of lenses (both electrostatic and magnetic). Currently, when operating the 

PEEM2 instrument with the smallest column aperture (12 μm), the column transmission 

is only a few % (see figure 2.6).
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Figure 2.6 PEEM2 and PEEM3 spatial resolution as a function of lens transmission [P].

The detection efficiency is a minor concern since both the phosphor and the CCD 

are efficient.

§ 2.2.4 Chemical sensitivity

NEXAFS is both element specific and sensitive to the local chemical 

environment. The former is because the x-ray absorption edges of different elements 

have different energies, as illustrated in figure 2.4.

As for the bonding environment sensitivity, NEXAFS spectra exhibit considerable 

fine structure above each elemental absorption edge. Figure 2.7 shows the C1s, Nls and 

Ols spectra of fibrinogen (Fg), as well as the C1s spectra for polystyrene (PS) and 

poly(methylmethacrylate) (PMMA), and the Ols spectrum of PMMA. These were 

obtained from the pure material with the X-PEEM instrument at the ALS.
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Figure 2.7 C1s, Nls, and Ols NEXAFS spectra of PS, PMMA and Fg recorded as pure 
materials with X-PEEM. The straight lines indicate the elemental response. The intensities 
within each panel are on the same scale, although offsets are used for clarity. Different 
scaling is used for each panel.

Figure 2.8 Comparison of PS and PMMA C1s energy diagrams and spectra.

Figures 2.4 and 2.7 show that the near edge structures are much more intense than 

the absorption edge. The fine structure arises from excitations into unoccupied molecular 

orbitals, as illustrated in figure 2.8. Each molecule has its own distinct electronic 

structure, which is governed by the different bonds within the molecule. NEXAFS spectra 
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reflect these differences in bonding due to the following two factors: a) chemical shifts of 

core levels which are related to the local charge and oxidation state; b) the details of 

unoccupied molecular orbitals, which are strongly linked to the type of chemical bonding 

(σ, π) and the local geometry of the excited atom. To illustrate these concepts, figure 2.8 

shows the core binding energies of molecules analogous to polystyrene (ie: benzene, 

290.4 eV) and to poly(methylmethacrylate) (ie: methyl acetate, 295.85 eV) [BEJ86]. The 

energies of the Cls(C=C) → π*C=C and Cls(C=O) → π*C=O transitions are known from the 

STXM and X-PEEM spectroscopy. Assuming a frozen orbital approximation, in which 

transition energies are given simply by the difference in orbital energies, one finds that 

the π*c=o orbital is at a slightly lower energy than that of the π*C=C orbital.

The other features in figure 2.7 can be explained by comparing the C1s spectra of 

polystyrene, polymethylmethacrylate, and fibrinogen, as well as the Ols spectra of the 

latter two materials in relation to their chemical structures (figure 2.9).

Starting with the C1s spectrum of polystyrene, the most intense feature at 285.1 

eV corresponds to the Cls(C=C) → π*C=C transition. This transition is also found (weakly)
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in the fibrinogen C1s spectrum because proteins contain amino acids with phenyl groups 

(R substituents in figure 2.10). Notice that PMMA does not contain C=C bonds, and thus 

does not absorb at 285.1 eV.

The intense peak in the C1s spectrum of PMMA arises from the Cls(C=O) → π*C=O 

transition at 288.5 eV. A related π*C=O feature occurs at 288.2 eV in fibrinogen. The 

difference in energy of the C1s(C=O) → π* C=O transitions in these two species is due to the 

differing environment of the carbonyl group. For PMMA, the C=O is in proximity to an 

oxygen atom, O-C=O, while the carbonyl group in proteins is bound to a nitrogen atom, 

N-C=O. Due to the greater electronegativity of oxygen in comparison to nitrogen, the 

electron density around the C is reduced to a greater extent for PMMA than for Fg, and as 

a result, the binding energy for the carbonyl carbon 1s level in an amide is smaller than 

that of an ester (NH2CHO, 294.45 eV versus H3CCOOCH3, 294.85 eV) [IH87]. This is 

the same as the chemical shift measured in XPS spectra. Thus, the Cls(C=O) → π* C=O 

transition is at a higher energy for PMMA than Fg.

Fibrinogen is the only species amongst these three which contains nitrogen, so it is 

the only one which shows features in the Nls energy region, 390-440 eV. The main 

signature of Fg at the N 1s edge is the peak at 401.2 eV, the N1s(n-c=O) → π*nc=o amide 

transition. This arises because there is partial delocalization of the π*C=O orbital on to the 

amide N atom [IH87].

The right hand panel of figure 2.7 shows the PMMA and Fg Ols spectra. PS is 

not shown as it does not contain oxygen. Both PMMA and Fg have their main feature at 

531.6 eV, corresponding to a Ols(C=O) → π*C=O transition. PMMA also has an extra 
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transition at 535.45 eV which arises from the O1s(och3) → π*C=O-OR transition. This 

feature is analogous to the N1s(N-c=o) → π*nc=o feature in Fg, again arising from 

delocalization of the carbonyl orbital onto the adjacent heteroatom [IH87].

§ 2.3 STXM principles

§ 2.3.1 General Principles

Two STXM instruments were used. From September 1999 until December 2001, 

the first ALS STXM (without interferometric control) located on beamline 7.0.1 was used 

[WFK&98]; here, it will be referred to as the “old” STXM 7.0.1. After January 2002, a 

dedicated STXM [KTS&03], the first in the world with interferometric control, was used 

on beamline 5.3.2 [WAK&02]. An alternate implementation of interferometer control 

was installed on beamline 7.0.1; this instrument is referred to as the “new” STXM 7.0.1. 

In 2003, this latter microscope was modified to use STXM532 type of interferometer 

control. It is now installed on the molecular environmental science beamline, 11.0.2. The 

STXM 11.0.2 was not used for the work detailed in this thesis. Differences in the 

beamlines (5.3.2 versus 7.0.1) and instrument designs (5.3.2 versus “old” STXM 7.0.1) 

will be highlighted in section 2.3.2.

The use of synchrotron radiation for STXM is necessary because the photon 

energy must be scanned for NEXAFS and also because a high photon flux in a small spot 

is required to acquire useful information in a reasonable time. The undulator beamline 

(7.0.1) provided count rates of the order of tens of MHz at high-energy resolution with 

photon energies of up to about 1000 eV. Although the brightness of a bending-magnet
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Figure 2.10 Focusing scheme of a STXM: a) in diagram form, b) a picture c) scanning 
electron microscope image of the inner part of a Fresnel Zone Plate Lens. This lens has 
318 nickel zones, a diameter of 45 μm, and the smallest (outermost) zone is 35 nm wide. 
Courtesy of Center for X-Ray Optics, LBNL.

source is about four orders of magnitude smaller than that of an undulator source, due to 

inefficiencies of the beamline 7.0 optics, the flux on the sample at the STXM 5.3.2. was 

smaller by only 1-2 orders of magnitude

In scanning transmission X-ray microscopy (STXM), a soft X-ray beam is focused 

by a Fresnel zone plate [A99], illuminates the sample and the transmitted X-rays are 

detected. Transmission images are obtained by a raster scan of the sample through the 

focal point of the zone plate. Spectra are obtained in point, line or image mode by 

acquiring signal at multiple photon energies. The primary signal measured in STXM is 

transmitted intensity (It) as a function of energy (spectra), or position (images). This 

signal, when converted to optical density (OD), is sensitive to sample thickness, density 

and composition, according to equation 2.5.

Measuring a raster scanned set of pixels and converting with the incident flux 

(measured through a hole), gives an X-ray OD image at a single photon energy. 

Changing the photon energy and taking images with other photon energies gives an image 
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sequence (stack), which includes chemical information as well as topographical 

information [JWF&OO]. Analyzing the data with suitable reference model spectra can 

provide chemical maps with sub-100 nm spatial resolution.

§ 2.3.1.1 Key concepts in optimizing STXM

The performance of the X-ray microscope can be characterized by several 

properties, for example, the spatial resolution, and the energy resolution. The latter will 

be discussed in section 2.3.2.

The spatial resolution is achievable because of the components within a STXM 

microscope and their precise geometry with respect to one another. Figure 2.10 shows the 

focusing scheme of a STXM microscope, a) in diagram form, b) a picture, c) scanning 

electron microscopy image of the inner part of a Fresnel zone plate typically used in full 

field X-ray microscopy.

The small x-ray spot is produced by a Fresnel zone-plate lens [A99, MB93]. This 

is a variable-line-spacing circular diffraction grating. The fabrication of zone plate lenses 

requires state-of-the-art nano-fabrication techniques, because the required structures are 

sub-micrometer scale and the zones must be positioned with an accuracy comparable to 

the photon wavelength -typically 2 nm precision over 100 000 nm. Figure 2.10 c) shows 

an SEM image of a zone plate typically used in full field X-ray microscope. On the 

figure, the bright areas are gold and the dark areas are Si3N4. The type of ZPs used for 

STXM are of a different design than those for full field X-ray microscopy; STXM’s have 

a large central stop, as shown on Figures 2.10 a). The purpose of the central stop is to 
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block the zeroth order light and to suppress unwanted diffraction orders that would 

degrade spatial resolution. Schematic representations of zeroth and first order light are 

shown on Figure 2.10 a). The zeroth order light is the light that is not diffracted by the 

zone plate, and the first order light is the most intense diffracted light. Less intense higher 

order radiation is suppressed by an order selection aperture, OSA, which is a pinhole 

slightly smaller than the central stop [KTS&03].

The principles of operation of Fresnel zone plates are well summarized in the 

CXRO Handbook of synchrotron radiation, versions 1 and 2 [KA86, TAG&01]. The 

focal length (f) of a zone plate, the distance between the zone plate and the sample, at a 

given photon energy (E) is given by:

Eq. (2.9) f=D·δrN/λ

where D is the ZP diameter, δrn is the width of the most outer zone (Nth), and λ is the 

photon wavelength (E (eV) = 1239.9/λ in nm scale). The value of D and δrn for the ZP 

presently used in STXM 5.3.2 are 155 μm and 35 nm respectively. Thus, when scanning 

across the C 1s edge, from 280 eV to 340 eV, the focal length changes from 1225 μm to 

1490 μm. The ZP must maintain a pointing accuracy of 10 nm while moving the ZP by 

this distance of 265 000 nm; this is achieved by the laser interferometry control system.

The diffraction limited spatial resolution (Ar) is given by [TAG&01]:

Eq. (2.10) Δr = 1.22·δrN

This equation says the resolution is limited by the ZP outer zone width. However 

the ultimate resolution of the zone plate can only be achieved if the microscope 
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is adjusted properly. Thus users have to pay attention to many points about the 

microscope operational parameters and the beamline settings. In particular, the OSA 

position, ZP focus, sample-OSA distance, sample focusing, and the accuracy of the 

energy scale all play a role in getting the highest spatial resolution and keeping it over an 

extended range of photon energies.

At the 5.3.2. STXM, the diffraction efficiency for first order is about 10%. Most 

of the light is un-diffracted (zeroth order) and this must be excluded as much as possible 

since, if it is not blocked, it provides an illumination at reduced intensity of approximately 

the size of the ZP (~200 μm). Even so there is always an irreducible zero-order 

contribution which forms a 'halo' of the size of the ZP, with an integrated strength of 1- 

5% of the focused beam intensity. In addition, depending on the quality of alignment of 

the OSA and the central stop, there can be some second-order signal (light in the focused 

spot at twice the photon energy). By aligning the central stop and OSA properly, the non- 

first order light can be minimized and higher contrast and more quantitative images are 

obtained. In order to get the minimum amount of zero order light the center of the OSA 

must be aligned to the center of the ZP to within 5 μm.

§ 2.3.2 Instrumental description, particularities of (7.0.1 and 5.3.2)

§ 2.3.2.1 STXM Microscope

Figure 2.11 shows the 5.3.2 STXM components. The microscope contains the 

following major system components: zone-plate z stage; OSA x, y stages; sample x, y 
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coarse stage; sample x, y fine piezo stage; sample z stage; detector x, y, z stage; 

interferometer system; mounting platform; passive vibration isolation to the floor and 

vacuum/He enclosure. One of the advantages of the STXM 5.3.2 instrument is the passive 

vibration isolation to the floor. The instrument is isolated from floor vibrations by 

styrofoam pads. The microscope is built on a rigid polymer composite base- referred to 

as polymer granite or polymer concrete (Zanite, Precision Polymer Casting). The large 

weight resists resonant amplification of floor frequencies. The ALS floor at STXM 5.3.2 

is actually quite noisy with resonance modes in 120-160 Hz with > 100 nm amplitudes. 

The microscope itself is built so that only a small fraction of this amplitude (typically 10 

nm) is transferred to the sample or zone plate. The detectors used in the ALS STXMs are 

phosphors to convert X-rays to visible light. The visible photons are counted by high 

performance photomultiplier (PMT) systems which can count linearly up to ~20 MHz. 

The 5.3.2 detector is shown in figure 2.12.

Figure 2.11 5.3.2 STXM components a) schematically, b) top view picture
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Figure 2.12 Geometry of the 5.3.2 detector for transmitted photons

The front of the Lucite pipe is coated with a very thin layer of a polycrystalline 

phosphor film. Small single crystals of CdWO4 (CWO), YAlO3:Ce (YAP) or Gd2O2S:Pr 

(GSO) are supported directly on a flat Lucite tip. Granular phosphors (Pl1, P43 and P47) 

were deposited by sedimentation from a suspension. The granular-phosphor deposition 

process has to result in a layer that is thin enough to prevent light scattering, and hence 

loss of signal, yet sufficiently dense to cover the tip. The Lucite tips are carefully shaped 

to increase the light collection of the granular phosphors by using refraction and critical 

internal reflection. The cone-shaped Lucite increases the detection efficiency by more 

than 50% for the same sedimentation procedure. Different phosphors were compared by 

comparing the system efficiency with that of a silicon photodiode with a very thin oxide 

layer on the front surface. On average, the diode produces one electron-hole pair for each 

3.6 eV of X-ray energy deposited, and the X-rays are always absorbed in the silicon, 
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except just above the oxygen edge (530 eV). Thus, at a specific photon energy the 

absolute diode current gives the absolute photon flux.

The main difference from the “old” and the new 7.0.1 design is the 

implementation of interferometry control which allows the precise measurement of the 

transverse position of the zone plate relative to the sample. Long-term positional stability 

and compensation for transverse displacement during translations of the zone plate have 

been achieved. With the old STXM 7.0.1, it used to be necessary to realign the stacks of 

images post-acquisition with specialized software [JWF&00]; this typically is no longer 

the case with the new 5.3.2 and 11.0 microscopes, although minor stack alignment (~200 

nm versus 1-2 μm for the old STXM 7.0) is required if the microscopes have not been 

recently optimized.

The focal length, the distance between the zone plate and the sample, is energy 

dependent (see Eq. 2.9). In order to keep the sample in focus, the zone plate must move 

large distances when scanning through an absorption edge (for example, nearly 400 μm at 

the C1s edge) and during that displacement, the x, y coordinates of the zone plate must 

remain aligned with that of the sample, ideally to a precision of ~ 10 nm in order to 

maximize the quality of the spatial resolution. However, over the course of this ~ 400 μm 

displacement of the zone plate, its x, y coordinates wobble by up to ~ 2 μm. Thus, the role 

of the interferometer is to measure and compensate for changes in (Ax, Ay) of the zone 

plate and sample position as the zone plate moves in z. It is specifically this “run out” in 

this motion that caused image mis-alignment.

Some of the advantages of the interferometry system are as follows:
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1) When the interferometer is operated in a closed-loop mode, vibrations in both 

scan directions can be reduced to about 10 nm peak-to-peak. Measurements 

performed in the closed-loop mode showed that the 5.3.2 microscope is ready to 

use zone plates with spatial resolution better than 20 nm.

2) The implementation of a laser interferometer also provides for a continuous 

absolute coordinate system with a field of view of over 20 mm. This makes the 

operation and selection of the coarse and fine motion transparent to the operator. 

The operation is completely under computer control.

3) The large-field absolute coordinate system is also integral to a pre-indexing 

system based on visible-light microscopy. Areas of interest on a sample can be 

selected with a high-quality visible-light microscope, and the coordinates can be 

stored under computer control for later use. After sample transfer to an identical 

sample mount with a transfer accuracy of about 20-30 μm, the areas of interest 

can be recalled by the operator and easily found.

Another difference between the old 7.0.1 STXM, and the 5.3.2. and “new” 7.0.1 

(now 11.0) STXMs is the possibility of evacuating the STXM chambers down to 10-6 torr. 

Already at the old STXM, in order to increase the photon flux at the sample, the 

microscope could be filled with helium. Compared with air, the He environment provides 

more photons on account of lower absorption and results in smaller interferometer drifts 

because of its lower index of refraction; furthermore, the elimination of oxygen from the 

environment slows the degradation of polymeric materials during soft X-ray exposure 

[CUA02]. Simultaneously, helium provides a thermally stable environment, once the fill 
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reaches room temperature. The high thermal transport coefficient of He provides efficient 

cooling of the stepping motors and other electronic components inside the enclosure. 

Pumping, rather than pushing the air with He, is used to get faster, cheaper and more 

efficient removal of air in order to measure at the Nls edge. With further improvement of 

pumping by use of a turbo pump, it will eventually be possible to use a channel plate for 

single electron counting detection of surface sensitive TEY detection in STXMs.

§ 2.3.2.2 STXM Beamlines

The improved performance of the 5.3.2 microscope is not solely due to the 

microscope design and its superior components, the custom built beamline on which the 

microscope is installed also greatly contributes to the advantageous nature of the 

instrument. Figure 2.13 shows the layout of beamline 5.3.2.

The STXM zone-plate lens accepts only the coherent fraction of the illuminating 

beam when focusing at its diffraction limit. This coherent photon flux is inside a volume 

in transverse phase space (in units of source area and per unit solid angle, i.e. mm2/mrad2) 

of the order λ2, incident on the lens and travelling close to the optical axis. This means 

that the STXM zone plate lens limits the size of the beam accepted. Photons outside the 

phase-space acceptance are lost on slits and by overfilling the lens. This leads to a 

beamline design that is almost paraxial, with small optics and deep foci. The advantages 

of using small, simple optics are: a) ease of movement of the small optics to obtain a 

small beam size, b) low cost, much less than for larger, more complicated optics as were 
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used for BL 7.0.1 (see figure 2.14). The principles of the optical design for BL 5.3.2 have 

been described in [WPA98].

In order to select a single energy from the fan of wavelengths emitted at the 

source, the spectrum must be dispersed. A spherical-grating monochromator (SGM) 

which disperses in the horizontal plane was chosen since it is more efficient for phase­

space conservation. The low-dispersion design of the SGM ensures that the grating 

defocus at the fixed exit slit is negligible over the operational range. This is an advantage 

of BL 5.3.2 over BL 7.0 where the exit slit had to be moved to accommodate the choice

Figure 2.13 Beamline 5.3.2 layout (Plan view)

Figure 2.14 Beamline 7.0.1 layout
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Table 2.1: Advantages and disadvantages of beamline and microscope 5.3.2

Advantages Disadvantages
Stable beamline optimized for STXM, 
good phase preservation

Lower flux than 7.0.1, limited “SGM in 
focus” energy range (250-600 eV)

Stable STXM due to interferometry
Good control of exposure due to fast 
shutter system
Change of coarse to fine sample stages is 
transparent to user
User friendly software

Table 2.2: Advantages and disadvantages of beamline and “old” 7.0.1 microscope

Advantages Disadvantages
More intensity Unstable beamline and monochromator

Larger energy range, 50-1200 eV Limited access (2 other end stations on 
the same beamline)
STXM drifted
Radiation damage

of movable spherical gratings. Energy resolution is determined by the settings of the 

entrance slit and the dispersive exit slit.

Another advantage of the 5.3.2 beamline design is the inclusion of the toroidal 

feedback. It ensures that the zone plate illumination is constant over long periods of time 

(1-5 hours) and with fast response (100 Hz).

In summary, the advantages and disadvantages of STXM 5.3.2 (beamline and 

microscope) versus the old STXM set up at 7.0.1 [WFK&98] are given in table 2.1 and 

table 2.2, respectively.
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§ 2.4 X-PEEM principles

§ 2.4.1 Background information

In 1985, Ernst Bauer and his student Wolfgang Telieps published a stunning set of 

images that abruptly solved a long-debated question in surface science: What is the nature 

of the phase transition that occurs on the (111) surface of silicon? [TB85] Determining 

the complex ordered arrangement of atoms, or “reconstruction", that occurs there had 

been one of the hottest problems in surface science for nearly 25 years [TTT&85]. One of 

their images shows a sharply defined coexistence between two structural phases and 

demonstrates a first-order -rather than a continuous second order - transition between an 

ordered (bright) and disordered (dark) arrangement of atoms at the surface. Bauer and 

Telieps's unambiguous answer about the nature of that disordering transition dramatically 

introduced a very powerful probe of solid surfaces: low-energy electron microscopy 

(LEEM).

The desire to add a chemically sensitive imaging mode to the structurally sensitive 

imaging with slow reflected electrons (LEEM), in turn lead to the development of PEEM. 

In PEEM, a UV or soft X-ray light source replaces the incident electron beam, and 

photoelectrons provide the chemical and surface potential contrast. Tonner et al. were the 

first to use soft X-rays, at a synchrotron, as a means of illumination in the PEEM, thus X- 

PEEM [TH88], [HHT90], [THK&92].

A principal characteristic of the PEEM is high surface sensitivity which enables 

the PEEM to be used to study monolayer adsorption at surfaces [REK&91]. The 

variations in image intensity (contrast) that are seen in PEEM are due to a combination of 
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topographical features, work function effects, and chemical composition. When the 

sample is illuminated by UV light, the primary cause of compositional variations in 

contrast is due to work-function changes between different areas of the surface, which 

changes the threshold photon energy for electron emission.

With X-rays, the incident photon energy is much larger than the work function, 

and the contrast depends on the surface composition through the absorption coefficient. 

The secondary electrons are used to form an image of the surface directly in the X-PEEM. 

The secondary yield will depend upon the composition both through the absorption 

coefficient μ(E) and through the thickness of the film, for thicknesses less than the escape 

depth of the sample. However, the yield from small areas of the image as a function of 

photon energy is due only to the variations in absorption coefficient, so that the micro- 

XANES spectrum is free of structure-induced artifacts.

Chemical imaging with X-PEEM can also be done with photoelectrons instead of 

secondary electrons. Auger electrons could in principle be used too, but they are less 

useful than photoelectrons because they contain a convolution of two states, and the peaks 

are usually broader in energy and are situated on a higher background than the 

photoelectron peaks [B01]. Secondary electron imaging uses the slow secondaries that are 

produced in the filling of the core hole created in the primary photoexcitation processes. 

These processes have a particularly sharp onset in s and p core levels and depend upon 

the transition probability from the ground state to the unoccupied states above the Fermi 

level (see figure 2.8).
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Whenever photoelectron imaging can be used, it has at least two advantages over 

secondary electron imaging: (i) a narrow energy distribution ranging from less than 1/2 

eV to about 2 eV for useful inner shells and (ii) an easier determination of the bonding via 

the associated 'chemical' shift of the binding energy of the core level. Secondary electron 

emission imaging has the advantage that it does not require a band-pass filter. However, 

because the energy distribution of secondary electrons is wide, usually several eV at 

FWHM, and because of the chromatic aberration of the objective lens, the spatial 

resolution is poor without a band pass filter or aberration corrector. The X-PEEM 

instrument used in this work did not have a band pass filter so the imaging was done 

using secondary electrons.

The number of secondary electrons produced per incident photon can be much 

higher than unity, so that the image intensity in the X-PEEM will generally exceed that of 

a primary photoelectron microscope. The large current of secondary electrons to pursue 

micro-XANES experiments using bending-magnet x-ray sources [TH88], [HHT90], 

[THK&92], down to spatial resolutions of 1 μm, with images acquired with integration 

time constants of 1 s or less.

The work of Tonner and collaborators has lead to the construction of PEEMs by 

several groups ([TDD&95], [WLL&97], [DCL&98], [TR91], [EKR&91], [MBL&97]), 

including the instrument that was used for this thesis, PEEM2 [APD&99], as well as the 

introduction of commercial systems, like the one used at SRC since May 2002, the 

Canadian Photoelectron emission Research Spectromicroscope (CaPeRs), purchased from 

Elmitec GmbH. The evolution in microscopes and beamline designs has much improved
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length along x (μm) length along x (μm)

Figure 2.15 The X-PEEM spatial resolution is limited to ~100 nm for polymer samples. 
(a) PS component map from a stack fit analysis of a 30:70 PS:PMMA sample, annealed 8 
hours at 160 °C. (b) blow up of the black/white box in (a). (c) Line profile from the 
region between the two black/white lines shown in (b). (d) The blow up from the dotted 
box in (c) shows that the resolution is approximately 100 nm. This is the distance 
between 20% and 80% of the maximal intensity where 100% corresponds to the center of 
the PS microdomain

the spatial resolutions of modern X-PEEM microscopes used at synchrotrons. For 

polymer samples, PEEM2 can provide ~100 nm spatial resolution (see figure 2.15).

Several new X-PEEMs are under development (SMART: [FWU&97], [SGF&02], 

and PEEM3: [FPW&02]) which will use aberration compensation optics, see figure 2.6 

for a theoretical prediction of the spatial resolution in PEEM3 as a function of lens 

transmission [P]. As depicted on the figure, these microscopes are expected to improve 

the column transmission by a large amount, enabling higher spatial resolution or higher 
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efficiency than at present day spatial resolution. Improving detection efficiency will 

dramatically assist with present day challenges of radiation damage when applying X- 

PEEM to polymers and biological materials.

§ 2.4.2 Instrumental description (PEEM2)

For a detailed description of the electron optics characteristics of PEEM2, the 

reader is referred to the publication by Anders et al. [APD&99], the team who designed 

and built the beamline and microscope.

§ 2.4.2.1 Beamline 7.3.1.1

The X-ray photoemission electron microscope (X-PEEM) on branchline 7.3.1.1 

was developed by the ALS in collaboration with the IBM Almaden Research Center (Jo 

Stöhr). It is designed specifically for X-PEEM micro-analysis of surfaces using near­

edge x-ray absorption fine-structure spectroscopy (NEXAFS), x-ray magnetic circular 

dichroism (XMCD) and x-ray magnetic linear dichroism (XMLD) contrast. Beamline 

7.3.1 operates over the photon energy range from 175 to 1500 eV with a spectral 

resolving power between 1000 and 2000. A spherical-grating monochromator (SGM) 

with no entrance slit and a low line-density grating (200 lines/mm) is used to obtain high 

throughput while still achieving the desired spectral resolution.

The schematic of the beamline is given in figure 2.16. The 1.2 m long elliptical 

refocusing mirror reduces the horizontal source size of 300 μm (FWHM) to an image 

width of 30 μm (FWHM), while accepting 2 milliradians from the source in the
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Figure 2.16 PEEM2 beamline layout

horizontal direction. Currently, there is an additional 'exit slit' between the elliptical 

refocusing mirror and the X-PEEM which reduces the beam spot to an ellipse of about 30 

x 50 μm. The photon flux measured with an x-ray photodiode is 3.3 x 1011 photons/s at 

725 eV when the storage ring is operated at 1.9 GeV with a ring current of 400 mA (see 

figure 3.12). The flux is very high because the minimum number of optical components 

(2) is used and there is no entrance or exit slit. The storage ring electron beam acts as the 

entrance slit while the X-PEEM acceptance is the pseudo exit slit. The best achievable 

resolving power of the beamline is E/AE = 1800. For the reduced flux beamline 

conditions used for studies of X-ray sensitive polymers, E/ΔE ~ 500 at the C1s edge, i.e., 

ΔE ~ 0.6 eV.

Circularly polarized radiation (from above or below the plane of the storage ring) 

is obtainable by means of a movable aperture, also called the “mask”. Flux can be 

controlled by the position of the chopper and the mask. It is essential to use the mask and 
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chopper to reduce the flux when studying highly radiation sensitive materials like 

polymers, proteins and some ionic compounds. Mask and chopper together define 

polarization (linear, elliptical or circular) and flux. They act as two independently 

moveable knife-edges.

§ 2.4.2.2 X-PEEM Microscope

Projector
Lens

Intermediate
Lens

Phosphor

Aperture 
Transfer 
Lens

Objective
Lens 
X-rays

Sample

Figure 2.17 Schematics of PEEM2

Figure 2.17 is a schematic of the 

ALS BL 7.3.1 instrument which is called 

PEEM2. In X-PEEM, X-ray photons cause 

photoelectron emission from the surface of 

the sample. These photo-emitted electrons 

are extracted into an electron optical imaging 

system by a strong electric field (~10 

kV/mm) that is applied between the sample 

and the objective, the first electrode of the 

electron optical system. This field is the first 

lens of the microscope. Several electron-

optical lenses are used to form a full field image of the emitted electrons at a phosphor 

screen which converts the electrons into visible photons which are detected by a charge 

coupled device (CCD) camera. The electrostatic optical system of the microscope images 

photoelectrons at high magnification by means of a three-element high-voltage lens: an 

objective lens, a transfer lens, an intermediate lens, and a projector lens. The objective 
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lens of PEEM2 is an electrostatic tetrode lens with a stigmator/deflector assembly located 

in its back focal plane. It is adjusted to achieve focus and can be operated up to 20 kV; 

above that, discharges are almost guaranteed.

The transfer lens produces a 1:1 image at the second objective back focal plane 

outside the lens where an aperture is located. This lens and associated aperture affect 

both the efficiency and the spatial resolution. The intermediate lens and the projector lens 

provide additional magnification of the image onto the CCD detector.

The projector lens and intermediate lens are used to control the magnification of 

the microscope. For large fields of view (from maximum of 200 μm down to 20-25 μm) 

only the intermediate lens is used. It is slowly increased in voltage to increase 

magnification, then the projector lens is turned on to magnify even more when fields of 

view lower than 20 pm are required. In our work, due to the low x-ray flux required to 

avoid radiation damage, and resultant low electron flux, the experiment remains in a 

regime where we exhaust our available electron flux through magnification before it is 

necessary to use the second lens (projector) for further magnification. Using only the 

intermediate lens produces better images than combined use of the objective and projector 

or just the projector by itself.

In contrast to most other X-PEEM instruments there is no image intensifier and 

thus most of my measurements used only the lower 5-10% of the capacity of the CCD. 

For this reason the camera corrections required for meaningful measurements are very 

important. Section 3.2.4 describes in finer details properties of CCD cameras.
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The combination of high-voltage operation, a small angle-defining aperture (12 - 

100 μm), and stable mechanical construction leads to a maximum resolution of ~100 nm 

for polymeric samples when the smallest aperture was used. Figure 2.15 shows 120 nm 

wide PS microdomain in a PMMA discontinuous phase.

With electron detection, the samples must be adequately conductive, reasonably 

flat, UHV-compatible solids. The yield of electrons over the entire illuminated area is 

imaged at high magnification. By recording frames sequentially with incrementally 

increasing photon energy ('stack acquisition'), one can produce a NEXAFS spectrum for 

each image point. Section 3.2 describes the various modes of data acquisition at PEEM2.

§ 2.5 Atomic Force Microscopy

§ 2.5.1 Background

Figure 2.18 Schematic representation of an AFM

The atomic force 

microscope (AFM) was

invented by Binnig, Quate and 

Gerber [BQG861 in 1986. A 

typical force microscope 

consists of an integrated 

cantilever-tip assembly

interacting with the sample

surface, a detector that measures the displacement of the cantilever, and feedback 

electronics to maintain a constant imaging parameter such as tip-sample separation or 

force [NVL87] (Figure 2.18). The sample rests on a piezoelectric x, y, z translator. A 
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laser beam is reflected from the backside of the tip onto a photodiode to measure two 

types of tip-surface interactions. When the sample approaches, touches, and is withdrawn 

from the tip, the tip will move up and down in response to surface normal forces Fz, 

resulting in the vertical deflection signal Vz. The cantilever will also twist in response to 

friction forces ± Fx yielding the lateral deflection signal Vx.

§ 2.5.2 Basic AFM Modes
Frommer [F92] identified the two basic modes with which an AFM can be 

operated: contact mode, and non-contact mode.

§ 2.5.2.1 Contact Mode (CM-AFM)

In this mode, the tip is in constant contact with the surface. This corresponds to 

the repulsive part of the Lennard-Jones potential which describes the interaction of two 

bodies as they are brought within several angstroms contact, the model gap for the 

interface between the AFM probe and the sample surface. The 1/r12 distance dependence 

of this repulsion forms the basis for the AFM's ability to detect force gradients over small 

intermolecular distances. As the tip attached to the end of the cantilever is scanned across 

the sample surface, the change in cantilever deflection is monitored with a split 

photodiode detector. A feedback loop maintains a constant deflection between the 

cantilever and the sample by vertically moving the scanner at each (x,y) data point to 

maintain a setpoint deflection. This corresponds to a three dimensional measurement of 

the sample topography. The height is represented by an arbitrary color scale where a 
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bright feature is high and a dark feature is low. By maintaining a constant cantilever 

deflection, the force between the tip and the sample remains constant. Binnig and 

collaborators [BGS87] discovered that this mode can allow atomic resolution by using a 

very small loading force on the tip, 10-7 to 10-11 N; this makes the area of contact between 

tip and sample exceedingly small. Despite the small magnitude of these forces, this mode 

is not applicable to polymers because the forces are sufficient to plow through the 

polymers as the probe is scanned over the surface.

Other than topographic information, CM-AFM can also yield the magnitude of 

intermolecular interactions by performing adhesion and/or friction measurements. Noy, 

Vezenov & Lieber [NVL87] explained the nature of these measurements. The adhesive 

interaction between tip and substrate is determined from force-versus-sample 

displacement (F-D) curves (Figure 2.19).

Figure 2.19 (A) Typical force-vs-sample z displacement curve. (B) The cycle in (A) is 
shown in terms of a schematic potential between the tip-sample functional groups (for a 
functionalized tip).
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At large separations, no force is observed between tip and sample. At short 

distances, the van der Waals attraction will pull the tip abruptly into contact with the 

sample (jump into contact point). After that, the deflection of the soft cantilever tracks 

the movement of the sample (linear compliance regime). Hysteresis in the force between 

tip and sample is observed when the tip is withdrawn from the sample. The finite force 

necessary to pull the tip off the sample surface corresponds to the adhesive force between 

the tip and sample. Whenever the force gradient exceeds the cantilever spring constant, 

the system becomes mechanically unstable and cantilever jumps occurs.

The deflection of the cantilever is recorded during the sample approach­

withdrawal cycle and the observed cantilever deflection is converted into a force using 

the cantilever spring constant. The pull-off force determined from the jump in the sample 

retracting trace corresponds to the adhesion between the tip and the sample surface. Clear 

and Nealey [CN99] described how the forces were obtained from the raw voltage data 

according to Eq. 2.11:

Eq. (2.11) Fnormal = knΔz = (knΔV)/Sn

where ΔV is the photodiode voltage response, kn is the normal spring constant and Sn is 

the normal sensitivity (ratio of photodiode vertical response to the displacement of the 

piezo electric tube). To quantify the adhesive force, a large number of F-D curves 

(typically 100) are obtained at various contact points (typically 4-5) such that the 

parameters of the fit follow a Gaussian distribution with uncertainty ±1σ. Large number 

of measurements is required because the contact area, which corresponds to the number 
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of groups interacting with each other, may vary. Thus, the force obtained, F, is a mean 

pull-off force [WMR&97].

Topographical maps and imaging of friction forces between tip and sample can be 

acquired simultaneously with contact mode AFM. These forces are determined by the 

lateral deflection signal Vx (Figure 2.18) as the cantilever twists in response to friction 

forces ± Fx. As for height images, the brighter regions correspond to greater frictional 

forces and darker features represent smaller frictional forces. This type of imaging is also 

referred to as lateral force microscopy (LFM).

Similarly to Eq. 2.11, Hooke’s law can be applied to convert the raw voltage data 

to friction forces, according to Eq. 2.12:

Eq. (2.12) Flateral = (klatΔV)/Slat

where klat is the lateral spring constant and Slat is the lateral sensitivity. Slat is obtained 

from the initial slopes of the friction loop at the stationary turnaround points for specific 

scan sizes. A friction loop is obtained by recording the lateral deflection of the cantilever 

as the sample is scanned in a forward-backward cycle along the direction perpendicular to 

the cantilever axis [NVL87].

§ 2.5.2.2 Non-Contact Mode

Even though the loading force on the tip is small, 10-7 to 10-11 N, surface damage 

is still encountered with ‘soft’ samples [Q94], i.e. biological samples and polymers. 

Consequently, the attractive mode, the attractive portion of the Lennard-Jones potential, is 

64



Ph D. thesis - Cynthia Morin McMaster, Chemistry

preferred for these samples since there is no contact between tip and sample, i.e. this 

virtually eliminates lateral shear forces. In non-contact mode (NC-AFM), the cantilever 

is driven to vibrate near its resonance frequency by a small piezoelectric element. The 

amplitude of this vibration ranges from 20-100 nm and the tip makes contact with the 

sample for a short duration in each oscillation cycle. As the tip approaches the sample, 

the tip-sample interactions alter the amplitude, resonance frequency, and phase angle of 

the oscillating cantilever. The topographic image is obtained by varying the z position of 

the scanner such that a constant setpoint amplitude is maintained.

Simultaneously to topographic imaging in NC-AFM, phase imaging is also 

possible. Because the interaction between the tip and the surface depends not only on the 

topography of the sample but also on different characteristics (such as hardness, elasticity, 

adhesion, or friction), the movements of the cantilever to which the tip is attached 

depends also on these properties [MR97]. In phase imaging, the phase of the sinusoidal 

oscillation of the cantilever is measured relative to the driving signal applied to the 

cantilever to cause the oscillation.

§ 2.5.3 Instruments used

Most of the samples measured throughout the course of this PhD work were 

measured in non-contact mode. I have used three AFM instruments to characterize 

PS:PMMA samples. From June 2000 until January 2002, and from April 2003 on, a 

Digital Instruments (now Veeco) AFM was used, DI-Nanoscope IIIA, located in BIMR at 

McMaster. From February 2002 until June 2002, a contact mode Park-M5 instrument 
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was employed. The third instrument was a Quesant-350. The latter two AFMs are 

located at LBNL in Berkeley. Each of these instruments have their own particularities 

because of the different hardware and operating software, but the principles of operation 

are standard and will not be detailed here. Although I have generated nearly 1Gb of data, 

AFM is not the focus of my research and very few of my results will be shown here. 

Some of the images I acquired are shown in chapter 3 (figures 3.21n, 3.24-3.26). My use 

of AFM was merely as a check on the PS:PMMA sample preparations and not to develop 

AFM as a scientific tool.
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Chapter 3

EXPERIMENTAL

This chapter describes in detail how STXM and X-PEEM measurements were 

performed. For X-PEEM, methods were developed to acquire data with minimal damage 

and maximal statistical information by exploration of the beamline and microscope 

parameters, and development of various corrections for the two CCD cameras that were 

used. The principles of data analysis for spectromicroscopy are introduced and methods 

applied to specific data sets are detailed. The sample preparation used for STXM and X- 

PEEM studies of proteins on phase segregated polymers is outlined.

§3.1. Data Acquisition in STXM

There are various modes of acquisition in STXM. These are: images (single 

energy) and spectra (point spectrum, line scan, and image sequence). Regardless of the 

type of data obtained, all can be converted to optical density (Eq. 2.5). This section 

describes the principles for each of these types of measurements.

§3.1.1 Single energy images

For the acquisition of single energy images, there are 4 parameters that need to be 

specified by the user. These are the photon energy, x, y dimensions of the image, the 

spacing in each dimension and the dwell time at each pixel. The image sizes depend on 

which sample moving motors are used: the coarse stepping motor and fine piezo stages.

67



Ph D. thesis - Cynthia Morin McMaster, Chemistry

Table 3.1 Maximum image size available for coarse and fine stages at STXMs 7.0.1 and 
5.3.2

Beamline Coarse scan Fine scan

7.0.1. (old) 25 mm x 25 mm 60 μm x 60 μm

7.0.1. (new) 25 mm x 25 mm 100 μm x 100 μm

5.3.2. 12 mm x 25 mm 140 μm x 140 μm

The latter offers higher scan speed and greater stability over small distances. Table 2.1 

summarizes the maximum image size available for each stage at STXMs 7.0.1 and 5.3.2.

Figure 3.1 shows an example of fine scan images on 5.3.2. The sample used as an 

example is a polystyrene:poly(methyl methacrylate) (PS:PMMA) film made of 

PS:PMMA (30:70 w/w), 1 MDa:310KDa, 1% polymer weight in toluene, spun cast on 

mica, then floated onto a Si3N4 window. The polymer film on Si3N4 was annealed for 8 

hours at 160 °C. On figure 3.1 a), an image acquired at 285.15 eV, the white areas are 

those that transmit photons more, or absorb less, corresponding to PMMA (see spectra in 

figure 2.7). On figure 3.1 b), which is the figure in 3.1 a) converted to optical density, the 

contrast is reversed because a larger OD corresponds to stronger absorption. Figures 3.1 

c) (transmission) and d) (optical density) are higher resolution images which show the 

presence of micro domains (~100-300 nm) in both phases. On the OD images, these 

appear as bright spots (PS) in the dark discontinuous domains (PMMA) and dark spots 

(PMMA) in the bright continuous domains (PS).
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Figure 3.1 Images of PS:PMMA floated on Si3N4 a)10μm x 10μm at 285.1 eV, ir 
transmission; b) Figure a) converted to optical density (OD); c) 4μm x 4μm at 285.1 eV 
in transmission, showing the presence of micro domains in both phases; d) OD of c).

This sample is used later to describe STXM data analysis procedures, while a 

similar sample, where the solution was spun cast on native oxide silicon wafer (denoted 

SiOx) instead of mica, is used to discuss X-PEEM data analysis.

§.3.1.2 Point spectra

Once a feature of interest is detected from a single energy image, it is possible to 

acquire a spectrum from a spot that is approximately the size of the focused beam. 

Typically, the user can specify a number of spectral regions with varying increments of 

energy and fixed dwell time per energy point. The old STXM 7.0.1 allowed only 1 

spectrum at a time, while STXM 5.3.2 allows the spectra up to 10 points to be acquired 

“simultaneously”, i.e., the sample stage moves from one point to the next, acquiring the 

signal at each point, before the monochromator moves to the next photon energy. One of
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Figure 3.2 (left) location of points where the spectra were acquired, (right) spectra 
derived from point signals and hole signal (out of image range) recorded at same time.

the advantages of this multi-point mode is the “simultaneous” acquisition of I0 spectra. 

This is advantageous because the photon flux has a strong spectral structure which must 

be corrected. Also, the incident flux decreases with the natural ring current decay, so 

simultaneous acquisition of the sample and I0 region ensures greater accuracy. Figure 3.2 

gives an example of point spectra of multiple regions recorded simultaneously on a 

Dow#355 sample. This material is used as a substrate for protein adsorption; results are 

shown in chapter 6.

§3.1.3 Linescan

Linescans consist in moving the sample along a line (selected by the user by 

drawing on a single energy image) while varying the photon energy. The user can select 

the length of the line, the number of pixels along the line, and similarly to the point 

spectrum mode, the user can select the energy ranges of interest with specified dwell
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Figure 3.3 Example of a linescan and subsequent analysis (see text for detail).

times at every pixel along the line. The result of a linescan is a “line-spectral image” 

where the vertical axis is the distance along the line in pm, and the horizontal axis is the 

scanned energy range. The physical width of the line is usually determined by the spot 

size and the radiation damage spread. Figure 3.3 shows the steps involved in a linescan 

acquisition and its analysis. Figure 3.3 a) is an image of the region where the linescan was 

acquired, shown by the blue arrow; b) is the image after the linescan, showing the effect 

of radiation damage which is much greater in the aliphatic polyether matrix than in the 

aromatic filler particle; c) is the "line-spectral image" which contains coloured boxes that 

correspond to different sections of the line; d) is the spectra tor sections shown in c), e) is 
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the curve fit analysis of the linescan. The latter method is used to visualize and quantify 

chemical composition along a line.

§ 3.1.4 Image sequences (stacks)

An image sequence, usually referred to as “stack” [JWF&OO], consists of 

acquiring a set of images of one or more regions over a user-defined set of energies. As 

for single energy images, the user can select the size of the image, the number of pixels 

and the dwell time at each pixel (per energy point). In addition, the user can specify a 

number of spectral regions with varying increments of energy. As is the case for single 

point spectra, STXM 5.3.2 allows acquisition of up to 10 spatial and 10 energy regions 

“simultaneously”.

Figure 3.4 shows selected images from a stack made up of 67 energies between 

280-306 eV of dimensions, x x y, 8 μm x 8 μm. The sample is the same as the one shown

280
Figure 3.4 Representation of a “stack , or image sequence. Same sample as figure 3.1
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on figure 3.1. The image contrast changes throughout the absorption edge as the PS and 

PMMA components absorb at different energies. Section 3.3 will detail how to extract 

quantitative information from such a sequence of images.

§ 3.2 Data Acquisition in X-PEEM

There are three modes of data acquisition in X-PEEM: single energy images, 

spectra and stacks. The latter two modes record a sequence of images over a range of 

photon energies, with simultaneous processing and discarding of the images in the case of 

spectra, and saving all images in the case of stacks. Since X-PEEM is a parallel detection 

instrument, all modes of acquisition are similar with the main differences being in terms 

of what data are saved, and whether a single energy or a whole spectrum is scanned.

§ 3.2.1 Images

Typically, single energy images are acquired at energies that correspond to strong 

transitions of a particular material within the sample to highlight the spatial distribution of 

that material. In order to obtain adequate statistics (high signal-to-noise ratio) these 

images are usually acquired with a longer dwell time (10-60 seconds) than is typically 

used for a “stack of images” (2-5 seconds/image). The acquired images are corrected for 

camera artifacts either automatically as part of the acquisition, or post acquisition. Since 

there is no raster scanning of the sample in X-PEEM. the size of the image is determined 

by drawing a box, or area-of-interest (AOI), onto a larger field-of-view image, by 

carefully positioning that box where the maximum illumination occurs. The physical size 
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of the image depends on the magnification given by the objective and intermediate 

voltages when the sample is in focus.

There are two ways to identify the size of an image. One is to physically measure 

the field of view (FOV) using a micrometer to measure the displacement as one feature of 

the sample is moved from one end of the screen to the other. This gives the size of the 

FOV, and knowing the number of pixels on a line, one can derive the pixel size.

An approximate FOV can also be obtained from figure 3.5, using the voltages of 

the microscope. The y-axis of the graph is the field of view in microns for the whole face 

of the CCD. Provided that no binning of the image was selected and that the full 1k x 1k 

CCD was read, 1000 pixels of an image equal the corresponding number of microns. If 

less than the full 1k x 1k chip was read, then the FOV is divided by a corresponding 

fraction.

The bottom x-axis represents the voltage of the magnification (intermediate) lens 

as a fraction of the sample voltage. That is, if the sample was at 15 kV, and the 

intermediate lens was at 12 kV, then 12 kV/15 kV = 0.75 would be the x-coordinate of the 

graph, for a field of view of about 80 microns, or 80 nm per pixel.

The two plots on the graph represent the high and low magnification operational 

modes of the microscope. The higher curve is used if the transfer lens is turned off, and 

the x-axis represents the value of the intermediate lens as a fraction of the sample voltage. 

The lower curve is used when the intermediate is set at a fixed value (0.833 of the sample 

voltage) and the transfer lens is used to magnify more. In this case the x-axis then 

represents the value of the transfer voltage as a function of the sample voltage. The lower
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graph is simply a magnification of the lower portion of the upper graph, that is, it is 

simply a re-scaling of the y-axis to better see the details down at the small FOV's.

Figure 3.5 PEEM2 FOV as a function of voltages.
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§ 3.2.2 Spectra

X-PEEM spectra correspond to the relative intensity of detected photoemitted 

electrons in a user defined area of the sample as a function of incident photon energy. For 

spectra, images do not get saved so disk space is saved; a 50 energy stack can vary 

between 50-150 mega bytes (Mb) while the corresponding spectrum is only ~ 4 kilo 

bytes.

§ 3.2.3 Stacks

Stacks (image sequences) are acquired over a selected area of the sample and 

consist in the acquisition of a set of images over a user specified set of energies. All 

images of the stack are acquired with the same dwell time (~2-5 seconds/image), and all 

come from the same physical area of the sample (AOI) so they have the same spatial 

resolution and field of view (FOV). The actual acquisition time, which is also the amount 

of time that the sample is exposed to x-rays, can be up to 2 seconds longer per image than 

the dwell time. There are two sources for this additional time. One is the read-out time of 

the camera which scales approximately linearly with the size of the region of interest 

(ROI) downloaded from the camera. For example, reading 1k x 1k (106) pixels of the 

camera takes about 1s whereas reading l/4k x l/4k (6.2 x 104) pixels takes about 0.3 s. In 

addition the time of the monochromator motion (0.5- 2s) adds to the deadtime. In total the 

deadtime is about 1-2s depending on the camera ROI and on the version of the beamline 

software. However, the area of interest (AOI) (i.e.: physical region of the sample) does 

not influence the readout-time but reduces the tile size.
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The spectral energies sampled are defined by the user. Typically, for radiation 

sensitive polymer samples only the finest spectral features of interest are recorded with 

small energy steps (0.2 eV is the minimum because of the limited energy resolution of the 

beamline), with coarser steps (0.5 or 1.0 eV) used to provide signal away from the sharp 

spectral features. The latter energy regions are needed to define continuum intensities to 

assist quantitation.

Although these modes of acquisition were already implemented when this thesis 

work was started, due to issues such as camera noise, proper normalization of signal for 

organics and polymers, effects of second order radiation on the shape of C1s NEXAFS 

spectra and the high sensitivity to radiation damage of polymers, many challenges were 

overcome to optimize adequate data acquisition methods for radiation sensitive polymers. 

These issues will be detailed throughout sections 3.2.4 to 3.2.6.

§ 3.2.4. Camera Issues

The electrons that are photoemitted from the surface of the sample and which 

make their way through the electrostatic lenses of the X-PEEM column are collected onto 

a phosphor screen that converts electrons into visible light, which is detected by a charge- 

couple-device (CCD) camera. A CDD camera uses a silicon integrated circuit rather than 

a piece of film to receive incoming light. The CCD chip is segmented into an array of 

individual light-sensitive cells called “photosites”. Each photosite is one element or 

“pixel” of the whole picture that is formed. For the two cameras that have been used on 

PEEM2 only the centre 1024 pixels wide by 1024 pixels high were used. The CCD 
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photosites accomplish their task of sensing incoming light through the photoelectric 

effect, which is a characterization of the action of certain materials to release an electron 

when hit with a photon of light. The electrons emitted within the CCD are trapped within 

nonconductive boundaries. As long as light impinges on a photosite, electrons 

accumulate in that pixel. Under external command electronic circuitry transfers the 

charges in the CCD array, through an analog-to-digital conversion to a set of digital 

numbers which are transferred to a computer and displayed on a computer screen.

CCD cameras suffer from a number of artifacts, on an individual pixel basis, 

including background (or dark) signal and variable gain (or flatfield). These artifacts 

stem from: 1) since they are electronic components, CCDs are sensitive to heat within the 

camera as well as light from the object of interest, and 2) the individual photosites in the 

CCD array may vary significantly in their sensitivity to both heat and light. First, this 

means that the electrons generated by heat rather than by light need to be subtracted from 

the final tally of electrons in each pixel so that a truer image can be rendered. This is 

called “dark subtraction”. Second, the variance in electron depth across the CCD array 

due to inherent differences among the pixels needs to be leveled by dividing by a 

patterned image “white” or “flat field”, reflecting gain variation from pixel to pixel. This 

is called “flat fielding”.

The two cameras used at PEEM2 throughout the course of this research have 

different amounts of background and flatfield noise. The last camera used (from Roper 

Scientific), which was installed in May 2002, will be referred to here as the “new” 

camera. It performed much better than the old one (Coolview 12 from Photonic

78



Ph D. thesis - Cynthia Morin McMaster, Chemistry

Science) and required less corrections. With new software (written by Dr. A. Scholl), the 

dark and flat field corrections are automatically performed during data acquisition if the 

user desires.

The old camera was more problematic and new data acquisition and analysis 

methods had to be developed. Some of the issues encountered with the old camera are 

described here:

1) Background (“dark”)

Due to a negative offset on the analog side of the analog-to-digital (A/D) 

converter, the background in many pixels read 0 if there is a light tight enclosure. In 

order to have an average zero signal when no light hits the camera, the camera electronics 

displays negative pixels so that about 50% of the pixels are at negative output. Any 

negative signal is registered as “0” by the unipolar A/D conversion. This is an artifact 

which had serious consequences for low intensity signals which were often the regime 

used in low X-ray exposure to radiation sensitive polymer samples. A flashlight bulb was

Figure 3.6 a) Histograms of dark noise for the flashlight (FL) OFF and ON, showing the 
shift in pixel intensity with FL ON, and an example of a dark image from the old PEEM2 
camera; b) Intensity of pixels for dark and gain as a function of time; c) histogram of a 
gain image, the circle shows a saturated pixel with intensity 4096, 2 .
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used to ensure that all pixels had some non-zero value. Thus, for low signal intensity 

measurements, the flashlight was used to add a small signal (~20/sec) to raise the dark 

signal in all pixels to a (small) positive value (see figure 3.6 a).

The background with the flashlight on had to be recorded and subtracted from the 

X-ray illuminated images. This corrected for both the additional flashlight signal and the 

intrinsic background from leakage. This dark signal subtraction also provided a large 

portion of the gain correction since the hot pixels were also present in this image. The 

flashlight intensity level had to be set so there was the minimum light needed to get all 

positive pixels in the image for the desired dwell time.

2) Gain (“noise” or “flat fielding")

Every pixel has its own gain. Some pixels are 'bad' - they go to saturation 

immediately. The dark-corrected image must be divided by the 'gain' image in order to 

remove this artifact. Gain correction requires division by an image with the pattern 

reflecting pixel-to-pixel variation in gain. The gain of each pixel changes slightly 

depending on the amount of stored charge (the signal intensity) and thus the gain 

correction image needed to be selected to have a similar degree of filling of the important 

pixels, rather than the same integration time.

The gain-correction image was noisexxx.tif, where xxx was the time closest to the 

time which gives the same average filling (2048) of the camera pixels. For example, if an 

image had an average signal of 500 for a dwell of 5 sec, then one would use noise025.tif 

(25 seconds exposure to white light) so that the gain profile is appropriate for the extent 

to which the camera pixels are filled.
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The data acquisition method depended on whether one wished to perform camera 

corrections (dark and gain) “post acquisition” or “on-the-fly”. The advantage of doing 

post acquisition is that the raw data were preserved and could be tweaked at will to 

correct for background levels.

§ 3.2.5 I0 Corrections

A flat conductive substrate, such as Si for polymer spun cast films, or metal, such 

as Au on Si for self-assembled monolayers, is required both to avoid charging of 

insulating polymer or organic films and to physically support the thin film. Figure 3.7 

schematically shows that the electrons that contribute to the signal do not come from the 

sample alone. This is due to the substrate's larger photoabsorption cross-section (σ), e- 

escape probability (fesc) and lower work function (Φ).

Measured X-PEEM signal = S Desired signal = S123 / S3 α I (e1- + e2-)

S123 = G*t*{[(Flux)*(f σl2,σ3)*(f esc12, esc3)*( fΦ12, Φ3)*( εpeem) - B]} α I (e1- + e2- + e3- )

S3 = G*t*{[(Flux)*( σ3)*(f esc3)*(f Φ3)*( εPEem)-B]} α I (e3-)

1 = outer layer
2 = polymer/organic film

3 = susbstrate

Figure 3.7 The measured X-PEEM signal consists of several variables which are 
described in equations 2.6-2.8. Consequently, it is a function of the sum of the electrons 
that are emitted from the outer layer of the surface of the material, the polymer or organic 
film and the substrate on which the film is adsorbed. The desired signal is that from only 
the electrons emitted from the sample.
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Figure 3.8 gives two examples of samples where the substrates contribute, to 

different extents because of their respective thicknesses, to the sample’s signal. The first 

example, figure 3.8 a) and b), shows that for this 40 nm thick PS:PMMA film (details of 

the preparation are highlighted in table 1 of chapter 4), the signal from the stack prior to 

normalization (thin curve) with the internal I0 shows a strong C1s signal; the spectral 

shape is corrected by dividing by the Si spectrum (medium thickness curve). The second 

Figure 3.8 Comparison of strong signal (40 nm PS:PMMA) versus weak signal 
(patterned SAM). a) 285 eV image of a 66:33 PS.PMMA film (40 nm); b) spectra of 
internal Si-I0 and PS:PMMA region, from stack not normalized, and from stack 
normalized with internal I0; c) 280 eV image of a patterned film(< 4 nm) made of 
streptavidin (SA) stamped into 2 μm x 2 μm lines, backfilled with thiolinated 
polyethylene glycol (PEG-SH), exposed to a biotinylated-ferritin (BFe) solution; d) 
Rescaled spectra of light and dark stripes: lower curves, before normalization with an 
external I0 upper curves, after normalization
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example shows a very thin patterned organic film of streptavidin (SA) stamped into 2 μm 

x 2 μm lines, backfilled with thiolinated polyethylene glycol (PEG-(CH2)11-SH), 

exposed to a biotinylated-ferritin (BFe) solution. The spectra in the lower part of figure 

3.8 d) are from the light and dark stripes, prior to normalization of the stack with an 

external I0. In this case, the signals are “I0-like”. Division by an I0 is necessary for the 

“true” SAM signal to appear (upper curves).

Although the purpose of figure 3.8 is not to show a detailed analysis of these 

samples, but rather the difference in signal strength for two regimes of sample 

thicknesses, it is worth mentioning that for the patterned SAM sample, these data and 

others at different absorption edges, corroborated to show that the back-filling procedure 

covered the whole surface with PEG-SH. The weak C 1s signal looks like the sample is 

mostly saturated hydrocarbons (PEG-SH). The strong Fe 2p signal showed mostly globs 

of BFe with some hint of shadowing preferentially on one side of the thin lanes. The Nls 

signal was negligible indicating that very little SA adsorbed or perhaps was washed off by 

the PEG-SH back-filling preparation. These types of samples were abandoned in mid­

year 2001 because most showed faulty preparations and much needed to be learnt about 

proper X-PEEM data acquisition.

The assumption in choosing an appropriate I0 is that it the substrate is the same for 

Io and I, and if the overlayer (1 and 2 on figure 3.7) is thin, then it may be that the 

substrate’s shape approximately cancels, which is shown in figure 3.8 b) and d). 

Equations 2.6 to 2.8 described the parameters involved in the X-PEEM signal. When 

acquiring an adequate I0 spectrum, most of the variables in these equations should be the 
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same as for the conditions used for acquisition of the sample of interest such that the 

contributions from the underlying substrate can be eliminated without altering the true 

sample signal as a function of incident energy.

The consequences of using different parameters are detailed below for some of 

these parameters:

A) Camera gain and exposure time: As suggest the equations shown on figure 3.7, the 

camera and exposure time are proportionate to the intensity of detected photoemitted 

electrons. An example of the effect of differing exposure times is shown in figure 3.9 

where two C1s NEXAFS spectra of freshly HF-etched Si were acquired under the exact 

same conditions other than for the dwell time.

In order to eliminate the photoelectron contribution of layer 3 (the substrate, in 

figure 3.7) for a sample that was acquired with exposure time, t, the same exposure time 

should be used for the clean, polymer-free, substrate. If a different exposure time were 

used for the substrate spectrum, it could be rescaled before using it to correct the sample's 

signal, but for the sake of simplicity, the same dwell times were usually used for the 

sample and the substrate.

B) X-PEEM column efficiency, εpeem: This parameter is proportional to the magnification 

of the microscope (controlled by the interplay of the voltages of the electrostatic lens and 

the sample-objective lens distance) and to the square of the size of the aperture (located 

between the transfer and intermediate lenses, see figure 2.17). There are four sizes ofσμπ→λδ·ΔöΦαε 

apertures available: 12 μm, 20 μm, 50 μm and 2 mm. The smallest one gives the best
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Figure 3.9 HF-etched Si C1s NEXAFS spectra acquired in sequence under similar 
beamline and microscope conditions, except for the dwell time. A: 2.4 seconds, B: 0.3 
seconds. The rescaled spectra in the inset show that their shapes are similar.

spatial resolution, but also rejects a larger portion of the electrons going through the 

column, thereby resulting in a weaker signal for a same photon flux.

The sample position affects the magnification. The same voltages are only 

reproducible if the sample-objective lens distance is such that the sample is in focus at the 

same objective lens voltage and the magnification depends on the combination of the 

voltages of the objective lens and the intermediate lens. Also, the sample must be tilted 

such that the plane of the substrate be normal to the column and the x, y positions be 

centred under the centre of the objective lens such that the maximum number of electrons 

can go through the column (see figure 3.10 a) tor an illustration of the case of ideal 

sample alignment).
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Figure 3.10 Schematic representations of sample alignment and its effect on illumination 
on the CCD. a) ideal case: the sample is perfectly aligned, large number of photoemitted 
electrons are detected on the CCD; b) the sample is misaligned, very few photoelectrons 
reach the camera; c) the sample is misaligned, but the larger X-ray spot size, from the 
opened exit slit, allows to see more electrons at the detector and the sample position may 
be better optimized by adjusting the sample tilt and height.

As a result of these effects, the X-PEEM column efficiency affects the choice of 

an I0 in the following ways:

i) One of the ways of getting an I0 signal with the exact same experimental conditions as 

the sample's data is to make a scratch through the polymer film using a clean piece of 

wire. This way, the sample and the Si can be in the same FOV during the acquisition of a 

stack (figure 3.8 a). The only inconvenience with this method of recording an I0 is that 

sometimes the scratch contains residues of the polymer film (see figure 3.11) which can 

later distort the true sample's signal.
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Figure 3.11 Example of C1s NEXAFS spectra of an internal I0 signal through a scratched 
polymer film and an external (HF-etched Si) I0 spectrum. These were acquired at 
different times under different beamline and microscope settings, so their shapes are 
expected to be different. The sharp feature between 288-289.5 eV, and the shoulder 
between 284.9-285.8 eV in the internal spectrum are from a carbonaceous contaminant 
which is likely from remaining polymer film. These spectra were arbitrarily energy 
calibrated so that their dips would coincide, and their intensities were rescaled.

ii) Using an HF-etched piece of Si for an external I0 avoids the problem of contamination, 

but it is very difficult to position two different samples with the exact same coordinates in 

space. Sometimes, the sample and the HF-etched Si were put side-by-side on the same 

sample puck. This made the problem of realigning the sample (HF-etched Si) easier than 

if another sample puck had to be put in because the sample height and tilt were relatively 

unchanged for two different samples on a same puck. However, the edges where the two 

pieces of Si meet sometimes lead to charging and unstable currents in the microscopes; 

the resulting spectra are then very noisy.
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Also, the energy calibration depends on the position of the exit slit (located 

between the elliptical refocusing mirror and the sample on figure 2.16) with respect to the 

height of the sample. The slit reduces the size of the beam from ~ 300 μm high x 30 μm 

wide to a nearly circular spot of ~ 30 μm x 30 μm. So, when using two different pucks 

with the exit slit in, it can be very difficult to realign the sample (i.e. find the sample’s 

x,y,z coordinates that give maximum illumination, see figure 3.10), so opening the exit slit 

to broaden the beamspot on the sample becomes necessary, thus changing the energy 

calibration when the exit slit is closed again.

C) Flux: This parameter is not only determinant for the choice of parameters for an 

adequate I0, it also plays a distinctive role in the minimization of damage incurred to 

polymers by their exposure to X-rays. Indeed, one of the struggles of learning how to use 

X-PEEM was to develop ways to acquire data below a certain radiation damage threshold 

while maximizing the signal statistics for optimal imaging. Section 3.2.6 briefly 

describes the methods that were used to measure samples in X-PEEM with minimal 

radiation damage. One of the important parameters in evaluating the dose absorbed by a 

material is the incident photon flux (photons/second). There are four main factors that 

affect the flux that impinges on the samples: the current in the storage ring, the opening of 

the chopper and mask (see beamline diagram, figure 2.16), the presence or absence of a 

titanium foil in the beam path and finally, the variation of intensity with incident photon 

energy. The effects of the latter three factors, which also affected the way I0 parameters 

were chosen, are depicted in figure 3.12.
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Figure 3.12 Photon flux (in photons/second normalized at 400 mA ALS ring current 
from 7.3.1.1 monochromator measured by an X-ray photodiode. The insert shows th 
effect of a Ti filter on the relative shape and flux at the C1s edge

The spectra shown on figure 3.12 were acquired by Andrew Doran, assistant 

beamline scientist at PEEM2, using an X-ray photodiode to obtain the absolute flux. The 

number of photons that hit the measured portion of a sample in the X-PEEM is about 10% 

that of the full flux that reaches the Si photodiode.

Over the course of one spectrum, or stack, at a single absorption edge, the ring 

current has a negligible effect on the photon flux since the current only decays by about 

-3 mA within 100-200 seconds of acquisition and it decays from 400 mA to -200 mA 

over the course of an 8 hour fill. However, every data point of the curves shown on 

figure 3.12 was normalized to correspond to a 400 mA ring current because there was 

significant ring decay over the course of these spectral acquisitions.
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This figure shows the large change in flux that is incurred by closing the chopper 

from the nearly maximum value of 24.5 (main curve from 200-1400 eV) to the nearly 

minimal value of 15 (top curve in the inset). As the numerical difference between the 

mask and chopper values gets smaller, they get closer together and the size of the 

illumination on the grating is reduced. This does not only decrease the flux (at the C1s 

edge, the flux is ~25 times smaller for the “completely closed” conditions -mask 1, 

chopper 15- versus “completely open” -mask 1, chopper 24.5-), it also changes the 

energy resolution due to the limited number of grating grooves being illuminated. Thus, 

in order to avoid different flux and energy resolutions, the sample, I, and I0 signals must 

be acquired with the same mask and chopper values.

The effect of the Ti filter is seen by comparing the two inset curves, which were

Figure 3.13 I0 spectra measured off an HF-etched piece of Si, with and without Ti.
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both acquired with mask 1 and chopper 15 at the C1s edge (270-320 eV). For the curve 

with the Ti out, the flux is about 5 times larger than for Ti-in; the resulting I0 curves also 

have slightly different shapes. The difference in shape is caused by the reduction of 

second order light from oxygen, which occurs at ~270 eV, with the presence of Ti which 

absorbs at 450 eV (Ti 2s), below the Ols edge (see figure 3.13).

The curves on figure 3.12 were generated after all the data for my thesis were 

acquired. Even though I did not measure a specific photon count, I made numerous 

measurements to gauge the effect of how different mask and chopper settings affected the 

relative flux on the sample. Also, early on, it was observed that the spectral shape was 

changing with chopper value when the mask was kept at a constant position. The 

approach used to test the extent of radiation damage of different materials was to keep the 

mask and chopper constant, but vary only the dwell time, see section 3.2.6.

Figure 3.14 shows the relative intensity of light hitting a sample in the X-PEEM

OFF = 16.4 
25% =17.1 
50% =18.0 
75% = 18.8 
100%= 19.6

Chopper (mask = 2.5)

Figure 3.14 Curve of the relative intensity of light hitting a sample in PEEM2 as a 
function of the chopper value tor a fixed mask value of 2.5 with Ti-in.
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as a function of the chopper value, with a constant mask value of 2.5. A chopper value of 

17 was chosen to perform all the measurements described in chapter 5. At this setting the 

flux was equivalent to approximately 25% of “full flux”.

§ 3.2.6 Evaluation of Radiation Damage

Samples of the pure materials, PS, PMMA and Fg, were used to derive a 

maximum time for which these materials could be exposed to X-rays under specific 

beamline conditions.

The samples were prepared in the following manner. PMMA (MW =312 K, 5 = 

1.01) and PS (MW = 1.07 M, δ= 1.06) were dissolved in a 1 weight-% toluene solution. 

A 50 μl drop was spun cast (4000 rpm, 30 s) onto clean, 1 cm2, native oxide Si wafers 

which had previously been degreased with trichloroethylene, acetone and methanol, then 

rinsed under running milli-Q water. The PMMA and PS thin films on Si were annealed 

at 140°C for 4 hours in a vacuum oven with pressure ~10-2 torr [non-oil based rotary 

pump]. Non-contact mode atomic force microscopy (AFM) (Quescant, Q-scope 350 

instruments) was used to characterize the polymer films. A sharp tweezer tip was used to 

scratch through the polymer film. Profiles across the scratch showed the polymer films 

are 40-50 nm thick with 2-5 nm rms corrugation. For the Fg sample, 50 μl of a 1.0 mg/ml 

plasminogen-free human plasma fibrinogen solution in deionized water was spun cast 

(4000 rpm, 30 s) onto clean, 1 cm2, Si wafers (same origin and cleaning protocol as for 

PS and PMMA).

Several aspects of the X-PEEM lead to un-necessary sample exposure (and thus
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damage). One of these is the time it takes to transfer each image from the CCD camera to 

the acquisition computer. This time varies with the size of the image collected. The 

camera and software used in this work allow the user to select an area of interest (ROI) 

corresponding to either the full field-of-view (1K x 1K pixels), or only the center 1/2K x 

l/2K, or the center 1/4K x 1/4K. Typically, reading a 1K x 1K image takes about 1 second 

whereas reading 1/4K x 1/4K takes about 0.3 seconds. The camera has two hardware

controls: binning and region of interest (ROI), which both influence the read-out time.

The area of interest (AOI) is the software area that is selected in ImagePro, which does 

not influence the readout-time but reduces the file size. In addition to the image transfer

time, monochromator motion requires a finite time (~ 1 s). Overall the dead time per

image (time the sample is exposed to photons but no acquisition is occurring) is about 1-2 

seconds. The X-PEEM data used to determine the maximum time before considerable 

radiation damage occurs were acquired in spectral mode. In this mode an image is 

acquired for a predefined integration time, a selected portion of the image is transferred to 

the acquisition computer, and the total signal in that image is reduced to a single value 

according to:

Eq. (3.1) I = (Σ (Iij - Bij)/Fij)/n

where Iij , Bij and Fij are respectively, the as-recorded image, the background (signal with 

no X-rays), flat-field correction (recorded separately, using a uniform CCD illumination) 

and n is the number of pixels summed. The camera parameters were selected to obtain 

spectra with many energy points (thus a well-defined spectral shape) in a relatively short 

exposure time. The camera ROI was set to 1/4K x 1/4K, the binning parameter was 3x3, and
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Table 3.2 Maximal exposure times for PS, PMMA, Fg with mask 2.5 and chopper 17

Material Absorption edge Exposure time (seconds)

PMMA C1s 150

Ols 510

Fg

C1s 700

Nls 290

Ols >2000

PS C1s >4000

the dwell time was 0.3 s. The actual exposure time per data point was ~ 2 s.

The beamline parameters were set for minimum flux, by selecting constant values 

of mask 2.5 and chopper 17, which result in 25% of “full flux” which, for a mask value of 

2.5, is obtained when the chopper is set at 19.6 (see Figure 3.14). The times that were 

derived for each sample at each of the absorption edges where the materials show a 

spectral signature are shown in table 3.2. These times were obtained by acquiring 

multiple spectra over the same region of the sample. The spectra were then overplotted to 

observe the appearance and/or disappearance of spectral features indicative of radiation 

damage. An example of this is shown in figure 3.15 where appended C1s PMMA spectra 

show that even by the second spectrum, the Cls(C=O) → π*C=O transition, at 288.5 eV, has 

already decreased significantly and there is an increased intensity at 285.1 eV, arising 

from Cls(C=C) → π*C=C, indicative of x-ray damage to PMMA where C=C bonds form in 

the backbone of the PMMA polymer chains upon loss of the C=O moiety due to removal 

of CO2. By the 12th spectrum, the Cls(C=O) → π*C=O transition has disappeared and the
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Figure 3.15 Appended C1s PMMA spectra show the effect of radiation damage on the 
PMMA C1s NEXAFS spectrum. The exposure time for each spectrum was 150 seconds 
(see text for more details).

intensity of the Cls(C=C) → π*C=C has saturated. Thus, a maximal exposure time, at the 

C1s edge, for PMMA was selected to be no more than the exposure that was incurred to 

the first spectrum, that is, 150 seconds.

Similarly for the other materials and absorption edges, the time at which such a 

feature would appear, or disappear, was then chosen as a marker of the maximal exposure 

time allowed to study the PS:PMMA and Fg/PS:PMMA substrates while keeping the 

radiation damage to a minimum. This rule of thumb was used for the acquisition of the 

PEEM data shown in chapter 5.

Figure 3.16 compares the spectra of undamaged and heavily damaged PMMA, Fg 

and PS. Radiation damage of Fg is dominated by loss of the C1s → π*C=O transition at
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288.2 eV, In this case, CO2 is not likely to be a dominant radiation product since there is

no oxygen atom adjacent to the

Figure 3.16 C1s spectral changes in PMMA (X- 
PEEM), Fg (STXM) and PS (STXM) with 
radiation damage. The spectral changes with 
damage are the same in the two microscopes.

carbonyl. More likely is formation of 

C=N double bonds and loss of the 

C=O double bond. The formation of 

C=N bonds is deduced from the 

growth of signals at 398-299 eV (C 

1s → π*c=n transitions) and at 287 

eV (N 1s → π*c=n transitions) 

[AHG93].

Radiation damage in PS takes 

the form of loss of intensity of the 

285.1 eV Cls(C=C) → π*C=C 

transition, and simultaneous increase 

in signal at 284 eV. The latter is 

attributed to reduction of the 

saturated backbone chain. The 

destruction of aromatic rings is also 

indicated by loss of the characteristic 

2π* (289 eV) and double peaked 

continuum signals (283, 303 eV) [HSH&85].

Figure 3.17 compares the N 1s spectra of damaged and undamaged Fg, and the O
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Photon energy (eV)
Figure 3.17 Nls and Ols spectral changes in PMMA (X-PEEM) and Fg (X-PEEM).

1s spectra of damaged and undamaged Fg and PMMA. The signature of damage to Fg at 

the N 1s edge is the decrease of the 401.2 eV peak (N 1s → π*Nc=o amide transition) 

[CGT&04] and a rise in two sharp signals at 398 and 399 eV. The latter is attributed to 

formation of C=N bonds. At the O 1s edge the O 1s → π*C=O transition is selectively 

lost, and there is large loss of oxygen atoms, as indicated by the decrease in the O 1s 

continuum signal.

The damage observed in the O 1s edge for PMMA parallels that seen in the O 1s 

edge. In particular, the O 1s (C=O) → π*C=O transition decreases in intensity, as does the 
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O 1s (O-H) → π*C=O transition at 534 eV.

We are currently pursuing studies to quantitatively describe the damage of these 

materials both in X-PEEM and in STXM [MHL&xx].

§ 3.3 Spectromicroscopy Data Analysis

The stack data analysis procedures in STXM and PEEM both follow the general 

scheme depicted in figure 3.18. The samples used to illustrate the methodologies are 

PS:PMMA films made of 1% w/w polymer (30:70 w/w PS:PMMA, lMDa:310KDa) in 

toluene, spun cast on Si (used in X-PEEM) or spun cast on mica, then floated onto a 

Si3N4 window (used in STXM, see figure 3.4). The PS:PMMA films on Si and on Si3N4 

were annealed for 8 hours at 160 °C.

Following the acquisition of a stack (STEP 1), there are a number of steps to 

execute, sometimes performed in an iterative fashion, before quantitative information 

about the sample may be obtained from the raw data.

STEP 2 consists in the acquisition of an external I0 when the acquisition of an 

internal one was not possible. Sometimes, the area of the stack is selected to include the 

I0 region; this method is the most precise one. There are two methods of acquiring an 

external I0 in STXM. The first, which is equally precise as the internal method, is easily 

done in the new interferometer-controlled STXMs by selecting multi-region stacks where 

one of the regions is an area of the sample where there is no polymer but the substrate is 

the same (ie: the “I0” for PS:PMMA floated on Si3N4 is a polymer free area on Si3N4).
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Figure 3.18 Scheme of the general methods used to analyze an image sequence in STXM 
and X-PEEM.
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In other cases, where the Si3N4 window is completely covered by the polymer 

film, the I0 must be acquired before or after the stack, preferably on a blank window, or 

else one must make corrections for the Si3N4 absorption; this I0 transmitted signal must be 

adjusted for the different ring currents, and dwell time if it is the case.

For X-PEEM normalization, as mentioned in 3.2.5 B), there are two methods used 

to acquire an I0, each with their own advantages and disadvantages. The internal I0 

method, though inclined to spectral distortions due to possible residual polymer film, was 

usually the one chosen because it is easier, faster, and, since all other uncertainties of the 

external method accounted for (i.e. recalibration of the energy scale and optimal 

alignment of sample-objective lens), generally the most accurate. The is used to 

convert every pixel of the stack data from its raw form to intensities that reflect the 

concentration of the material (STEP 4).

STEP 3, the stack_align procedure, which can equally be performed after STEP 

4, ensures that every spatial feature in all the images of a stack maintains the same x, y 

coordinates at all energies. The stack_align widget offers a variety of options, shown on 

figure 3.19 where a C1s stack of the PS:PMMA/Si (X-PEEM) sample is used as an 

example. Note that for this example, the stack was already very well aligned, as shown 

by the thin curves centred about 0 on figure 3.19 c), which are the x (green) and y (red) 

displacements in nm. Most of the shifts are less than the size of one pixel (70 nm). A 

simulated alignment file, with shifts as large as 5 pixels (~ 300 nm), is represented by the 

thick curves on figure 3.19 c). This simulation was done to show the effects of a 

misaligned stack which appear in the quantitation of the materials within the substrate.
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Figure 3.19 Zstack_align widget (see text for details).

Examples of these effects will be shown after STEP 7 for the results of the properly 

aligned stack (figure 3.22) versus this misaligned stack (figure 3.23).

The left panel of figure 3.19 a) allows the user to choose the parameters and the 

options which affect the two dimensional Fourier transform based cross-correlation 

alignment procedure [JWF&00]. The top row of images (figure 3.19 b) corresponds to, 

on the left (bl), the original images of the stack, on the right (b3), the shifted images 

resulting from the alignment process, and in the centre (b2), the correlation function. In a 

good alignment the correlation image should be an intense single peak with the alignment 

cursor located at the maximum. In cases where alignment fails the correlation image is 

usually multi-peaked (see figure 3.19 b2). Experimentation with the various parameters 
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(region; reference image; correlation maximum versus centre of mass; etc) is often 

needed to find the combination that works best for any given stack.

In STXM, the jittering of the images is caused by a misalignment of the sample 

and zone plate as the zone plate moves in z. This has been very rarely seen with the 

interferometer-controlled STXMs. In X-PEEM, image movement is caused by charging; 

when the electrons are released from the surface, their trajectories are altered and the 

whole image “moves”. However, for the data shown in this thesis, there was essentially 

no charging and the stacks were very stable, as is the case for this example.

STEP 4: Conversion of the raw data into a signal that is proportional to the 

concentration of the material. The STXM and X-PEEM methods will be treated 

separately. A) STXM: All data in STXM can be converted from transmission intensity 

into optical density (see equation 2.5). When the spectra in OD units are normalized to 

the expected elemental response, μ(E) (see the straight lines on figure 2.7), which is 

normalized for 1 nm of material at its standard density, the resulting component maps 

have their z-scale in units of nm thickness. Figure 3.4 shows some of the 67 images of a 

C1s stack. The images shown were converted to optical density in the stack analyze 

widget of aXis2000 using an Io spectrum recorded separately.

B) X-PEEM: As explained in section 3.2.5, normalizing the X-PEEM data with an I0 is 

not as straight forward as it is in STXM. The approach that was adopted tor the stack 

shown on figure 3.22 and the data described in the publication of chapter 5, Fg on 

PS:PMMA, is the following. The I0 was selected from the scratch through the polymer 

film. Before using this spectrum to normalize the stack, it was fust divided by a generated
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Si spectrum (Si-SF-mas.txt) which gives the right shape to the I0 spectrum. This in turn 

gives the appropriate shape to the resulting PS:PMMA spectrum from the normalized 

stack. One further normalization factor was introduced by adjusting the intensity of the 

stack to match the intensity of the model spectra, that is, the expected response for 1 nm 

of the material at its standard density

Step 5: External models on linear absorption OD scale. In order to generate quantitative 

information from a stack, it is necessary to have adequate model spectra, on a linear 

absorption scale.

A)STXM: The raw spectra for PS and PMMA were acquired respectively in point 

spectrum mode and “defocused" stack mode. The former is faster, but also tends to 

induce greater radiation damage. The defocused stack mode takes longer, but the photon 

intensity is less intense as the beam is scanned over a larger area of the sample. In a 

defocused stack, the radiation dose is further reduced by using a zone plate-sample 

distance longer than the focal length. As for stacks, the OD spectrum is obtained using as 

I0 a spectrum acquired over the same energy range, but in a position of the sample where 

there is no polymer. The latter OD spectrum is scaled so that its pre-edge and post-edge 

intensities match the expected response tor 1 nm of the material at its standard density. 

Figure 3.20 shows the PS and PMMA C1s normalized spectra acquired in STXM (thick 

lines) and in X-PEEM (medium thickness lines). The non-structured curves are the 

elemental response for each species.

B)X-PEEM: Figure 2.7 shows the X-PEEM acquired normalized spectra for PS, PMMA, 

and Fg at the three absorption edges of interest. C1s, Nls, and Ols. The C1s spectra for
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Figure 3.20 C1s NEXAFS spectra of PS, PMMA recorded as pure materials with STXM 
(thick lines) and with X-PEEM (lines of medium thickness). The straight lines indicate 
the elemental response. The intensities are on the same scale, although an offset is used 
for clarity.

PS and PMMA are reproduced in figure 3.20 with the corresponding STXM spectra. The 

PS and PMMA model spectra were acquired from a spun cast film of the pure material. 

In this case, the I0 was obtained from an HF-etched piece of Si, under the same 

experimental conditions as the PS and PMMA spectra. As for the stack normalization, 

the I0 spectrum was divided by a generated Si spectrum to give the expected shape of a Si 

spectrum. The raw polymer spectra were then divided by this modified I0 spectrum, and 

subsequently, this (raw polymer spectrum/I0 HF-etched Si/Si-SF-mas) spectrum was in 

turn adjusted so that the pre-edge and post-edge intensities match the expected response 

for 1 nm of the material at its standard density (see thin lines on figure 3.20). The sample 

and the HF-etched Si were put side-by-side on the same sample puck and great care was 

taken so as not to change the sample height and tilt so as to maintain the energy scale and 
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illumination constant (see figure 3.10). The camera parameters were selected to obtain 

spectra with many energy points (thus a well-defined spectral shape) in a relatively short 

exposure time. As described in section 3.2.6, the camera ROI was set to 1/4K x 1/4K, the 

binning parameter was 3x3 (such that each pixel read is 9 times more intense), and the 

dwell time was 0.3 s. The actual exposure time per data point was ~ 2 s, for a net duty 

cycle of about 15%.

STEP 6: Image sequence analysis:

There are three types of image sequence processing available in aXis2000: “stack-fit”, 

"SVD" (singular value decomposition) ([AZC&92], [ZBM&96], [KHM&02]) and 

“CGO” (conjugate gradient optimization) [LP01]. All three compute a least squares fit of 

the intensity at each pixel - S(j,k) - to a linear combination of reference spectra for each 

component (Si, each on a quantitative linear absorption scale).

Eq. (3.2) S(j,k) = a0(j,k) + Σi ai(j,k) * Si

For STXM data, the fit coefficient, ai, is the equivalent thickness (in nm, if the 

reference spectra are in linear absorption format with units of nm-1), of the ith component 

at the (j,k) pixel and the concentration at that point is given by ai/Σi ai(j,k). For X-PEEM 

data, the fit coefficient is a relative contribution of the component’s model spectrum to 

the detected photoemitted yield, normalized to reflect the contribution from the sample 

only (without the substrate). The actual thickness is not obtained because of uncertainties 

in the materials photoabsorption cross-section (σ), e- escape probability (fesc) and work 

function (Φ), see figure 3.7. The inversion of the image sequence to component maps 

the set of ai(j,k) values - is conveniently carried out using matrix techniques available as 
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part of aXis2000. In the stack fit approach, an energy independent term, (ao), is included, 

which accounts for energy independent offsets (backgrounds) in the reference or the 

image sequence spectra. In the SVD approach, there is no ao term. In the conjugate 

gradient optimization (CGO) approach, there is no constant and a non-matrix algorithm is 

implemented on a pixel-by-pixel, iterative curve fit basis, using a novel method to control 

convergence.

It is usually a good idea to compare the results from each method. In a robust 

analysis the component maps derived from the three approaches are very similar, and the 

map of the constant term is featureless, with a histogram centered about 0.

In addition to the component maps, aXis2000 provides several other useful tools 

to assist the analyst. A map of the chi square values (the least squares measure of the mis­

match between the actual spectrum and the fit at each pixel) is generated. It is also 

possible to save an image sequence of the residuals which, in favorable cases, allows one 

to identify missing chemical components by examination of the spectrum of the regions 

of poor fit.

Figure 3.21 shows the comparison of the three types of image sequence analysis 

(SVD, stack-fit and CGO) for the stack shown in figure 3.4, STXM data. This analysis 

was performed with the model spectra shown on figure 3.20, acquired with STXM, on a 

properly aligned stack.
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Figure 3.21 Evaluation of three stack fitting routines for a STXM C1s stack of 
PS.PMMA: a) to d) were generated using “SVD”; a) PS component map; b) PMMA 
component map; c) chi square map; d) rescaled color-coded composite map: R = PS, G = 
PMMA; e) to i) were generated using “stack-fit”; e) PS component map; f) PMMA 
component map; g) chi square map; h) rescaled color-coded composite map; 1) constant 
map; j) to m) were generated using “CGO”; j) PS component map; k) PMMA component 
map; 1) chi square map; m) rescaled color-coded composite map; n) Non-contact mode 
height AFM images of the same sample.
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The results of the SVD analysis are depicted in figures 3.21 a-c, where a) is the PS 

component map, b) the PMMA component map, and c) the map of chi square values. 

The very small magnitude of the chi square scale and the absence of structure in the map, 

demonstrate the quality of the fit.

The stack fit results on figure 3.21 e-g, and i give an equally excellent fit, where 

both the chi-square map, g), and constant map, i), are featureless, with very small values 

corresponding to about 0.2% residual in comparison to the strength of the average image 

signal in the stack. Similarly, the CGO results j) to 1), gave nearly identical maps to the 

SVD and stack-fit analysis methods.

Figures 3.21 d), h) and m) show the “RGB” color coded composite maps 

generated using the component maps of the SVD, stack fit, and CGO routines, 

respectively. All three are similar, reinforcing the similarity of the results from the three 

methods. In general, a “RGB” composite map is generated by taking images in up to 3 

buffers and assigning them to red, green and blue color components of a single image. 

The user is given the option to use a common scale for all three images (thus preserving 

information about relative intensities of components), or autoscaling each image 

independently, which will give equal visibility to each component. The latter scaling 

option was chosen in this case.

When the stack is properly aligned (figure 3.21) and the models are adequate, 

much can be learnt about materials using this image sequence analysis. For example, the 

component maps show that the PS domains are continuous with a thickness of ~20 nm, 

while the PMMA domains are discrete with a thickness of ~ 33 nm. The dark PMMA 
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domains on the PS component maps (figure 3.21 a, e, j) show small (~ 100 nm) bright 

spots which correspondingly appear as dark spots in the bright PMMA domains of the 

PMMA maps (figure 3.21 b, f, k). These micro domains are PS microballs trapped inside 

of PMMA. Higher resolution images (3.1 c-d) show that there are also PMMA 

microdomains in the PS continuous phase.

These microdomains are also clearly observed in the non-contact mode AFM 

height image, figure 3.21 n). Moreover, the thicknesses generated using SVD, stackfit and 

CGO are corroborated with AFM. This latter image shows the topography of the sample, 

and not the full film thickness as obtained via STXM data analysis. Nevertheless, maps 

(a, b), (e, f) and (j, k) on figure 3.21, show that there is a ~10 nm thickness difference in 

the PS continuous phase, and the protruding PMMA discrete domains. A depth profiling 

analysis of the AFM image revealed a maximum depth of 9.3 nm.

STEP 7: Are component maps plausible? In this case, it is fair to say that the 

component maps shown on figure 3.21 are plausible given that all three SVD, stack-fit 

and CGO results are so similar, with featureless chi-square maps, and a featureless 

constant map for stack-fit. However, if the constant and chi-square maps had contained a 

lot of features, while the stack seemed properly aligned, then one would need to 

investigate further. For instance, the E-scale of the models and the stack should match, 

and the models should have the proper shape.

Using the maps generated in STEP 6, one can then continue to STEP 8. Extract 

and check quality of fit of masked regions of components. STEP 8 a) Generating masks. 

Indeed, STXM and X-PEEM are more than imaging techniques, they are also a powerful 

109



Ph D. thesis - Cynthia Morin McMaster, Chemistry

spectroscopic tool. With the aid of the aXis2000 software, it is possible to identify pixels 

with user specified properties (i.e. those in a component map that exceed a certain value 

which correspond to regions of high concentration of that component). The action of 

selecting these pixels is referred to as “generating a mask” such that all the pixels 

including and above the user defined value are given a new value of 1, all others are 0. 

This “region of interest” (ROI) mask is used to generate spectra from these pixels of the 

image sequence. Those extracted spectra can then be curve fit to examine in greater detail 

the spectral match of the unknown and the set of weighted reference spectra.

Step 8b: Curve Fitting. Curve fitting in aXis2000 is processed using the conjugate 

gradient optimization (CGO) approach [LP01 ].

To demonstrate STEP 8, the C1s X-PEEM data of PS:PMMA/Si (last entry of tables 3.5 

and 3.6) is used. The SVD analysis on the aligned stack with model spectra acquired with 

X-PEEM (see figure 3.20) is shown in figure 3.22 a)-d). The mask values are described in 

the image caption. Obviously, a higher mask value corresponds to a smaller number of 

pixels, where a greater proportion of the photoemitted signal was assigned to that 

particular component by the SVD analysis. This is seen in figure 3.22 h) and i) where 

some of the highest pixels of the PS and PMMA component maps are shown. Figure 3.22 

g) and k) show the rims of the PS and PMMA domains, respectively, which were 

generated by taking the difference of masks shown in (e and f) and (i and j), respectively

Table 3.3 shows the corresponding curve fit results for the various masked regions 

shown on figure 3.22. The percentages are derived by dividing the individual fit 

contribution by the sum of the contributions of both PS and PMMA. This same procedure
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Figure 3.22 SVD analysis of PS:PMMA/Si (last entry of table 3.4), C1s aligned stack 
and ROI images shown at 285.1 eV; a) PS component map; b) PMMA component map; 
c) chi-square map; d) rescaled color-coded composite map; e) PS 1.01; f) PS 1.5; g) PS 
1.01-1.5; h) PS 1.8; i) PMMA 0.7; j) PMMA 0.95; k) PMMA 0.7-0.95; 1) PMMA 1.4

Table 3.3 Curve fit results of PS and PMMA masked regions from figure 3.19 (aligned 
C1s PS:PMMA/Si X-PEEM stack)

Region and mask PS contribution / % PMMA contribution / % Standard 
Deviation

PMMA 1.4 0.23/ 14% 1.46 / 86% 0.0007
PMMA 0.95 0.30 / 20% 1.19/80% 0.0008
PMMA 0.7 0.36 / 25% 1.08 / 75% 0.0008

PMMA 0.7-0.95 
rims) 0.49 / 37% 0.85 /63% 0.0008

PS 1.8 1.83/99% 0.02/ 1% 0.002
PS 1.5 1.62 / 96% 0.07 / 4% 0.002
PS 1.01 1.40 / 90% 0.16/ 10% 0.002

PS 1.01-1.5 (rims) 1.23 / 85% 0.22/ 15% 0.001

was repeated for a simulated misaligned stack with shifts up to 320 nm (or 5 pixels, 70 

nm each), shown on figure 3.19 c). The SVD results and masked ROIs are shown in 

figure 3.23 while the corresponding curve tit results are found in table 3.4.

111



Ph D. thesis - Cynthia Morin McMaster, Chemistry

Figure 3.23 SVD analysis of PS:PMMA/Si (last entry of table 3.4), C1s simulated 
misaligned stack and ROI images shown at 285.1 eV; a) PS component map; b) PMMA 
component map; c) chi-square map; d) rescaled color-coded composite map; e) PS 1.05; f) 
PS 1.45; g) PS 1.05-1.45; h) PS 1.6; i) PMMA 0.45; j) PMMA 1.1; k) PMMA 0.45-1.1; 1) 
PMMA 1.2

Table 3.4 Curve fit results of PS and PMMA masked regions from figure 3.19 (simulated 
misaligned C1s PS:PMMA/Si X-PEEM stack)

Region and 
mask

PS contribution / % PMMA contribution / % Standard 
Deviation

PMMA 1.2 0.32 / 20% 1.28/80% 0.0009
PMMA 1.1 0.34 / 22% 1.21 / 78% 0.0009
PMMA 0.45 0.64 / 37% 0.82 / 63% 0.0009
PMMA 0.45-0.9 
(rims) 0.70/49% 0.74/51% 0.0009

PS 1.6 1.67 / 99% 0.02/ 1% 0.0009
PS 1.45 1.56 / 95% 0.09 / 5% 0.0009
PS 1.05 1.32/85% 0.24/ 15% 0.0009
PS 1.05-1.45
(rims) 1.24/81% 0.29/ 19% 0.0009

The differences in a well-aligned stack (shifts shown as thin lines in figure 3.19 c) 

and a misaligned stack (shifts shown as thick lines in figure 3.19 c) can sometimes be 

very subtle. Indeed, the percent contribution of each component in a specific region are 

very similar even though the misaligned stack contains shifts by up to 300 nm, or half the 
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width of a PS or PMMA macrodomain. However, the results in table 3.4, for the 

misaligned stack, are worse than in table 3.3, for the aligned stack. These effects are 

especially seen in the PMMA masks where the high PMMA pixels contain 14% PS 

(aligned) and 20% PS (misaligned). In the aligned stack, this large contribution of PS 

could be due to some radiation damage or unresolved PS microdomains, and in the 

misaligned stack, the extra 6% could result from the intermixing of signals as the images 

are displaced from their optimal coordinates.

In the “rims” masked regions (figures 3.22 g and k, and figure 3.23 g and k), the 

curve fit results show a considerable amount of the other component in the rim of one 

component. These rims correspond to the grayish contours shown in all 4 component 

maps of figures 3.22 and 3.23, though they are larger in the misaligned stack. For the 

misaligned stack, the presence of microdomains in both phases also does not appear as 

readily as it does in the aligned stack results, figure 3.22. It is because of these subtle 

differences that a very good alignment is necessary.

§ 3.4 Sample preparation

§ 3.4.1 Why PS:PMMA?

The PS/PMMA system was selected as an appropriate substrate for the study of 

protein adsorption on patterned polymers by soft X-ray spectromicroscopy techniques.

This system was chosen for three reasons. First, these two materials are 

immiscible and readily phase separate in the bulk [C94] and this phase segregation was 
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expected to continue to the surface [W70] to form patterns at the surface. Background 

theory and experimental results are given in chapter 4.

Second, surface phase separation of PS and PMMA, if it occurs, would then 

provide a substrate which has two different materials at its surface and may, if of a 

suitable size scale, be appropriate for selective protein adsorption studies. Intrinsically, 

these two materials have different polarities (PMMA > PS). In the presence of an 

aqueous or buffered protein solution, PMMA could form hydrogen bonds with thiol 

groups on the surface of the protein. One, or a combination of these physical and 

chemical properties, could lead to preferential adsorption of the protein to one polymer 

over the other. Protein adsorption results on PS:PMMA substrates are discussed in 

chapter 5.

Third, PS and PMMA have very different C1s NEXAFS spectra; this facilitates 

imaging and chemical differentiation. The main feature that highlights the two materials 

is their respective highest intensity transitions. The intense Cls(C=C) → π*C=C transition of 

the phenyl rings characterized PS while the intense Cls(C=O) → π*C=O of the ester group 

characterizes PMMA.

The following sections describe the sample preparation methods for the samples 

discussed in this thesis. §3.4.2 focuses on the historical perspective of the methods used 

to prepare the PS:PMMA thin films sample. The development of a cleaning protocol and 

the optimization of parameters for the samples used in chapter 5 (Fg on PS:PMMA) are 

detailed in §3.4.3. The PS:PMMA samples used in the STXM experiments are described 
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in §3.4.3.3. §3.4.4 explains the protein adsorption procedures for the different types of 

samples, whether they are to be used in a STXM or a X-PEEM microscope.

§3.4.2 Historical perspective

In the very beginning of the sample preparations, the group of Prof. John Dutcher 

at the University of Guelph, Ontario, provided us with some PS and PMMA polymers and 

basic methodologies for preparing thin film polymer blend samples. This substrate was 

used for one of the very first X-PEEM experiments conducted. Our expectations of 

sample morphology, evalutation of parameters for appropriate PS:PMMA X-PEEM 

samples, and X-PEEM instrumental procedures and data analysis methodologies were 

very naive. Nevertheless, a first step was needed.

The molecular weights used for the first preparation were 2.24 mega Dalton for 

PS and 150 kilo Dalton for PMMA. They were dissolved in a 66:33 ratio, 0.8 % weight- 

by-weight in toluene. The Si wafers were “cleaned” by spin coating several drops of 

toluene right before spin coating with the polymer solution which was dispensed through 

a Teflon fluoropore filter screwed on at the tip of a syringe. The samples were annealed 

at 123 °C for 55 hours with a pressure of 100 millitorr in an untrapped vacuumline. 

Through trial and error, it was found that most of these parameters were far less than 

optimal! The X-PEEM results of this sample indicated that there was an overlayer of 

polystyrene covering the whole surface made of a PS matrix embedded with spherical 

lenses of PMMA ranging in size between 300-500 nm (see figure 3.8 a). Such an 
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overlayer was not desirable for the investigation of first sites of adsorption of proteins on 

a polymer phase segregated surface.

In order to better understand this system, a collaboration was started with the 

group of Prof. H. Ade at North Carolina State University. Several MW’s and % ratio of 

each polymer were investigated, using STXM, X-PEEM and AFM. These results were 

the subject of a publication, inserted verbatim in chapter 4.

Following the publication of this work, it was clear that we needed to improve our 

sample preparation methods in order to get rid of the impurity signal that was found in the 

STXM and X-PEEM data, and perhaps find the parameters (outlined on page 204 of the 

publication in chapter 4) that would minimize the number and size of PS microdomains in 

the PMMA macrodomains, while maintaining a very smooth surface (< 5 nm rms) and 

create domain sizes that are easy to work with in the X-PEEM, that is between 0.5 and 2 

microns. A smooth surface was needed for two reasons. First, with the goal of using this 

substrate for protein adsorption, the substrate must be flat so that any possible preferential 

adsorption would indeed be due to the chemical properties of the individual domains in 

the materials and not to the 3D structure of the material at the surface.

These steps to improve the sample preparation procedures and results are outlined 

below. The introduction and experimental sections of chapter 4 explain the principles of 

spin coating and the polymer physics of the PS:PMMA system.
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§ 3.4.3 Evolution of PS:PMMA substrates

The work that followed had three goals. The first was to improve the purity and 

cleanliness of the sample preparation. Intensive testing of the sample preparation 

procedures was performed. X-ray photoelectron spectroscopy (XPS), AFM and X-PEEM 

measurements were used. AFM provided a visualization of the amount and size of the 

debris left on the SiOx wafers after different stages of the SiOx cutting and cleaning 

processes, and after spin coating in different ways. The best method found is outlined 

below. X-PEEM was used to identify the chemical nature of the remaining impurities on 

the annealed spun cast polymer film, as well as the extent of phase separation as 

evidenced by the purity of the NEXAFS spectrum from the PMMA domains.

The second goal was to improve the extent of phase separation while obtaining an 

appropriate morphology of the polymer films. Various parameters were optimized 

including different molecular weights (MW) of PS and PMMA (100K: 100K. 300K:300K, 

1M:310K), different proportions of the two polymers, different spin casting rates, and 

different annealing temperatures and cycles.

The third goal was to improve the X-PEEM system and acquisition procedures. A 

better detection system in X-PEEM (new camera, as of May 2002) and development of a 

minimal X-ray exposure methodology (July 2002, described in section 5.2) allowed the 

measurement of a low damage PMMA spectrum in PS/PMMA (Dec 2002), see figure 6.1.
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§ 3.4.3.1 Cleaning protocol

It was found that the best method to clean the substrates is to sonicate the Si chips 

for 10 minutes in each of these three successive solvents (trichloroethylene, acetone and 

methanol or ethanol), followed by rinsing each Si chip individually with running 

deionized water, then drying by either flushing the surface with a flow of helium or 

simply by touching the edge of the wafer chip with lens paper while holding the chip 

vertically. Following this drying step, it was found that spin coating with toluene, 

without the use of filters which were used in the preparation of the samples measured in 

the publication of chapter 4, gave best results. The syringe used to spin cast the toluene 

was cleaned with detergent, rinsed abundantly with DDI water, dried with He, immersed 

in a 400 ml beaker of toluene, sonicated for 15 minutes with a glass cover on top of the 

beaker filled with toluene, the syringe is then rinsed with DDI water and as much of the 

water droplets as possible are removed with He. The beaker filled with the 400 ml of 

toluene was cleaned by scrubbing with detergent, rinsed generously with DDI water,

Image Z range 
Image Rms

5.0 nm

0 0

4.4 nm
0.2 nm

Figure 3.24 25 μm2 non-contact mode AFM image of a clean Si wafer chip (see text 
above).
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dried with He, rinsed with toluene and then tilled with toluene. Using another cleaned 

beaker filled with toluene, the syringe was rinsed twice before it was filled with the 

solution to be spun cast. One of the resulting AFM images is shown in figure 3.24.

Since there were so many instrumental problems to overcome in the early days of 

our X-PEEM experiments (camera noise, uncontrolled radiation damage, understanding 

the beamline and microscope parameters and the effect they have on signal intensity and 

imaging quality, Io corrections, etc.), a lot of the results that were obtained prior to the 

installation of the new camera in May 2002 and low X-ray exposure method developed in 

July 2002 may not be reliable to probe the level of purity of the sample.

§ 3.4.3.2 Choice of MWs and annealing method

The samples prepared were all 1% w/w in toluene, spun cast on SiOx or HF- 

etched Si. MWs, ratios, spin rates and annealing methods varied. Table 3.5 details the 

samples that were investigated by AFM and prepared for X-PEEM experiments; the 

samples prepared for STXM experiments will be discussed in section 3.4.3.3.

Table 3.5 AFM investigation of all PS:PMMA samples explored in X-PEEM (Page 1/3)

Date 
made MWs Ratio Spin 

rate
Sub- 

strate Annealing Results

Jan. 
01

100K:
100K 3:7 4000 SiOx none

PMMA domains (higher) vary in 
shapes and sizes from 50 nm 
circular domains to snakes μm 
long by 150 nm

Jan. 
01

100K: 
I00K 3:7 4000 SiOx

2 hrs at 140 °C, cool 
down to
30 °C in 12 hrs. 
pressure: 3 x 10-5 torr

Height difference is much 
decreased; AFM is not "clean"
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Table 3.5 AFM investigation of all PS:PMMA samples explored in X-PEEM (Page 2/3)

Date 
made MWs Ratio Spin 

rate
Sub­
strate Annealing Results

Jan. 
01

1.1M:
317K 3:7 4000 SiOx none

PMMA domains (higher) vary in 
shapes and sizes from 60 nm in 
diameter balls to snakes 1.5 μm 
long by 400 nm

Jan. 
01

1.1M:
317K 3:7 4000 SiOx

2 hrs at 140 °C, cool 
down to 30 °C in 12 
hrs, pressure: 3 x 10-5 
torr

PMMA domains (higher) vary in 
shapes and sizes from 60 nm in 
diameter balls to snakes 1.5 μm 
long by 300 nm

Apr. 
01

100K:
100K 2:8 4000 HF-Si none

Continuous phase is PMMA; 
discrete domains are 200 nm 
wide x ~4 μm long. PEEM 
PMMA spectra have large 
amouts of 285 eV

Apr. 
01

100K:
100K 2:8 4000 HF-Si

50 hrs at 140 °C, cool 
down to 110 °C in 20 
minutes, leave at 110 
°C for 12 hrs, cool 
down to 30 °C in 30 
minutes, pressure:
3 x 10-5 torr

No change from unannealed

Aug. 
01

100K:
100K 3:7 4000 SiOx

22 hrs at 180 °C, 
pressure:
6.5 x 10-7 torr

PMMA "balls" of 1-1.5 um 
diameter, height of 180 nm

POST"PROPER" CLEANING PROTOCOL:

Oct. 
01

100K:
100K 3:7 2000 SiOx none

Thickness = 42 nm, rms = 3.9 
nm. Z-range = 20 nm. largest of 
small domains = 2.7 μm x 0.64 
μm, high density of PS 
microdomains

100K: 
100K 3:7 4000 SiOx none

Thickness = 33 nm, rms = 2.7 
nm. Z-range = 14 nm. largest of 
small domains = 2.0 um x 0.57 
um. high density of PS 
microdomains

100K:
100K 3:7 6000 SiOx none

Thickness = 35 nm, rms = 2.5 
nm, Z-range = 15 nm. largest of 
small domains = 1.21 μm x 0.37 
μm, high density of PS 
microdomains

Oct. 
01

100K: 
I00K 3:7 2000 SiOx 160 °C for 5 hrs. 

pressure: 8 x 10-7 torr

3 layers of domains 
Thickness = 46 nm and 38 nm, 
rms = 21 nm, Z-range = 134 nm

100K:
100K 3:7 4000 SiOx

160 °C for 5 hrs. 
pressure: 8 x 10-7 torr

3 layers of domains 
Thickness = 44 nm and 33 nm, 
rms = 15 nm, Z-range = 88 nm
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Table 3.5 AFM investigation of all PS:PMMA samples explored in PEEM (Page 3 of 3)

Date 
made MWs Ratio Spin 

rate
Sub­
strate Annealing Results

Oct.
01

100K:
100K 3:7 6000 SiOx 160 °C for 5 hrs, 

pressure: 8 x 10 7 torr
3 layers of domains 
Thickness = 36 nm and 22 nm, 
rms = 14 nm, Z-range = 93 nm

Jan. 
02

I00K: 
100K 3:7 4000 SiOx none Round PMMA domains, all 

about 600 nm in diameter

Jan. 
02

I00K: 
100K 3:7 4000 SiOx 140 °C for 2 hrs

After annealing, the round 
domains agglomerate into 2-5 
μm long snakes by 400 nm wide

Feb. 
02

100K:
100K 3:7 4000 SiOx none similar to the 1st entry in this 

table
100K:
100K 3:7 4000 SiOx 2 hrs at 120 °C similar to the 1st entry in this 

table
Feb. 
02

100K:
100K 3:7 4000 SiOx 2 hrs at 130 °C similar to the 2nd entry in this 

table
100K: 
100K 3:7 4000 SiOx 2 hrs at 140 °C similar to the 2nd entry in this 

table

May 
02

300K:
300K 3:7 4000 SiOx 2 hrs at 140 °C

vary in shapes and sizes from 
360 nm in diameter disks to 
snakes 7 μm long by 700 nm; 
NOTE: this was measured with 
Park M5 AFM, the quality of the 
image is doubtful because no 
microdomains could be detected 
so the smallest PMMA 
macrodomains in the PS matrix 
could have been much smaller 
than 700 nm

July 
02

1.1M: 
317K 3:7 4000 SiOx 4 hrs at 140 °C, 

pressure: 30 mm Hg

Mostly PMMA round domains 
about 1μm diameter with few (~ 
2-3) 80 nm diameter PS 
microdomains in PMMA, but 
also some ~ 50 nm diameter 
PMMA balls on PS

Oct. 
02

1.1M:
317K 3:7 4000 SiOx 6 hrs at 160 °C. 

pressure: 30 mm Hg

Mostly PMMA round domains 
about 1μm diameter with few (~ 
2-3) 80 nm diameter PS 
microdomains in PMMA, but 
also some - 50 nm diameter 
PMMA balls on PS

Dec. 
02

1.1M:
317K 3:7 4000 SiOx

8 hrs at 160 °C,
pressure: 30 mm Hg

PMMA domains are ~ 2um long 
by 0.5 μm wide, smallest PMMA 
domains are 1 μm diameter disks 
containing very few (~2-3 at 
most) 80 nm diameter PS 
microdomains in PMMA; the PS 
snakes are ~ 1 μm wide.
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Observations of AFM images, with regards to domain sizes and amount of micro- 

domains within macro-domains, are useful for accepting/rejecting plausibly appropriate 

samples for X-PEEM. The high MW combination of 1M:31OK PS:PMMA with long 

annealing times at high temperatures (6-8 hours @ 160C) gave the best phase separation, 

as well as large micron sized PMMA domains. The latter is needed because of the 

limited spatial resolution in X-PEEM. AFM shows that there are very few PS 

microdomains in PMMA (see figure 3.25) and measurements with low X-ray radiation 

exposure in X-PEEM corroborates with an amount of about 5% PS area in the PMMA 

macrodomains (see figure 6.1). For the purpose of using this system for protein 

adsorption, these conditions seem to be the best. This substrate was the one used for 

protein adsorption where the results are shown in chapter 5.

Figure 3.25 (a) AFM height image (10 μm x 10 μm) of 30:70 PS:PMMA (1M:31OK), 
1% w/w in toluene spun cast on SiOx at 4000 rpm, annealed 8 hours at 160 °C, (b) phase 
mode, simultaneous acquisition. Last entry of table 3.5.
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X-PEEM evaluations

Before the PS:PMMA films could be used for protein adsorption, it was necessary 

to ensure that X-PEEM could provide C1s NEXAFS spectra from the PS and PMMA 

domains of the PS:PMMA films that were equivalent to the pure PS and PMMA 

reference spectra. There were many parameters in the X-PEEM experiment that were not 

well understood until the period of July-December 2002, as outlined in this chapter, 

sections 3.2.4-3.2.6. Thus, the X-PEEM data were at times very confusing in so far as 

being able to determine accurately the extent of phase separation of the PS:PMMA spun 

cast system. Most of the issues involved were: learning how to generate proper camera 

corrections for low X-ray exposure measurements, learning how to make adequate I0 

corrections, and determining the beamline and microscope conditions for minimal X-ray 

damage.

Simultaneously, various parameters of the PS:PMMA sample preparation were 

tested in an effort to obtain large PS and PMMA macrodomains with as few as possible 

microdomains, while maintaining a low corrugated (< 5 nm) surface topography. The 

flatness of the sample is important to avoid charging artifacts in the X-PEEM, and also to 

address the question of possible preferential first sites of adsorption of proteins on a phase 

segregated polymer blend, based on the chemical differentiation of the domains at the 

surface of the substrate, as opposed to the topography of the sample. Table 3.6 

summarizes the results of the PS:PMMA X-PEEM measurements.
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Table 3.6 PS:PMMA samples explored in X-PEEM

Date
Sample 
(refer to 
table 3.5)

X-PEEM conditions Results

June 
01

as-made 
(made 

Apr. 01)

OLD camera: camera and Io 
corrections - dark data collected 
systematically;
HF-etched-Si measured on 2 
days
Software development required 
to complete this aspect.

At acceptable dose for PMMA, the 20/80 
PS/PMMA signals are poorly defined. Even 
so, observations made are: snake morphology; 
PMMA is the continuous phase; relative areas 
are about 50:50; PMMA regions show large 
PS signal (285 eV is -50% of 288.4 eV)

Jan 02

2 hours 
@ 140 °C 

(made 
Jan. 02)

OLD camera: obtained pixel 
intensity for fixed mask (0.9), 
varying chopper
X-PEEM: dust particle on the 
objective lens

Both PS and PMMA rich spectra have strong 
spectral features of one another, probably due 
to BAD pulsing during acquisition; does not 
give true information of sample chemistry

Feb 
02

2 hours
@ 130 °C 

(made 
Feb 02)

ALS: 2-bunch mode
OLD camera: re-measure set of 
camera correction images, re­
measured pixel intensity as a 
function of chopper for fixed 
mask (0.9) under 4 different sets 
of conditions

Even with dark and noise corrections, pattern 
is blurry and the PMMA rich pixels contained 
a huge amount of PS
Tested “on-the-fly” and post camera 
corrections; work equally well.
"struggles" to get low damage PMMA.

May 
02

3:7, 
2 hours

@ 140 °C 
(made 

May02)

Beamline: has been realigned 
NEW camera!!!!!
re-measured pixel intensity as a 
function of chopper for fixed 
mask (2.5)

For stack: 260s, chopper 17, PMMA rich 
spectrum has 285 eV peak ~ 25% of 288 eV 
peak. We now know (after July 2002) that 
under these conditions, the PMMA is heavily 
damaged, so this sample MAY have been 
appropriate for protein adsorption, but the 
AFM image (Park-M5) was also unclear.

July 
02

(made
July 02)

Stack acquired under low PMMA 
dose conditions (from pure 
PMMA, July 02)

For stack: 158s, chopper 17, PMMA rich 
spectrum has 285 eV peak ~ 25% of 288 eV 
peak.; even though the sample current was 
very low, the stack's images are moving a lot: 
grainyness of images looks like X-PEEM was 
not well aligned. As indicated in AFM, micro 
PMMA-in-PS appear.

Dec. 
02

(made
Dec 02)

Stack acquired under low PMMA 
dose conditions (from pure 
PMMA, July 02)

- the sample was VERY clean, the extra ~5% 
of π  C=C could easily correspond to PS-in- 
PMMA (as seen in AFM),

*

- there is no gain to reduce the total 
exposure time below 165 seconds 
as the spectral quality is degraded.
-C1s data shows PS microdomains in 
PMMA!!
- the Si scratch was not 100 % 
polymer free
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§ 3.43.3 PS:PMMA sample preparation for STXM

The PS:PMMA samples spun cast on Au/Si3N4 that were measured with the old 

STXM 7.0.1, which results are shown in the publication of chapter 4 (AFM images in 

figures 3 and 4 of the publication), were never again reproduced adequately until April 

2003 when the PS:PMMA film was spun cast on mica first, then floated onto Si3N4. This 

latter suggestion was given by Dr. Kari Dalnoki-Veress (Physics Department at 

McMaster) and the film was floated by his M.Sc. student, Lun Si.

After the initial successful preparation of October 2000, on most other attempts to 

spin coat directly onto the Si3N4 membrane, or Au-coated Si3N4, the films were always 

very non-uniform, with thick deposits of polymers in the center of the window. These 

deposits affected the film morphology such that either no pattern was observed in AFM 

on the window (even though the film's morphology on the wafer part of the Si3N4 was 

identical to "on SiOx spin coating"), or when there was a pattern, only very few of the 

thinner regions of the films (figure 3.26 c) showed a pattern indicative of a morphology 

similar to “on SiOx spin coating”.

The presence of these thick deposits was hypothesized to come from the effects of 

the vacuum from the spin coater chuck on which the Si3N4 membranes were deposited for 

coating, ie: by deforming the thin 75-100 nm thin Si3N4 window where the polymer 

solution could be trapped into a “puddle”. However, even after attaching the ~200 μm 

thick Si3N4 wafer chip (with double-sided tape) onto a piece of Si prior to spin-coating, 

these “puddles” were still found, regardless of the polymer concentration or spin casting 

rates.
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Figure 3.26 shows a montage of AFM images which shows typical morphologies 

of “successful films” (a, b, c) versus some of those that contained puddles of polymer 

deposits (d, e, f). The smaller domain sizes on figure 3.26 c) in comparison to figure 3.26 

a) and b) is because the molecular weights used for c) were 100KDa: 100KDa, as opposed 

to 1.lMDa:310KDa for a) and b). Even though the same molecular weights were used 

for a) and b), different domain sizes and morphologies resulted. The main reason for this 

is that different annealing cycles were used (b was found to be optimal for the PS:PMMA 

samples spun cast on SiOx, see figure 3.25). Also, it is possible that the film in a) also

Figure 3.26 AFM images (non-contact mode, height, 10 μm x 10 μm) of 30:70 
PS:PMMA films in toluene, 1%, spun cast at 4000 rpm: a) 1.1M:317K on Au/Si3N4, 
annealed 2 hours at 140°C (October 2000); b) 1.1M:317K on mica floated on Si3N4, 
annealed 8 hours at 160°C (April 2003); c) 100K:100K on thin region of 250 μm wide 
Si3N4 window, annealed 2 hours at 140°C (January 2002); d) 10()K:100K on thick region 
of 250 μm wide Si3N4 window, annealed 2 hours at 140°C (January 2002); e) 100K: 100K 
on thin region of 2 mm wide Si3N4 window, annealed 2 hours at 140°C (January 2002); f) 
100K:100K on wafer off of 2 mm wide Si3N4 window, annealed 2 hours at 140°C 
(January 2002).
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suffered from deformation of the Si3N4 window.

For these reasons, and because other experiments at the ALS took priority over 

this, the preparation of thin PS:PMMA films on Si3N4 was abandoned until April 2003, 

when help from Dr. Dalnoki-Veress’ group was offered.

§ 3.4.4 Protein adsorption methods for STXM and X-PEEM samples

The proteins used in this work, and their origin, are detailed in publications of 

chapters 5 (Fg on PS:PMMA) and 6 (human serum albumin (HSA) and fibrinogen (Fg) 

on polyurethane microtomed sections). The methods used to adsorb these proteins to the 

substrates are different depending on whether the sample is to be measured in STXM or 

X-PEEM. Figure 3.27 is a schematic representation of the methods used for both types of 

samples.

In X-PEEM, for the results shown in chapter 6, the Fg/PS:PMMA samples were 

prepared by 10 min incubation of the PS:PMMA substrate in ~2 ml of Fg solution 

contained in a Fisher multi-well plate (1 cm diameter wells), followed by continuous 

dilution of the overlayer solution with running deionized water for ~3—5 min. The 

Fg/PS:PMMA substrate was then removed from the well. This rinsing method was used 

to avoid depositing protein or buffer salts from the air-solution interface.

In STXM, because the detected signal comes from the transmitted photons 

through the full thickness of the film, the sample cannot be immersed into a protein 

solution. Instead, a small drop of protein solution is deposited on the polymer surface and 

the sample is kept in a humid environment. At the end of the adsorption time, the

127



Ph D. thesis - Cynthia Morin McMaster, Chemistry

X-PEEM

• Expose PS PMMA/SiOx to various |Fg| in phosphate buffer 
or water in well plates

Rinse until all protein in solution / weakly adsorbed are 
removed

Air dry

• CANNOT dip the PS PMMA/Si3N4

Figure 3.27 Schematic representations of the protein adsorption procedures for X-PEEM 
and STXM samples.

remaining portion of protein solution on the sample is rinsed by sucking in and out the 

drop with fresh volumes of deionized water. On pages 924-925 of the publication in 

chapter 6, deviations from this method are noted.
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Chapter 4

X-RAY SPECTROMICROSCOPY OF IMMISCIBLE POLYMER

BLENDS: POLYSTYRENE/POLY(METHYL METHACRYLATE)

This chapter consists of a publication which is a three-instrumental methods 

comparison of PS:PMMA thin films: X-ray spectromicroscopy of immiscible polymer 

blends: polystyrene-poly (methyl methacrylate). This work has been published in the 

Journal of Electron Spectroscopy and Related Phenomena (J. Electron Spectrosc. 121 

(2001) 203-794) and is presented here in published form. The contributions from the 

author of this thesis were detailed in the introduction.
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Abstract

Spun cast thin films of blends of low and high molecular weight mono-disperse polystyrene (PS) and poly(methyl 
methacrylate) (PMMA) with nominal compositions ranging from 66/33 wt.%/wt.% (w/w) up to 10/90 w/w PS/PMMA 
have been studied, as-made and after annealing. Two synchrotron-based X-ray microscopies — scanning transmission X-ray 
microscopy (STXM) and X-ray photoemission electron microscopy (X-PEEM) — as well as several variants of atomic force 
microscopy (AFM) were used to probe the composition and morphology of the bulk and surface of these blends. The 
chemical sensitivities and spatial resolutions of these three techniques are compared. All samples are observed to have a PS 
signal in the C 1s X-ray absorption spectrum of the surface of the PMMA-rich domains as measured in the X-PEEM A 
continuous thin PS layer is not expected at a PMMA surface since neither polymer should wet the other at thermodynamic 
equilibrium The likely origin of this PS surface signal is from a bimodal distribution of PS domain sizes with the PS signal 
arising from domains at the surface which are smaller than the ~200-nm resolution of the X-PEEM. High resolution AFM 
and STXM provide direct evidence for this explanation © 2001 Elsevier Science B.V. All rights reserved

Keywords: Soft x-ray microscopy; NEXAFS; DS; PMMA; Polymer blends; Phase segregation; Quantitative chemical mapping

1. Introduction

Polystyrene (PS) and poly(methyl methacrylate) 
(PMMA) are immiscible polymers which readily 
phase separate in the bulk [1]. Typical annealing 
temperatures correspond to a deep quench into the 
two phase region of the phase diagram The phases

*Corresponding author. Tel : +1-905-5259-1450; fax: + 1-905- 
521-2773.
E-mail address aph@mcmaster.ca (A.P Hitchcock)

in even low molecular weight (MW) blends are 
nearly pure at temperatures below 200°C. e.g. PS and 
PMMA with MW=21K each have >99.5% pure 
phases at 165°C [1]. Since the interfacial tension 
between the polymers is larger than the difference in 
their surface tensions [2], it is expected that the two 
materials will have a strong tendency to extend the 
bulk phase segregation right to the surface. Indeed 
dewetting studies indicate that neither polymer is 
able to wet the other polymer [3] PS/PMMA blends 
and copolymers are classic model systems for poly-

0368-2048/01/$-see front matter © 2001 Elsevier Science B.V. All rights reserved. 
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mer phase segregation studies, but they also have 
direct technological relevance. The bulk and surface 
immiscibility is important in nanoscale patterning. 
For example, thin films of PS-b-PMMA diblock 
copolymers are currently being investigated for 
possible use in the fabrication of high density 
magnetic storage media [4], while phase separated 
PS/PMMA blend thin films have been proposed as 
antireflection coatings [5]. This work was initiated as 
part of a biomaterials study for which we required 
flat, thin films of PS/PMMA blends with a surface 
consisting of pure PS and pure PMMA in adjacent 
micron-scale domains, to be used as substrates for 
competitive protein adsorption studies. To aid de- 
velopment of these substrates, we are using two 
types of soft X-ray microscopy, scanning transmis­
sion X-ray microscopy (STXM) and X-ray photo­
emission electron microscopy (X-PEEM), as well as 
atomic force microscopy (AFM), to investigate as- 
pects of morphology formation and evolution in 
PS/PMMA polymer thin film blends. The near edge 
X-ray absorption fine structure (NEXAFS) [6] spec- 
tra of PS and PMMA are very different, which make 
this a relatively convenient polymer system to study 
with NEXAFS microscopy.

Heterogeneous PS/PMMA polymer thin films are 
typically formed from a homogeneous solution by 
spin casting, followed by thermal annealing. The 
kinetics and mechanisms of the phase separation 
process in the thin film; surface roughening; and the 
relationship between equilibrium morphology and 
the fabrication and materials parameters are of 
considerable academic and technological interest. 
During the initial stages of the spin casting process 
most of the solution is cast off leaving a thin layer on 
the substrate. As the layer thins due to fluid flow, the 
evaporation of the solvent becomes important. The 
effect of evaporation is to increase the concentration 
of the polymer in the solution. This slows the shear 
thinning of the film. Phase separation of the poly­
mers can occur in the presence of the increasingly 
lower concentration of solvent and a wide range of 
initial morphologies have been observed in numerous 
studies of PS/PMMA thin films [3,5,7-13]. Mor­
phologies can be produced in which one phase is 
encapsulated in the other with either PMMA or PS as 
the matrix phase, or as primarily bilayers with either 
PS or PMMA exposed at the surface interlace. The 

morphology adopted depends on the solvent, surface, 
and spin-casting parameters (T, spin rate, volume, 
concentration...) and subsequent annealing. The 
following bullet list itemizes and briefly describes 
the factors which play a role in determining the 
initial morphology of the as-formed film, the kinetics 
and mechanism of its thermal evolution, and the final 
equilibrium morphology.

• Molecular weight (MW) of the polymers. Dif­
ferential solidification rates can lead to stratifica­
tion and different matrix formation during spin­
ning; longer chains will be less mobile and 
metastable structures may be more important 
during annealing. Above a critical molecular 
weight, the viscosity of polymers scales with 
MW3.4 [1].

• Polydispersity (ẟ = Mw /Mn where Mw and Mn are 
the weight and number averaged MW, respective- 
ly). This has a complex influence and should be 
kept as close to 1 as possible (i.e. monodisperse).

• Composition ratio. In bulk materials, the majority 
component has a tendency to form a continuous 
matrix phase. In thin films, the interface and 
surface energies need to be considered [14].

• Substrate surface energy. This can vary dramati­
cally depending on the substrate used and has a 
strong effect on morphology, especially for very 
thin films (<100 nm) [9]. In general one would 
expect vertical segregation of the components 
within a blend film with that component with the 
greater affinity for the substrate being more 
prevalent at the substrate interface.

• Choice of solvent. This affects evaporation 
characteristics and relative solubility, both of 
which can lead to inhomogeneous vertical or even 
lateral distributions of components in spun-cast 
polymer blend films [9].

• Temperature of substrate during spin casting. This 
affects solubility of polymers and the evaporation 
rate of solvent.

• Spinning rate. This mainly affects film thickness, 
although losses by preferential evaporation or 
solubility could be affected by rate of flow across 
the surface.

• Annealing procedure. Temperatures above the 
glass transition temperature (Tg) are required for 
the polymer chains to become mobile. The time 
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required to approach equilibrium increases at 
higher MW and equilibrium may never be 
achieved (in a human time scale at least) for 
sufficiently high MW systems. The kinetics of 
polymer phase transformations are linked to MW, 
film thickness, and possibly the annealing atmos­
phere.

• Impurities. These may act as surfactants or com­
patibilizers, thus changing the intrinsic phase 
separation processes of a given film.

PS prefers hydrophobic substrates such as fl- 
terminated Si, whereas PMMA prefers hydrophilic 
substrates such as the Si-O and Si-OH terminated 
native oxide layer of a Si wafer (denoted SiOx). 
Thus, when thin films of PS/PMMA are deposited 
on a Si wafer with a native oxide surface, we expect 
the PMMA tends to segregate to the substrate. This 
preference exerts its influence both during spin 
casting, and even more so during annealing. Tanaka 
et al. [8] examined PS/PMMA films up to 25 μm 
thick spun cast from toluene (PS: MW = 90K, ẟ = 
1.05; PMMA: MW = 69K, 3 = 1.06) on silicon, gold 
and a siliconized substrate. They found considerable 
dependence of the phase segregation morphology 
and surface composition on the substrate as well as 
the film thickness. Walheim et al. [9] investigated 
PS/PMMA blends spun from toluene, tetrahydro- 
furan, and methyl ethyl ketone onto SiOx, Au, and a 
low surface energy organic monolayer. Winesett et 
al. [10] have also investigated the effect of different 
substrates (Si, Au and Co) on PS/PMMA mor­
phologies and their annealing behavior. In all studies, 
the type of substrate and solvent utilized had a 
pronounced effect on the as-cast morphology. For PS 
and PMMA, the balance of surface attractiveness can 
be controlled carefully and neutral surfaces can be 
created and selectively tuned with the use of random 
PS-r-PMMA copolymer brushes [14].

The air interface composition and morphology 
appear to be equally complex and might furthermore 
be dependent on the polymer substrate interaction in 
ultra thin films (<100 nm). During spin casting 
either polymer can separate preferentially to the air 
interface This is primarily a function of the solvent 
and molecular weight utilized [9]. Tanaka et al. [8] 
reported a continuous surface layer of PS in 25-μm 
thick PS/PMMA films spun cast from toluene (PS:
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MW = 90K, ẟ=1.05; PMMA: MW = 69K, ẟ = 1.06), 
but noted that a mixed surface results for films of 
100 nm or smaller thickness. Thon-That et al. 
[11,12] have explored the surface morphologies of 
PS/PMMA blend films spun cast from chloroform 
solution onto mica. In contrast to the observations of 
Tanaka et al. [8], the as-cast films studied by AFM 
and XPS by Thon-That et al. [11,12] have a PMMA 
enriched surface. On Au surfaces, Walheim et al. [9] 
have found PS surface enrichment for toluene and 
tetrahydrofuran (better solvents for PS than for 
PMMA), but a surface layer of PMMA for methyl- 
ethyl ketone, which is a poor solvent for PS. Almost 
a complete bilayer with PMMA on top was observed 
when PS/PMMA was cast from methyl-ethyl ketone 
on a low surface energy organic monolayer [9]. The 
evidence to date suggests that the surface com- 
position of as-cast films is not so much dominated by 
a ‘segregation’ or preference of one polymer to the 
surface, as by the strong preference of one polymer 
for the substrate as well as the relative solubility of 
the two polymers in the chosen solvent.

During annealing, the blends should evolve to­
wards thermodynamic equilibrium. The surface ten­
sion of pure PS and pure PMMA is almost the same. 
According to Wu [2], 3K PMMA and 44K PS have 
surface tensions of γPMMA = 41.1 dyn/cm and γPS = 
40.7 dyn/cm at 20°C, while γPmma = 32.0 dyn/cm 
and γPS = 32.1 dyn/cm at 140°C. This suggests there 
should be very little thermodynamic driving force for 
surface segregation at annealing temperatures above 
135°C, temperatures typically used as they are well 
above the glass transition temperature of both poly­
mers (Tg(PS)~ 110°C, Tg(PMMA)~120°C for the 
MWs used [ 1 ]), yet deep within the two phase region 
of the phase diagram. Hence, the interfacial energy 
may be more important in establishing the surface 
morphology than the surface energies themselves, 
and the systems try to minimize interfacial area 
rather than the surface area of a particular polymer. 
Wu [2] calculated the interfacial tension (γAB) and 
spreading parameters {S = γB - (γA + γAB)} for PS 
and PMMA as a function of temperature (γA and γB 
are the surface free energies (surface tensions) of A 
and B. respectively, and γAB is the A-B interfacial 
energy). The interfacial tension for 44K PS and 3K 
PMMA [2] is 3.2 dyn/cm at 20°C and 1.7 dyn/cm at 
140°C. A dewets B for a negative spreading parame-
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ter. Since the interfacial tension γAB is larger than the 
absolute value of the surface tension difference over 
the entire temperature range considered (|γps 
-γPMMA|<0.8 dyn/cm), the spreading parameter, S,
is negative for all annealing temperatures, irrespec­
tive of whether PS (or PMMA) is phase A or phase 
B Thus neither polymer should wet the other 
polymer. Since γAB increases with increasing MW, S 
should be even more negative for the higher MW 
polymers which are typically used in many experi­
ments.

Some experiments seem to directly confirm the 
implications of the spreading parameter as calculated 
by Wu [2]. In an investigation of a 28-nm thick PS 
film floated on top of a 90-nm PMMA film cast on 
Si, Qu et al. [3] found that PS dewets PMMA. The 
PMMA films were spun cast from toluene onto Si 
wafers and annealed at 160°C in vacuum to remove 
any solvent. Because various MW were used, the 
thickness was maintained at ~90 nm by varying the 
polymer concentration. The PS films were spun cast 
on Si, then these as-made films were floated on 
water, then transferred on top of the PMMA film. 
The bilayers were annealed at 162°C to initiate 
dewetting. As the annealing time was increased, 
increasingly larger holes formed in the PS layer.

Kumacheva et al. [15] used confocal fluorescent 
microscopy to study a 90:10 (w/w) PS/PMMA 
blend, prepared by a very slow and controlled 
evaporation of a 4 wt.% toluene solution (PS: MW = 
234K, ẟ = 6.3; PMMA: MW = 306K, ẟ = 2.3). This 
preparation, which has many factors different from 
those involved in spin coating, resulted in 135-nm 
thick PMMA lenses on top of a PMMA-depleted PS 
subsurface layer, and regularly distributed PMMA 
dispersions in a PS matrix further away from the 
surface.

Ade et al. [16,17] characterized films of 50:50 
(w/w) PS/PMMA blends spun cast from toluene 
onto Si substrates with a native oxide layer (PS: 
MW = 27K, ẟ= 1.05; PMMA: MW = 27K, ẟ= 1.10). 
The 140-nm thick films were annealed at 180°C for 
varying times. In this case, the equilibrium system 
consisted of a PMMA matrix and substrate interface 
layer which supported PS droplets within a rim of 
PMMA.

In contrast to all of the above results. Thon-That et 
al. [11,12] concluded from angle resolved XPS data 

that PS/PMMA blend films develop a PS film on top 
of the PMMA rich domains during annealing. The 
results on PS/PMMA blend films described below 
indicate that there are finely dispersed PS domains 
on top of the PMMA domains. With insufficient 
spatial resolution, this PS dispersion could be mis­
taken as a thin PS film. Other recent studies of the 
surface structure of polymer thin film blends include 
those of PS/poly(vinyl methyl ether) [18], PS/poly- 
(bromo-styrene) [13,19] and PS/poly(n-butyl meth- 
acrylate) [20]. On the silicon substrates used. PS 
encapsulates poly(vinyl methyl ether) [18] and poly- 
(bromo-styrene) [17] unless the films are too thin 
[13], while poly(n-butyl methacrylate) encapsulates 
PS [19].

While much of the literature is consistent, there 
are some apparently conflicting observations in the 
literature for materials which deal with the phase 
segregation phenomena in this or similar systems. 
This is probably because there are many different 
parameters playing a role in thin film polymer blend 
morphology and phase separation phenomena. Thus 
the actual film that results is quite dependent on the 
exact details of the formulation, surface composition, 
and annealing protocol. In order to better understand 
polymer blend morphology and surface properties, 
one needs to apply experimental techniques with 
good spatial resolution, high chemical sensitivity, 
and variable depth sensitivity to carefully selected 
and prepared polymer blend systems. While there are 
many experimental techniques to visualize mor­
phologies of thin films of polymer blends, very few 
are able to provide quantitative chemical analysis at 
high spatial resolution, and fewer still which can 
examine the surface with an appropriate sampling 
depth. For bulk structure studies, transmission elec­
tron microscopy (TEM) has the highest spatial 
resolution, and in principle one can obtain chemical 
sensitivity through selective staining or by electron 
energy loss spectroscopy. However staining may 
introduce artefacts, and radiation damage in many 
polymer systems is too rapid to achieve the quality 
of energy loss signal needed for chemical analysis at 
high spatial resolution. Atomic force microscopy 
(AFM) is excellent for surface visualization and 
provides indirect chemical sensitivity through phase 
mode or adhesion force measurements. However it 
does not provide direct chemical identification and it 
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is extremely sensitive to the outermost layer, which 
in polymer systems may be unrepresentative of the 
relevant near-surface region due to low MW con- 
tamination. Soft X-ray spectromicroscopy (also 
known as NEXAFS microscopy) [21-23], in a 
number of variants, provides a powerful complement 
to TEM and AFM. In NEXAFS microscopy, inner- 
shell electronic excitation is used as a chemically 
sensitive image contrast mechanism. Scanning trans­
mission X-ray microscopy (STXM) measures the 
absorption through a thin film and thus is a bulk 
technique. X-ray photoelectron emission microscopy 
(X-PEEM) measures the absorption indirectly by 
detecting photo-ejected electrons, and is a near-sur- 
face technique (10-15 nm estimated sampling 
depth). Both STXM and X-PEEM are finding in- 
creasing use in the analysis of complex polymer 
systems, on account of their ability to perform 
chemical mapping at a relevant spatial scale. In both 
techniques NEXAFS spectra can be acquired on a 
small region down to the spatial resolution limit of 
the instrument (‘microspectroscopy'), and images 
can be acquired at photon energies selected for their 
chemical sensitivity (‘analytical microscopy’). In 
many recent applications the full power of the 
combined spatial-spectral domain is exploited by 
automated acquisition of image sequences, which 
produce a three-dimensional data set which can be 
analyzed to extract extensive chemical information 
from the region studied (‘spectromicroscopy’). Effi­
cient acquisition [24] and data analysis procedures 
[25,26] are under active development. We refer the 
reader to recent reviews for full details of the rapidly 
growing field of soft X-ray spectromicroscopy and 
its applications to biology [21] and polymer science 
[22,23].

Here we describe some of our own recent studies 
on PS/PMMA thin film blends. The goal has been 
the preparation of samples which are fully phase 
segregated at the surface and which have domain 
sizes larger than 0.3 μm. Such samples are of 
interest for biomaterials-related studies of competi- 
tive protein adsorption on a surface with hydrophilic 
and hydrophobic domains [27]. For this we have 
used PMMA-rich blends made from high MW 
components. Some of us (Ade) had previously 
studied a variety of relatively low molecular weight 
PS/PMMA thin films with NEXAFS microscopy
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techniques [16,17]. The combination of the prior low 
molecular weight studies and the present high molec- 
ular weight studies, carried out over a range of 
compositions and with various sample preparation 
conditions, has provided a relatively coarse sampling 
of the available parameter space. Although the bulk 
had the expected phase segregated morphology, both 
high MW and low MW blends were found to have a 
measurable PS signal in the NEXAFS spectra from 
regions of the presumed pure PMMA domains and, 
at least according to the X-PEEM results, pure 
PMMA could not be exposed at the surface under 
any of the annealing conditions employed. A main 
goal of this paper is to explain this initially puzzling 
observation, which is in apparent contradiction to the 
general understanding that PS on top of PMMA will 
dewet, and thus should consist of pure PS and 
PMMA domains at the surface.

To clarify some issues raised by these results, new 
blends prepared from low molecular weight PS and 
PMMA were also studied. Given the many parame­
ters that influence morphologies in PS/PMMA thin 
films, perhaps it is not surprising that the various 
PS/PMMA polymer blends we have investigated in 
this study exhibit a variety of different surface and 
bulk morphologies. Our intent here is to use these 
results (i) as an illustration of X-ray microscopy as a 
complementary tool to AFM for studies of phase 
segregation phenomena in polymer thin films, and 
(ii) to identify the approaches which might allow 
preparation of fully surface differentiated PS/PMMA 
surfaces which we are seeking as substrates for 
competitive protein adsorption studies.

2. Experimental

2.1. Sample preparation

All high molecular weight polymers used for these 
studies were obtained from Polymer Source and used 
without further purification. The 66/33 (w/w) PS/ 
PMMA sample (PS: MW = 2.2M, ẟ=1.1; PMMA: 
MW=150K, ẟ=1.1) (w/w is wt.%/wt.%) was 
prepared by spin casting a 0.8% solution (total 
polymer in toluene). The details of the starting 
polymers and sample annealing are summarized in 
Table 1. A small volume of this solution ( ~50 μl)
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Table 1
Details of fabrication and AFM characterization of the PS/PMMA blend samples

Sample 
(PS/PMMA)

PS PMMA Spin 
casting (%)a

Vacuum 
anneal

Thickness 
(nm)h

rms Surface 
roughness (nm)MW 8 MW 8

66/33 2.2M <1.1 150K <1.1 0.8 120°C, 55 h 32 (SiOx) 4.5
40/60 21K 1.02 22K 1.03 1.4 165°C, 24 h 50 —
50/50 27K 1.02 27K 1.03 1.4 180°C, 1 h 60 12
30/70 1.06M 1.06 312K 1.01 1 140°C, 2 h 61 (SiOx) 4

82 (Si ,N4) 6
10/90 1.06M 1.06 312K 1.01 1 180°C, 30 mm 5.8 (SiOx) 3.2

a All spin casting was done from toluene solutions of the indicated total wt.% polymer.
b Measured by AFM from height between the polymer surface and the bottom of an adjacent scratch, which exposed the substrate.

was passed through a teflon micropore filter to 
remove particulate impurities and dropped onto the 
spinning substrate at 4000 rpm. Spinning was con- 
tinued for ~5 s. The 66/33 samples were vacuum 
annealed at 120°C for 55 h then cooled to 40°C over 
a period of 5 h. The 10/90 (on Si) and 30/70 
PS/PMMA samples were made from a different set 
of polymers (PS: MW=1.07M, ẟ=1.06; PMMA: 
MW = 312K, ẟ= 1.01). Thin films of the 10/90 and 
30/70 samples were spun cast from toluene (1% by 
weight solution) onto native oxide Si (for X-PEEM) 
and gold-coated Si3N4 membranes (for STXM). The 
10/90 sample was vacuum annealed at 180°C for 2 h 
then cooled to 30°C over 8.5 h. The 30/70 samples 
were vacuum annealed at 140°C for 2 h, followed by 
slow cooling over 12 h. During annealing the 
samples were pumped continuously using an un­
trapped diffusion pump with silicone fluid. The 
samples were transferred to the microscope in air. in 
a protected enclosure.

The low molecular weight 40/60 w/w PS/PMMA 
samples were prepared by spin coating from toluene 
(1.4% solution) (PS: MW = 21K. 3=1.02; PMMA: 
MW = 22.65K, ẟ=1.03; Polymer Laboratories) on 
SiOx and annealing at 165°C for 24 h in a vacuum 
oven (<10-4 Torr), followed by a sudden quench to 
room temperature. For STXM investigations the low 
MW films were floated from the silicon substrate and 
mounted on TEM grids.

2.2. X-PEEM and STXM

Scanning transmission X-ray microscopy (STXM) 
was performed at beamline 7.0.1 of the Advanced 
Light Source (ALS) [28] and at the Stony Brook 

instrument on X1A at the National Synchrotron 
Light Source (NSLS) [29-31]. The STXM optical 
layout is depicted in Fig. la. In STXM, a Fresnel 
zone plate (ZP) is used to focus monochromatic 
X-rays (ΔE ~0.15 eV) to a small spot, which is 50 
nm if the ZP is operated at the diffraction limit 
(coherent illumination). Images are acquired by raster 
scanning an X-ray translucent sample in the focal 
spot while detecting the flux of transmitted X-rays. 
The sample is in a He atmosphere. Spectra are 
obtained by successively stepping the X-ray energy 
through a spectral region while recording point, line, 
or image data. In the ALS studies, image sequences' 
have been used to provide detailed chemical map­
ping. At the NSLS, high resolution images at chemi- 
cally sensitive energies were obtained. Fig. lb plots 
the C 1s spectra of PS and PMMA on a quantitative 
linear absorption scale. These spectra were extracted 
from ALS STXM image sequences recorded on the 
30/70 PS/PMMA sample (PS taken from the as- 
made, and PMMA taken from the annealed data set). 
The vertical scale was derived by normalization to 
computed linear absorption coefficients for PS and 
PMMA outside of the structured NEXAFS region, 
using the tabulated elemental X-ray absorption re- 
sponse [32] and the known bulk densities (PS= 1.05 
g/cm3, PMMA= 1.19 g/cm3 [33]). For each species, 
prior to conversion to the quantitative linear absorp- 
tion scale, a fraction of the other component has 
been subtracted since all regions of the bulk have 
some PS and some PMMA (the raw and subtracted

1Examples of the STXM and X-PEEM image sequences for the 
annealed 30/70 sample have been deposited as supplementary 
material with the journal (WEB ACCESS details).
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Fig. 1. (a) STXM optics. (b) C 1s NEXAFS spectra of PMMA and PS derived from STXM image sequences. The as-recorded spectra are 
indicated by the thin lines, while the estimated pure material response are the thick lines (see text). The measured OD intensities have been 
converted to linear absorption coefficient by normalization below 284 and above 300 eV to the linear absorption for pure PS and PMMA 
computed from elemental absorption parameters [32] and the known densities. (c) ALS X-PEEM optics. (d) C 1s NEXAFS spectra of PS 
and PMMA derived from X-PEEM image sequences. A portion of the PS signal has been subtracted from the PMMA signal to reduce the 
intensity of the 285-nm signal to baseline. In (b) and (d) the PMMA spectrum has been offset by 1 and 10 units, respectively

spectra are shown in Fig. lb). The amount removed 
was selected by requiring the resulting spectrum to 
have a shape similar to the spectra of pure PS and 
PMMA recorded with the NSLS STXM In order to 
have the same energy point sampling and spectral 
resolution, we prefer to use the reference data taken 
from the same instrument as that used for a given 
study, even though these corrections are needed. The 
signal contrast in STXM arises exclusively from the 
X-ray absorption coefficient and the transmission 
signal, after conversion to optical density, provides 
accurate quantitation [22,23].

Surface sensitive X-ray microscopy was per­
formed at the photoelectron emission microscope 

(X-PEEM) on ALS beamline 7.3.1 [34]. The X- 
PEEM optical layout is depicted in Fig. 1c. Here, a 
300x30-μm spot impinges the sample surface at a 
30° incident angle and the photo-ejected electron 
distribution is imaged using an electrostatic column. 
Polymer samples for X-PEEM must be ultra high 
vacuum compatible, flat, and sufficiently thin to 
provide enough conductivity to avoid extensive 
charging. The C 1s spectra of PS and PMMA 
extracted from X-PEEM image sequences recorded 
on the as-prepared 30/70 PS/PMMA sample are 
plotted in Fig. 1d The PS spectrum is the as- 
recorded signal taken from regions where there is 
only PS in the sampling depth of the X-PEEM.
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Because of the ubiquitous surface PS signal, a small 
amount of the PS spectrum has been subtracted from 
the as-recorded PMMA signal to get the PMMA 
reference spectrum used in further analyses. The raw 
data, and thus the amount of PS in this optimal 
PMMA region, is indicated in Fig. 1d. In contrast to 
STXM, the signal in X-PEEM is determined not only 
by X-ray absorption, but also by many other factors 
— topography, shadowing, work function, and 
charging. As a consequence, procedures for quantita­
tive chemical analysis are much less developed for 
X-PEEM than for STXM. The vertical scales of the 
X-PEEM reference spectra are set by adjusting the 
difference in intensity at 308 and 280 eV to an 
arbitrary value of 10.

3. Results

3.1. High molecular weight PS/PMMA thin films

3.1.1. Bulk versus surface morphology
Although we present in detail only the results for 

30/70 blends made from the high MW components, 

similar results (not shown here) have been obtained 
for 90/10 and 66/33 PS/PMMA blends. For STXM 
the PS/PMMA blend was spun cast on a Au-coated 
X-ray transparent silicon nitride window, whereas 
for X-PEEM the substrate was a Si wafer, without 
removal of native oxide. Thus the surfaces relevant 
to preferential adhesion of the two components were 
SiOx in the case of X-PEEM, and Au, in the case of 
STXM. From other work [8,10], it is known that 
SiOx has a lower water contact angle than Au and 
thus it would be expected that the attraction for 
PMMA would be greater for the SiOx surface that 
the Au surface. Other than the different substrate, the 
details of preparation of the STXM and X-PEEM 
samples are identical (solution composition, spin 
casting, annealing procedures). AFM was recorded 
from each type of sample.

Fig. 2 plots STXM and X-PEEM images of the 
annealed 30/70 PS/PMMA recorded at the π* C=C 
transition in PS (285.1 eV), the π*c=o transition in 
PMMA (288.4 eV), and in the C 1s continuum (300 
eV). A common grey scale for these images (0—1.4 
OD for STXM, 0-110 arbitrary units for X-PEEM) 
is used so that the image intensity reflects the actual 

STXM — 3μm

Fig. 2. STXM (upper) and X-PEEM (lower) images of annealed 30/70 (w/w) PS/PMMA recorded at 285.1, 288.4 and 300 eV The images 
are presented on the same spatial scale The sample for STXM was spun cast on Au-coated silicon nitride, while that for X-PEEM was spun 
cast on an oxidized silicon wafer. The STXM images are displayed in optical density using a common gray scale (B = 0. W= 1.4 OD units) 
The X-PEEM images have been normalized to incident flux (recorded independently from an HF-etched Si water) and are plotted on a 
common gray scale (B=0, W= 110 arbitrary intensity units). In each case lighter pixels indicate stronger X-ray absorption (and/or. in case 
of X-PEEM, higher probability of electron emission) (ALS X-PEEM, ALS STXM).
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signal level at each pixel at each energy. The spatial 
scale is identical in each of the images displayed in 
Fig. 2. The apparently finer scale of the micro­
structure in the STXM may reflect contributions of 
domains at different depths through the ~80-nm thin 
film. The sensitivity to the chemical identity through 
the complete contrast reversal between 285.1 and 
288.4 eV is very clear. The PS domains are those 
regions which are bright at 285.1 eV and dark at 
288.4 eV. The absence of contrast in the STXM 
image at 300 eV provides a useful constraint on the 
film structure. From atomic X-ray absorption factors 
[32], it is known that PS has ~60% larger optical 
density (OD) than PMMA at 300 eV (OD(PS)/ 
OD(PMMA) = 1.62 at 300 eV). Even for the an­
nealed sample the PS and PMMA domains do not 
appear to extend completely through the film so each 
pixel has some admixture of PS and PMMA. Thus, 
in order for the contrast to disappear at 300 eV the 
difference in linear absorption coefficients has to be 
compensated by differences in the relative amounts 
of PMMA and PS.

Like the STXM results, the X-PEEM images at 
285.1 and 288.4 eV have reversed contrast, clearly 
identifying the domains. The contrast at 288.4 eV is 
lower than that at 285.1 eV in both STXM and 
X-PEEM, since PS has strong absorption whereas 
PMMA has negligible absorption at 285.1 eV, while 
both PS and PMMA absorb at 288.4 eV. In contrast 
to STXM, the X-PEEM image at 300 eV has the 
same pattern as that at 285.1 eV (PS domains strong), 
although of lower contrast. The residual contrast in 
the X-PEEM image at 300 eV is notable, and again 
places important constraints on the film structure 
within the near surface region sampled. Another 
notable feature of the X-PEEM results is the exist- 
ence of a shading at the boundaries of the light 
features in the 288.4- and 300-eV images which is 
absent in the 285-nm image. This may arise from 
sample topography in which case it would reflect an 
altered efficiency of electron collection from a sloped 
surface. However, the angle is actually rather shal- 
low: from the AFM studies of this surface, the 
difference between high and low regions is only 
10-20 nm, while the domains are more than 1 μm in 
size. Also, one would expect a topography derived 
signal to contribute at all photon energies. A more 
plausible origin is a contaminant which partially
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segregates to the PS-PMMA interface. Two possi- 
bilities are siloxane (ubiquitous) or silicone (diffu- 
sion pump oil from the vacuum annealing). The 
detailed analysis of the NEXAFS spectrum from the 
shadow region is consistent with the presence of 
~20% contamination in the surface region sampled 
by X-PEEM. A similar signal is also detectable at a 
few percent in the bulk STXM results (vide infra). 
The component maps for this contaminant signal 
indicate that it occurs over the whole surface, with 
greater amounts at the interfaces between the PS-rich 
and PMMA-rich domains. While clearly we would 
prefer to have uncontaminated samples (and are 
revising procedures to achieve this), the detection 
and mapping of this signal is a good example of how 
NEXAFS microscopy can probe sample details 
missed by chemically insensitive probes such as 
AFM.

Maps of the PS and PMMA bulk and surface 
domains were obtained by recording and analysing 
image sequences in both STXM and X-PEEM. 
Analysis using all of the images allows the full 
spectral variation to be used in deriving quantitative 
spatial distributions (maps) of the PS and PMMA 
components. A pixel-by-pixel linear regression pro- 
cedure [26] was used to derive the component maps 
presented in the remainder of this manuscript. For 
STXM, where quantitative reference standards exist, 
this analysis provided a quantitative picture of the 
film structure. For X-PEEM, only a semi-quantitative 
picture of the near surface region is obtained.

Fig. 3 compares component maps derived from 
X-PEEM and STXM with AFM images for the 
annealed 30/70 PS/PMMA sample. Fig. 4 presents 
the PS and PMMA maps in comparison to AFM for 
the as-made 30/70 PS/PMMA sample. In each case, 
two height-mode AFM images are displayed, to 
check for sensitivity of the surface morphology to 
the type of substrate used. On both SiOx and Au/ 
Si3N4 substrates the continuous phase in the AFM 
image has slightly larger area. The relative amounts, 
and the continuity, would suggest that the majority 
PMMA component is the continuous phase. In Figs. 
3 and 4 the chemical analysis derived from the 
X-PEEM and STXM image sequences is presented 
as a single color-coded composite map while the 
maps of the individual PS and PMMA components 
of the annealed 30/70 PS/PMMA are presented in
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Fig. 3. Comparison of AFM, X-PEEM and STXM results for annealed 30/70 (w/w) PS/PMMA The STXM was measured from a film 
spun cast on a Au-coated silicon nitride window, whereas the AFM and X-PEEM were recorded from the blend spun cast on a Si wafer 
covered with native oxide. The AFM height-mode images located above each X-ray micrograph are for samples prepared on the same 
substrate as the corresponding X-ray micrograph. Ex-situ vacuum annealing was carried out as indicated in Table 1 The X-PEEM and 
STXM are color coded composite images derived from the individual PS and PMMA component maps obtained by linear regression 
analysis of the C 1s spectrum at each pixel (Figs. 5 and 6). The color intensities in STXM are independently scaled to better represent spatial 
relationship, although at the cost of relative intensities. A third, impurity component was not included in this composite (see spectral fits in 
Figs. 7 and 8). The thickness of the sample was ~60 nm as determined by AFM from the step height at a scratch. (McMaster AFM, ALS 
X-PEEM, ALS STXM).

Fig. 5 for X-PEEM and in Fig. 6 for the STXM 
results. For both the annealed and as-made samples, 
the X-PEEM result clearly indicates that the continu- 
ous phase is predominantly PS. Thus X-ray micro- 
scopy shows immediately that a simplistic interpreta­
tion of the AFM — namely that the continuous phase 
is the majority PMMA species — is incorrect. In 
contrast to X-PEEM, the STXM images shows 
phases that are about equally continuous, with per- 
haps a small preference for PMMA domains to be 
encapsulated by PS domains. The value of the direct 
chemical sensitivity of NEXAFS microscopy to 
clarify the interpretation of AFM is well illustrated 
by this example. This has been noted in earlier 
comparisons of AFM and NEXAFS microscopy of 
polymers [ 13,17,19,20].

Table 2 summarizes the quantitative analysis of 
the surface and bulk composition of the as-made and 
annealed 30/70 blend. X-PEEM indicates that in 
each case, ~2/3 of the surface is PS-rich while 1/3 
of the surface is PMMA-rich, based on pixel count- 
ing, using a threshold of ~50% of full range 
intensity in each component map. This is consistent 
with the AFM which indicates -60% of the surface 
is the continuous, PS domain. It is clear that the 
surface region of these samples is highly enriched in 
PS relative to the 30/70 w/w starting composition 
(note that a wt.%/wt.% of 30/70 corresponds to a 
mol.%/mol.% composition of 29/71 (mol/mol) and 
a vol.%/vol.% composition of 33/67 (v/v) so the 
units used to express the composition do not play a 
significant role in this system). In contrast, the
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Fig, 4. Comparison of AFM, X-PEEM and STXM results for as-prepared 30/70 (w/w) PS/PMMA Details as indicated in the caption of 
Fig. 3. (McMaster AFM, ALS X-PEEM, ALS STXM).

STXM analysis indicates a composition of 28(4)/ 
72(4) PS/PMMA for the annealed sample, and 
24(3)/76(4) PS/PMMA for the as-made sample. 
Both values are in good agreement with the starting 
composition suggesting that differential solubility did 
not modify the polymer composition through prefer­
ential loss in the spin cast process (only a small 
portion of the drop deposited forms the actual thin 
film, most of the polymer is flung off the substrate). 
The STXM quantitation is based on the average 
thickness of each domain type in the maps generated 
using the OD models. Both the X-PEEM — STXM 
comparison (Fig. 3). and the quantitative analysis of 
the annealed sample, indicate that, even after anneal- 
ing, the surface structure does NOT extend through 
the full film but rather reflects some mechanism 
leading to an enrichment in PS at the surface of this 
sample. This could arise from depletion of PMMA 
due to a PMMA wetting layer on a SiOx surface, 
repeatedly observed in prior studies, that would 
enrich the surface in PS. Alternatively there could be 

PS surface segregation as suggested by some [8.9]. A 
third possibility could be that the surface structure is 
the result of a kinetic factor and incomplete anneal­
ing.

The surface morphology of the as-prepared 30/70 
PS/PMMA as revealed by AFM and X-PEEM is 
rather similar to that of the annealed sample (com- 
pare Figs. 3 and 4). In contrast, the STXM chemical 
map of the as-prepared 30/70 sample is qualitatively 
very different from that of the annealed sample. In 
particular, there are three main intensity levels in the 
STXM of the as-made sample. The bright regions are 
columns of mainly PS, the dark areas are columns of 
mainly PMMA. and the intermediate grey level 
indicates regions in the sample where both PS and 
PMMA are present in the column being sampled. 
Variable angle STXM tomography [35] would be 
required to determine unambiguously the three-di­
mensional relationship among the domains. Another 
difference is the presence in the as-prepared sample 
of many small domains of PS embedded in the
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Position (μm)
Fig. 5. PS and PMMA component maps derived from X-PEEM 
for annealed 30/70 (wt.%/wt.%) PS/PMMA. The vertical scales 
are in units of normalized response derived by setting the 300- 
282-ntn intensity jump in the PS and PMMA reference spectra to 
10. The lower plot is the intensity profile along the line indicated 
in the component maps. Note that the PMMA signal goes close to 
zero in the PS-rich regions but the PS-signal always is offset from 
zero. (ALS X-PEEM).

Position (μm)
Fig. 6. PS and PMMA component maps derived from STXM for 
annealed 30/70 (w/w) PS/PMMA The vertical scales are thick­
ness in nm. derived by using the PS and PMMA reference spectra 
calibrated in linear absorption coefficient. The lower plot is the 
intensity profile along the line indicated in the component maps 
(ALS X-STXM).

PMMA domains. In the AFM height mode image of 
the as-made sample, the PMMA domains (white) 
contain a large number of holes (likely small PS 
domains), which are absent tn the AFM image of the 
annealed sample. Larger examples (>100 nm) of 
these embedded PS domains can be seen when the 
X-PEEM data is examined carefully. In the AFM 

height image of the annealed 30/70 PS/PMMA 
sample (Fig. 3) there are some larger PS domains 
which appear to be coalesced versions of the smaller 
domains. In some cases shading in the AFM height 
image suggests these ‘enclosed’ PS domains lie 
below the surface.
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Table 2
Composition of as-prepared and annealed bulk and surface of 30/70 PS/PMMA films as determined by STXM, X-PEEM and AFM

Sample Anneal STXM
(vol.%/vol.%)a

X-PEEM 
(area/area)b

AFM
(area/area)b

30/70 on Au N 24(3)/76(4) — 50/50
30/70 on Au Y 28(4)/72(4) — 60/40
30/70 on SiOx N - 62(5)/38(5) 56/44
30/70 on SiOx Y - 62(51/38(5) 60/40

a Based on the average thickness of component maps for the same area.
b Based on thresholding at a level that separates the X-PEEM or AFM maps into the two dominant domains, then counting pixels.

3.1.2. Surface composition analysis: origin of PS 
in PMMA domains

When the NEXAFS spectrum of PMMA-rich 
regions is extracted from X-PEEM image sequence 
data for the annealed 30/70 sample, a peak is 
invariably observed at 285 eV, suggesting there is PS 
in the surface (and possibly bulk) of the PMMA 
domains in the film An example of this is presented 
in Fig. 7 which plots the average NEXAFS spectrum 
at selected pixels in PS-rich and PMMA-rich do- 
mains of the X-PEEM image, along with a spectral 
decomposition of the extracted spectra into PS and 
PMMA components. Assuming no work function 
effects, the spectral decomposition indicates ~12% 
of the NEXAFS signal comes from PS in the PMMA 
region. Note that the sampling depth in X-PEEM is 
sample dependent (due to different work functions 
and bulk electron transport properties), but probably 
of the order of 10-15 nm. Fig. 8 presents the C 1s 
spectra of the bulk of the PMMA domains of the 
annealed 30/70 PS/PMMA sample as measured by 
STXM. Relative to that found in the X-PEEM, there 
is less 285-eV signal in the STXM data and the shape 
is less well defined, suggesting possible impurity 
contributions, as well as some PS. Assuming all the 
285-eV signal arises from PS. the amount (~7%) 
would be equivalent to a uniform ~5-nm thickness 
of PS over the PMMA domains, or to non-uniform 
PS domains with 7% volume fraction The latter is 
consistent with unresolved small droplets of PS 
distributed throughout the PMMA domains. Note the 
~80-nm film thickness determined from STXM 
quantitation is in good agreement with that of 80 nm 
measured by AFM from the jump at a scratch (see 
Table 1 ). A uniform thin layer of PS at the surface 

would give a strongly enhanced signal in the X- 
PEEM relative to that seen in STXM, on account of 
the exponential decay of X-PEEM signals with 
sampling depth. Even if the sampling depth was 15 
nm, a 5-nm thick PS surface layer would result in a 
much larger PS signal than that found in the X- 
PEEM analysis (Fig. 7). Since the as-cast film is 
very far from equilibrium and the high molecular 
weight PS used in the 30/70 sample can diffuse only 
slowly during the relatively shallow and short anne­
al, it is possible that a temporary PS enriched surface 
gradient layer develops as the PS moves to get out of 
the PMMA domains. Alternatively, on account of 
slow diffusion rates, and random break-up of PS 
domains, it is possible the PMMA domains could 
end up enclosing small, pure PS droplets.

Based on the STXM/PEEM quantitation and the 
AFM studies presented below, we believe that the 
285-eV signal arises from very small PS domains in 
the PMMA domains. The size of these domains must 
be smaller than can be resolved by either X-PEEM 
(~200-nm spatial resolution) or STXM (~90-nm 
spatial resolution) but should be observable with 
AFM (~5 nm). Indeed, the AFM of the as-prepared 
30/70 sample shows PS domains below 100 nm with 
a frequency corresponding to ~20% of the area of 
the large PMMA domain (Fig. 3). providing support 
for this interpretation. However these domains are 
less frequent in the AFM of the annealed 30/70 
sample (Fig. 3), somewhat inconsistent with the 
observation of similar amounts of 285-eV signal in 
PMMA domains in X-PEEM of both the annealed 
and as-made samples. If the PS signal in the PMMA 
domains persists throughout the whole film, then one 
would expect the PS signal in PMMA domains to be
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285 290 295 300
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Fig. 8. Spectral decomposition of the C 1s spectra extracted from 
the PMMA-rich (45 nm PS, 22 nm PMMA) and PS-rich (5 nm 
PS, 72 nm PMMA) domains of the annealed 30/70 PS/PMMA 
measured by STXM. The component thicknesses were derived by 
extracting the sum of the spectra at the indicated pixels (black on 
upper image, and white on lower image) and fitting to the linear 
absorption coefficient reference spectra for pure PS and PMMA. 
The spectra could be fit satisfactorily using only the PS and 
PMMA components. (ALS STXM)

Fig. 7. Spectral decomposition of the C 1s spectra extracted from 
the PS-rich (2.5PS , 1.5impurity,  0.2PMMA.  where the refer­
ence spectra are jump-normalized) and PMMA-rich (0.25PS.  
1.0impunty.  1.8PMMA)  domains of the near surface region of 
annealed 30/70 PS/PMMA measured by X-PEEM The pixels 
contributing to the spectra are indicated in the insert images. In 
addition to a significant PS component in the PMMA domains and 
a small but detectible PMMA signal in the PS domains, the fit to 
the NEXAFS spectra indicates there is a third component (‘im- 
purity’) at the surface with an aliphatic character This could be a 
surface contaminant such as a siloxane or silicone from the 
preparation. (AES X-PEEM).

* * *
*

* *

of similar intensity in STXM and X-PEEM. The 
analysis of the NEXAFS spectra of PMMA domains 
in the annealed sample recorded by STXM shows 
that the PS signal averaged throughout the whole 
thickness of the PMMA domains is similar but 
somewhat smaller than at the surface, a maximum of 
7% by STXM versus 12% by X-PEEM of PS in the 
PMMA domain spectrum (Figs. 7 and 8). Thus it is 

difficult to say on the evidence at hand if the PS 
droplets in PMMA domains are uniformly distributed 
or preferentially in the near surface region.

Two other structural models were considered, but 
are considered unlikely. One possible explanation is 
localized subsurface PS. Since the principal domains 
are very large laterally (1-3 μm), such domains 
would have to be very sheet-like for the observed PS 
signal to arise from a PS domain fortuitously under- 
lying a PMMA domain. It seems rather implausible 
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that such a sheet-like domain would occur at about 
the same shallow depth below each PMMA domain. 
A second possible explanation could be the existence 
of a film of PS over the whole surface. This was the 
interpretation proposed by Tanaka et al. [8] for films 
much thicker than examined here. However, as 
outlined in the introduction, this contradicts the 
known thermodynamics for this system. Thus it 
could only exist if the system is far from equilibrium 
and a surface enriched PS layer formed as a conse­
quence of the kinetics of the film formation and was 
maintained because there was insufficient annealing. 
Annealing clearly changes the bulk morphology of 
the 30/70 PS/PMMA blend (compare the STXM 
maps in Figs. 3 and 4) as well as the surface (see the 
AFM in Figs 3 and 4) This is inconsistent with a 
metastable surface PS layer.

Two alternative explanations of the 285-eV signal 
detected in the PMMA-rich domains relate to in- 
strumental details of the X-PEEM. While possible, 
we do not believe they are the correct explanation. 
At full intensity, the X-PEEM beam line at ALS has 
a rather high flux (~1011 ph/s in the spot on the 
sample at the C 1s edge) and thus one possible 
explanation is that the 285-eV signal is not from PS 
but rather from the products of radiation damage of 
PMMA [36]. Radiation damage of PMMA leads to 
loss of the pendant methyl ester with associated 
reduction in the 288.4 eV *c=O signal and mass 
loss. The photoejected electrons can also reduce the 
saturated backbone to form C=C bonds which would 
produce signal at 285 eV. Studies of pure PMMA 
were carried out to understand these effects and 
identify operational regions where the damage is 
minimal In order to rule out the possibility that the 
285-eV signal corresponds to a damage product, we 
also measured the 30/70 PS/PMMA sample as a 
function of radiation dose, using for each dose a 
fresh sample area. At high doses the 288.4 eV π*C=O 
signal is reduced with increasing dose while the 
285-nm signal increases, although more slowly. 
Based on these damage rate studies, we are confident 
that for all except the data shown in Fig. 11, the dose 
used was sufficiently low to ensure the 285-eV signal 
introduced by damage was negligible. Thus we 
conclude that the 285-nm signal observed in the low 
dose measurements reported herein is NOT from
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radiation damage but rather reflects the original 
chemistry of the sample.

A second possible instrumental artefact is limited 
spatial resolution. If the point spread sampling 
function [30] of the X-PEEM electron optics has low 
level wings then the 285-eV signal observed at the 
location of PMMA domains could arise from adja- 
cent PS domains. For this to occur, the spatial 
sampling would have to extend several microns. 
Measurements of the point spread function of the 
X-PEEM using a very sharp, high contrast object 
indicate the wings extend only a few hundred 
nanometers from the point sampled under the elec­
tron optical conditions employed. There is an inter­
mediate aperture in the X-PEEM (Fig. 1) which 
controls spatial resolution by restricting the angular 
sampling of the optical column. Smaller apertures 
reduce the wings of the point spread function at the 
expense of signal intensity. We have ruled out this 
explanation by measuring fresh regions with 12- and 
20-μm diameter intermediate apertures and showing 
that the 285-eV signal is independent of aperture size. 
This indicates that the 285-eV signal does not arise 
from sampling of adjacent domains, at least for the 
micron scale domains detected in the X-PEEM 
images (vide infra).

3.2. Low molecular weight PS/PMMA thin films

The results for the high molecular weight PS/ 
PMMA blends described above are difficult to 
reconcile with our earlier STXM studies of low MW 
PS/PMMA blends [16,17], which were interpreted in 
terms of complete phase segregation. One possible 
origin of different results is the large MW of the PS 
and PMMA components, as well as the difference in 
their values (1060K/312K) which may lead to 
differential mobility. It is likely the high MW 
systems are very far from thermodynamic equilib- 
rium. even after annealing. In order to gain further 
insight into the origin of the PS signal in the surface 
region of the PMMA domains, which is clearly and 
consistently observed in NEXAFS recorded by X- 
PEEM, we have used X-PEEM, AFM and STXM to 
study a low molecular weight blend that has been 
more aggressively annealed than the 30/70 blend. 
The much lower molecular weight and the longer.

145



Ph D. thesis - Cynthia Morin McMaster, Chemistry

C Morin et al. / Journal of Electron Spectroscopy and Related Phenomena 121 (2001) 203-224218

higher temperature anneal, should lead to a system 
much closer to equilibrium. In previous studies of 
50:50 27K/27K PS/PMMA blends, Ade et al. [16] 
found via singular value decomposition (SVD) anal- 
ysis of STXM micrographs that these systems have 
‘essentially pure domains’ after rather short anneal- 
ing times of 10 min at 180°C. Lateral force micro- 
scopy (also known as surface friction microscopy or 
SFM), providing frictional contrast, also showed that 
the 10-min annealed samples have a surface mor- 
phology that clearly matched that derived from 
NEXAFS microscopy [16]. However, the topography 
is smooth and on a much larger length scale, which 
supports the interpretation of the SFM as being due 
to differences in composition. To illustrate these 
findings, we show the SFM image in comparison to 
the PS, PMMA composition and total thickness maps 
derived from STXM of the 10-min annealed sample 
in Fig. 9. This study in particular did not detect PS in 
the PMMA matrix, except for small droplets. Fur- 
thermore, after 1 week of annealing a very different 
morphology was observed (Fig. 10). The STXM 
component maps as well as AFM imaging of the 
cyclohexane washed surface (which preferentially 
removes PS) clearly showed rims of PMMA around 
PS droplets sitting on top of a thin PMMA substrate- 
wetting layer. The height of the droplets was in 
excess of 500 nm, much larger than the original film 
thickness of 145 nm. The morphology of the droplets 
and the lack of significant further morphological 
evolution for longer anneal times indicated that 
morphologies close to the thermodynamic equilib- 

rium had been reached; the larger PS domains slowly 
grow at the expense of the few remaining small PS 
domains via Ostwald ripening [1]. Further details of 
these results are given elsewhere [17]. The curvature 
of the PS phase at the air-PMMA-PS intersection at 
the PMMA rims (Fig. 10) would be difficult to 
explain if there were a PS surface layer on top of the 
PMMA matrix. The existence of the rim is a clear 
indication that the system attempts to balance the 
Newman equations at the interface [3].

Notwithstanding these unambiguous earlier re­
sults, we have investigated low molecular weight 
samples prepared similarly to the high MW films 
prepared for the preferential protein adsorption 
studies. To our surprise, X-PEEM showed that 
annealed low MW blends also have a PS signal at 
the surface of the PMMA-rich domains. X-PEEM 
results for an aggressively annealed 40/60 (wt.%/ 
wt.%) PS/PMMA sample prepared from low molec­
ular weight (21K/22K) components (see Table 1 for 
sample preparation details) are presented in Fig. 11. 
Fig. 11a and b shows PS and PMMA component 
maps derived from X-PEEM image sequence analy- 
sis. Spectral decomposition of the C 1s spectra 
extracted from the PS-rich (Fig. 11c) and PMMA- 
rich (Fig. 11d) regions are also indicated. These 
results indicate that: (a) lower molecular weight and 
more aggressive annealing gives rise to a more 
regular pattern of domains; (b) the PMMA phase 
forms the continuous matrix domain; and (c) the PS 
phase corresponds to elevated droplets. The latter 
two observations are particularly notable since they

Fig. 9. (a) Surface friction image (SFM); and (b) PS. (c) PMMA and (d) total thickness maps derived by SVD analysis of NEXAFS images 
recorded with STXM from a 50/50 w/w PS/PMMA (27K/27K) blend annealed for 10 min at 180°C. (NSLS STXM. Adapted from Ref 

[16]).
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Fig. 10. Morphology of 50/50 w/w PS/PMMA (27K/27K) blend annealed for 1 week at 180’C (a) AFM topography after preferential 
dissolution of PS via cyclohexane washing; (b) PS map, (c) PMMA map. (d) total thickness map derived from STXM (NSLS STXM 
Adapted from Ref. [16]).

are totally opposite to the situation with the 30/70 
film made from the high MW components, where PS 
is the continuous phase (in the surface region at 
least) and it is the PMMA which forms protruding, 
elevated domains in the 30/70 film. The similarity of 
the samples shown in Fig. 11 to those in Fig. 10 led 
us to believe that equilibrium is essentially reached 
in the sample depicted in Fig. 11 as well. However a 
very large signal at 285 eV is observed in the 
NEXAFS of the surface region of the PMMA-rich 
matrix phase, as with the higher MW samples. Some 
of the 285-eV signal is associated with beam damage, 
since this particular data set was taken with too high 
incident flux, as indicated by the reduced height of 
the 288.4-eV signal relative to the C 1s continuum. 
Even so. a large proportion of the 285-eV signal is 
from PS in the near surface region of this sample.

This is fully confirmed by AFM of the annealed 
40/60 low MW PS/PMMA sample after cyclo- 
hexane washing (Fig. 12a,b), which shows a bimodal 
distribution of PS domain sizes with the PMMA 
matrix containing a large number (~20%) of PS 
drops which are smaller than the X-PEEM res- 
olution Fig. 12c,d shows AFM of a 50/50 low MW 
PS/PMMA blend without the cyclohexane washing. 
In this case, the sample was annealed less aggres- 
sively and there are fewer of the small PS domains 
decorating the PMMA matrix.

We conclude that the 285.1-eV signal observed 
consistently in all X-PEEM studies of PS/PMMA 
blends arises from PS in the surface region, which 
AFM shows to be in the form of small PS droplets 
distributed on top of the surface of the PMMA 
domains. Since the earlier STXM studies [16,17] did
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Fig. 11. (a) PS and (b) PMMA component maps derived from X-PEEM of an aggressively annealed low MW 50/50 PS/PMMA blend spun 
cast on a SiOx surface. Spectral decomposition of the C 1s spectra extracted from (c) the PMMA-rich (2.5*PS,  l.5*impurity,  0.2*PMMA)  
and (d) PS-rich (0.25*PS,  l.0*impurity.  1.8*PMMA)  regions, at the locations indicated in the insert images (the reference spectra are edge 
jump-normalized). For this measurement the flux used was too high and the PMMA was damaged However only part of the 285-eV signal 
in the PMMA-rich spectrum arises from beam damage, as can be seen by comparison to the C Is spectrum of pure PMMA which has been 
radiation damaged to produce a similar level of reduction of the π*C=O peak relative to the continuum (ALS X-PEEM).

not explicitly test for the existence of a surface layer 
of PS. careful STXM measurements were carried out 
on the 40/60 low MW PS/PMMA sample. The 
40/60 sample was floated from the Si substrate onto 
a TEM grid. The experiments were designed to 
minimize the radiation dose given to the samples to 
prevent the development of a potential 285-eV signal 
from damaged PMMA. Only two images where 
acquired: at 281.8 and 285.16 eV. The linear absorp- 
tion coefficient for PMMA between these two ener- 
gies is virtually unchanged, while that for PS 
changes dramatically. PS domains with a wide range 

of size distribution were found with STXM. An 
example of these STXM results is shown in Fig. 13. 
Many small domains are observed at or below the 
spatial resolution limit of the X-PEEM. The com- 
position of the PMMA matrix area between the small 
PS domains was carefully analyzed. The difference 
in the OD between the images acquired at the two 
energies in the PMMA region was less than 0.015. 
For PS. the difference in linear attenuation coeffi- 
cient at these two energies is ~21 μm-1. Hence, the 
upper limit for the thickness of a uniform PS layer 
would be 0.7 nm, even before taking into account
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Fig. 12. (a) AFM image of the annealed low MW 50/50 PS/PMMA blend after washing with cyclohexane to remove surface PS (b) 
Expanded region of the AFM shown in (a) which shows the pits where small droplets of PS have been removed (NCSU). (c) AFM (height 
mode) image of a 2IK/2IK 50/50 w/w PS/PMMA blend spun cast from toluene solution and vacuum annealed for 1 h at 180°C. (d) 
Expanded perspective view of the PMMA domain showing small PS droplets sitting on the surface (McMaster).

apparent signal due to the finite point spread function 
of the microscopy [30]. Assuming a sampling depth 
of 10 nm, a 0.7-nm overlayer would result in a 
smaller PS signal than that actually observed in 
X-PEEM. The PS signal seen in the PMMA regions 
with X-PEEM is thus attributed to small PS domains 
that can not be resolved in the X-PEEM results, 
which were recorded under conditions giving ~200- 
nm spatial resolution. The high spatial resolution 
NSLS STXM study indicated that these small do- 
mains cover about a 20% area of the PMMA matrix 
in the 40/60 PS/PMMA sample, consistent with the 
AFM shown in Fig. 12a.b.

4. Discussion

The PS signal observed in the NEXAFS of the 
surface of the predominantly PMMA domains in all 
of the PS/PMMA blends is real. However we do not 
propose that this is experimental evidence that 
surface segregation to create a homogeneous PS 
layer on PMMA is thermodynamically preferred. 
Rather we attribute the signals to the existence of a 
bimodal size distribution for PS domains which 
includes a set of PS domains which are unresolved in 
X-PEEM. In the 40/60 and 50/50 low MW PS/ 
PMMA blend samples, AFM and STXM provided
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Fig 13. (a) High resolution C 1s STXM image at 285.2 eV of 40/60 w/w PS/PMMA (21K/22K) blend annealed for 1 day at 165°C. (b) 
Expanded region of the STXM image shown in (a). Numerous small PS domains are readily visible The area indicated in the lower part of 
(b) was used for the quantitative analysis discussed in the text. (NSLS STXM).

direct visualization of these micro domains, which 
persist due to the slow process of Ostwald ripening, 
even though these systems are relatively close to 
equilibrium. For the high MW 30/70 PS/PMMA 
blend, the system is likely still far from equilibrium, 
such that small PS domains initially formed at the 
surface of large PMMA domains have not been able 
to merge or ripen via diffusion with other PS regions 
to form a macro-domain.

The presence of small PS droplets in the PMMA 
domains and the deficit of PMMA in the AFM and 
X-PEEM of the 30/70 system, could be due to the 
generally low mobility of the large MW PS Effec­
tively the sample does not reach equilibrium under 
the annealing regime used. However it is surprising 
that the PS in the bulk of the sample has sufficient 
mobility to re-organize on micron length scales 
(compare Figs. 3 and 4) whereas the PS at the 
surface of the sample is immobile. One possible 
explanation is that when the PS-on-PMMA is in the 
form of very small isolated domains, they can not 
coalesce with other PS domains, but have to shrink 
via Ostwald ripening, i.e. diffusion, and thus over- 
come the repulsive interactions of the surrounding 
PMMA domain. In contrast, the large PS domains 
running through the whole film are areas where a 
continuous region of PS has initially formed and can 
rapidly coalesce.

For the 30/70 PS/PMMA system, the continuous 
regions of PS may arise because the PS comes out of 
solution more rapidly than PMMA on account of its 
higher MW (even though PS has a higher intrinsic 
solubility in toluene than PMMA does, for the same 
MW). If this is the case, then faster deposition of PS 
might lead to a structure in which there is a layer of 
PS near the substrate, with puddles’ of PMMA 
embedded. This would explain why PS forms the 
continuous phase, even though it is the less abundant 
species. Finally, as indicated by the AFM (Figs. 3 
and 4). there are a number of very fine PS domains 
in the large PMMA domains in the 30/70 sample. 
These are too small to detect by X-PEEM, but they 
would contribute to the spectrum.

There is clearly much more work to be done to 
understand and fully integrate the many aspects of 
this interesting polymer system, and to extend these 
results to the preparation of the surface differentiated 
PS/PMMA blend sample desired for competitive 
protein adsorption. Currently our strategy to achieve 
the latter is to use lower MW components (100K/ 
100K), longer annealing (12 h or more at 140°C), 
and to improve our procedures to avoid impurity 
contamination. While clearly we would have pre­
ferred uncontaminated samples for this study, the 
detection and mapping of the impurity signal itself is 
a good example of how NEXAFS microscopy can
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probe sample details missed by chemically insensi- 
tive probes such as AFM.

The large variety of morphologies and their differ­
ent thermal evolution reported in the literature (as 
outlined in the Introduction) reflect the complexity of 
the PS/PMMA blend system which arises from a 
very fine balance of the forces controlling morpholo­
gy and dynamics of phase segregation. We wish to 
emphasize the need for careful control of key 
parameters and a full reporting of the sample prepa­
ration, annealing and experimental measurements in 
order to facilitate cross-comparison of results. Fur­
ther, examination of identical samples by com­
plementary techniques should be used wherever 
possible.

The results reported here clearly demonstrate 
many ways in which both X-PEEM and STXM 
X-ray microscopy can be powerful tools for under- 
standing phase segregation phenomena in blends and 
in other polymer systems. Although the current 
STXM and X-PEEM instruments have lower spatial 
resolution than AFM and TEM/SEM, they are a 
very useful complement to these higher resolution 
techniques because they provide direct chemical 
information. Finally, we note that soft X-ray micro­
scopy can be applied to many problems other than 
phase segregation in polymers. Other recent studies 
of polymer properties include investigations of cross­
link density in superabsorbent polymers [37], filler 
particles in polyurethanes [38], composition of core­
shell micro-spheres [39], dewetting in PS-BrPS 
bilayer films [17,20], and pattern formation in free 
standing confined trilayer films [40].
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Chapter 5

SELECTIVE ADSORPTION OF PROTEIN ON POLYMER SURFACES 

STUDIED BY SOFT X-RAY PHOTOEMISSION ELECTRON MICROSCOPY

The following work documents the X-PEEM and radio-labeling results of various 

concentrations of fibrinogen adsorbed to PS/PMMA from two different solvents 

(phosphate buffer saline and deionized water). This work has been published in the 

Journal of Electron Spectroscopy and Related Phenomena (J. Electron Spectrosc. 137- 

140 (2004) 785-794) and is presented here in published form. The contributions from the 

author of this thesis were detailed in the introduction.
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Abstract

X-ray photoemission electron microscopy (X-PEEM) using synchrotron radiation illumination in the C 1s, N 1s and O 1s regions has been 
used to characterize a phase segregated polystyrene/polymethylmethacrylate (PS/PMMA) polymer thin film, and to map the adsorption of 
fibrinogen (a blood plasma protein) on this surface from both isotonic, buffered, and low ionic strength, unbuffered aqueous solutions at varying 
fibrinogen concentrations. The concentration dependence of the coverage correlates with independent, non-spatially resolved measurements 
using l25I-radiolabeled protein. At low concentrations (<0.1 mg/ml) of the buffered solution, adsorption of fibrinogen occurs with strong 
preference for PS domains. In contrast, adsorption from similar concentrations of unbuffered solution strongly prefers the interface of the PS 
and PMMA domains. Increasing the solution concentration up to 1 mg/ml of both buffered and unbuffered solutions leads progressively to 
full surface coverage (close-packed monolayer). These results demonstrate for the first time that X-PEEM with tunable soft X-rays has the 
sensitivity to locate and detect adsorbed proteins at the submonolayer level, while simultaneously detecting the spatial distribution of phases, 
and protein distribution relative to the phases, at the surface of an underlying microphase separated polymer substrate 
© 2004 Elsevier B.V. All rights reserved.

Keywords Photoemission electron microscopy. Protein mapping. Polystyrene. Polymethylmethacrylate blend; Polymer thin films. Biomaterials

1. Introduction

The biocompatibility of a material is believed to be related 
to the properties of the first protein layer adsorbed on contact 
with biological tissue or fluids Initially adsorbed proteins 
mediate the subsequent interactions of cells with the surface 
[1]. It is envisioned that novel surfaces that direct the biolog­
ical healing process would have a well-defined array of bio­
recognition sites designed to interact specifically with cells 
since many of the important functions of cells depend on the 
type and orientation of molecules at their surfaces. In other 
cases, such as artificial materials used for blood contact, un- 
favorable aspects of first-layer protein adsorption can lead 
to coagulation, complement activation and other adverse re­
sponses [2]. Thus, techniques which can map submonolayer 
amounts of adsorbed proteins at high spatial resolution, and 
thereby identify preferred sites of protein attachment on het­

erogeneous substrates, are of interest to assist understanding 
of biocompatibility issues and the development of improved 
biomatenals.

We are exploring the strengths and limitations of a num- 
ber of soft X-ray microscopies for this purpose Earlier we 
have shown that scanning transmission X-ray microscopy 
(STXM) can detect protein at near monolayer coverage ad- 
sorbed on structured polymers, even in the presence of a 
few micron overlayer of aqueous buffer [3] While the abil- 
ity to study wet systems is very attractive for approximating 
real world biomaterial-biological interfaces, the sensitivity 
to the actual polymer-protein interface is limited since the 
interface is only one part of the signal measured in a trans­
mission experiment. The sampling depth of X-ray photoe- 
mission electron microscopy (X-PEEM) is ~ 10 nm, and thus 
X-PEEM, while a vacuum technique like XPS, should have 
significantly higher surface sensitivity than STXM and per- 
haps be better suited for this purpose Here, we report first 
explorations of X-PEEM for studies of protein adsorption. 
The test substrate is a phase segregated blend of polystyrene 
(PS) and polymethylmethacrylate (PMMA), spun cast as a

0368-2048/$ - see front matter © 2004 Elsevier B V All rights reserved. 
doi:10.1016/j. elspec.2004.02.158
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thin film on a Si wafer We recently reported a detailed 
characterization of spun cast thin film PS/PMMA blends 
by atomic force microscopy (AFM), PEEM and STXM [4].
The test protein for investigating selective adsorption on this 
surface is fibrinogen (Fg). a 340 kDa plasma protein that 
plays a central role in coagulation and thrombosis [5]. Fib­
rinogen adsorption from blood plasma is unusual in that 
more fibrinogen is adsorbed on most materials in a short 
exposure (10s) than lengthy (1 h) contact times [6]. Also, 
more fibrinogen adsorbs from intermediate plasma dilutions 
than from either highly diluted or undiluted plasma. These 
phenomena, collectively called the “Vroman effect” [5], are 
intriguing and suggest that fibrinogen molecules, once ad­
sorbed, are eventually displaced from the surface by other 
adsorbing plasma proteins. While that concentration and ex­
posure time-dependent behavior is specific for fibrinogen 
adsorption from the complex mixture of proteins present in 
plasma, it is interesting to measure adsorption from pure fib- 
rinogen solutions as a reference point for the more complex, 
mixed protein plasma system, which will eventually be the 
target for study.

Measurements were performed using the electrostatic 
PEEM at the Advanced Light Source (ALS, Berkeley, CA) 
[7], and a magnetic PEEM at the Synchrotron Radiation 
Center (SRC. University of Wisconsin at Madison) Here, 
we describe only the ALS results due to space limitations. 
We have recorded images, spectra, and image sequences in 
the C 1s, N 1s and O Is regions on annealed PS/PMMA 
thin films both before and after exposure to fibrinogen The 
protein adsorption was carried out from a phosphate buffer 
(pH 7.2) at concentrations from 0.005 to 1 mg/ml. and from 
low ionic strength, unbuffered aqueous solutions at 0.05 
and 0.1 mg/ml (pH 6.6-6 9 with protein present). Adsorp­
tion isotherm studies by 12 * * *5 I-radiolabeling and atomic force 
microscopy studies were also carried out. Detailed analysis 
of the PEEM results shows that, in the low concentration 
limit, fibrinogen prefers the continuous PS domains when 
adsorbed from a buffer solution, but shows a distinct pref- 
erence for the PS/PMMA interface when adsorbed from 
non-buffered solution.

2. Experimental

2.1. Materials and methods

2.1.1. Substrate
PS (MW = 1.07 x 106 dalton, ẟ = 1.06) and PMMA 

(MW = 0.31 x 106 dalton, ẟ = 1.01) were obtained from
Polymer Source Inc. and were used without further purifi­
cation A 28:72 (w/w) PS/PMMA (1% by weight) toluene 
(Aldrich. 99.8% anhydrous) solution was spun cast (~50μl
drop. 4000 rpm, 30s) onto clean 1 cm x 1 cm native oxide Si 
(111) wafers (Wafer World Inc), which had previously been 
degreased with trichloroethylene (Aldrich, >99.5% pure), 
acetone (Burdick & Jackson, HPLC grade), and methanol

(Caledon), then rinsed under running Milli-Q water. The 
PS PMMA/Si substrates were annealed at 160 C for 8h in a 
vacuum oven with pressure ~10-2 Torr Non-contact mode 
AFM measurements of the PS:PMMA substrate and sev- 
eral Fg/PS:PMMA samples were made in the region of the 
I0 normalization scratch These showed the polymer film 
is 40-50 nm thick with 5-10 nm (rms) corrugation in the 
PS:PMMA pattern. The adsorbed fibrinogen could not be 
reliably detected by our AFM measurements, probably be- 
cause of the softness of the polymer substrate, combined 
with a corrugation that is similar in size scale to the size of 
the adsorbed proteins.

2.1.2 Protein
Plasminogen-free human plasma fibrinogen (Calbiochem) 

was used; dialysis to remove possible low-molecular-weight 
impurities was performed for the radiolabeling but not the 
PEEM samples. It is reported to be >95% clottable by throm­
bin, and pure as judged by SDS-PAGE. Solutions for expo- 
sure to PS:PMMA were made at various concentrations in 
two different solvents, deionized water and phosphate buffer 
(Pierce. No. 28372, 0.1 M sodium phosphate and 0.15 M 
sodium chloride; when a pouch is dissolved in 500 ml deion- 
ized water, the pH is 7.2).

2.2. Methods

2.2.1. X-PEEM
X-PEEM of organic materials is challenging on account 

of potential problems with charging, field emission, and ra­
diation damage. We have worked extensively to optimize 
our sample preparation, data acquisition, and data analysis 
procedures [8] to the point where we can measure many sys­
tems with minimal artifacts Aspects important in this work 
are keeping the PS:PMMA layer thin (<50nm) and flat 
(~10nm rms); using an internal reference (scratch through 
the film to expose Si for I0 determination); use of a Ti fil- 
ter to reduce second order radiation in C Is region; use of 
beamline masks to decrease flux on the sample (at ALS 
beamline 7.3.1. the peak flux is ~1010 photons/s at 400eV 
in a 30 μm x 30 μm spot) We have characterized the ra- 
diation damage rates for all three components [9]. As ex- 
pected, PMMA is the most sensitive Under the conditions 
used (masking to <~5% of full flux), a 120s measurement 
time leads to about 1/10th of saturation damage In order to 
have sufficient spectral definition and statistical precision, 
most of these measurements were made with a total expo- 
sure time ranging between 120 and 180 s, of which less than 
50% of the time is used to acquire ~60 images, each with 
1 s exposure, the remainder being overhead associated with 
data transfer and monochromator movement With the mask- 
ing conditions used the bending magnet beam is elliptically 
polarized with 70-80% right circularly polarized light The 
electrostatic field at the sample was typically 9kV/mm, but 
this sometimes had to be reduced to as low as 8kV/mm, in 
cases of mild charging The intermediate voltage was then
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Fig. 1. (a) X-PEEM images at 283, 285.1, 288.4 and 290eV, 4 of the 40 images in the C 1s region of an annealed 28 72 (w/w) PS:PMMA blend thin film 
spun cast on native oxide Si (note the actual average surface composition is 57:43; see text) (h) Spectra from the indicated spots (c and d) Component 
maps of PS and PMMA derived by singular value decomposition of the C 1s image sequence. (e) Color coded composite map (red PS: green PMMA).

adjusted such that the resulting field-of-view was between 
40 and 60μm. The energy scales were calibrated from the 
known positions of the PS, PMMA and Fg structures [8,13]. 
The incident flux signal was taken from the region of a 
scratch through the polymer film (see Fig. 1) for the C Is 
and N 1s edges, and from the signal from a downstream Au 
mesh for the O 1s edge The I0 signals were corrected for 
the elemental photoabsorption response of Si or Au [10].

Image sequences (stacks) were prepared for analysis by 
(1) energy calibration; (2) normalization to the elemental- 
corrected I0; and (3) scaling the intensity to match to the 
elemental photoabsorption response of the substrate poly- 
mer, C5H8O1.4 [10], based on the nominal 30:70 PS:PMMA 
stoichiometry Assuming the work function is not strongly 
affected by the differing amounts of adsorbed protein, this 
approach should give an approximately quantitative analysis 
(percent composition of the region sampled) since the model 
spectra used in the analysis are placed on a linear absorption 
scale (signal per nm) which is set by matching to the elemen- 
tal response Component maps for PS. PMMA and Fg were 

then derived from these calibrated, normalized image se- 
quences by either singular value decomposition (SVD) [11] 
or stack fit [12] fitting routines, within the aXis2000 X-ray 
microscopy analysis package [13]. Stack fit gave statistically 
better fits than SVD since it incorporates an additional con- 
stant term which accommodates uncorrected backgrounds 
such as those from camera offsets, and possibly some long 
escape depth signal from the underlying Si wafer For the 
C 1s and O 1s edges, fits were made to three components 
(PS, PMMA and Fg) while for the N 1s edge, the fit was 
made only to two components (PS and Fg) since the PS and 
PMMA are indistinguishable in this energy region

2.2.2. Protein exposure
For X-PEEM, the Fg/PS: PMMA samples were prepared 

by 10 min incubation of the PS:PMMA substrate tn ~2ml 
of Fg solution contained in a Fisher multi-well plate (1 cm 
diameter wells), followed by continuous dilution of the over- 
layer solution with running deionized water for ~3-5 min 
The Fg/PS:PMMA substrate was then removed from the
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well This rinsing method was used to avoid depositing pro­
tein or buffer salts from the air-solution interface.

2.2.3. Experiments with radiolabeled fibrinogen
Fibrinogen was labeled with 125I (ICN Biomedicals, 

Mississauga, Ont., Canada) using the iodogen technique 
[14], a standard protocol for radioiodination of proteins by 
IODO-GEN® (Pierce Chemical Company, Rockford, IL) 
[15]. The labeled protein was dialyzed overnight against 
isotonic Tris buffer to remove unbound radioactive iodide 
Trichloroacetic acid precipitation [ 16] of aliquots of protein 
solutions before and after completion of the experiments 
confirmed that >99% of the l25I remained bound to the 
protein. The adsorption experiments were carried out in 
phosphate buffered saline (pH 7.2) with four repeats and 
in Milli-Q water (three repeats), also for 10 min exposures. 
For the radiolabeling experiments, the samples were rinsed 
statically for 2.5 min in a similar volume of buffer solution, 
and three times more for 2.5 min each in Milli-Q water. Ad- 
sorbed amounts were calculated as described earlier [17]. 
For the blend surface, it was demonstrated that batch rinsing 
and continuous rinsing gave the same adsorption isotherm

3. Results

3.1. PS:PMMA substrate

Fig. 1 presents selected energy images and selected region 
C 1s spectra measured with X-PEEM. The raw images show 
the PS:PMMA phase segregated pattern only at the energies 
of strong PS (285.1 eV) and strong PMMA (288.5eV) ab- 
sorption peaks, with contrast inversion. Fig. 1 also presents 
PS and PMMA component maps derived from singular value 
decomposition analysis [11] of the C 1s image sequence 
and a color composite map. X-ray damage to PMMA [9] 
results in loss of C=O bonds, leading to intensity loss at 
288.5 eV, and formation of C=C bonds, leading to intensity 
gain at 285 eV. The C 1s image sequence for PS:PMMA was 
measured for 140 s, about the time for ~10% of saturation 
damage, and thus should have a barely detectable signal at 
285 eV. In fact the PMMA domains do exhibit a significant 
285.1 eV signal In this particular example very little of the 
285 eV signal is from radiation damage; the majority is as- 
sociated with PS micro-domains embedded in the PMMA 
macro-domains [4] which, to date, are an unavoidable fea- 
ture of our sample preparation Based on analysis of the C 
1s spectrum averaged over large areas, the composition in 
the depth sampled by X-PEEM (estimated as 5-10nm) is 
57(2):43(2) (w/w), significantly enriched in PS relative to 
the formulation, as found earlier [4].

Table 1 reports the advancing water contact angles for the 
pure PS, pure PMMA and the PS:PMMA blend surface Pure 
PS is more hydrophobic than pure PMMA. The water contact 
angle for PS:PMMA falls at an intermediate value, one that 
is consistent with the actual 57:43 surface composition, as 
opposed to the 28:72 formulation

Table 1
Advancing waler contact anglea for PS, PMMA and PS:PMMA

Sample Angle on sampleb Literature

PS 77.5(4) 86 |23|
PS:PMMA 74.9(8)         -
PMMA 70.7(3) 62-73 |24|

a Advancing water contact angles were measured using the sessile 
drop method Milli-Q water and a Ramé-Hart (Mountain Lakes. NJ) NRL 
goniometer were used for these measurements.

b Error in last digit is based on spread of two measurements.

3.2.125I-Fg on PS:PMMA adsorption isotherms

Fig. 2 shows isotherms for adsorption of l25I-labeled Fg 
from phosphate buffer to pure PS, to pure PMMA and to the 
PS:PMMA blend surface Across the entire concentration 
range there is a significantly greater amount of Fg adsorbed 
to the PS than to the PMMA, while the blend surface adsorbs 
an intermediate amount The adsorbed amounts at the higher 
concentrations are in the range of close-packed monolayers. 
The higher amounts on PS occur not just at monolayer satu­
ration but also in the low concentration regime This suggests 
that, for the 10 min exposure time used, the adsorbed amount 
on the three different surfaces reflects relative binding affini­
ties rather than any kinetic effect The adsorption behavior 
as monitored by l25I-labeling, is also sensitive to the ionic 
strength of the adsorbing solution As shown in the inset to 
Fig 2, the slope of the isotherm in the <0.1 mg/ml regime 
for Fg adsorption from buffer is ~1.5x as steep as that for 
Fg adsorption from water. For adsorption from buffer these

Fig. 2 Isotherms lor adsorption of 125l-labeled Fg from phosphate buffer 
(pH 7.2) to pure PS, pure PMMA and the PS:PMMA blend surface The 
inset compares the isotherms al low concentration from phosphate buffer 
and water
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results suggest that for the PS:PMMA blend, Fg will adsorb 
preferentially to PS rather than to PMMA domains. How- 
ever, the data also indicate there is no preference when the 
solvent is water, at least for concentrations up to 50μg/ml.

3.3. X-PEEM of Fg/PS:PMMA

3.3. /. Reference spectra
Fig 3 shows the NEXAFS spectra of pure PS, PMMA and 

Fg spun cast thin films in the C 1s, N 1s and O 1s regions, 
recorded with X-PEEM. The intensity scales in each panel 
(core edge) are on the same scale (aside from the offsets 
introduced for clarity) but the scales are set independently 
from panel to panel to allow proper viewing of the spectra. 
The dotted lines are the expected elemental responses [10]. 
All three materials exhibit distinct C 1s spectra. The Fg and 
PMMA spectra are each dominated by C 1s (C=O) → π* C=O 
transitions However, the π* C=O peak in Fg occurs 0.3 eV be- 
low the π* C=O peak in PMMA since the carbonyl carbon is in 
a less electronegative environment (CONH versus COOR) 
Due to the small size of this shift and the otherwise similar 
nature of the Fg and PMMA C 1s spectra, accurate energy 
calibration is essential for reliable analysis. Addition of sig- 
nal from the N 1s and O 1s edges significantly enhances the 
ability of NEXAFS to differentiate these species Only Fg 
has a N 1s spectrum, with a characteristic N 1s → π*CONH 
transition at 401.2 eV, as found in other proteins and pep- 
tides [18,19]. At the O 1s edge, PMMA and Fg each are 
dominated by O 1s → π* C=O transitions at 531.6eV, but 
PMMA has an extra transition at 535.5eV arising from O 
1s (O-CH3) → π*C=O transitions, specific to esters

3.3.2. Fg( buffer )/PS:PMMA
Fig 4 presents results of a stack fit analysis of the C 1s 

image sequence for Fg adsorption from 0.05 mg/ml buffer 
solution In the composite map (a), pure red indicates 100% 
PS, pure green indicates 100% PMMA and pure blue indi­

cates 100% Fg in the region sampled Due to the finite sam- 
pling depth both adsorbed protein and underlying polymer 
substrate may contribute. If so, this would be indicated by 
intermediate colors (purple for Fg and PS or turquoise for Fg 
and PMMA). Fig 4a shows the continuous PS domains to 
be purple rather than red, whereas the PMMA domains are 
pure green with a few isolated blue dots on the PMMA This 
indicates that there is a much larger amount of Fg present on 
the PS domains than on the PMMA domains. The pattern of 
the main signal in the Fg component map (Fig 4d) matches 
that of the continuous PS domains, not the discrete PMMA 
domains, also indicating that Fg sits preferentially on the 
PS domains. Note that the smallest regions with detectable 
protein signal are about 200nm, ~4 times the size of a sin­
gle protein [20], indicating that with improved signal quality 
and spatial resolution it may be possible to map single pro- 
tein molecules with X-PEEM. Fig 4e. 4f and 4g are spectra 
of the pixels in the regions indicated by the color outlines 
in the grayscale component maps (Fig 4b-d), which were 
selected using threshold masking of the component maps 
Fig 4e-g also show the results of curve fits of these selected- 
area spectra to the reference spectra plotted in Fig. 3. This 
analysis indicates detectable Fg signal in the high-PS pixels, 
and strong PS-signal in the high-Fg pixels, but very little 
Fg in the high-PMMA pixels. Thus, the preference for Fg 
to adsorb on the PS rather than the PMMA domains is fully 
supported by the spectral analysis

The numerical results for fits to the spectra of the 
PS-rich, PMMA-rich and Fg-rich regions for all four 
Fg(buffer)/PS:PMMA systems studied are presented in 
Table 2. For the 0.05 mg/ml Fg(buffer) system quantitative 
spectral analysis indicates that the center of the PS domains 
contain ~20% Fg. Similarly, the spectrum of pixels with 
strong Fg components is analyzed to contain 45% PS and 
negligible amounts of PMMA. Finally, the center of the 
PMMA domains is dominated by PMMA (70%) with the 
remaining signal mostly PS (21%), probably associated

Fig. 3. C 1s, N 1s and O 1s NFXAFS spectra of PS, PMMA and Fg recorded as pure materials with X-PEEM. The dashed lines indicate the elemental 
response [10]. The intensities within each panel are on the same scale, although offsets are used for clarity. Different scaling is used for each panel
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Fig. 4. (a) Composite map (red: PS; green: PMMA; blue: Fg) derived from component maps extracted by slack fit analysis of a C 1s image sequence for 
fibrinogen (0.05 mg/ml in buffer) adsorbed on the PS:PMMA blend surface, (b—d) Component maps indicating the regions from which spectra of high-PS, 
high-PMMA and high-Fg signals were extracted and displayed in (e-g) which also plot the curve fils of the extracted spectra (dots: data: black line: sum of 
component signals; colored lines: component signals). Most of the 285eV signal in the spectrum of the PMMA-rich pixels comes from radiation damage.

with micro-domain PS [4], although possibly also reflecting 
some radiation damage. One should be careful to differen­
tiate between “first site of adsorption”, "sparse occurrence 
of Fg on PMMA" and “where most of the protein sits”. The 
latter is what our analysis is indicating. It is possible there is 
a preference for the PS/PMMA interface as the first site of 
adsorption (see further). However, we base our interpreta- 
tion “Fg prefers PS when adsorbed from buffered solutions” 
on the dominant site of Fg attachment in the stable, equi- 
librium system. N 1s and O 1s image sequences were 
also measured for some of the systems (results not shown) 
and these results are consistent with a preference for Fg 
adsorption on PS rather than PMMA at low concentrations

Fig 5 shows the C 1s spectra extracted for pixels of high 
PS (a) and high Fg (b). for four concentrations between 0.005 
and 1.0 mg/ml of Fg(buffer) For the lowest protein concen- 
tration, the high-PS region spectrum is very similar to that 
of pure PS. while for the same concentration, the high-Fg 
has a strong PS signature, consistent with its location on the 
PS domains, as shown by the mapping in Fig 4 As the pro- 
tein concentration increases to 1.0 mg/ml. the high-PS spec- 

tra show an increasing 288.2 eV peak from the Fg. 
For adsorption from a 1.0 mg/ml solution, the Fg signal is 
stronger than that for PS. As expected, the C 1s spectrum of 
high-Fg pixels becomes progressively more like pure Fg as 
the Fg concentration increases. Also, the high-Fg pixels are 
spread over increasingly large areas as the concentration in- 
creases. and the high-Fg location changes from "dominantly 
on PS" for the two lowest concentrations, to nearly full sur- 
face coverage at 1 0 mg/ml. The corresponding results for 
the PMMA-rich pixels are consistent with the conclusion 
of PS-preference at low coverage, and whole-surface cover- 
age at high concentration However, the plots are not shown 
since the high-PMMA spectra for exposure from low con- 
centration Fg(buffer) solutions are significantly distorted by 
radiation damage.

3.3.3. Fg(water)/PS:PMMA
Fig. 6 presents color composite maps derived by stack fit 

analysis of C 1s, N 1s and O 1s image sequences recorded 
for Fg adsorption from 0.05 mg/ml unbuffered, low ionic 
strength aqueous solution In contrast to the corresponding
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Fig. 5. (a) Spectra from high-PS pixels of the PS component maps generated from stack fit analysis of C 1s image sequences recorded for fibrinogen 
(0.005, 0.01, 0.05 and 1.0 mg/ml in buffer) adsorbed on the PS:PMMA blend surface. (b) Same for spectra of high-Fg pixels of the Fg component map
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Table 2
Compositiona of selected PS-rich. PMMA-rich and Fg-rich regions from 
analysis of C 1s image sequences of a PS/PMMA sample exposed for 
10m to phosphate-buffered Fg solution

Region masked Relative amounts (%)b

PS PMMA Fg Normalization

(A) 0.005 mg/ml 
PS 87 11 1 1 43
PMMA 28 64 8 1.38
Fg 54 5 41 1.59

(B) 0.05 mg/ml 
PS 79 2 19 1.89
PMMA 21 70 9 2.32
Fg 45 1 55 1.71

(C) 0.1 mg/ml 
PS 58 6 35 1.61
PMMA 21 68 10 1 39
Fg 28 11 61 1 75

(D) 1.0 mg/ml 
PS 37 28 35 1.47
PMMA 25 63 12 1 47
Fg 25 31 43 1 49

• The values in the table are percentages derived from the average from 
selected regions (see Fig 4, for the case of 0.05 mg/ml Fg exposure) of the 
PS, PMMA and Fg component maps reported by a three-component stack 
fit analysis (C 1s, O 1s) or a two-component stack fit analysis (N 1s) If 
the work function of the various parts of the surface, and different systems 
is the same, the normalization of the intensity of the image sequences (see 
text) should result in summation of the coefficients to unity Deviations of 
that sum from unity indicate systematic errors such as incorrect intensity 
normalization as well as statistical errors. The normalization factor (right 
most column) gives a sense of the size of errors

b Standard deviations of the curve fits to the selected region spectra 
are between 5 x 10-5 and 5 x 10-4.

isotonic buffered system (Fig 4), the color composite map 
derived from the C 1s image sequence (Fig 6a), shows that 
the PS domains are a relatively pure red color, indicating 
significantly less Fg present Instead one sees irregular but 
fairly intense blue on the PMMA side of the PS/PMMA 
boundaries. This indicates that, in this unbuffered system, Fg 
is adsorbed preferentially at the PS/PMMA interface This 
interpretation is supported by the O 1s and particularly by 
the N 1s composite map We note that the O 1s spectrum of 
the PS region (in this case, identified by threshold masking 
the inverted PMMA component map) shows significant Fg 
signal. This indicates that there is some Fg on the main 
portions of the PS domains in addition to the strong interface 
component

While the color coded composite maps give a compelling 
visualization of the spatial registry of the components, one 
can legitimately ask: “is this simply artistry?". To unam- 
biguously demonstrate the origin of these signals, the lower 
three panels in Fig 6 are the spectra extracted from the PS- 
rich, PMMA-rich and Fg-rich pixels which are taken from 
the color coded regions in the inset images in the spectral 
plots. These regions were selected by defining a region of in­
terest through a threshold masking procedure applied to the 
component maps. The interface regions (blue spectra) show 
a strong Fg signature at each core edge, but with measur- 
able PS and PMMA signals also present, while the spectra 
of the PMMA (green) and PS (red) domains show negli- 
gible Fg signal. The curve fit analysis of these thresholded 
spectra are summarized in Table 3, along with results from 
a similar analysis of C 1s, N 1s, and O 1s image sequences 
for a 0.1 mg/ml Fg/PS:PMMA sample

Even though fresh areas of the sample were selected for 
each measurement and the acquisition strategy was designed 
to stay below 10% modification of the most sensitive PMMA
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Fig 6. (a) Color composite map (top) (red: PS; green: PMMA; blue: Fg) and high-PS, high-PMMA and high-Fg spectra derived from a C 1s image 
sequence recorded for 0.05mg/ml Fg(water) (bottom). The inset map in the spectral plot indicates the region from which the spectrum was extracted, 
identified by threshold masking the component maps (b) Same for N 1s image sequence. In this case, only a two-component lit was carried out (green 
PS and PMMA; blue: Fg). (c) Same for O 1s image sequence The image sequences were collected over three different regions of the sample which is 
why the domain patterns differ for each core edge study

component, the radiation dose used was still too high for 
a damage free analysis. This is indicated by the presence 
of (excessive) 285eV signal in the C 1s spectra of PMMA 
domains and by the intensity of the N 1s → π* transition 
which is lower than in the pure-Fg spectrum (compare Figs 3 
and 6). However, while damage may modify the spectra, the 
characteristic signatures remain identifiable The protein is 
strongly adsorbed (since it could not be washed away) and 
the sample is dry in the PEEM chamber. Thus, we believe 
it is very unlikely that the decomposition products would 
have moved far enough away from the fibrinogen adsorption 
site to affect the spatial mapping results. In future lower 
dose conditions will be used to avoid damage artifacts in the 
spectroscopy

4. Discussion and summary

This work provides the first demonstration that X-PEEM 
can map selective adsorption of a protein on the different do- 
mains of a chemically heterogeneous polymer surface with 
a spatial resolution better than 0.1 μm. The data from X- 
PEEM is shown to provide mapping information that is com- 
plementary to the total surface concentration data obtained 
from radiolabeled protein experiments.

Perhaps the most striking result from this study is that 
at low protein concentration and low ionic strength in un­

buffered medium, the protein adsorbs preferentially at the 
interface between the PS and PMMA domains. This obser- 
vation is not unexpected from the point of view that proteins 
are highly surface active and "prefer" the interfacial environ- 
ment to any other. In this case the interface is among three 
"phases" (water, PS, PMMA) instead of the more usual two. 
Presumably attachment at this location is the strongest, and 
results in the lowest free energy of the system.

The interdomainal location is not preferred when the 
protein is in isotonic buffer at pH 7.2 Instead, adsorption 
occurs predominantly on the PS domains Differences in 
the behavior of fibrinogen in these two media may be ex­
pected on the basis of a difference in net charge due both to 
different pH (although this difference is small in relation to 
the isoelectric point of 5.5 for fibrinogen) and/or to charge 
screening effects at high ionic strength However, since there 
are no formal charges on either PMMA or PS, charge effects 
at low surface coverage should be minimal Fibrinogen is 
less soluble in water than in isotonic buffer and thus would 
be expected to adsorb more extensively from water How­
ever, the similarity of the isotherms at low coverage (Fig 2) 
suggests that the effects of any small solubility difference 
may be negligible: indeed, the l25I-radiolabeling shows that 
adsorption is lower from water than from buffer. For the mo- 
ment there is no obvious reason for the difference in adsorp- 
tion patterns from the two media It may be speculated that 
conformational effects may play a role in these phenomena
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Table 3
Compositiona of selected PS-rich, PMMA-rich and Fg-rich regions from 
analysis of C 1s, N 1s, and O 1s image sequences of a Fg(water)/ 
PS:PMMA samples

Region masked Relative amounts (%)b

(A) 0.05mg/ml Fg(water) 
C 1s

PS PMMA Fg Normalization

PS 77 23 0 1.79
PMMA 9 72 19 1.72
Fg 25 31 44 1.92

N 1sc
PS/PMMA - 91 9 0.85
Fg - 29 71 1.03

O 1s
PS 30 0 70 1.02
PMMA 79 17 4 0.72
Fg 0 19 81 0.82

(B) 0.1 mg/ml Fg(water)
C 1s

PS 91 0 9 1 44
PMMA 14 78 7 1.01
Fg 67 13 21 1.59

N 1sc
PS/PMMA - 91 9 1.03
Fg - 36 64 1.06

O 1s
PS 32 0 68 0.88
PMMA 63 32 5 0.68
Fg 19 9 72 0.93

a See footnote a of Table 2.
b See footnote b of Table 2.
c N 1s image sequence was only lit to two components as PS and 

PMMA are indistinguishable at this edge

Also, it is possible that the phosphate buffer might play a 
role in directing Fg to the PS domains While the beamline 
used for these measurements did not access the required 
energies, we intend to measure these types of samples at the 
P 2p or P 1s core edges in the future in order to rule out co- 
adsorption with phosphate as the source of the difference in 
the preferred sites of adsorption In future studies, the effect 
of different buffers on adsorption site preference could be 
investigated.

The present results suggest that, for the 10 min exposure 
employed, thermodynamic factors (binding affinity) rather 
than kinetic factors control adsorption. It would be interest- 
ing to extend the measurements to shorter exposure times to 
see if the site preference remains the same or changes in a 
kinetic-controlled regime.

Using hydrophobicity gradient surfaces, it has been shown 
convincingly that proteins adsorb more extensively and with 
greater affinity to hydrophobic compared to hydrophilic sur- 
faces [21.22]. It has also been shown by Rapoza and Horbett 
[14] that Fg in isotonic buffer adsorbs with greater affinity to 
hydrophobic compared to hydrophilic surfaces They found 
that glassy, rigid polymers (such as PS) showed relatively 

high fibrinogen adsorption, regardless of whether the poly­
mer was hydrophobic or hydrophilic. However, the binding 
strength (as measured by elutability) was much lower on 
hydrophilic polymers and oxygen-containing hydrophobic 
polymers (such as PMMA). Our results are in accord with 
these findings in that our radiolabeling data show more ex- 
tensive adsorption of Fg on PS than on PMMA, and our X- 
PEEM data show preferential adsorption to the PS domains 
in the blends at low coverage.

This work has shown that, due to a significant sampling 
depth, X-PEEM can simultaneously map the chemical 
structure of a thin film polymer support and sub-monolayer 
amounts of adsorbed protein. We believe that this approach 
to the study of protein adsorption will have important ap­
plications in the design and surface characterization of 
biomaterials, e.g. in sub-micron spatial patterning of pro- 
teins at the biological-biomaterial interface. These methods 
may also be useful in other applications where spatial se- 
lectivity of adsorption is important (e.g. protein separation 
and purification) Future work will explore extension of 
the technique to competitive adsorption in multi-protein 
systems (e.g. plasma, tear fluid). For these systems, it is 
anticipated that heavy atom labeling will be required to 
differentiate proteins one from another.
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Chapter 6

TOWARDS PRACTICAL SOFT X-RAY

SPECTROMICROSCOPY OF BIOMATERIALS

The following work documents the STXM results pertaining to the adsorption of 

two blood proteins (human serum albumin and fibrinogen) to 3 types of polyurethanes 

which were characterized by STXM only [HKT&01]. The protein adsorption experiments 

have been published in the journal of Biomaterials Science, Polymer Edition (J. 

Biomater. Sci. Polymer Edn. Vol 13, No.8, p 919-937, 2002) and is presented here in 

published form. The contributions from the author of this thesis were detailed in the 

introduction.
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Abstract—Scanning transmission X-ray microscopy (STXM) is being developed as a new 
tool to study the surface chemical morphology and biointeractions of candidate 
biomaterials with emphasis on blood compatible polymers. STXM is a synchrotron based 
technique which provides quantitative chemical mapping at a spatial resolution of 50 nm. 
Chemical speciation is provided by the near edge X-ray absorption spectral (NEXAFS) 
signal. We show that STXM can detect proteins on soft X-ray transparent polymer thin 
films with monolayer sensitivity. Of great significance is the fact that measurements can be 
made in situ, i.e. in the presence of an overlayer of the protein solution. The strengths, 
limitations and future potential of STXM for studies of biomaterials are discussed.

I. INTRODUCTION
The adverse effects of implanted biomaterials (regardless of intended anatomic 

location) begin with the selective interactions of blood proteins with the surface of the 
biomaterial [1, 2], typically a polymer. In the work reported here, soft X-ray
spectromicroscopy is being developed to investigate a number of issues related to 
selectivity in the first contact of biological systems with polymers which are heterogeneous 
at the surface through patterning or intrinsic surface or bulk phase segregation. 
Demonstration of the ability to detect and map adsorbed protein at the monolayer level on 
surfaces with lateral chemical differentiation is our initial target. Eventually we seek to 
track site selectivity in the adsorption of specific proteiris from mixtures, although this is 
likely to require labeling techniques since soft X-ray spectroscopy cannot readily 
distinguish different proteins.
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Soft X-ray spectromicroscopy (also known as near edge X-ray absorption fine 
structure or NEXAFS microscopy) is finding increasing use in the analysis of soft 
materials, on account of its ability to probe chemical complexity quantitatively on spatial 
scales of 50 nm or better, as well as the versatility with which it can be adapted to a wide 
range of problems. Reviews of soft X-ray spectromicroscopy techniques, instrumentation, 
and a broad survey of results have been presented recently [3-6]. Inner-shell excitation or 
NEXAFS spectroscopy [7] is used as the chemically sensitive image contrast mechanism. 
For the past few years we have been exploring two techniques of soft X-ray 
spectromicroscopy for the study of biomaterials and the interaction of biomaterial surfaces 
with biological subsystems, particularly proteins. Scanning Transmission X-ray 
Microscopy (STXM) uses a focused X-ray probe with sample scanning and synchronized 
detection of transmitted X-rays to measure the wavelength dependent optical density 
through a column of material. Although not intrinsically surface sensitive, it is possible to 
detect, and thus quantitatively map the distributions of surface species such as proteins if 
the NEXAFS spectrum of a surface species is sufficiently different from that of the bulk 
biomaterial constituents. STXM in the water window energy range (200—520 eV) can be 
applied to samples in vacuum, in air or He at atmospheric pressure, and. of greatest 
importance to biomaterials, to wet samples enclosed in a cell equipped with X-ray 
transparent windows.

In this paper we describe only STXM results. We are also engaged in a parallel 
effort for developing X-ray photoelectron emission microscopy (XPEEM) for biomaterial 
studies. XPEEM uses large area X-ray illumination (50 μm x 50 μm, at the facility we use) 
and an electron lens system to record images of the spatial distribution of electrons ejected 
from a surface following X-ray absorption. Because the electron yield is proportional to the 
X-ray absorption coefficient, chemical identification and mapping can be derived from the 
wavelength dependence of the image contrast. The electron lens systems used are most 
sensitive to the numerous low energy secondary electrons rather than the relatively few 
primary photoelectrons. Thus the sampling depth is of the order of 5—10 nm. considerably 
larger than techniques based on energy resolved electron analysis such as X-ray 
photoelectron spectroscopy (XPS). In addition to chemical sensitivity. XPEEM signals are 
also very sensitive to topography, local work function variations, and charging, and thus 
deriving quantitative maps from XPEEM data is much more complicated than with SI XM. 
Finally XPEEM requires a ultrahigh vacuum sample environment, which is not compatible 
with studies of biomaterials under wet conditions.

2. EXPERIMENTAL
2.1. X-ray microscopy instrumentation and techniques

Soft X-ray scanning transmission X-ray microscopy (STXM), developed by Kirz, 
Jacobsen, Ade and co-workers at the National Synchrotron Light Source (NSLS)
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[3, 8, 9], is now implemented at several other synchrotron facilities (Advanced Light 
Source (ALS), Pohang Light Source), and instruments are under construction elsewhere 
(BESSY, Swiss Light Source (SLS), Canadian Light Source). Panel (a) of Fig. 1 is a sketch 
of the STXM experiment at the undulator beamline 7.0 at the Advanced Light Source, 
where this study was performed. The undulator produces high brightness X-rays which are 
passed through a spherical grating monochromator to select a narrow photon energy range 
(typically ~150 meV). The beam of monochromated soft X-rays is then focused to 50 nm 
or less by a Fresnel zone plate, then passed through an order sorting aperture to select only 
the first order diffraction of the zone plate. X-rays transmitted through the sample are 
detected by conversion to visible light by a fast phosphor, followed by photon detection in 
single photon counting mode. To obtain an image at a given photon energy, the sample is 
raster scanned through the focal point while recording the intensity of transmitted X-rays 
(Fig. lb). Alternatively, the photon energy can be scanned while sitting at a fixed spot on 
the sample to acquire the NEXAFS spectra of features of interest (Fig. 1c). The most useful 
mode is to acquire the NEXAFS signal over a whole field of view, by recording image 
sequences or stacks [10] (Fig. Id). Post acquisition analysis of image sequence data is used 
to correct for image misalignment, and to generate chemical maps, as discussed further 
below.

Typical incident intensities in the 50 nm focused spot of existing STXMs range 
from 106 Hz (NSLS X1A, ALS 5.3.2) to 108 Hz (ALS 7.0.1)[ 11, 12]. High brightness third 
generation light sources are particularly useful to achieve high intensities on the sample and 
thus rapid scan rates. With sufficient flux, and suitable control and acquisition interfacing, 
rapid scan rates (currently. 0.2 to 1 ms per pixel at the ALS). and thus high efficiency 
analytical microscopy, can be achieved. Radiation damage is a concern, but the damage 
rate relative to the signal acquisition rate is much smaller than in electron microscopy [13]. 
In these studies we characterize damage rates, we check tor extent of damage after key 
measurements, and we discard data acquired where excessive damage has occurred. STXM 
is used analytically by acquiring NEXAFS spectra at one location (point mode), along a 
line (line mode), or through collection of full image sequences (image mode). All of these 
modes were employed in these studies and are illustrated below.

The transmitted X-ray intensity (I) is converted to absorbance (optical density) by 
using the Beer-Lambert law, A = — ln(I/Io) = μρt = σt, where Io is the incident flux, I is 
the transmitted flux, μ is the mass absorption coefficient, ρ is the density, t is the thickness 
and σ is the linear absorption coefficient. The incident flux (Jo) is recorded independently 
with the sample removed (single beam mode of optical spectroscopy). The measured signal 
averages over a column of the sample and thus it is generally considered bulk -sensitive. 
However, thin samples (50—200 nm of organic matter at a carbon density of ~1 g/cm3 ) are 
needed to achieve adequate
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transmission in the 250—1250 eV soft X-ray range. When the sample is this thin, the 
surface region (outer ~10 nm) contributes significantly to the transmission mode signal and 
thus large surface species such as adsorbed proteins can be detected, as illustrated below. In 
this study, the sample thickness is such that absorption saturation is avoided and there is a 
linear relationship between absorbance and the thickness-density product.

2.2. Data analysis methods

Point spectra, linescan spectra, images, or image sequences are converted to 
quantitative chemical information (point, line or area compositional maps) by spectral 
fitting on a pixel-by-pixel basis using linear curve fitting procedures [14-16]. These 
methodologies, along with many other image and spectral data processing procedures used 
in this work were accessed by the aXis2000 program [14].

In order to generate quantitative chemical information we fit the spatially resolved 
NEXAPS signals with reference spectra on a pixel-by-pixel basis. The reference spectra are 
recorded separately, generally from pure materials. They are placed on absolute linear 
absorption scales so that the fit coefficient for a given component at a given pixel is the 
thickness of that component at that position. The ratio of that thickness to the sum of 
thicknesses of all components filled is then a measure of the local composition. The array 
of fitting coefficients for a given component, derived by fitting the individual pixel spectra 
to linear combinations of reference spectra, is a quantitative chemical component map. The 
fits can be carried out using singular value decomposition [15, 16], linear regression, or a 
conjugate gradient algorithm. The fit coefficients can be constrained to be positive or they 
can be treated as freely adjustable parameters. Each methodology provides maps of 
residuals and a statistical analysis of the errors. Comparison of the results from different 
algorithms helps build confidence in the significance of weak signals such as those 
associated with proteins on polymer surfaces. Where vertical scales are provided for the 
component maps in the figures shown below, these indicate the estimated thickness in nm 
of that component, if it was pure. Typically a given pixel can have contributions from 3 or 
more components. Estimated uncertainties are 10 - 15%. Systematic errors are considerably 
larger than statistical errors (the latter are typically 1 - 3% for the majority components). 
The uncertainty in the quantitation of the weak signal from surface adsorbed proteins is 
considerably higher — perhaps as much as 50%. In addition to grayscale maps of 
individual components, we present color maps where the intensity of the red. green or blue 
component gives the spatial distribution of that component over the region mapped. In all 
color maps presented here we have individually byte-scaled each component and thus the 
intensity of one component relative to the other is not properly represented. This approach 
provides clearer information of spatial localization of the components, since it makes the 
weak protein signals visible against the much stronger polymer components. With byte­
rescaling one must be careful in interpreting intermediate colors, although they do indicate 
regions where multiple components are present in the column sampled.
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Figure 1. (a) Schematic of undulator beamline 7.0 and the STXM endstation at the Advanced Light Source (ALS) BL 7.0. The inset shows 
details of the STXM optics. (b) Image of sample #355, a compressed polyurethane foam with styrene acrylonitrile (SAN) and poly-isocyanate 
poly-addition product (PIPA) filler particles This image was recorded at 287 2 eV, the energy of the C is → π* CN transition at which the SAN 
particles selectively absorb (c) Spectra from spatially selected regions compared to a defocused sample average spectrum These spectra were 
actually obtained from an image sequence, but equivalent point spectra can be acquired with the STXM. (d) Illustration of the image sequence 
(stack) concept. Four of 120 images are displayed, along with a color coded chemical constituent map derived by pixel-by-pixel curve fitting (R 
= PIPA, G = SAN, B = matrix).
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2.3. Substrates and protein exposure methods

2.3.1. Materials.

2.3.1.1. Substrates. Three different substrates were used, all provided by Dow Chemical. 
All three consist of a compressed polyurethane foam, with a TDI (toluene diisocyanate) 
hard segment and a butane oxide (BO) soft segment. The three differ with regard to types 
of filler particles. One substrate (code #355) contains poly(styrenecoacrylonitrile (SAN) 
and poly-isocyanate poly-addition product (PIPA, a methylene diphenyl diisocyanate 
(MDI)-based hard segment-like material), both referred to as copolymer polyol (CPP) filler 
particles. The second substrate (code #530) contains only SAN particles. The third 
substrate (code #529) contains only PIPA particles. The synthesized foams were cryo 
microtomed to 100 nm thickness and multiple sections were placed either on TEM grids or 
on 4-pane Si3N4 windows (2x2 array 1.25 x 1.25 mm membrane, 75 nm thick; frame size 
is 7.5 mm x 7.5 mm, 200 μm thick Si). The silicon nitride (Si3N4) windows were obtained 
from Silson Ltd. [17] and were rigorously cleaned to semiconductor industry standards by 
the manufacturer. They were removed from plastic storage capsules and used without 
further surface preparation.

2.3.1.2. Deionized water. From Sigma, HPLC water, residue after evaporation <0.0003%.

2.3.1.3. Protein. Human serum albumin (HSA) was from Behringwerke AG, Marburg. 
Germany, and is reported to be homogeneous as judged by sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE). Fibrinogen (Fg) was from Calbiochem, 
San Diego. California. USA. It is prepared from human plasma and is plasminogen 
depleted. It is reported to be >95% clottable by thrombin, and is homogeneous as judged by 
SDS-PAGE.

2.3.1.4. Buffers The phosphate buffer saline packs were from Pierce. Rockford, IL. USA.

2.3.2. Sample preparation and mounting methods. Dry sections of the polyurethanes (#355. 
#529 or #530) deposited on a TEM grid were exposed for 20 mm to I ml of 0.1 mg/ml 
protein solution (albumin or fibrinogen) in deionized H2O or phosphate buffer. For the 
sample in Fig. 3, the droplet of solution was allowed to dry out on the surface, thus 
depositing 0.1 mg over perhaps 0.5 mm2. This corresponds to an average thickness of 200 
nm (assuming ρ = 1 g/cm3) For the sample in Fig. 4, a 5 μl drop of 0.1 mg/ml Fg in saline 
phosphate buffer was deposited over a #355 section (deposited on a Si3N4 window). Such a 
drop covers an area greater than that of the section itself. At the end of the 20 minute 
exposure time, the drop had not evaporated. Three consecutive rinses of the remaining drop 
were done by sucking in and out the drop with 50 μl volumes of deionized water. The 
sample was then loaded into the STXM. For the sample in Fig. 5 a #355 section was 
exposed
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to fibrinogen as above. It was then extensively washed to remove excess protein, dried and 
then rehydrated by adding a drop of water on top of the section. A second window was then 
placed on top of the first one, thereby creating a water layer over the section between the 
two windows.

For the samples in Figs 6 and 7, a 5 μl drop of 0.01 mg/ml Fg in freshly prepared 
phosphate buffer was deposited over a #355 section on a Si3N4 window. A second window 
was immediately placed over it and the sample was placed in the STXM about 10 min after 
fabrication. Due to instrumental difficulties, the sample was not measured until 2 h after 
fabrication.

3. RESULTS
3.1. STXM of CPP containing polyurethanes: substrate characterization

The polyurethane substrates used in this study were supplied by Dow Chemical as 
cryo-microtomed thin sections placed on TEM grids or silicon nitride windows. They 
consist of a polyurethane matrix with a TDI hard segment and a butane oxide soft segment, 
in which one or more types of copolymer polyol (CPP) particles are embedded [18]. These 
CPP particles provide chemically differentiated domains at the surface with sizes in the 0.1 
to 2 micron range, which is well suited to the spatial resolution of current X-ray 
microscopes. In contrast the ‘natural’ phase segregation in most polyurethanes is at a 10 - 
30 nm scale [18] which is too small for current X-ray microscopy capabilities. Both particle 
materials — SAN and PIPA — are aromatic and hydrophobic in character, while the matrix 
of the polyurethane is an aliphatic polyether which is more hydrophilic.

In other studies we have shown that C 1s NEXAFS spectroscopy can readily 
distinguish the urea and urethane linkages present in polyurethanes; determine polyol 
content; and identify the types of R and R' groups in a given polyurethane [19-21]. 
NEXAFS signals in STXM have been used to map key functional groups quantitatively 
urea, urethane and polyol in native polyurethanes [22], and the types of filler particles [6. 
23]. STXM spectromicroscopy is being used to help understand how filler materials affect 
mechanical properties such as elastic modulus, tear strength and resiliency, and to aid the 
development of improved fillers [23].

Figure I shows the spectral signatures of the SAN, PIPA and polyurethane matrix, 
and their spatial distributions in the (#355) substrate. I he #530 SAN polyurethane substrate 
was similar except it did not have any of the small PIPA particles and the SAN particles 
were somewhat larger than in #355. The #529 polyurethane substrate has only PIPA 
particles and again, the particle size distribution includes larger PIPA particles than found 
in #355.
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Energy (eV)
Figure 2. (top) Comparison of the C 1s NEXAFS spectra of albumin and fibrinogen 
recorded in the STXM. (lower) Illustration of monolayer sensitivity of STXM spectroscopy 
to pure albumin. The central panel displays an image (288.2 eV) of a deposit of pure 
albumin on a silicon nitride window (dry), and the signal from a linescan spectrum across 
the dotted line. The spectra shown in the lower panel were extracted from the linescan by 
adding signal over less than 1 micron in the areas indicated by dashed lines, labeled A and 
B. Spectrum B is offset vertically by 0.02 units. The OD of only 0.01 in the C Is 
continuum is equivalent to 3 nm protein. An albumin molecule in its standard conformation 
is 3x8 nm, indicating monolayer sensitivity .
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3.2. Protein-polymer interaction studies

Eventually we intend to apply our technique to studies of protein decorated polymer 
samples while they are fully covered with a solution layer that has a composition of that of 
the relevant biological system, such as blood plasma. At present we are exploring STXM 
studies of both dry and wet samples to understand and optimize our data acquisition and 
analysis methods. Results to date indicate that while STXM is essentially a 'bulk' 
technique, protein monolayer detection is possible, although close to the current limit of 
sensitivity [6]. In particular, the sensitivity to an adsorbed layer depends on how different 
the adsorbate spectrum is relative to that of the underlying substrate. We find the most 
reliable detection of weak protein deposits when we use the full spectral signature in 
analysis of a full image sequence (40—80 energies) rather than simply imaging at one or a 
few photon energies.

The upper panel of Fig. 2 presents the C 1s spectra of albumin and fibrinogen. The 
spectra are rather similar, with each being dominated by the strong peak at 288.2 eV. which 
is the C ls(C=O) → π*C=O transition at the amide group of the peptide bond. Each also 
shows a weak peak at 285.1 eV, associated with C ls(C=C) → π*C=C transitions at the 
phenyl groups of aromatic amino acids. One small difference between the spectra of 
albumin and fibrinogen is that albumin has a weak peak at 289 eV which is not seen in 
fibrinogen. Since each protein has some of each of the 20 amino acids, it is expected that 
averaging over such distributions leads to very little differentiation. This is in sharp 
contrast to the isolated amino acids where it is straightforward to identify the amino acid 
from the C 1s spectrum [24].

The lower section of Fig. 2 explores the STXM detection limits for pure protein in 
the absence of any other organic material. The deposit of albumin from a very dilute 
solution on a clean silicon nitride window shows a readily differentiated C 1s spectrum 
typical of protein which is three to four times more intense than the noise in a blank (the 
spectrum from an equivalent length of the adjacent window which does not have deposited 
protein). The optical density associated with the protein signal in the circled region is 
equivalent to a sample thickness of 3 nm, approximately the expected thickness of an 
albumin monolayer.

Figure 3 reports the result of a measurement of a sample consisting of human serum 
albumin deposited onto the #529 PIPA polyurethane substrate. This sample was prepared 
by placing a drop of a 1 mg/ml solution onto the microtomed section supported on a 3 mm 
TEM grid. An uneven distribution of the albumin was left on the surface after solvent 
evaporation. A region at the edge of a thick deposit was chosen to explore the detection 
sensitivity. The strength of the protein-like C 1s NEXAFS signal, in the regions where the 
map indicates the weakest signal which can be attributed to protein (circle in Fig. 3). is 
approximately equivalent to a monolayer. This sample was not prepared as a controlled 
biomaterial — protein interaction but it is of historical interest since it was our first 
demonstration of the surface sensitivity of STXM and thus the viability of the technique.

Figures 4—7 show results from mapping fibrinogen (Fg) adsorbed on a microtomed 
section of the 2-filler #355 polyurethane system presented in Fig. 1. These
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Figure 3 Reference spectroscopy (left), transmission images at 285 1 eV (highlighting PIPA) and 288.2 eV 
(highlighting protein) (center), and (right) component maps of albumin and PIPA derived from a C 1s image 
sequence recorded from a thin section sample of #529 (PIPA-in-TDI polyurethane) with deposited albumin, 
measured in the dry state In the weakest regions of the albumin ‘smear’ (e.g. the circled region), the signal is at 
the monolayer level
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figures exemplify four different steps in the evolution of our ability to detect proteins on 
polymer surfaces. For the sample shown in Fig. 4, the fibrinogen was adsorbed on the 
sample by immersion for 20 mm in a dilute solution (0.1 mg/ml) in buffer. Excess protein 
solution was removed by through rinsing without taking the sample through the air water 
interface. The sample was then dried. The microtomed sample has three classes of chemical 
constituents exposed at the surface — polyether-rich matrix, SAN and PIPA. The left part 
of Fig. 4 plots the reference spectra used in the data analysis. The labeled component maps 
indicate the spatial distribution of the identified components. The residual shows a map of 
the difference between the fit and the actual image sequence, integrated over the full energy 
range (54 energies between 282 and 292 eV). The residual map represents deviations 
between the fit and the measured signal of less than 5%. The spatial distribution of the 
residuals indicates that the SAN reference spectrum is not a perfect match to the SAN in 
this sample. While there is some misidentification in these maps associated with limitations 
of the reference spectra and statistical noise, the high signals in the Fg map indicate 
positions of preferred adsorption on the surface. The registry of the protein relative to the 
other components is indicated in the final part of Fig. 4 namely the color coded composite 
component map in the lower right part. Here the individual SAN, PIPA and protein maps 
have been combined by assigning red to SAN, green to PIPA and blue to fibrinogen. The 
intensities within each color have been byte scaled, so that the very weak protein signal can 
be located relative to the strong SAN and PIPA signals. In this preparation, we find that 
fibrinogen has a preference to be attached to the matrix beside the SAN particles, with also 
indication from the orange color of some adsorption on top of the SAN particles.

The sample examined in Fig. 5 was prepared as that for Fig. 4 but. just prior to 
STXM analysis it was rehydrated with a small drop of deionized water then capped by a 
second silicon nitride window to form a wet cell. In this measurement we wished to explore 
the ability of STXM to detect protein adsorbed on a polymer in an environment of reduced 
contrast caused by the X-ray absorption of an aqueous overlayer of a few micrometers in 
thickness. The results indicate that STXM can detect adsorbed proteins on polymers in the 
presence of thin aqueous overlayers. Furthermore the amount of fibrinogen detected is in 
the monolayer range in some regions. In addition to the color coded composite component 
map. Fig. 5 shows a fit to the C Is NEXAFS spectrum extracted from pixels which have 
high fibrinogen content. These pixels were identified by generating a binary mask based on 
an intensity threshold for the fibrinogen map (threshold set to 60 nm), and using that mask 
to define the region of interest for spectral extraction from the full image sequence. The 
spectrum in the high-Fg region is primarily that of the matrix rather than SAN. We have 
compared this analysis to that of the adjacent SAN particles (not shown). The quality of the 
fit is equally good. The amount of Fg determined on top of the SAN particles is only 10 
nm, a signal level similar to the residual of the fit.
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Figure 4 Analysis of STXM of fibrinogen adsorbed on #355 (TDI polyurethane with PIPA and SAN filler particles) measured in the 
dry state The sample was prepared by a true adsorption process from buffer at low concentration (0 1 mg/ml) followed by carefully 
washing off the excess protein then drying (left) reference spectra, placed on absolute linear absorption scales. Four of the six ‘image’ 
panels are the quantitative component maps of the SAN, PIPA, fibrinogen and matrix components, the vertical gray scale of each is the 
approximate thickness of that component in nm. The other two are the map of the residuals averaged over the full energy range 
measured and a color coded component map (red = SAN, green = PIPA, blue = Fg).
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Figure 5 (left) Color-coded composite image derived from a C 1s STXM image sequence of fibrinogen adsorbed from a 0.1 mg/ml buffer 
solution onto #355 substrate The measurements were made with the sample rehydrated by a ~ 1 μm thick layer of deionized water in a silicon 
nitride wet cell, in order to explore the masking effect of overlayer water The combined byte-scaled SAN (red), PIPA (green) and protein 
(blue) component maps displays the spatial relationship of the protein relative to the two types of filler particles and the matrix. (right) 
Spectrum of the blue highlighted regions in the insert image (pixels where the Fg signal indicates more than 60 nm) along with decomposition 
into the four fitted components The points are data, the thickest solid line the fit with all components, the thinnest line the fit without 
fibrinogen, and the other lines the individual components
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These results indicate that fibrinogen has a strong preference to adsorb at the edges 
of the SAN particles but still to be attached to polyurethane matrix rather than SAN. 
Similarly, on the #530 substrate the albumin is seen to adsorb preferentially at the edges of 
the PIPA particles (see Fig. 3). Several factors might explain this preference. First there 
could be special aspects of this substrate at the interface of the CPP particles and the 
polyurethane matrix that enhance bonding to proteins. Second, adsorption at edges of 
harder, aromatic filler particles could reflect 'mechanical trapping'. The SAN particles 
protrude significantly from the matrix as much as 50 nm based on the total sample 
thickness derived in the analysis. A simple, perhaps overly naïve, model of such trapping 
would be entanglement of protein molecules (possibly partially denaturing in the process) 
on the protruding filler particles. A more sophisticated mechanism could be entropically 
driven deposition [25] in which the protein in solution would be considered to play a role. 
At this point it is not possible to define the mechanism of preferential attachment, simply to 
note there is a clear preference for fibrinogen to adsorb on the matrix side of the boundary 
of the CPP particles (particularly SAN) and the polyurethane matrix, and that the STXM 
technique is capable of detecting that fibrinogen in a quantitative manner.

Figure 6 presents the color coded component map derived from a C Is image 
sequence measured from a filler-polyurethane sample (#355) with an overlayer of solution 
containing 0.01 mg/ml fibrinogen in buffer. In this presentation the (R = SAN, G = PIPA, 
B fibrinogen) map has been superimposed on the gray scale map of the polyurethane 
matrix component. This is essentially the type of 'in situ' system which is the experiment 
of ultimate interest, since the solution overlayer contains both buffer salts and protein. 
These additional solution components might be expected to reduce the contrast of the 
adsorbed protein relative to the other components. At first we were concerned that the C 1s 
signal of the protein in the solution could mask the adsorbed protein. Relative to monolayer 
surface levels, the amount of protein present in a 10 μm high, 1 μm diameter column of a 
0.01 mg/ml fibrinogen solution is about the same as that adsorbed at a monolayer coverage 
on a 1 μm diameter circle of a surface. Thus one might expect a background signal from 
the free protein over the whole surface, which could mask detection of surface adsorption 
sites. However, this background signal has not been detected. We speculate that local 
heating of the solution from the X-ray beam could induce increased thermal motion which 
might tend to move protein in the solution away from the impinging beam. Experiments to 
seek the threshold for interference from solution protein will be performed. So far. these 
results indicate that it is possible to map protein on surfaces from 0.01 mg/ml and even 
considerably more concentrated solutions since we have measured surface adsorbed protein 
with protein solution overlayers of up to 0.1 mg/ml concentration.

Figure 7 shows the same Fg/#355 sample investigated at the N 1s edge. This figure 
plots the N 1s reference spectra of the matrix. PIPA. SAN and fibrinogen, along with the 
color coded composite map of the SAN, PIPA and fibrinogen
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components. The N 1s edge is particularly favorable for studies of protein relative to 
polymer substrates since proteins have a strong N 1s → π*amide transition at 402 eV, [26] 
whereas many polymers do not contain unsaturated N environments. The SAN also has a 
strong N 1s → π*cn transition at 399.8 eV which is readily distinguishable from the higher 
energy protein signal. However the PIPA and matrix have very similar N 1s signals and 
thus the PIPA component is less well detected than at the C 1s edge. The quantitative 
chemical analysis at the N 1s edge gives similar results to that at the C 1s edge (note that 
the areas measured for Figs 6 and 7 are different). The interesting aspects of the results 
shown in Figs 6 and 7 are: (1) There was no interference from the protein or buffer salts 
present in the overlayer solution. (2) The mapping of the fibrinogen derived from the C 1s 
and N 1s edges is very similar, indicating that detection is not an artifact of a mismatch of 
model spectra and the unknown. (3) The location of the protein is consistently at the sides 
of the SAN particles but on the matrix, not on the SAN, in all studies of the protein 
exposed sample #355.

Together these results constitute clear evidence that STXM can detect proteins at 
polymer surfaces under aqueous layers containing inorganic buffer salts and protein. We do 
note that the quantitative accuracy is limited and that the enclosed results may be affected 
to some degree by residual misalignment. In the as-recorded image sequences there are 
drifts as large as a few microns in the field of view associated with poor tracking of the 
zone plate along the X-ray axis (it is necessary to move the ZP with photon energy to 
maintain focus). Software procedures [10, 14] remove most of this misalignment but there 
is residual jitter of as much as a hundred nanometers. Recently we have measured the dry 
Fg/#355 system using a new STXM at the ALS, one which uses a two dimensional 
interferometer system [12] to maintain a constant field of view. The results were very 
similar to those presented here.

4. DISCUSSION AND SUMMARY
These results demonstrate that STXM is a viable technique to address questions of 

chemical differentiation of substrates and protein localization at the surfaces of 
biomaterials under conditions which are relatively close to their actual use. This is in 
distinct contrast to vacuum based techniques such as TOF-S1MS, XPS or XPEEM where 
there is always a question whether the absence of water or buffer changes the character of 
the interface, e.g. by inducing surface segregation of hydrophobic components. STXM 
provides information on lateral morphology tor both dry and wet samples. This is 
potentially useful for studying artificially patterned biomaterials, chemical mapping of 
biomaterial substrates, and quantitative mapping of adsorbed protein relative to the 
substrate. Perhaps the weakest aspect of the STXM method is the lack of intrinsic depth 
resolution since the signal at any location is a column average. It is very unlikely that the 
protein signal arises from anywhere but the polymer surface. However the same cannot be 
said for the signal from the underlying polymer. In that respect XPEEM should be a
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4 μm
Figure 6. Color-coded composite image derived from a C 1s STXM image sequence of a #355 
sample covered with a protein solution (fibrinogen in buffer, 0.01 mg/ml). In this case a byte- 
scaled combination of the SAN (red), PIPA (green) and protein (blue) component maps has been 
superimposed on a gray scale image of the polyurethane matrix map. This result was derived from 
an image sequence measurement of a sample with the fibrinogen buffer solution left over the 
surface. The overlayer of buffer is estimated from the pre-edge signal to be -5 microns thick.

useful complement to STXM since it has the potential to provide better surface 
characterization of polymer substrates at similar spatial resolution. Indeed recently we have 
made a detailed AFM — STXM — XPEEM comparison of the surfaces of polystyrene— 
polymethylmethacrylate blends [27] which showed very considerable differences between 
composition and morphology of the bulk as sampled by STXM, and that of the surface as 
sampled by XPEEM. The XPEEM and AFM images showed similar morphology, but the 
conventional interpretation of the AFM based on comparing bulk sample composition with 
relative areas of the continuous and discontinuous domains, was found to give an inverted 
assignment of the chemical identity of the domains. On the other hand the much higher 
spatial resolution of the AFM revealed micro-domain features which were not detected by 
XPEEM, and were just barely detectible by STXM. As in many other fields, the most 
effective way to solve complex problems such as biomaterial interfaces is to use multiple 
techniques with proper recognition of the strengths and weaknesses of each technique. This 
philosophy has been a hallmark of the scientific career of Dr. Brash, to whom this article is 
dedicated.

Dramatic improvements are currently underway in scanning transmission X-ray 
microscopy instrumentation, performance and analysis methodology. Cryo-STXM has 
been implemented recently at NSLS [28]. Two microscopes with interferometric
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Figure 7. Color-coded composite image derived from a N 1s STXM image sequence of fibrinogen 
adsorbed from a 0.01 mg/ml buffer solution onto #355 substrate. This is a different area of the same 
sample for which the C Is results are plotted in Fig. 6. The N 1s spectra of the pure reference 
materials are also plotted. The protein spectrum is from albumin recorded at a different synchrotron 
facility [26], while the N 1s spectra of SAN. PIPA and the matrix were those of the pure #355 
material [23].
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control of sample-zone plate position have recently been commissioned at the ALS [11].
The interferometric signal provides a precise solution to a major problem in earlier 
instruments, namely drift in the field of view as the photon energy is scanned. These new 
instruments will allow detailed studies of many biomaterials problems. In a few years it 
will be possible to readily carry out orientation contrast studies. Early studies [29] showed 
that orientation contrast can be an important aspect of polymer X-ray microscopy. However 
those measurements were extremely tedious since the sample had to be removed, rotated, 
and the same region found in the new orientation. In a few years time there will be STXM 
microscopes on beam lines at the ALS, Swiss Light Source, and the Canadian Light 
Source, which will be illuminated by elliptically polarized undulators (EPU). When proper 
control of the phase shifting of the separate sections is employed, EPUs can produce 
linearly polarized light with user selectable, arbitrary orientation [30]. This will allow 
routine exploitation of polarization contrast which will be important for studying polymeric 
biomaterials with aligned molecules. Finally, a significant portion of the polymer and 
biomaterial soft X-ray microscopy research carried out to date has been performed by, or in 
collaboration with industrial researchers. The rapid recognition by industry of the 
remarkable value of soft X-ray microscopy techniques attests to the added value NEXAFS 
microscopy brings to practical problem solving relative to other, more accessible, lab-based 
analytical microscopy techniques. It may be anticipated that the biomaterials industry will 
recognize the benefits of STXM for investigating and thus advancing their materials.
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Chapter 7

SUMMARY AND FUTURE WORK

This thesis has presented results dealing with the development of soft x-ray 

spectromicroscopies, namely scanning transmission x-ray microscopy (STXM) and 

photoemission electron microscopy (X-PEEM), for the detection of proteins on 

heterogeneous polymeric surfaces. The impact of this work is that the world now has new 

quantitative (STXM) and semi-quantitative (X-PEEM) techniques to study sub- 

monolayer amounts of proteins on polymer surfaces. This capability has many possible 

applications, including that which motivated my thesis, the development of improved 

biomaterials for medical applications.

There are a number of experimental avenues that can be explored from this point. 

These can be divided into 4 areas: improvement of instrumentation, exploration of 

different substrates and different single proteins, competitive multi protein adsorption, 

and cell adsorption to bare or protein decorated surfaces.

• Improvement of instrumentation:

Several new X-PEEMs are under development (SMART: [FWU&97], [SGF&02], 

and PEEM3: [FPW&02]). These will use aberration compensation optics and are 

expected to improve the column transmission by a large amount, enabling higher spatial 

resolution or higher efficiency than existing instruments. The new technology will 

dramatically assist with present day challenges of radiation damage when applying X- 

PEEM to polymers and biological materials. C urrently, the signal for ~25 Fg molecules is
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Figure 7.1 Exploring sensitivity for single protein molecule detection with X-PEEM. 
Fibrinogen (Fg) adsorbed from 0.05 mg/ml prefers the continuous PS domains (lighter) 
rather than the discrete PMMA domains (darker) of a PS-PMMA blend [MHC&04]. The 
signal plotted and fit in this figure is from 5 50x50-nm Fg-rich pixels (white) with a total 
area of ~25 Fg molecules.

detectable on PS:PMMA with X-PEEM (see figure 7.1, which is detailed analysis of a 

subset of figure 5.6). Single proteins may be detected with these improved microscopes, 

allowing studies of much lower concentrations than have been used in this thesis, and 

ultimately probing preferential attachment of single proteins on patterned surfaces. A 

collaborative project is currently in its initial stages to exploit the anticipated enhanced 

performance of PEEM3 for testing the capability of specially prepared surfaces with 

templates constructed for binding specific proteins.
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• Substrates:

The PS:PMMA substrate could continue to be used as a model surface for the 

future work in competitive multi protein adsorption, cell adsorption to protein decorated 

surfaces and testing of the improved instrumentation. However, there are some negative 

aspects associated with this substrate. For example, PMMA is quite radiation sensitive 

and, at the C1s absorption edge, it has its most intense transition at 288.5 eV, which is 

only 0.3 eV above that of the strongest feature in proteins (288.2 eV). If one could design 

a patterned surface with components that are less sensitive to radiation damage, then 

larger photon fluxes and longer dwell times could be used to measure the sample, and 

hence better signal statistics, resulting in greater spectral quality and better spatial 

resolution, could be obtained with the current instruments.

In the hope of improving spectral differentiation, and also dealing with a system 

with greater differences in bio-affinity, some efforts have lately been deployed in our 

group by PhD candidate, Li Li, who is using X-PEEM and STXM to study spun cast 

films of polystyrene grafted with butyl alcohol. Further improvements to the substrates 

are required to increase the size and density of hydroxyl terminated domains.

A relevant blood compatible biomaterial that could be studied in X-PEEM and 

STXM is poly [bis(trifluoroethoxy)phosphazene] (PTFEP). This material is inert in 

biological media because the decomposition products are phosphates and ammonia, and it 

is known to function well subcutaneously. Also, compared to some materials of medical 

interests, it was found to adsorb the greatest amount of human serum albumin and the 

lowest amount of fibrinogen and fibronectin [WGT98]. These trends are considered 
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favourable for good blood compatibility. Spectroscopically, it would be easy to map this 

material against proteins because it is rich in phosphorus (P2p at 135 eV), and fluorine 

(F1s at 697 eV), which are not found in proteins. PTFEP also contains nitrogen (Nls at 

390 eV), so NEXAFS differentiation of proteins and this material could be used to 

generate component maps of the two materials.

• Competitive multi protein adsorption:

Another goal of interest is the competitive adsorption of multiple proteins, that is, 

spatially resolved detection of specific proteins which decorate a polymer surface 

exposed to a solution containing several proteins. The two proteins I have measured 

(fibrinogen, albumin) have very similar NEXAFS spectra. However, a study of spider silk 

(collaboration with M. Pézolet, Université Laval, since September 2004) shows clear 

spectral differences between the two proteins (sericine and fibroin) of that system. 

Probably, a more practical method to distinguish different proteins is to use one of a 

variety of possible tagging methods. For example, Co was found to bind specifically to 

albumin [BLR&03]; immuno-labelling with silver enhanced gold beads has been used in 

transmission x-ray microscopy (TXM) to locate specific proteins and nucleic acids in 

cells ([LTJ92], [LYM00], [MDG&00]); fluorescent probes have been used in TXM with 

luminescence detection ([IML&94], [M99]). In the latter case, the labelling approach may 

be supplemented with comparisons to results from confocal microscopy. Recently, our 

group has made comparisons of STXM (via x-ray absorption spectroscopy) and confocal 

microscopy (using various fluorescent tags) to map biological components in identical 

regions of biofilms ([LSL&03], [HMZ&04]).
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• From proteins to cells:

Subsequently to the imaging of multi protein surfaces, these surfaces could be 

exposed to a cell culture, either before or after decorating with a specific protein or 

peptide (e.g. integrin-type cell adhesion peptides [LFR&97]). Mapping of the interaction 

of cells on bare or protein patterned surfaces could be explored using X-PEEM or STXM. 

Cell imaging has already been done extensively in TXM ([FPF&92], [LTJ92], 

[SNG&95], [KYG&96], [JK98], [LSH&01], [YS02], [LL04J. In STXM, cells and their 

subcomponents, have also been imaged within biofilm systems ([LSL&03], [HMZ&04]). 

Imaging of cells in X-PEEM has been a focus of the De Stasio group for a number of 

years [D94], [DDT&95], [DM97].

In summary, this work has shown the first demonstration of STXM and X-PEEM 

towards the development of biomaterials. There are several future applications for STXM 

and X-PEEM to contribute to this field.
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Appendix A

This appendix lists some of the projects in which I have been involved since the 

start of my research career, including the work from this thesis. This is organized into 

three sections: A.1.) Published work; A.2.) Oral presentations which I presented ; A.3.) 

Posters which I have presented.

A.l. Published Work

Articles Published, In-Press or Submitted to Peer-Reviewed Journals

10. A. P. Hitchcock, C. Morin, X. Zhang, T. Araki, J. Dynes, H.D.H. Stöver, J. Brash, 

J. R. Lawrence, G. G. Leppard, Soft X-ray Spectromicroscopy of Biological and 

Synthetic Polymer Systems, J. Electron Spectroscopy (in press)

9. C. Morin, A.P. Hitchcock, L. Li, X. Zhang, T. Araki A. Scholl and A. Doran, 

Evaluating Radiation Damage in Soft X-ray Microscopy, J. Electron Spectrosc (to 

be submitted)

8. C. Morin, A. P. Hitchcock, R. M. Cornelius, J. L. Brash, A. Scholl, A. Doran, 

Mapping of fibrinogen adsorption PS:PMMA surfaces with photoemission 

electron microscopy, J. Electron Spectroscopy 137-140 (2004) 785-794

7. M.L. Gordon, G. Cooper, T. Araki, C. Morin, C. C. Turci, K. Kaznatcheev, and A.

P. Hitchcock, Inner shell spectroscopy of the peptide bond: comparison of the C 

1s, N 1s and O 1s spectra glycine, glycyl-glycine and glycyl-glycyl-glycine, J. 

Phys. Chem A 107 (2003) 6144-6159
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6. L.M. Croll, J. F. Britten, C. Morin A.P. Hitchcock, I. Koprinarov, and H.D.H. 

Stover, Integrating Near Edge X-ray Absorption Fine Structure (NEXAFS) 

Microscopy and Crystallography: The effects of molecular order on soft x-ray 

spectromicroscopy, J. Synchrotron Rad. 10 (2003) 265-272

5. A.P. Hitchcock, C. Morin, Y.M. Heng, R.M. Cornelius and J.L. Brash, Towards 

practical soft X-ray spectromicroscopy of biomaterials, J. Biomaterials Science, 

Polymer Ed. 13 (2002) 919-938.

4. A.P. Hitchcock, C. Morin, T. Tyliszczak, LN. Koprinarov, H. Ikeura-Sekiguchi, 

J.R. Lawrence and G.G. Leppard, Soft X-ray microscopy of soft matter - hard 

information from two softs, Surface Reviews and Letters 9 (2002) 193-202.

3. C. Morin, H. Ikeura-Sekiguchi, T. Tyliszczak, R. Cornelius, J.L. Brash, A.P. 

Hitchcock A. Scholl, F. Nolting, G. Appel, A. D. Winesett, K. Kaznacheyev and 

H. Ade, X-ray Spectromicroscopy of immiscible polymer blends: polystyrene- 

poly(methyl methacrylate), J. Electron Spectroscopy 121 (2001) 203-224

2. A. S. Wills, N. P. Raju, C. Morin, J. E. Greedan, Two-Dimensional Short-Range 

Magnetic Order in the Tetragonal Spinel Li2Mn2O4. Chem. Mater. 11. (1999), 

1936-1941

1. J. E. Greedan, N. P. Raju, A. S. Wills, C. Morin, S. M. Shaw, J. N. Reimers, 

Structure and Magnetism in λ-MnO2. Geometric Frustration in a Defect Spinel, 

Chem. Mater. 10 (1998), 3058-3067
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Not reviewed reports

8. L.M. Croll, C. Morin, I. Koprinarov, A.P.Hitchcock, and H.D.H. Stöver 

Optimization of polymer capsules aided by scanning transmission x-ray 

microscopy X-ray Microscopy 2002, Grenoble, France, J. de Physique Coll 104 

(2003) 507.

7. C. Morin, A.P. Hitchcock, J.L. Brash, A. Scholl, A, Doran, Developing X-PEEM 

as a tool for biomaterials analysis: mapping fibrinogen adsorption on PS:PMMA 

surfaces, 2002 ALS Compendium, LBNL publication (2003)

6. C. Morin, A.P. Hitchcock, H. Ikeura-Sekiguchi, A. Scholl, A, Doran, K. 

Kaznacheyev, Optimization of PEEM-2 for studies of organic thin films, 2001 

ALS Compendium, LBNL publication (2002)

5. C. Morin, H. Ikeura-Sekiguchi, T. Tyliszczak, R. Cornelius, J.L. Brash, A.P. 

Hitchcock, A. Scholl, F. Nolting, G. Appel, A. D. Winesett, K. Kaznacheyev and 

H. Ade, PS-PMMA blends studied by X ray spectromicroscopy, 2000 ALS 

Compendium, LBNL publication (2001)

4. A.P. Hitchcock, C. Morin, H. Ikeura-Sekiguchi, T. Tyliszczak, R. Cornelius, J.L. 

Brash and H. Ade., Studies of selectivity in protein interactions with polymer 

surfaces, 2000 ALS Compendium, LBNL publication (2001)

3. A.P. Hitchcock, I. Koprinarov, T. Tyliszczak, C. Morin, H. Ikeura Sekiguchi, C. 

McCrory, R.F. Childs, L.M. Croll and H. Stover, Polymer microstructure 

optimization aided by STXM spectromicroscopy, 2000 ALS Compendium. LBNL 

publication (2001)

193



Ph D. thesis - Cynthia Morin
McMaster, Chemistry

2. A.P. Hitchcock, C. Morin, H. Ikeura-Sekiguchi, A. Scholl, F. Nolting and D.G. 

Castner, X-PEEM studies of protein interactions with patterned polymer surfaces, 

2000 ALS Compendium, LBNL publication (2001)

1. A.P. Hitchcock, I. Koprinarov, T. Tyliszczak, C. Morin, Y.M. Heng, R. Cornelius, 

J.L. Brash, H. Ade, S. Anders, A. Scholl and F. Notling, X-ray Spectromicroscopy 

of Protein - Polymer Interactions 1999 ALS Compendium, LBNL publication 

(2000)

A.2. Oral presentations

8. C. Morin, A.P. Hitchcock, R. Cornelius, J.L. Brash, A. Scholl, A. Doran, Soft X- 

RaySpectromicroscopy of Blood Proteins on Patterned Polymer Substrates 

IUPAC Congress and Canadian Society for Chemistry, August 10-15, 2003 

Ottawa, Ontario, Canada

7. C. Morin, X-Ray SpectroMicroscopy of Proteins on Polymers, McMaster

University, Chemistry departmental seminar. May 29th, 2003

6. C. Morin, X-ray microscopy of proteins and polymers, ALS Science and

Technology series, Oct 2002

Berkeley, California, USA

5. C. Morin, H. Ikeura-Sekiguchi, T. Tyliszczak, R. Cornelius, J.L. Brash, A.P. 

Hitchcock, A. Scholl, F. Nolting, G. Appel, A.D. Winesett, K. Kaznacheyev, H. 

Ade, Soft X-Ray Spectromicroscopy of Thin Film Polymer Blends 

Canadian Society of Chemistry, 84th edition, May 26-30, 2001
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Montreal, Quebec, Canada

4. C. Morin, H. Ikeura-Sekiguchi, T. Tyliszczak, R. Cornelius, J.L. Brash, A.P. 

Hitchcock, A. Scholl, F. Nolting, G. Appel, A.D. Winesett, K. Kaznacheyev, H. 

Ade, Soft X-Ray Spectromicroscopy of Thin Film Polymer Blends

Materials Research Society, April 16-20, 2001

San Francisco, California, USA

3. C. Morin, A.P. Hitchcock, I. Koprinarov, T. Tyliszczak, Y.M. Heng, R. Cornelius, 

J.L. Brash and A. Scholl, X-Ray Spectromicroscopy Studies of Protein-Polymer 

Interactions,

ALS User meeting, October 2000 (Student/pdf competition oral presentation) 

Berkeley, California, USA

2. C. Morin, A. P. Hitchcock, I. Koprinarov, T. Tyliszczak, R. Cornelius, and J.L. 

Brash, X-Ray Spectromicroscopy Studies of Protein-Polymer Interactions 

Canadian Biomaterials Conference 2000, 20th edition. August 22-25, 2000 

McMaster University, Hamilton, Ontario, Canada

1. C. Morin, E. Zahidi, P. H. McBreen, Adsorption du Cyclohexane sur le Carhure 

de Molybdene, β-Mo2C

Association Canadienne Française pour l'Avancement des Sciences, 66th edition, 

May 1998

Université Laval, Sainte-Foy, Québec, Canada
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A.3. Poster presentation

7. C. Morin, A.P. Hitchcock, T.Araki, R.Comelius, J.L. Brash Soft X-Ray 

Spectromicroscopy of Blood Proteins on Patterned Polymer Substrates 

Chemical Biophysics Conference, 3rd meeting, March 19-21, 2004

University of Toronto, Toronto, Ontario, Canada

6. C. Morin, A.P. Hitchcock, D.G. Castner, A. Scholl, A. Doran, X-Ray 

PhotoEmission Electron Microscopy of micro-contact printed protein and 

polymer coated surfaces

American Vacuum Society, 49th meeting, November 4-8, 2002

Denver, Colorado, USA

5. C. Morin, H. Ikeura-Sekiguchi, A.P. Hitchcock, A. Scholl, F. Nolting, A. Doran, 

G. Appel, D.A. Winesett, K. Kaznacheyev, H. Ade, X-ray Spectromicroscopy 

Studies of PS PMMA blends

ALS Users' Meeting, Oct 2001

Berkeley, California, USA

4 C. Morin, A. P. Hitchcock, 1. Koprinarov, T. Tyliszczak, R. Cornelius, and J.L. 

Brash, Soft X-Ray Spectromicroscopy of Protein Adsorption on Polyurethanes, 

Canadian Light Source Users’ Meeting. 3rd edition, November 17-18, 2000 

University of Saskatchewan, Saskatoon, Canada

3. C. Morin, A.P. Hitchcock, I. Koprinarov, R. Cornelius and J.L. Brash, Soft X-ray 

Spectromicroscopy of Protein Adsorption on Polyurethanes,

American Vacuum Society, 47th edition. October 2-6, 2000
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Boston, Massachusetts, USA

2. C. Morin, A. P. Hitchcock, I. Koprinarov, T. Tyliszczak, R. Cornelius, and J.L. 

Brash, X-Ray Spectromicroscopy Studies of Protein-Polymer Interactions

Surface Canada 2000, 17th edition. May 22-24, 2000

Interface Science Western and The University of Western Ontario, London, 

Ontario, Canada

1. C. Morin, E. Zahidi, P.H. McBreen, Adsorption of Cyclohexane and

Cyclohexanone on Molybdenum Carbide, β-Mo2C,

Canadian Society of Chemistry, May, 1999

Toronto, Ontario, Canada
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Appendix B

This appendix lists all the software packages which I used over the course of my 

PhD. They appear in alphabetical order below.

1. aXis2000

aXis2000 is a freeware program written in Interactive Data Language (IDL) by 

Adam Hitchcock, and it is available from http://unicorn.mcmaster.ca/aXis2000.html. It 

was used for the spectromicroscopy data analysis: images, stack and spectral analyses.

2. BAN

BAN is a general purpose data analysis program produced and distributed by 

Tolek Tyliszczak (former member of the Hitckcock group, now at the Advanced Light 

Source in Berkeley, tel. 510-486-5188). In some cases, it was used for fitting spectral 

peaks.

3. ISIS Draw2.4

ISIS Draw 2.4, from MDL Information Systems, Inc., is a program which 

specializes in two dimensional drawings of small molecules and polymers.

4. Microsoft Office, versions 97, 2000, XP and 2003

Word and Powerpoint were used to write reports and prepare oral and poster 

presentations. Excel was used for organizing data sets and cataloguing samples, 

performing regression analyses (on data not shown in this thesis) and making graphical 

representations.
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5. Nanoscope III V5.12r2

This software, by Digital Instruments, was used to acquire and analyse the AFM 

images that were generated with the Digital Instruments, Nanoscope IIIA. This 

instrument is located in the Brockhouse Institute for Materials Research at McMaster.

6. NoteTab

Note Tab, by Fookes Software, is a text and HTML editor. It was used to format 

spectral files in order to use them in various software.

7. PaintShop Pro, version 4

PaintShop Pro, from JASC Incorporated, was used to write images as jpeg files 

for presentations. These images were either screen saved from the aXis2000 software, 

pasted from constructed figures in powerpoint, or read from other image formats from 

aXis2000 and other software.

8. Q-Analvsis

Q-Analysis is the software provided by the Quesant Instrument Corporation for 

the acquisition and processing of AFM images obtained with the Q-Scope 350 AFM. 

This instrument is located at the Advanced Light Source in Berkeley.

9. Sigma Plot 6,0

Sigma Plot 6.0 (by Jandel Scientific) was used for graphical representations.

10. STXM GUI

This software, written by Tolek Tyliszczak and Peter Hitchcock, was used to 

acquire data at STXM 5.3.2. It controls the beamline (slit sizes and monochromator) and 

the microscope.
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11. X-PEEM software packages

The software used for operating the X-PEEM at the ALS, PEEM2, are detailed in 

the following table. Except for Image Pro 4.0, the commercial camera software, these 

programs were written by various members of the PEEM2 team.

Table B.1 List of PEEM2 software

Program Function Computer
Frontend monochromator, stigmator control, 

ring current recording bl7-49.als.lbl.gov (SUN)

PEEM2power PEEM power supplies, 
Hotdeck power supply

bl7-49.als.lbl.gov (SUN)

Image Pro 4.0 camera software, image analysis Peem2 (PC)

Connect Sun
spectromicroscopy, interfaces PC - 
SUN

Peem2 (PC)
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