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ABSTRACT

Fundamental studies on cationization of large polymers and their fragments in

Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) measurements

using a new substrate are reported.  Low (1kD) and high (400 kD)

polyethyleneoxide (PEO) were spincast onto metal ion substituted carboxylic

terminated self-assembled monolayers on gold.  Both cationized fragments and

whole molecular species of 1kD PEO were observed while on 400 kD PEO chain

fragments of up n = 25 monomer units were detected.  Fragmentation pattern

dependent on the molecular weight and as a function of substrate are discussed.

The intensity and quality of the cationized fragments were observed to be

dependent on the metal ion used.  Complementary experiment carried out on non

substituted and methyl terminated self-assembled monolayers suggested that metal

ions which are desorbed from the gold surface and therefore not in close proximity

to the polymer do not cationize polymers and their fragments.  The results have

clearly shown that cationization of the polymer chains occurs upon desorption of

the fragments that are in direct contact with the metal ions.  The used substrates in

this work were easy to prepare and reproducible.



5

1. INTRODUCTION:

1.1 General

The field of investigating and analyzing polymer surfaces has greatly advanced

over the past decades [1].  Wettability, polymer-metal interaction, tribology and

biocompatibility are only some of the areas where surface properties of polymers play an

important role [2-4].  In order to analyze these properties, various analytical tools can be

used.

Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) is a surface

analytical tool based on the analysis of positive and negative ions of the outermost surface

layers created by primary ion bombardment [5-7].  The Time of Flight-mass detection

method is a quasiparallel ion analysis technique, which allows investigation of polymer

surfaces with small doses of ion bombardment [7, 8].  ToF-SIMS is particularly suitable

for static SIMS measurements with ion dosages below 1012 ions/cm2. This yields good

count rates with low degradation of the analyzed material.  Some of the advantages of

ToF-SIMS compared to other surface analytical tools include the possibility of measuring

fragments of molecular ions even up to large masses and the high surface sensitivity.

ToF-SIMS has been used extensively to investigate polymers and their fragments.

It has been shown that the emitted ions are related to the chemical structure of the

materials and usually consist of molecular and quasi-molecular ions that occur from

fragmentation, rearrangement, decomposition and reaction of the constituent molecules of

the material. Since larger molecular ions of polymers are usually unstable, it has been

difficult or sometimes impossible to detect molecular ions and fragments of more than

several tens of mass units (Dalton, Da).  Enhanced detection of larger mass fragments can

occur through cationization [9-21].  Silver, lithium and sodium are some of the metal ions

(X+) known to form complexes with sputtered molecules (M) which can be detected as
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(M+X)+ in ToF-SIMS.  The desorbed polymer fragments form quasimolecular ions with

transition- or noblemetals, due to their lower recombination energies [7].  Since the

recombination energy of the metal ion is smaller than the ionization potential of the

molecule, the positive charge remains localized at the cation.

Previously, experiments of polymers on etched silver substrates have been

reported [11, 13, 14, 17-21].  Thin polymer films were cast or spincast on the freshly

etched silver substrate surface.  It has been reported that after the deposition of the

polymer, the samples were scraped with a sharpened microspatula [17].  Both the etching

of the silver and the scraping of the polymer were done in order to receive an excess of

silver ions.  The etching of the silver leads to the removal of the stable silver oxide layer,

while scraping with the microspatula was used when the deposited polymer film

exceeded the thickness so the ion beam could penetrate into the silver substrate.  The

cationization at the substrate-polymer interface, however, is not completely understood

and there is a need for a characterizeable process.

In recent years, self-assembled monolayers (SAM) have been the center of

extensive studies.  Due to their excellent order and molecular arrangement, they are

model systems for ordered organic surfaces with tailored terminal groups [22-26]. In

1983, Nuzzo and Allara found that sulfur compounds such as alkanethiols react and

coordinate very strongly to gold, silver and copper. Alkanethiols on gold SAM are

excellent for research because of the strong sulfur to gold bond and the fact that gold does

not form a stable oxide.

1.2 Scope of Research

Since metal ions rather than the free metal or metal-oxides are implicated for the

cationization process, a new approach is described for investigating cationization.  In

order to obtain more insights of the cationization process, a surface containing ordered

metal ions is created.  First, carboxylic terminated self-assembled monolayers on gold are

prepared.  In a following reaction, the acidic hydrogen of the carboxylic headgroup is
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substituted with metal ions including silver, copper, and sodium.  These are used as

substrates for depositing and subsequently analyzing polymers.  Ideally, the excess of ions

from the interface between the monolayer and deposited polymer will yield a larger

number of cationized polymer fragment species.  Carboxylic terminated self-assembled

monolayers allow complexation of the desired metal ions and offer other interesting

investigations such as yield of metal ion substitution and the stability of the compound.

Thin polymer films are prepared by spincoating onto the carrier substrate.  Electron

Spectroscopy for Chemical Analysis (ESCA) and Atomic Force Microscopy (AFM)

investigations are carried out to control surface composition of the monolayer and to

display the surface morphology of the deposited polymer film.  The AFM-images are

evaluated and compared with the ToF-SIMS results to attempt improvements in

molecular-ion signal intensities by determining layer thickness and homogeniety.
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2. THEORY

2.1 Self-Assembled Monolayers

2.1.1 General

Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by

the adsorption of a surfactant onto a substrate surface [22-26].  Self-assembled

monolayers today present a variety of molecules on different possible substrates such as

carboxylic acids on aluminum oxide and silver [23], silane derivatives on hydroxylated

surfaces [23], phosphoric acids on metal oxides (Ti, Al, Ta) [27, 28] and alkanethiols on

gold [26].  The surfactant is a molecule that consists of three main parts: anchor group,

spacer, and functional group (See Figure 1).

• The anchor group (surface active headgroup) reacts spontaneously through

chemisorption with the substrate surface to form a compound.  The

Figure 1 MOLECULE FROM A SELF-ASSEMBLED MONOLAYER [23]
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spontaneous reaction occurs by decreasing the free energy of the system, thus

the molecules are trying to occupy every possible binding site.  Depending on

anchor group and substrate surface, the reaction can take from a few seconds

to several hours.

• The spacer consists typically of a hydrocarbon chain, although other types

have been reported [29].  In order to receive a densely packed monolayer, the

numbers of hydrocarbons is limited from typically C-10 to C-25.  Below C-10

there is complete adsorption of the surfactant onto the surface but not enough

van der Waals interaction of the hydrocarbon chains to form a densely packed

hydrocarbon layer.  In the range of C-11 to C-25, there is enough free energy

from the van der Waals forces to orient the molecules and to create a

crystalline structure (See Figure 1).  Theoretically, this rearrangement of the

hydrocarbon chain should occur up to larger hydrocarbon chains, however,

under experimental conditions, whenever C-25 is exceeded, free movement

and entanglement of the chains will hinder a complete rearrangement.

• The functional groups of the molecule determine the surface chemical

environment of the monolayer and thus are tailored to the specific required

applications.  There is a wide variety of functional groups that can be used and

the list of suitable molecules is large [24].  The functionality of the group

influences the stability of the monolayer on the substrate.

2.1.2 Alkanethiols on Gold

The field of self-assembled monolayers is not new, however, it was not until

recently that Nuzzo and Allara found that sulfur compounds interact very strongly with

gold, silver and copper.  At this point, most work has been done on gold, mainly because

it does not oxidize under normal conditions and therefore can be handled in ambient
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conditions.  Alkanethiols on gold form a stronger bond than other headgroup/substrate

systems and do not seem to form multilayers.

Kinetic studies of the SAM formation and its dependency of their chain length (C-

10 to C-18) was carried out by Ulman and co-workers [22] and it was found that there is

immediate (few seconds) adsorption of the molecule.  After the initially fast adsorption,

reorganization and formation of low defect monolayers may take up to several days.  In

addition they described the increased kinetics of alkyl chain reorganization as a function

of chain length.

The strong sulfur to gold bond allows the use of various terminal groups

depending on the applications.  Carboxylic acid terminated self-assembled monolayers

are common and useful terminal groups to modify the surface properties and have

encouraged studies for protein adsorption [30], surface derivatization [31], polymer-metal

adhesion [31-33] and other applications.

2.1.3 Carboxylic Terminated Self-Assembled Monolayers.

Substrates with carboxylic terminated self-assembled monolayers (COOH-SAM)

present a singular functional group at their surfaces.  Before self-assembled monolayer

research, it was not possible to create surfaces with uniform and closed packed

functionalities.  Polymer surfaces were often used as a substitute, but the chemical

properties were dependent on effects of surface morphologies and the yield of the desired

surface chemical group was smaller.  In contrast to the polymer, the self-assembled

monolayers show a surface composition that is determined entirely by the tailored head

group since the spacer is in an ordered crystalline structure.  The structure of the

carboxylic terminated self-assembled monolayer has been proposed by Nuzzo and co-

workers [26].  The carboxylic functionality allows the use of a large variety of chemical

linkers and ions to derivatize the surface.  Literature has described many different

derivatization methods [32-34] and ion exchanges between carboxyl groups and ions [35-

38].  In the presented work, these carboxylic terminated surfaces were cationized with

metal ions in solution.  Due to the high electronegativity of the oxygen, the hydrogen on
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the OH-group is positively charged and the bond between the hydrogen and oxygen is

ionic; thus the hydrogen can be exchanged with various metal ions. The charge, size and

solvent of the metal ions vary and determine the yield of the hydrogen-metal ion

exchange.

2.2 Chemical Derivatization of Surfaces

In many applications, knowledge of the density of surface specific functionalities

is essential [1, 39-41].  Even if the exact bulk properties of a specific polymer are known,

the organization and orientation of a polymer on the interface at the surface cannot be

predicted.  However, the interfacial properties are critical for e.g. adhesion

hydrophobic/hydrophilic effects or permeability and stability.  In order to obtain more

information about the surface functionalities, derivatization methods are applied to

enhance spectroscopic qualities.  If a polymer with different functional groups is

measured by ESCA, it may be difficult to determine and quantify the characteristic peaks

due to small differences in chemical shifting.  The different chemical groups can be

functionalized, using specific reactions to produce compounds that are then analyzed and

quantified by ESCA [33, 36, 39, 41, 42].

2.3 Spin Coating of Polymers

In order to deposit ultrathin polymer films in the range of several Angstroms (Å),

special techniques have to be employed.  Spin coating of polymers is a simple procedure

and is based on the principle of centripetal forces.  A sample is placed on a hollow chuck,

then set under vacuum in order to attach the sample and subsequently spun at a chosen

speed.  The polymer, which is dissolved in a solvent, is applied in an appropriate amount

to the surface.  The polymer solution is cast onto the rotating substrate resulting in a thin

uniform polymer film.  The resulting polymer film thickness can be controlled by altering



12

the polymer concentration, the vapor pressure of the solvent, the substrate properties or

the rotation speed of the samples.  In order to obtain ultrathin films, low evaporating

solvents and low concentrations of polymer at high spinning speeds must be chosen.

2.4 Electron Spectroscopy for Chemical Analysis (ESCA)

2.4.1 Introduction

ESCA, also called X-Ray Photoelectron Spectroscopy (XPS), is the most widely

used surface characterization method for investigating the chemical composition of the

outermost 100 Å of solid surfaces.  It allows for measurements of a large variety of

different samples and yields high informational content. Some of the information of the

extracted data includes:

• Identification of all elements (except H and He)

• Good quantification of surface composition (error < 7%)

• Information about the molecular environment (oxidation state,

bonding atoms, etc.)

• Non-destructive technique

• Depth profile of the composition by angular dependent

measurements and sputtering

A schematic drawing of a contemporary ESCA instrument is shown in Figure 2.
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2.4.2 Principle of the Technique:

The basic technique is electron spectroscopy: electrons are counted and plot

versus their energy.  The principle works as following: the samples are exposed to x-rays

of a constant energy in a high vacuum chamber.  The x-rays interact with the core level

electrons of the atoms present at the outermost surface layer.  So called photoelectrons

are emitted after transfer of energy between the x-rays and electron occurred. The kinetic

energies of these electrons are given by

Equation 1

whereas KE is the kinetic energy of the emitted electron that is measured in the

spectrometer, hν is the energy of the X-ray source (known value), BE is the binding

energy of the electron in the atom (a function of the type and state of the atom) and φ is

energy analyzer

dual anode x-ray source

ion gun

x-ray monochromator

vacuum and
sample chamber

Figure 2 CONTEMPORARY ESCA INSTRUMENT

KE = hν - BE - φ
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the work function (energy difference of the fermi and vacuum level of the electron; φ=Ef -

Evac).

An electron from a higher orbital fills the hole created by the photoelectron

emitted from the core level.  As this electron possesses a higher energy, the difference in

energy between the higher and lower orbital is released.  This relaxation process can

occur in two different ways (See Figure 3): (I) the electron may emit radiation, which is

detected as x-ray fluorescence or (II) the electron donates the energy to an electron in a

higher orbital, thus emitting that electron, which is called an Auger electron. The

difference between the photo- and Auger electrons is that the energy of the Auger

electrons remains the same regardless of the initial energy of the x-ray source whereas the

energy of the photoelectrons changes (See Equation 1)

Auger electron

e
_

e
_

L  or 2p2,3

L  or 2s1 

K or 1s

photon
e

_

photoelectron

e
_

hν

X-ray fluorescence relaxation Auger relaxation

exitation process

Figure 3 RELAXATION PROCESS IN ESCA
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Although the path lengths of the x-ray photons are in the micrometer range, the

mean free path of the photoelectrons is in the range of tens of Angstroms.  The mean free

path γ is determined by the thickness of matter through which 63% of the traversing

electrons will lose energy [43].  As a consequence of this energy loss, only electrons out

of the first ten nanometers may leave the surface and can be detected as photoelectrons.

The detected photoelectrons are characteristic for each element and its state and form

discrete peaks in a spectrum.  The kinetic energies of the measured photoelectrons are

dependent on the initial binding states of the atoms and their orbitals.  When the binding

energy of the atom’s initial orbital states is changed, for example by formation of new

chemical bonds with other atoms, there will be a shift in energy of the detected

photoelectron.

2.4.3 Data Interpretation:

The spectrum of the detected photoelectrons is displayed as a plot of electron

binding energy versus the number of electrons counted.  The major peaks that are

characteristic in a spectrum are photoelectron and Auger lines.  However, secondary

effects that occur during the measurements include:

• Shake up, shake off

• X-ray satellites

• X-ray “ghosts” from dual anodes

These effects are very comprehensively explained in the book of Wagner and co-authors

[43].

The characteristic increasing of the background in ESCA spectrum with

increasing BE is due to the fact that scattered electrons from each element lose energy.

Photoelectrons are detected at lower kinetic energies, which are equivalent to higher
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binding energies, because of their energy loss described above by the inelastic mean free

path (see Equation 1).  As a result, after every photoelectron peak in a spectrum the

background increases visibly, resulting in a step-like structure of the spectrum.  In order

to extract and quantify elemental composition data, the background needs to be subtracted

in an ESCA spectrum.

2.4.4 Angular Dependent ESCA:

Angular dependent ESCA allows for creation of a composition profile of the

outermost 100 Å.  Usually, the measurements are performed at a take-off angle of 55º,

which is the angle between the detector and the surface normal of the substrate.  This

angle can be varied for the measurements between 0° and 80°.  This way of measurement

is used to characterize the surface in terms of layers and adsorbates.  Usually, three to five

spectra are taken at different take-off angles (e.g. 0º, 55º and 80º) and their composition is

compared.  The signal intensity of an overlayer element will increase with increasing

take-off angle since the informational depth of the spectrum is much smaller.  And vice

versa, the intensity of the underlayer decreases at an 80° take-off angle because exited

electrons need to travel a much longer distance through the material to the surface and

thus have a higher probability to scatter and lose energy.
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2.5 Time of Flight-Secondary Ion Mass Spectometry (ToF-

SIMS)

2.5.1 Introduction:

Secondary ion mass spectrometry is based on the mass analysis of positive and

negative ions sputtered out of the outermost layer of a solid during bombardment with

ions of keV energy.  SIMS is not as commonly used as ESCA in surface science. Its

theoretical basis is much more complex and there are still many uncertainties on subjects

such as ion formation, matrix effects, or quantification of extracted data.  However, the

SIMS instrument is an excellent tool for surface analysis due to the many advantages such

as (I) detection of large organic molecules up to several thousands of mass units, (II) fast

data acquisition with a Time of Flight analyzer and (III) obtained chemical information

out of the top few Angstroms.

Although the emission of secondary ions from surfaces has been observed earlier

this century, surface mass spectrometry is a relatively new technique and until the early

1980s has only been used to analyze the elemental composition of materials for depth

profiling.

2.5.2 Principles of the Technique:

Atomic species and larger organic and inorganic molecules are desorbed from the

substrate surface by bombarding the surface with metal ions and measured in a mass

spectrometer.  When high-energy ions (1-15 keV) hit molecules on the surface, energy is

transferred to the atoms in a billiard type collision and cascade, thus energy is distributed

throughout the bulk.  Some of this energy returns to the surface where it is emitted as

either secondary atoms, molecule fragments, or radicals, some of which are ionized.  The

theory of sputtering and subsequent desorption of atoms, molecules and ions is extensive

and has been described elsewhere [44, 45].  Figure 4 depicts the process of the ion

bombardment with collision cascade and following desorption of atoms and molecules.
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Figure 4 ION BOMBARDMENT AND SUBSEQUENT COLLISION CASCADE [44]

The major parts of the desorbed particles are neutral species, however, it is the

secondary ions that are detected and measured by the mass analyzer.

There are two different types of SIMS experiments, known as static and dynamic

SIMS.  The analytical difference between the two is determined by the ion dosage: below

1012 ions per cm2 defines the low dosage static SIMS, above 1012 ions per cm2 the

dynamic SIMS.  The high ion dose used in dynamic SIMS experiments found extensive

application in the early days of SIMS-techniques.  However, since the high ion is

destructive and leads to surface etching it is not a true surface analytical technique, and

will not be discussed further.  Static SIMS emerged as a technique of potential

importance in the early 1970s.  By reducing the ion dosage and detecting the ions with a

quadruple mass spectrometer, surface characterization could be achieved without the

destruction of the surface.  However, the signal to noise ratio was still not very high

considering that the mass spectrometer scanned only one mass at a time, therefore most of

the ions remained undetected while the sample was under constant ion bombardment.
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The time of flight mass spectrometer is one of several mass spectrometers and can

be considered a milestone in the development of the SIMS instrumentation.  The principle

of the spectrometer is a quasiparallel ion detector that reduces data acquisition thus

reducing the degradation of the sample.  In these instruments, the secondary ions are

generated only by bombarding the sample for a very short period of time (ion pulses in

ns-range).  In the time between two pulses (typically 10-100µs), the desorbed ions are

postaccelerated and mass separated in a flight tube.  Considering the equation of kinetic

energy, heavier masses travel more slowly through the analyzer thus arrive later at the

analysis spectrometer.  The measured flight time of ions can be determined by:

Whereas t is the time, L the length of the flight tube, m the mass of the ion, z the

charge and V the potential that the ion is accelerated with.  This shows the time of flight

of the ions as a function of the square root of mass.  An important advantage compared to

other mass spectrometers is a good signal to noise ratio of the spectra.

Another exciting development of the early 1980s was the imaging SIMS.  With

the use of liquid metal ion beam systems, beam diameters as small as 50nm became

possible, although 200nm to 1µm is the usual range.  This focused beam allowed

scanning across a surface and collecting secondary ions as a function of location.  Two-

dimensional chemical maps of the surface can be created out of this data.

Equation 2

2/1

2





=

zV
m

Lt
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2.5.3 Instrumentation:

A schematic drawing of a contemporary SIMS instrument and a Time of Flight

Mass analyzer are shown in Figure 5.

2.6. Fourier-Transformed Infrared Reflection Absorption

Spectroscopy (FT-IRAS)

Infrared Spectroscopy (IR) is one of the most often used instruments in chemical

analysis and with the development of the so-called Fourier-Transform (FT) detection

method, the time consumption for spectra acquisition and the signal to noise ratio could

be dramatically increased.  The basic principle of Fourier Transformed-Infrared

Spectroscopy has been described in detail elsewhere [46].

Quadrupole Steering 
Plates

Variable 
Aperture

Focusing 
Element

Extraction 
Element

Drift Tube

Reflectron Assembly 
(Electrostatic Mirror)

Pulsed Cs  
or Ga Ion Gun

Chevron Channel 
Plates

Sample

Imaging Data

Spectral Data

Sun WorkStation

Time of Flight - Secondary Ion Mass Spectrometer 
(ToF-SIMS)

Ultra-High Vacuum Chamber

Figure 5 TOF-SIMS INSTRUMENT
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Infrared Reflection Absorption Spectroscopy (IRAS) is a technique that measures

the optical spectrum of a sample that is in contact with an optically denser medium. Since

surfaces that are not transparent for IR cannot be measured with transmission IR,

reflection absorption spectroscopy is a helpful characterization tool to determine surface

chemical bonds through IR absorption.

2.6.1 Reflection Absorption Theory:

The IR reflection-absorption spectrum of a very thin film adsorbed on a metal

substrate depends on the optical constants of the adsorbate and substrate a well as on the

angle of incidence and state of polarization of the incident IR radiation.  When light is

reflected from a metal surface, the electric vector of the incident radiation experiences a

Figure 6 INCIDENT AND REFLECTED ELECTRIC VECTOR

GEOMETRIES AT THE METAL SURFACE AT GRAZING

INCIDENCE [47]
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phase change.  The parallel component (p) of the incident radiation is defined here as that

component whose electric vector is in the plane of reflection, the perpendicular

component (s), in the plane of the surface.  As displayed in Figure 6, the perpendicular

component of the reflected radiation is phase shifted by 180° for all angles of incidence

thus the sum of the signal is zero.  The phase shift for the parallel component is a function

of the angle of incidence, however, a 90 ° shift is observed for the usual setup.  Therefore,

vibrations perpendicular to the surface are not observed with IRAS.

2.7 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) or Scanning Force Microscope (SFM)

belongs to the group of Scanning Probe Microscopes (SPM) that were developed in the

early 1980s [48, 49].  Theory and setup of the AFM and SPMs in general have been

described elsewhere [50-53].  Briefly, developed as an offspring of the Scanning

Tunneling Microscope (STM), the AFM uses a sharp microfabricated tip to probe

interaction forces between the tip and the surface which are depicted in a interaction map

(See Figure 7).  In most commercial AFM instruments the change in cantilever deflection

is measured by a laser beam that is reflected off the back of the cantilever into a

photodiode.  A highly precise scanning movement in x and y direction of either tip or the

sample is achieved by piezo ceramics.  A closed loop feedback system is used to control

the piezo in z direction, which keeps either the interaction or the height constant.

The most versatile of surface analytical tools, the AFM’s main advantage is that

experiments can be performed in vacuum, under ambient conditions or in liquids.

Different scan modes detect every kind of force interactions.  Most commonly the probe

of the AFM is used for image topography and the change in friction on a surface.  In order

to record the topography, the interaction between the tip and the surface is kept constant

and the work function of the feedback is used.  In friction force microscopy, also called

lateral force microscopy, the lateral torsion of the lever is recorded.
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Figure 7 CONTEMPORARY AFM INSTRUMENT
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3. EXPERIMENTAL

3.1 Sample Preparations

All organic solvents (except ethyl alcohol) were HPLC grade and used without

further purification.

The main sample preparation consists of a silicon wafer as a substrate that was

subsequently covered with various overlayers.  A silicon wafer was sputtered first with

chromium and then gold, following the assembly of mercaptohexadecaonic acid or

mercaptohexadecyl monolayers. The samples were then immersed in sodium, silver and

copper containing solutions and followed by the deposition of a thin polymer layer.

3.1.1 Chromium and Gold Deposition

Clean whole silicon wafers (Test Grade, Transition Technology International)

were sputtered with a 200Å layer of chromium with a DC-sputtercoater (Planar

Magnetron, Denton Vacuum System).  The deposition of the chromium interlayer was

used to enhance the adhesion of the gold overlayer.  The chromium covered silicon wafer

was stored in ambient conditions.  Shortly before the assembly, the chromium-covered

wafer was cut into approximately 10mm2 squares, then blown with nitrogen (Grade 4.8,

Praxair) to remove dust and silicon contamination.  A 300Å layer of gold was sputtered

using a DC-sputtercoater (Desk 1, Denton Vacuum Inc.).  The gold samples were stored

for 1-7 days under nitrogen before the assembly.

For the FTIR measurements, plain microslides (Richard Allan Scientific) were used.  The

chromium and gold deposition was carried out under the same experimental conditions as

the silicon wafers.  Due to long storage time in ethanol, the slides were cleaned in

“piranha”-solution (80% H2SO4, 20% H2O2) and washed before the assembly.



25

The assembly process was carried out working in a laminar flow hood in order to

minimize the defects (pinholes) and contamination of the monolayer it is of importance to

work in a clean environment.  The molecules (mercaptohexadecaonic acid, in-house

synthesis and hexadecylmercaptan, 92% pure, Aldrich,) were diluted at a concentration of

0.5mM in ethyl alcohol (dehydrated, 200 Proof, McCormick) and stored in previously

washed and rinsed polypropylene containers (20ml, widemouth, VWR scientific).  The

stored gold samples were immersed in the solution for 48-72 hours.

After removal from the solution, the samples were rinsed for 10 seconds using a

squirt bottle of clean ethanol, then sonicated in ethanol for 3 minutes in order to remove

all physisorbed molecules.  The samples were then rinsed for another 10 seconds with

ethanol, blown dry with and stored under nitrogen.

3.2.2 Ion Substitution:

The carboxyl groups were labeled with three different metal ions, silver (Ag+),

sodium (Na+), and copper (Cu2+).

• Silver ion substitution: The samples were immersed in a 10mM solution

of AgNO3  (99.9999% pure, Aldrich) in acetone for one minute and

subsequently rinsed in acetone for 30 seconds.

• Sodium ion substitution: The samples were immersed in a aqueous NaOH

(1N, VWR Scientific) solution (pH 11.5) for 1 minute and subsequently

rinsed in water (Research Grade Ultrapure, 18Mohm, Modulab

Analytical) for 30 seconds.

• Copper ion substitution: The samples were immersed in a 20mM solution

of Cu(II)ClO4 (98%pure, Aldrich) in ethyl alcohol for two minutes and

subsequently rinsed for one minute in ethyl alcohol.

After rinsing, the samples were blown dry with and stored under nitrogen.
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3.2.3 Polymer Deposition

Deposition of the polymers was done on a Headway Research EC101 spincoater

for 20 seconds at 6000 rpm.  Polyethyleneoxide (PEO) 1kD (MW 1000 g/mol, Aldrich)

and PEO 400kD (MW. 400’000 g/mol, Aldrich) were spincast onto the substrate surfaces.

Diluting series of both polymers spincast onto silicon wafers were made and measured

with an ellipsometer (Rudolph, autoEl) in order to determine an approximate film

thickness of 20-30 Angstrom. This point will also be addressed in the Results and

Discussion section.

In order to receive a similar layer thickness, PEO 1kD was diluted in methylene

chloride at a concentration of 0.6 mg/ml; PEO 400kD was diluted in methanol at a

concentration of 0.5 mg/ml.  One 5µl drop was cast onto the sample spinning at 6000

rpm.  The samples were subsequently blown dry with nitrogen and stored.

3.2.4 Reference Sample Preparation

A thin silver foil (0.25mm, 99.9985%pure, Alfa Parabolic) was etched for 3

minutes in nitric acid solution (20%), washed with water and ethanol, blown dry with

stored under nitrogen. Due to the much higher surface roughness, the amount and

concentration of the solution were doubled, resulting in about 4 times more deposited

PEO.
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3.3 Instrumentation

3.3.1 Electron Spectroscopy for Chemical Analysis

Analyses were performed on a Surface Science Instruments (SSI) X-Probe ESCA

instrument.  An aluminum Ka1,2 monochromatized X-ray source was used to stimulate

photoemission.  The energy of the emitted electrons was measured with a hemispherical

energy analyzer at pass energies of 50 eV (high resolution) and 150 eV (survey and detail

spectrum).  SSI data analysis software was used to calculate the elemental compositions

from the peak areas and to peak fit the high-resolution spectrum.  The binding energy

(BE) scale was referenced by setting the CHx peak maximum in the C 1s spectrum to

285.0 eV.  Peak counts of elements present that were no more than double the

background were not quantified and marked as “Traces of...”.

Typical pressures in the analysis chamber during spectral acquisition were

10-9 torr.  Depth profile spectra were collected with the wide-angle acceptance lens

masked with a 12º slit.  The sample was rotated around an axis perpendicular to the

analyzer lens axis and in the plane of the X-ray beam.  Spectra were collected with the

analyzer at 80º, 55º, and 0º with respect to the surface normal of the sample.

3.3.2 Time of Flight Secondary Ion Mass Spectrometry

The TOF-SIMS spectra were acquired using a Model 7200 Physical Electronics

PHI instrument (Eden Prairie, MN).  The 8 keV Cs+ ion source was operated with a

current of 1.5 pA, a pulse width of 1.25 ns and a repetition rate of 5000 Hz(0-1000m/z

spectra) or 3000 Hz(0-2000m/z spectra).  The resulting ion dose was maintained below

1x1012 ions/cm2, with an area of analysis of 0.01 mm2.  The secondary ions were

extracted into a two-stage reflectron time-of-flight mass analyzer with a potential of 3 kV.

A secondary ion-focusing lens between the analyzer entrance and drift region was held at

1 kV, promoting high angular acceptance and good transmission of ions.  The band pass
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of the analyzer was 100 eV and an independent adjustable grid voltage (deceleration)

allows energy focusing to be performed.  The ions were post-accelerated to 10 kV and

converted to charge pulses by a stacked pair of chevron-type multichannel plates (MCP).

The signals were detected using a 256 stop time-to-digital converter (TDC) with 156 ps

time resolution.

3.3.3 Fourier Transformed Internal Reflectance Adsorption

Spectroscopy

External reflection-adsorption FTIR measurements were performed on a Digilab

FTS-60A spectrometer in 80° grazing angle reflection mode. The incidence light was p-

polarized. The system was purged with water and carbon dioxide–free air. A liquid-

nitrogen-cooled MCT detector was used.  All data were taken at 4-cm-1 resolution with

the accumulation of 1024 scans.  For the multiple IR-Spectra in the same graph, the

intensity scales were the same.

3.3.4 Atomic Force Microscopy:

All scanning force microscope experiments were carried out with an Explorer

standalone system (TopoMetrix Inc.) equipped with the standard 100 µm X-Y scanner

and a 12 µm Z-piezo. SFM experiments in air were performed at an ambient temperature

(22° C) in a sealed glove box under dry nitrogen atmosphere (humidity < 5 %).  Bar shape

silicon nitride lever (NT-MDT) with a spring constant of 0.03 N/m were used for the

experiments. Friction force measurements were carried out at zero load.  Raw images

were flattened to correct for non-linear curvature of the piezo response.
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4. RESULTS AND DISCUSSION

4.1 ESCA Results.

Figure 8 SURVEY SPECTRA OF SPUTTERED GOLD ONTO SILICON WAFER WITH

CHROMIUM UNDERLAYER, 55° TAKE-OFF ANGLE

Element Atomic composition

Au (4f7/2) 48.5%

C (1s) 46.8%

O (1s) 4.7%

Table 1 ELEMENTAL COMPOSITION OF SPUTTERED GOLD SUBSTRATE, 55°

TAKE-OFF ANGLE

The quality of the sputter deposited gold layer is determined by ESCA.  Elemental

composition is calculated from the survey spectrum depicted in Figure 8.  Gold (Au
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4f7/2), carbon (C 1s) and oxygen (O 1s) are the only elements detected (Table 1).  At first

sight, the C 1s signal of 46 % seems high.  The detected carbon and oxygen represents a

hydrocarbon overlayer, due to nonspecific adsorbed contaminants.  Upon exposure to air,

hydrocarbons rapidly adsorb to high-energy surfaces such as metals and metal oxides in

order to reduce the interfacial free energy.  The surface composition is in accordance with

the previously measured sputtered gold surfaces.  No additional contaminants are found.

ESCA analysis of gold surfaces modified with a self-assembled thiol monolayer

reveal a typical surface composition consisting of gold, carbon sulfur and oxygen.

Results for 16-Mercaptohexadecanoic acid (C16H32O2S, Figure 9, Table 2) and

hexadecylmercaptan (C16H34S, Figure 10, Table 3) are shown below.  The ratios for

C:O:S and C:S do not exactly reflect the real elemental ratio of the monomers.  This is

due to fact that the thiols are highly oriented on the surface and the signal information

from the gold thiol interface is attenuated.

Figure 9 ESCA SURVEY SPECTRUM OF MERCAPTOHEXADECANOIC ACID

MONOLAYER ON GOLD, 55° TAKE-OFF ANGLE



31

Element Atomic composition
Au (4f7/2) 22.6%

C (1s) 62.8%
O (1s) 12.9%
S (2p) 1.7%

Table 2 ELEMENTAL COMPOSITION OF MERCAPTOHEXADECANOIC ACID

MONOLAYER ON GOLD, 55° TAKE-OFF ANGLE

Figure 10 ESCA SURVEY SPECTRUM OF HEXADECYLMERCAPTAN MONOLAYER

ON GOLD, 55° TAKE-OFF ANGLE

Element Atomic composition
Au (4f7/2) 24.7%

C (1s) 73.2%
S (2p) 2.1%

Cu(2p3) traces

Table 3 ELEMENTAL COMPOSITION OF HEXADECYLMERCAPTAN MONOLAYER

ON GOLD, 55° TAKE-OFF ANGLE
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The survey spectra are in agreement with the literature [23].  High-resolution

spectra of the sulfur (S 2p) are acquired in order to determine the bonding state of the

sulfur.  The change in binding energy of the unbound- to bound gold to sulfur peak has

been previously described in detail [54].  Typical binding energies for doublet S 2p

unbound sulfur peaks are at 163.5eV (S 2p3/2) and 164.7eV (S 2p1/2).  After the

assembly and strong interaction with the gold, the S 2p peaks shift to 162.0eV and

163.2eV, respectively.  The spectra obtained for both the CH3 and COOH terminated self-

assembled monolayer show that the sulfur is bound to the gold.  A characteristic spectrum

of bound sulfur is shown in Figure 11 d)+e).  Some unbound sulfur (up to 20% of S 2p

peak) is observed at times, but only on substrates with the carboxylic terminated SAMs.

It might be that the carboxylic terminated SAMs are not as stable as the methyl

terminated.  Intermolecular interactions such as hydrogen bonding between the carboxyl-

groups or carboxylic acid and sulfur might hinder the binding of some of the sulfur to the

surface.

Both the spectra of hexadecylmercaptan and mercaptohexadecaonic acid show a

higher percentage of carbon compared to the reference gold sample.  The high-resolution

carbon (1s) peaks are analyzed in order to determine the bonding character.

• The gold surface C1s peak consist of hydrocarbon peaks at 285.0 eV (C-C,

C-H), 286.5 (C-O-H, C-O-C), 288.0 (C=O), 289.0 (O-C=O), shown in

Figure 11 a).

• The carboxylic terminated self-assembled monolayer contain contributions

of C-C and O-C=O that were characteristic of the molecule.  Small

hydrocarbon contamination is present because of its higher surface energy.

(See Figure 11 b)

• The methyl terminated self-assembled monolayer C1s peak consist only of

C-C and C-H bonds, the peak is symmetrical and located at 285.0 eV.

(See Figure 11c).  Due to the low surface energy of the methyl terminated

monolayer there is no adsorption of hydrocarbon contamination, therefore

no higher carbon binding energies are displayed.
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Angular dependent ESCA is performed on metal ion substituted SAM.  The

carboxylic terminated self-assembled monolayer is immersed in silver nitrate solution and

the yield of substitution of the silver ions is determined by ESCA.  Spectra are taken at 0º,

55º and 80º take-off angles to determine the metal ion content on the carboxyl terminated

self-assembled monolayers in the different solutions.

a) C1s peak, Au substrate
b) C1s peak, COOH-SAM
c) C1s peak, CH -SAM3

d) S2p peak, COOH-SAM
e) S2p peak, CH -SAM3

a) b)

c)

d) e)

Figure 11 ESCA HIGH RESOLUTION C1S AND S2P SCANS OF AU-SUBSTRATE AND

MONOLAYERS, 55° TAKE-OFF ANGLE
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Element 0° TOA 55° TOA 80° TOA

Au (4f7/2) 34.8% 23.4% 12.6%

C (1s) 50.3% 60.2% 69.4%

O (1s) 7.0% 8.0% 10.5%

S (2p) 2.7% 3.0% 2.5%

Ag (3d5/2) 5.2% 5.4% 5.0%

Table 4 ESCA ELEMENTAL COMPOSITION OF CARBOXYLIC TERMINATED

SELF-ASSEMBLED MONOLAYER DIPPED IN A 50MM SOLUTION OF

AgNO3 IN ACETONE FOR 1 MIN, RINSED IN ACETONE FOR 30 SEC.

SPECTRA TAKEN AT 0°, 55° AND 80° TAKE-OFF ANGLES.

As shown in Table 4, the amount of gold decreases while carbon and oxygen

increase with increasing take-off angle.  This is in agreement with the expected data.  The

sulfur and silver signal, however, are not a function of take-off angle.  The amount of

sulfur seems contradictive to the expected results, since the sulfur is bound to the gold

surface and covered with a hydrocarbon layer.  Because sulfur (2p) has a small cross-

section (the cross-section describes the possibility of emitting core electrons), the

detected signal is low and therefore difficult to quantify.

The amount of silver is similar for all angles obtained.  The results propose the

following reaction of the silver ions with the substrate: upon immersion of the COOH

terminated SAM in the AgNO3 solution, excess of silver replaces the acidic hydrogen and

a COO-Ag+ SAM is formed.  This process is referred to as metal ion substitution.  Since

the gold surface provides electrons to reduce silver ions, silver has a high affinity to gold.

Therefore, silver ions may diffuse through the monolayer or its pinholes and adsorb onto

the gold surface.  Czandera and co-workers have described the affinity and diffusion of

thin vapor deposited metal layers such as silver and copper on SAM to the gold surface

[55-58].  The result is a double-layered structure of silver on the bottom and top of the

monolayer, which could explain the lack of angular dependence of the silver signal.  In

order to quantify the replaced silver ions in the top layer, high-resolution spectra of Ag
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3d5/2 and C 1s are acquired.  However, the shift in binding energy between the different

states of silver and carbon is indistinguishable, therefore the exact amount of silver

substitution cannot be calculated.

Element 0° TOA 55° TOA 80° TOA

Au (4f7/2) 40.9% 26.6% 11.1%

C (1s) 45.3% 57.0% 67.5%

O (1s) 9.2% 12.7% 17.3%

S (2p) 2.9% 1.7% 2.5%

Cu (2p3/2) 1.7% 2.0% 1.6%

Table 5 ESCA ELEMENTAL COMPOSITION OF MERCAPTO-

HEXADECANOIC ACID SELF-ASSEMBLED MONO-

LAYER DIPPED IN A 20MM SOLUTION OF CU(II)ClO4

IN ETHYL ALCOHOL FOR 1 MIN, RINSED IN ETHYL

ALCOHOL FOR 30 SEC.  SPECTRA TAKEN AT 0°, 55°

AND 80° TAKE-OFF ANGLES.

In an additional set of experiments, the acidic hydrogen is substituted with copper.

The monolayer is immersed for 1 minute into a copper perchlorate solution.

Subsequently angle resolved ESCA spectra are acquired.  Elemental composition of the

substituted monolayer is in agreement with the results described above.  Copper is present

at all take-off angles, but in smaller concentration compared to silver.  Again, the constant

amount of copper at every angle suggests the same double layered structure as described

for the silver ions.  Copper is known to form a bond with two carboxyl groups such as {-

COO-
2Cu2+} [23], whereas silver forms a single ionic bond {–COO-Ag+}[39].  This and

the fact that silver has a higher affinity to the gold surface may be the reason why the

yield of copper ions compared to the yield of silver ions is almost three times smaller

[55].  Currently, the oxidation state of the copper by high-resolution angle resolved ESCA

analysis is being investigated in order to determine the exact amount of copper ions.
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4.2 Time of Flight SIMS Results.

Both negative and positive ToF-SIMS spectra are acquired for all samples at different

spots on the surface.

Bare gold samples are measured as control with each set of self-assembled

monolayers (See Figure 12) and show strong signals that come from hydrocarbon

contamination.  In addition, chlorine and nitrogen containing contaminants are detected,

which is comparable with previously measured reference [59].  Chlorine and nitrogen

containing contamination present at the gold surface might be adsorbates from air and

storage in solution.  However, after modification of the gold substrate with a SAM, those

adsorbates are reduced by several orders of magnitude.

Figure 12 NEGATIVE TOF-SIMS SPECTRUM, SPOT SIZE 100µM2: GOLD REFERENCE

SAMPLE, SPUTTERED GOLD ON CHROMIUM COVERED SILICON WAFER
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Negative ToF-SIMS spectra of carboxylic acid terminated SAMs reveal some

stronger low-molecular hydrocarbon peaks, which are identified as fragments of the self-

assembled monolayer (See Figure 13).  Strong peaks in the high-mass region originate

from the desorbed gold and gold-sulfur ions.  Interestingly, the self-assembled monolayer

enhances the intensity of the detected gold ions compared to the reference gold sample.

This effect is not understood, but may be due to some favorable matrix effect or

rearrangement of the gold surface.

Distinct peaks at 287.20m/z (M-H)- and at 681.17m/z (Au2(M-H)-) contain the

whole thiol molecule (M). Thiol fragments bound to gold such as AuSC2H2 and

Au2SC2H2 are detected with a higher count rate.  The spectra obtained from incomplete or

highly disordered monolayers show the usual hydrocarbon, gold and gold-sulfur peaks but

no molecular ions such as M-H or Au2(M-H).  Therefore the negative ToF-SIMS spectra

are concluded to be useful in order to determine the quality of the monolayer.
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Figure 13 NEGATIVE TOF-SIMS SPECTRUM, SPOT SIZE 100µM2: MERCAPTOHEXA-

DECANOIC ACID SELF-ASSEMBLED MONOLAYER ON GOLD.
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m/z ion m/z ion m/z ion m/z ion

25 C2H 49 C4H 89 C3H5O3 262 AuS2H

26 C2H2 57 C2HO2 96 SO4 394 Au2

32 S 58 C2H2O2 197 Au 420 Au2C2H2

33 SH 62 NO3 223 Au C2H2 426 Au2S

41 C3H5 64 SO2 229 AuS 451 Au2SC2H2

45 C2H5O 71 C3H3O2 249 AuC4H4 459 Au2S2H

48 SO 80 SO3 255 AuSC2H2 591 Au3

Table 6 SELECTED NEGATIVE PEAKS OF A MERCAPTOHEXADECANOIC ACID SAM ON

GOLD SPECTRUM, SPOT SIZE 100µM2

(MX-H)
(MX-H)

MX=HS(CH ) COOAg2 15

(M-H)

M=HS(CH ) COOH2 15

M=HS(CH ) COOH2 15

(M-H)

a) b)

c) d)

Figure 14 PEAKS FROM UNSUBSTITUTED MONOLAYER (BOTTOM ROW) AND

SILVER SUBSITUTED MONOLAYER (TOP ROW)
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Comparison of the spectra taken for the COOH-SAM and COO-Ag+-SAM show

similar peaks in the low-mass region, but some distinct differences are found for peaks at

higher masses (>200 m/z).  These differences include the silver ions detected at 106.91

m/z (Ag+) and 108.91m/z (Ag+).  Due to the isotopic distribution of silver, all Ag+-

containing species are split into two peaks in ratio 1:1 (52% and 48% respectively).  This

characteristic is very useful for the determination of the peaks.  Figure 14, top row, shows

that the metal ion modified monolayer displays peaks for both the reacted (MX-H) and

unreacted (M-H) thiol molecule.  The plain monolayer displayed in Figure 14, bottom

row, shows the molecule (M-H) but no peaks for the substituted thiol molecule.  The

yield of the ion substitution cannot be estimated because the peak of the molecule M-H

(See Figure 14 a) could have occurred from both unreacted thiol molecules and metal ion

substituted molecules that lost the silver ion during the emission process.  Additional

differences between the substituted and unsubstituted SAMs include cationized

hydrocarbon species such as AgC2H4 and metal clusters such as AuAg.

Positive ToF-SIMS spectra are taken to monitor the fragmentation of

polyethyleneoxide (PEO).  Positive ToF-SIMS spectra yield more information for the

characterization of cationized polymers because the cationized peaks are positively

charged from the metal ion.

Normally, ToF-SIMS only detects small mass fragments of PEO, although the Cs+

ions blast large quantities of the polymer off the surface.  Large fragments or molecules

are either in an electrically unstable state and/or break apart upon collision.  Such a

spectrum is depicted in Figure 15.  Both 1kD and 400 kD PEO deposited on a carboxylic

terminated SAM is analyzed by ToF-SIMS.  Analysis reveals peaks of fragments at

43.02m/z (-C2H3O-) and 45.03m/z (-C2H5O-) which are characteristic for PEO.  Other

peaks present in the spectrum are related to the SAM and gold substrate.  Larger

fragments of several monomer segments cannot be detected for either spectra.
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Figure 15 POSITIVE TOF-SIMS SPECTRUM OF PEO 400KD DEPOSITED ONTO

CARBOXYLIC TERMINATED SELF-ASSEMBLED MONOLAYER
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Figure 16 POLYETHYLENEOXIDE (400KD) DEPOSITED ONTO SILVER ION SUBSTITUTED

CARBOXYLIC TERMINATED SELF-ASSEMBLED MONOLAYER
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Figure 17 POLYETHYLENEOXIDE (400KD) DEPOSITED ONTO COPPER ION SUBSTITUTED

CARBOXYLIC TERMINATED SELF-ASSEMBLED MONOLAYER
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Figure 18 POLYETHYLENEOXIDE (400KD) DEPOSITED ONTO SODIUM ION SUBSTITUTED

CARBOXYLIC TERMINATED SELF-ASSEMBLED MONOLAYER
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A different fragmentation pattern is found for 400 kD PEO deposited on silver ion

substituted SAMs.  The low-mass (0-400m/z) region shows similar peaks as found for

PEO deposited COOH-SAMs.  They are assigned to fragments of the PEO, the SAM,

silver ions and the gold substrate.  At the higher mass ranges (>400), larger cationized

fragments of the deposited polymer are detected.  Figure 16 shows the spectrum which

was obtained from PEO deposited on a silver substituted SAM.  The main peaks are

resolved to be multiple PEO monomer units cationized with a Ag+ ion.  One PEO

monomer unit consists of CH2CH2O with a mass value of 44.03 m/z..  Fragments of up to

25 repeat units bound to the Ag+ ion can be detected.

Although high molecular cationized fragments are detected, the intensity is

relatively small and thus the signal to noise ratio is low.  Similar results are achieved on

copper substituted SAMs (Figure 17).  Again, cationized fragments can be assigned up to

n=25 polymer units.  The low signal intensities of the cationized larger chain fragments

make detection difficult.  Best results are obtained on sodium substituted COOH-SAMs

(Figure 18). The signal intensities of the Na+ cationized PEO polymer fragments are

almost one order of magnitude higher, which results in a low noise spectra above m/z

400.  Fragments of 9 up to 25 monomers cationized with the sodium are assigned.  The

low-mass region resembles previously described samples.  In addition, high-count rates

are obtained for pure sodium ions.

The PEO did not only break down into multiples of monomer (-CH2CH2O-)nM+,

but as well into a sub-fragmentation pattern (See Figure 19). The cationized n-monomer

fragments are described as Rn=Na+-(CH2CH2O)-.  From that unit the different peaks can

be assigned and the following sub-fragmentation pattern is obtained: sequentially

extraction of two methlyene groups and one oxygen.  The resulting fragment corresponds

exactly to Rn-1.  Interestingly, the reversed order with oxygen extraction followed by two

methylene is detected as well and exhibits a slightly stronger signal.  This indicates that

the metal ion did not necessarily cationize at an end standing oxygen, but with any one

within the fragment.  The extraction of two hydrogen results in a double bond that seems

favorable for the stability of the compound since the peak intensity is comparable or even
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higher than the n-monomer fragment.  This double bond will most likely be at one end of

the polymer chain in order to stabilize the free electron.  The described pattern is found

for all cationized PEO fragments with n > 6 and n < 25.

The cationization of the high molecular PEO shows large chain fragments that

come from chain scission of the entangled polymer.  Desorption of a whole polymer

molecule with the mass 400 kD cannot be anticipated and is not observed with ToF-

SIMS.  However, PEO polymer molecule of 1 kD consisting of about n=23 monomer

units can be detected.  As described above, PEO 1kD desorbed from unsubstituted SAMs

did not result in fragments larger than one monomer unit.  Spectra acquired on metal ion

substituted SAMs show a completely different peak distribution (Figure 20, Figure 21 and

Figure 22).  On these surfaces the largest detected fragments show masses of

approximately 1.5 kD.  The overall spectrum at larger masses (>400 m/z) show two

regions with high counts at 0.5 kD and 1 kD.  The peaks at approximately 1 kD

correspond to the whole PEO molecule (n=21) cationized with a metal ion (=M).  The

Gauss-like signal distribution around this 1kD maxima show the mass distribution of the

1kD PEO and reach from masses starting from 0.5kD to about 1500 kD.

Rn

R (-H )n 2

R (-CH )n 2

R (-O), R (-CH ,-H )n n 2 2

R (-O, -H )n 2

R (-CH ,-CH )n 2 2

R (-O, -CH )n 2Rn-1

R = Na -(CHn 2CH O) -2 n

Figure 19 FRAGMENTATION PATTERN OF SODIUM CATIONIZED PEO (400KD)
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The lower peak distribution can be compared to the spectra obtained for the 400

kD PEO, that were fragmented PEO molecules cationized with the metal ion (=R).  This

distribution shows a maximum around 0.5 kD and decreases slowly up to 1.6 kD.  The

difference between the fragments R and the molecules M is the terminal groups.  While

whole PEO molecules have both terminal ends with a hydroxyl and hydroxide group, the

fragments only consist of the monomer units.  Scission of the whole molecules occur

always between the monomer units, leaving the fragments without terminal groups.  The

mass difference of the whole desorbed molecule Mn and the fragmented species Rn is

exactly 18.01m/z (H2O).  As described before, this difference cannot be observed on the

400 kD PEO as only fragmented species were observed.

The results above show that cationization of the thin PEO on metal ion substituted

SAMs is possible.  The intensities of the larger chain fragments suggest that sodium and

silver cationization yield higher counts compared to the copper cationized species.

Copper ions are known to form strong bonds when substituting acidic hydrogen of the

carboxyl groups [23], whereas sodium-carboxyl bonds [34, 38] are relatively weak.  This

suggests that it is desirable to work with metal ions which bind weakly to the carboxyl

groups.  Another possibility of the lower count rates compared to the sodium and silver

cationization may be because copper appears in a double rather than single charged state,

thus it may not be a very good cation for further research.  Intensities of the Na+ and Ag+

cationized polymer chains are compared to results obtained from control experiments

carried out on etched silver substrates (Appendix A).
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Figure 20 POLYETHYLENEOXIDE (1KD) DEPOSITED ONTO SILVER ION SUBSTITUTED

CARBOXYLIC TERMINATED SELF-ASSEMBLED MONOLAYER
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To prove that cationization occurs as described from the metal ions at the

interface between the monolayer and the deposited PEO, a methyl rather than carboxyl

terminated SAM is used with the same preparations.  When the monolayer is exposed to

the solution, the methyl-functionalized group is inert to reaction with the metal ions.

However, as described above in the ESCA studies, some of the metal ions will adsorb to

the gold surface.  A positive ToF-SIMS spectrum is shown in of a methyl terminated self-

assembled monolayer dipped in silver nitrate solution for 1 minute in acetone with

additional washing for 30 seconds in acetone to remove residual solvent.  Silver is known

to have a high affinity to the gold and it can be expected that the high concentration of

silver ions in the solution would lead to silver adsorption at the gold interface.  This

hypothesis is supported by the previously mentioned ESCA studies.  In the positive ToF-

SIMS spectra strong silver signals at 106.91m/z and 108.91m/z, respectively, are

detected.  The intensities are similar to that obtained on the carboxyl terminated SAM.  In

the high mass region (400-2000m/z) however, there is no indication of larger cationized
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fragments.  Silver ions desorbed from the gold interface did not cationize any polymer

fragments or thiols from the SAM.  The spectrum is shown in Appendix B.

In current studies, we deposit polymethacrylic acid  (PMAA) polymer layers on a

silicon wafer and subsequently substitute the hydrogen of the carboxylic groups with

silver ions.  This substrate is used for the polymer deposition and measurements in ToF-

SIMS.  The results have not yet been reproduced but show cationization of the deposited

polymer from silver ions.  The count rate of the cationized peaks is not as high as for the

SAM substrates, however, further measurements need to be taken in order to be more

conclusive.  The spectrum is shown in Appendix C:

4.3 FTIR-IRAS Results

In FTIR-IRAS experiments, cleaned gold substrates are used as control and for

background subtraction.  The chemical shift of the C-O-H stretching vibration is

compared between the pure COOH-SAM and metal ion substituted COO-X+ SAM.

Substitution reaction of Cu(II)(ClO4) is performed in ethyl alcohol, AgNO3 in acetone and

NaOH in water  (See Figure 23).

The peaks in area between 2400 cm-1 and 2200 cm-1 are removed because they

occur from ambient environment and are not to be used for further results.  The

carboxylic terminated reference IR spectra reveal peaks that are characteristic for a

carboxylic terminated self-assembled monolayer.  The peaks at 2916 cm-1 and 2851cm-1

are assigned to asymmetric (νa) and symmetric (νs) C-H stretching vibrations for CH2.

The large peak at 1462cm-1 are slightly shifted but can be assigned to the C-O stretch

from the terminal group.  An additional peak found at 3017cm-1 might have been due to

contamination.
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The metal ion substituted self-assembled monolayers display certain differences

from the reference spectrum such as:

• The silver cationized spectrum show that both the symmetrical and

asymmetrical CH2 stretch were diminished and a shift occurred in the

C-O stretch vibration from 1462 cm-1 for the reference to 1408 cm-1 for

the ion substituted monolayer.

• The sodium and copper cationized spectra exhibit little change in the

intensity of the CH2 vibration, the carboxyl stretch vibration is shifted

to 1442 cm-1 for the sodium, 1450cm-1 for the copper, respectively.

It is interesting to note that the C=O stretch vibration at 1718cm-1 has been

described in the literature, but cannot be seen on our samples [26].  Orientation of the

carboxyl groups can be an explanation for the lack of this peak.  Organization of the C=O

groups, which might be dependent on the solvent, could have been parallel to the surface
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and therefore invisible for the IRAS, since only stretch intensities perpendicular to the

surface are detected.

The shift of the metal ion substituted self-assembled monolayers vary for the

different ions.  Since the metal ions are of higher masses than the replaced hydrogen, we

believe that the shift for the C-O stretch can occur from the small change in vibration.

The largest of the metal ions, silver, shows a considerably larger shift (54 cm-1) than

copper (12 cm-1) and sodium (20 cm-1).

4.4 AFM Results

Contact mode AFM images are acquired on PEO 1kD and PEO 400 kD spincast

onto a carboxyl terminated SAM to display the surface morphology.  For the quality of

the ToF-SIMS spectra from the cationized polymer fragments, deposition of ultrathin

polymer layers is considered essential.  The polymer layer must be thin enough to allow

the simultaneous desorption of cations and polymer fragments.

Figure 25 depicts 60 µm, 20 µm and 5 µm topography images of 400 kD PEO

spincast onto the COOH-SAM.  The polymer film is relatively smooth and homogenous

in thickness.  However, it is clearly visible that the polymer formed conglomerates and

domains which are attributed to the re-crystallization of the PEO on the surface.  Figure

26 shows 60 µm and 20 µm topography images of 1kD PEO.  These images display large

snowflake like domains.  We assume that 1kD PEO re-crystallizes quicker upon

evaporation of the solvent in the spincast process.  Therefore the crystalline parts of the

polymer are much larger in diameter and less homogeneously distributed compared to the

high molecular weight PEO.  Change in friction between the crystalline domains and the

surrounding areas suggest that these regions are not covered with PEO.  Complementary

ellipsometry measurements carried out on the spincoated polymer films result in an

approximate layer thickness of 20-30Å for both PEO coatings.  Although ellipsometry

measurements display a layer thickness that is similar for both samples, the surface
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morphology is very different.  In ellipsometry experiments the average layer thickness is

determined without information on surface homogeneity or morphology.  It is not

conclusive whether this inhomogeneous coverage of the SAM enhanced the ion yield in

ToF-SIMS experiments.  It could be a similar effect as observed by Zimmermann and co-

workers [17], who found that scratching of the polymer films with a sharpened

microspatula enhanced the signal intensities.

10 mµ 5 mµ

1 mµ

A B

C

Figure 24
AFM TOPOGRAPHY IMAGE OF PEO
400 KD SPINCAST ONTO COOH
Z-SCALES  A)  50 NM, B) 20 NM AND
C) 8 NM. SCAN RATE 0.5 HZ,
IMAGED UNDER NITROGEN
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This would explain the somewhat surprising higher average signal intensities for

PEO 1kD compared to PEO 400 kD.  The highly branched polymer domains contain

large interfacial regions allowing metal ions to cationize the polymer fragments.  A more

complete ultrathin coverage as seen for the PEO 400kD may be less favorable for the

desorption of the cationized fragments.

10 mµ10 mµ 5 mµ5 mµA B

Figure 25 AFM TOPOGRAPHY IMAGE OF PEO 1 KD SPINCAST ONTO COOH

Z-SCALES  A)  60 NM AND B) 25 NM.  SCAN RATE 0.5 HZ, IMAGED UNDER

NITROGEN
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5. CONCLUSIONS

ESCA and ToF-SIMS are used to determine the yield of metal ion substitution of

the carboxyl groups.  So far, characterization is difficult and quantification cannot be

achieved.  Although fragments such as the unreacted (M-H) and metal ion substituted

molecule (MX-H) are found and their ratio calculated, quantification is not possible since

the (M-H) peak can also occur from a metal ion substituted molecule that lost the metal

ion upon the emission.  With ESCA, the chemical composition of the monolayer can be

determined, however, the fact that silver adsorbs onto the gold surface makes the

quantification of the substituted silver ions difficult.  Angle resolved ESCA results

display decreasing gold with increasing carbon and oxygen peaks at increasing take-off

angles.  The chemical composition of those elements at the different take-off angles

predicts a highly ordered monolayer.  The amount of metal ions present at all take-off

angles is constant for both copper and silver, suggesting a double layered structure of

metal ions bound to the carboxylic acid functional group with additional adsorption and

reduction of the metal ions onto the gold surface.

In order to determine an approximate yield of metal ion substitution, the metal ion

and oxygen composition at 80° can be looked at for the silver ions.  With a yield of

100%, the chemical composition of –COO-Ag+ predicts a 2/1 ratio of oxygen to silver

present at the surface.  If we estimate that 50% of the total silver (5%) present are from

attenuation of the signal from the bottom of the monolayer, about 2.5% of silver ions are

present.  About 10.5% of oxygen is present at the same sample, calculating a 4/1 ratio of

oxygen to silver ions which predicts that approximately 50% of the carboxyl groups are

silver ion terminated.  Although high-resolution ESCA spectra are taken, the shift in

silver is indistinguishable and quantification can not be achieved.  Copper and sodium

may show a shift large enough to determine the different electron states and work is

currently being done on high-resolution ESCA spectra.  The copper ion substituted

surface exhibits more oxygen and less copper for all take-off angles.  The higher oxygen
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signal may be because of (I) oxidation of the copper or (II) complexation of the copper

with water from ambient environment.  However, it appears that there is not as much

copper bound to the carboxylic acid groups.

In the second part of the presented work we show that metal ions bound to

carboxylic groups cationize large polymer fragments in ToF-SIMS.  Cationization of PEO

with ions from the monolayer interface display high-count rates for both silver and

sodium cationized 1kD PEO molecules.  The intensities of the cationized molecular ions

detected are comparable to results obtained with etched silver substrates.  The count rate

appears to be dependent on the metal ion.  Copper cationized spectra show only small

intensities of the larger polymer cationized fragments.  As copper preferentially forms

double charged ions it may be less favorable for the cationization as it is tightly bound to

two carboxylic functions.  We believe that the difference in count rates is a function of

binding strength of the metal ion to the carboxyl group.  Bonds between sodium and

carboxyl functionalities are weaker than that those of copper to carboxyl group.  This

implicates bonding of the metal ions needs to be sufficiently weak, so that ions can break

free from the functionality and cationize the polymer fragments.  Ongoing research with

single charged ions that are known to exhibit strong interactions with carboxyl groups

such as thallium (Tl) may help to elucidate and support our theory.

IR spectroscopy is carried out on the carboxylic terminated self-assembled

monolayer compared to the metal ion substituted SAMs. The extracted information is

little, however, there is a shift for the C-O stretch that occurs when the metal ions are

substituted.

Surface morphological dependencies on the quality of the ToF-SIMS spectra are

shown.  The difference in surface morphology for the low and high molecular weight

polyethyleneoxide is displayed with AFM images.  Both the ultrathin homogeneous and

the crystalline inhomogeneous layer allow cationization of the polymer by the metal ions.

The highly branched crystalline polymer appears to yield better results for the ToF-SIMS

cationization; maybe due to the large interfacial regions where metal ions are able to

cationize the polymer fragments.  In order to understand the relation between surface
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coverage and excess of counts in ToF-SIMS spectra, more AFM investigations need to be

carried out at different concentrations.  The coverage of the 1kD PEO is low (<50%) and

higher coverage might display even better results.  In order to obtain the highest desirable

intensities, variables such as solvents, spinning speeds, time and concentration should be

changed and tracked with the AFM.

The cationization of large polymer fragments using a well-characterized substrate

is new and exciting.  The used substrate is organized with metal ions attached to the

carboxylic acid moieties.  The results clearly show that cationization of the polymer

chains occurs upon desorption of the fragments that are in direct contact with the metal

ions.  Metal ions that are not in close proximity to the polymer, such as the free metal that

is bound to the gold, do not cationize polymer fragments when desorbed from the surface.

The used substrates in this work are easy to prepare and reproducible.  This model system

may be used for further studies to understand the mechanism of cationization in ToF-

SIMS experiments.
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6. OUTLOOK

In a next study, polyamino acids and proteins will be deposited and adsorbed onto

the substrates in order to do ToF-SIMS measurements.  Using a simple polyamino acid

with 3-6 different amino acid groups, we will try to distinguish the different amino

sequences of the polymer.  If this work succeeds, further studies on high mass proteins

such as insulin and albumin will be carried out.

Future work carried out on the above described substrate will emphasize the

advantages of the new model system.  The use of ordered metal ions for cationization of

polymer fragments may be used to study the mechanism of cationization.

The yield of substitution of the metal ions has to be improved, using various

reactions with different metal ions.  The size of the metal ion seems to be important to

achieve a higher ion substitution because of the close packed structure of the carboxyl

groups.  Ions such as Li+ are known to cationize polymer fragments and their size is most

comparable to the exchanged hydrogen.  High-resolution ESCA scans taken at different

angles may exhibit a shift of the different states of the metal and metal ions, thus an exact

quantification of the yield of substitution may be achieved.

The carboxylic acid moiety offers the use of a number of metal ions that might be

interesting for cationization.  A competitive substitution assay of various metal ions in

solution onto carboxylic terminated self-assembled monolayer could be carried out

allowing for determination of the tendency for hydrogen substitution by the different

metal ions.  These results could be compared to the well-known solubility and stability

product of these ions.  Deposition of a polymer onto such substrates and subsequent ToF-

SIMS measurement could be carried out.

Another possible and interesting approach to show and compare the fragmentation

enhancement by the ion substituted carboxylic terminated SAM would use microcontact

printing in order to structure the surface.  Dependent on the substrate measurements will

exhibit a different fragmentation behavior which could be displayed by imaging ToF-

SIMS.
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Glossary:

ToF-SIMS Time of Flight Secondary Ion Mass Spectrometry

Da Dalton (1 dalton=1mass unit)

SAM Self Assembled Monolayer

ESCA Electron Spectroscopy for Chemical Analysis

AFM Atomic Force Microscopy

COOH-SAM Carboxylic Terminated Self Assembled Monolayer

Å Angstrom (10-10meter)

TOA Take-Off Angles

IR Infrared Spectroscopy

FT-IRAS Fourier Transform-Internal Reflection Adsorbtion Spectroscopy

HPLC High Purity Low Contamination

PEO Polyetyleneoxide

PMAA Polymethacrylic Acid
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Appendix A:

Positive ToF-SIMS measurements on PEO 1kD and 
400kD deposited on etched silver substrates.

Positive ToF-SIMS spectrum of PEO 1kD spincast (10 microliter, 1mg/ml
solution, 6000 rpm) onto freshly etched silver substrate (3 min in 20% HNO ).3
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Positive ToF-SIMS spectrum of PEO 400 kD spincast (10 microliter, 1mg/ml 
solution, 6000 rpm) onto freshly etched si lver substrate (3 min in 20% HNO ).3
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Appendix B:

Positive ToF-SIMS measurements on PEO 1kD deposited
on metal ion exposed CH  terminated monolayer 3

Positive ToF-SIMS spectrum of PEO 1kD spincast (5 microliter, 0.5mg/ml
solution, 6000 rpm) onto metal ion exposed CH  terminated monolayer.3
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Appendix C:
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Positive ToF-SIMS measurements on PEO 1kD
deposited on metal ion substituted PMAA.

Positive ToF-SIMS spectrum of PEO 1kD spincast (5 microliter, 0.5mg/ml
solution, 6000 rpm) onto PMAA substrate.
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