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ABSTRACT

The core levels of a series of eighty-three homopolymers have
been studied by ESCA. Comparfsons of the experimentally determined
core level binding energies with theoretical calculations within
the CNDO/2 SCF MO formalism have been made on the C\s and O\s core
levels for the oxygen containing polymers in the series. A com-
parison of the ground state potential (GPM) and relaxation poten-
tial (RPM) models on a series of six model compounds is given. Com-

, 0, 4 N, CI S, ,

ls I's ls 2p’ T2p
Si2p and Br3d levels for typical structural features of common

pilations are given of binding energies of C

occurrance in polymer systems.

Electron mean free paths as a function of kinetic energy
have been measured by the substrate-overlayer technique for in-situ
polymerized films of polyparaxylylenes. The results are compared
with previous estimates of mean free paths available in the litera-
ture for organic materials. Comparison is also drawn with corres-
ponding experimental data for typical metals and semi-conductors
and it is shown that organic polymers fit into a consistent picture
which may be rationalized on the basis of existing theory.

A systematic series of experiments are described on the ESCA
examination of 1) a series of [?.i] paracyc lophanes, in an attempt
to define isomeric differences in the structure and bonding proper-
ties of these systems; 2) a series of aliphatic, aromatic and fluorine
containing polycarbonates which include theoretical and experimental
data pertaining to the absolute and relative binding energies for
Cls’ 0]s and Fls core levels; 3) sample charging phenomena in the
ESCA examination of thick insulating samples; 4) polymer/metal inter-
faces on a series of transition metals: molybdenum, tungsten, niobium
and zirconium. Radio frequency plasmas excited in inert gas (argon)
and active gas (oxygen) were used to ''ablate'' and '‘ash'' the polymer
overlayers to approach the interface for ESCA investigation of both
the carbon type overlayer and metal/metal-oxide substrate; in con-
clusion 5) a polymeric by-product of the direct fluorination of
benzene in an attempt to determine the structure and composition

-of the polymer.
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Electron Spectroscopy for Chemical Applications (ESCA)



CHAPTER 1

Electron Spectroscopy for Chemical Applications (ESCA)

i) introduction

In common with most other spectroscopic methods, ESCA, or X-ray
photoelectron spectroscopy, is a technique originally developed by
physicists and is now extensively utilized by both inorganic and or-
ganic chemists as a tool for investigating structure and bonding.]'
2-% (in England)

and de Broglie5 (in France) investigated the energy distribution of

At the beginning of the 20th century Robinson

electrons in various elements by the X-ray irradiation of thin foils,
producing photoemission via the photoelectric effect. The distribution
of electron energies for the tranmsmitted photoelectrons was recorded
photographically and analyzed using a homogeneous magnetic field. The
electron distributions obtained were characterised by long tails with
distinct edges at the high energy end since the radiation source con-
sisted of a continuous spectrum (bremsstrahlung) with the characteristic
line spectrum of the anode material superimposed. Measurement of these
edge positions gave a determination of the energies of the photo-
electrons ejected from the different atomic levels and therefore with
a knowledge of the energy of the exciting X-ray line, binding energies
were calculated. (In retrospect, it is remarkable that these trans-
mission experiments worked at all owing to the long mean free path for the
X-ray photon and the short mean free path for the photoemitted electron.)
Except for a few isolated attempts6'IO to extend the work of
Robinson and de Broglie, X-ray photoelectron spectroscopy went into a
recession until the early 1950's when Siegbahn and co-workers at the
University of Upsala, Sweden, developed an iron-free magnetic double-
focussing electron spectrometer with high resolution properties.]]
In 1954 attempts were made to record high resolution photoelectron
spectra excited by X-rays and the observation of a sharp line which
could be resolved from the edge of each electron veil changed the
course of future development of the technique. The photoelectrons
to which this line corresponded had the important property that they did
not suffer energy losses and, therefore possessed the binding energy
of the atomic level from which they came and could be measured to a

precision of a few tenths of an electron vo]t.]2
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Although core electrons are not explicitly involved in bonding
{even though most of the total energy of a molecule resides in the core
electrons), the core energy levels of a molecule encode a considerable
amount of information concerning the chemical environment of the
atom.l3"L+ However, at that time, the chemical effects were difficult to
measure accurately and very often difficult to interpret theoretically.
Siegbahn and co-workers first studied these chemical effects for copper

15

and its oxides and the value of X-ray photoelectron spectroscopy for
measurement of chemical ''shifts'' became apparent from this work, but its
general utility was appreciated only as recently as 1964]6"7 with the
publication of the sZp levels in sodium thiosulfate.

Much of the early work of Siegbahn and co-workers was extensively
documented in 1968 in '""ESCA, Atomic, Molecular and Solid State Structure
Studied by Means of Electron Spectroscopy“;]8 later work was summarized -
in 1969 in "ESCA Applied to Free Molecules'.!?

In addition to the name ESCA (Electron Spectroscopy for Chemical
Application), originally coined by Siegbahn as Electron Spectroscopy
for Chemical Analysis, the technique is also known as:

1) X-ray Photoelectron Spectroscopy (XPS).

2) High Energy Photoelectron Spectroscopy (HEPS).

3) Induced Electron Emission Spectroscopy (IEES).

L) Photoelectron Spectroscopy of the Inner Shell (PESIS).

The designation ESCA is however, descriptive and aesthetically
pleasing and will be used throughout this thesis.

As will become apparent ESCA is an extremely powerful tool with
wide ranging applicability particularly in the study of polymeric
systems and the principal advantagesof the technique may be summarized
as follows:

(1) The sample may be solid, liquid or gas and sample sizes are

small being 1 mg. solid, 0.lu 1. liquid and 0.5 cc. (STP) of
a gas. (It is important to emphasize that these sample sizes
represent a convenient size for sample handling and not the
quantity needed for analysis by ESCA.)

(2) The technique is for all practical purposes nondestructive

in that the typical X-ray flux is quite small (0.1 millirad/

sec.).20

This is especially advantageous when compared with
Auger spectroscopy where the electron beam produces many sur-
face changes, particularly in polymeric systems where cross-

linking and degradation can occur.




(3) The technique is independent of the spin properties of the
nucleus and can be used to study any element of the periodic
table with the exception of H and He where there is no dis-
tinction between the core and valence levels.

(L) Materials may bebstudied ‘in situ' in their working environ-
ments with a minimum of preparation.

(5) The technique provides a large number of information levels from
a single experiment and has a higher sensitivity than most
other analytical techniques.

(6) The data is often complementary to that obtained by other tech-
niques and it has unique capabilities central to the deve'opment
of a number of important fields.

(7) For solids, ESCA has the unique capability of differentiating
surface from subsurface and bulk phenomena, enabling analytical
depth profiling.

(8) The information obtained is directly related to the molecular
structure and bonding, and is applicable to both the inner shells
and valence levels of the molecule enabling a quite thorough
analysis of the electronic structure of the system.

(9) The information levels are such that 'ab initio' investigations
are feasible and the theoretical basis is well understood re-
sulting in considerable interest to theoreticians.

Having elaborated on the advantages of ESCA it is important to
consider also the disadvantages which are surprisingly few. In terms of
cost, standard ESCA instrumentation falls in the same league as continuous
wave NMR although 'state of the art' instrumentation come somewhat closer
to the cost of Fourier transformation NMR spectrometers. In setting up
a routine ESCA facility therefore the overall costs are comparable to
that for Fourier Transform |.R., Laser Raman and Mass Spectrometers.

The vacuum system associated with ESCA instrumentation means that

routine sample handling requires provision of vacuum interlocks and also
implies that it is not possible to switch the spectrometer on to routinely
investigate a sample. In this respect the technique is comparable with
mass spectrometry however it does not suffer from the same background
problems. A similar criticism may of course be levelled at NMR where

the stability of the field is such that there is usually a considerable

time lag involved between switching the instrument on and recording



a spectrum. Whilst the technique has superior depth resolution (in the
range = 100 A) to any other, the spatial resolution is poor and typically
an area = 0.25 cm. is sampled. As a corollary of this of course, unless
the outermost = 100 A or so of a thin organic or polymeric film of the
'sample is representative of the bulk then it is not possible to say any-
thing about the bulk structure by means of ESCA without sectioning the
sample.

With conventional unmonochromatized X-ray sources, and slitted
designs, two features are of importance in studying thick samples.
The first is sample charging arising from a distribution of positive
charge over the sample surface under the conditions of X-ray bombardment.
The second is that the polychromatic nature of the X-ray source (charac-
teristic lines superimposed on bremsstrahlung) leads to a relatively
poor signal/background ratio for the technique. Sample charging for in<
sulating films usually amounts to no more than a few eV shifts in the
kinetic energy scale and may readily be corrected for by standard techniques
and this phenomena will be discussed in more detail in a subsequent
section. The advent of efficient monochromatization schemes and mul-
tiple collector assemblies considerably alleviates the signal/background
and signal/noise ratios, however sample charging can be much more severe
a problem for thick insulating films and needs careful consideration.
Since the composite linewidths for C), levels for organic and polymeric
materials studied by means of unmonochromatized X-rays are largely
dominated by the inherent width of the X-ray source there is a considerable
overall improvement in linewidths on going to instrumentation employing
monochromatization schemes. |t is still the case however that the over-
all shift to linewidth ratio for Cyg levels as a function of electronic
environment are poor compared with sayl3 C NMR. A particularly inter-
esting case is that for C)o levels appropriate to hydrocarbons in which

carbon is formally in sp3, sp2

and sp hybridization whilst for the core
levels the shift to linewidth ratio might typically be =1 with an
efficient monochromatization scheme, the corresponding ratio for 3¢
is ~103.

Finally, to take full advantage of the technique often requifes
a relatively high level of theoretical competence. However one of the

interesting features about the technique is its capability for ex-

ploitation at many levels. Thus the technique lends itself not only to



routine trouble shooting problems where often only a straightforward
comparison is required without any attempt being made to understand the
problem at a fundamental level and on the other hand the technique
provides a powerful tool for the investigation of phenomena of consider-
able interest to a chemical physicist. We may note in this connection
that the technique is quite competitive in terms of time taken to
record a spectrum (typically = 10 minutes) and with developments already
in hand the technique should lend itself to real time applications.

The hierarchy of information levels available in ESCA is shown
in Table 1.1. 1t is the composite nature of these information leveis
which endows ESCA with such wide ranging cababilities and has seen the
technique emerge into one of the most powerful tools available to chemists
and physicists today. The way in which ESCA may be exploited will be-

come apparent in the ensuing sections.

Table 1.1

Hierarchy of Information Levels Available in ESCA

(1) Absolute binding energies, relative peak intensities, shifts
in binding energies. Element mapping for solids, analytical
depth profiling, identification of structural features, etc.

(2) Shake-up, shake-off satellites. Monopole excited states;
energy separation with respect to direct photoionization
peaks and relative intensities of components of ''singlet!
and''triplet' origin. Short and longer range effects dir-
ectly (Analogue of U.V.).

(3) Multiplet effects. For paramagnetic systems, spin state,
distribution of unpaired electrons (Analogue E.S.R.).

(4) Valence energy levels, longer range effects directly.

(5) Angular dependent studies. For solids with fixed arrange-
ment of analyzer and X-ray source, varying take off angle
between sample and analyzer provides means of differentiat-
ing surface and sub-surface and bulk effects. Variable
angle between analyzer and X-ray source angular dependence

of cross sections, asymmetry parameter 8 , symmetries of

levels.




The great advantages of ESCA as a technique, in being able to study
in principle the core and valence levels of any element (regardless of
nuclear properties such as magnetic or electric quadrupole moments),
coupled with the low sample requirements and the ability to study in-
volatile insoluble solids, is nowhere more apposite than in the study
of polymers. In applying the technique-to the investigation of polymer
structures there are several distinct aspects about which one would

hope to gain information (Table 1.2).

Table 1.2
ESCA Applied to Polymers

A. Aspects of Structure and Bonding (Static Studies)

(i) Gross chemical compositions
(a) elemental compositions,
{b) % incorporation of comonomers in copolymers,
(c) polymeric films produced at surfaces.
(ii) Gross structural information
e.g. for copolymers, block, alternating or random nature.
Domain structure in block copolymers.
(iii) Finer details of structure
(a) structural isomerisms,
(b) experimental charge distributions in polymers.
(iv) Valence bands of polymers
(v) Identification of polymers, structural elucidation.
(vi) Monopole excited states.

B. Aspects of Structure and Bonding (Dynamic Studies)

(i) Surface treatments e.g. CASING, plasma modification.
(ii) Thermal, photochemical degradation.

(iii) Polymeric films produced at surfaces by chemical
reaction e.g. fluorination (including the use of ESCA
for depth profiling and quantitative measurement of
film thickness).

(iv) Chemical degradation of polymers, e.g. oxidation,
nitration, etc.

C. Electrical Properties

(i) Mean free paths of electrons as a function of kinetic energy.

(ii) Photoconductivity of polymers.
(iii) Statics and dynamics of sample charging.
(iv) Triboelectric phenomena.



The topics contained in this thesis are given below:

Chapter 1 - Fundamental processes involved in electron spectros-
copy and ESCA instrumentation.

Chapter 2 - A review of the current literature on the application
of ESCA to structure and bonding in polymers and includ-
ing an appraisal of the objectives of the experimental
portion of this thesis.

Chapter 3 - A systematic investigation of the core levels of
simple homopolymers from both a theoretical and
experimental standpoint.

Chapter 4 - An ESCA study on the direct determination of electron
mean free paths in polymeric films as a function of
kinetic energy.

Chapter 5 - An investigation into a series of unsubstituted and
substituted[}.ZJparacyclophanes and polyparaxylylanes from
a theoretical and experimental standpoint.

Chapter 6 - Surface charging of polymers during the ESCA experiment
including charging and discharging.

Chapter 7 - An ESCA investigation into a series of polycarbonates
including the charge potential model calculations to
confirm core level assignments.

Chapter 8 - A study of polymer-metal interfaces using the R-F
plasma 'ashing' technique to expose the interface for
ESCA investigation.

Chapter 9 - The application of ESCA to the repeat unit structural
analysis of the polymeric by-product of the commercial
fluorination of benzene.

ii) Processes lnvolved in ESCA

a) The ESCA Experiment

The interaction of a monoenergetic beam of soft X-rays with
an atom in a molecule results in the photoejection of electrons with
given kinetic energies‘s. De-excitation of the hole state can occur via
both fluorescence and Auger processes, for elements of low atomic number
the latter being more probable]8. These fundamental processes are shown

schematically in Fig. 1.1. The most commonly employed X-ray sources

utitized in ESCA are Al
Kal,

and MgKal, with corresponding photon

2 2
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Fundamental processes encountered in ESCA




energies of 1486.6 eV and 1253.7 eV respectively. With a knowledge

of the photon energy and the measurement of the kinetic energy of the

photoemitted electrons, ESCA provides a technique for the determination

of the binding energies of, in principle, all electrons from the core to

the valence levels. The lifetimes of the core hole states are typically

in the range 10”13 - IO-IS sec.2] emphasizing the extremely short time

scales involved in ESCA compared with most other spectroscopic techniques.
The total kinetic energy of an.emitted photoelectron (KE, which

may include the contributions from the vibrational, rotational and trans-

lational motions as well as electronic) is given by the equation
KE = hv - BE - E, (1.1)

where hv is the energy of the incident photon, h is Planck's constant ard
v is the frequency of the X-ray radiation, B.E. is the binding energy
of the photoemitted electron which is defined as the positive energy re-
quired to remove an electron to infinity with zero kinetic energy, and
E, is the recoil energy of the atom. Siegbahn and co-workers]8 have
calculated that the recoil energy of atoms decreases with increasing
atomic number e.g. H = 0.9 eV, Li = 0.1 eV, Na = 0.04 eV, K =0.02 eV
and Rb = 0.01 eV. Therefore it is evident that the E_ term only has
significance for the lighter elements, when compared with the instrumen-
tal linewidths obtained with the present study of elements from carbon
upwards in the periodic table. For solids the predominate emphasis is
in the direct investigation of the various electronic states of the
ionized system, however, recent high resolution gas phase studies have
revealed vibrational fine structure accompanying core ionization22-2h,
This complements the extensive tabulation of data on vibrational ex-
citations accompanying valence ionization which have been compiled over
the past decade by means of ultraviolet photoelectron spectroscopy
(UPS)2>. Indeed for valence ionization in general the lifetimes of the
states involved and the inherent width of the exciting radiation are
such that in appropriate cases even rotational fine structure may be re-
solved.26 The predominant emphasis in this work however has been in
the investigation of the core and valence levels of polymeric systems
and as such any vibrational and rotational fine structures are effect-
ively masked by other considerations. ESCA is primarily concerned,

therefore, with the various electronic states of the atom.



Therein, the equation for a free molecule reduces to
KE = hv - BE (1.2)

It is important to understand the relationship that exists be-
tween the binding energies observed experimentally by ESCA on solids
versus free molecules when compared with values calculated theoretical-
ly by ab initio and semi-empirical LCAO-MO-SCF treatments.

The most convenient reference level for a conducting sample is
the Fermi level and in a metal this level, sometimes referred to as the
'electron chemical potential', is defined as the highest occupied level.

The work function,d ¢, for a solid is defined as the energy
gap between the free electron level and the Fermi level in the solid.
The vacuum levels for the solid sample and the spectrometer may however,
be different and the electron will experience either a retarding or
accelerating $gtential equal to<bs-¢>spec whereCDSpec is the spectrometer
work function ~. In ESCA it is the kinetic energy of the electron when
it enters the analyzer that is measured and taking zero binding energy

to be the Fermi level of the sample the following equation results,

BE = hv = KE - e (1.3)

Therefore, the binding energy, when referred to the Fermi level does
not vary for samples, but only depends upon thecbspec and this remains
a constant for all levels. Although theoretical calculations inevitably
refer to isolated molecules in the gas phase with the vacuum level as re-
ference, the theoretical definition of the Fermi level poses some
difficulties in polymer systems and it is only with the accurate cali-
bration of the energy scale from a reference, such as the C|g core
levels at 285.0 eV, that the theory can be correlated with the experiment.
Despite the difficulties associated with defining an analytical expression
for the Fermi level of an insulator the use of the Fermi level as an
enérgy reference is operationally convenient. |If the work function of
the insulator is known then we may also calculate the binding energy
with respect to the vacuum level. However, in polymer systems, accurate
values for the work function are generally not available and binding
energies are calculated relative to the reference material.

ft is evident that for conducting samples in electrical contact
with the spectrometer the Fermi level serves as a convenient reference
level. For insulating samples, such as polymers, the Fermi level is not

so well defined theoretically and lies somewhere between the filled



valence levels and the empty conduction band]8.

Equation (1.3) assumes equilibrium conditions during the ejection
of an electron, which may or may not occur when the resistance of the
sample is high compared with the electrical currents needed to replace
the electron vacancies due to photoemission.

Several investigations have shown that the primary photoelectrons
are rapidly slowed down by the interaction with matter and can generate
intense currents of slow 'secondary' electron clouds at the surface of
the sample27-29. These secondaries play an important role in establish-
ing the electrical equilibrium at the surface of the sample.

However, in practice, the problem of extracting absolute binding
energies is circumvented by the use of reference standards for calibration
of the binding energy scale. This will be dealt with in more detail in
the subsequent section on energy referencing.

Auger emission may be viewed as a two step process involving the
ejection of an electron from an inner shell by a photon followed by an
electron dropping down from a higher Ievei to the vacancy in the inner
shell with the simultaneous emission of a second electron (Fig. l.])30a-d.
When the electron drops from a valence shell to fill the inner shell
vacancy the chemical shifts involved are related to both outer and inner
shells and in a few suitable cases information can be gained on the bind-
ing energies of both shells.

Where the electronic vacancy in the inner shell is filled by an
electron from another inner shell the Auger spectra is useful for analysis
of inner shell transitions. Transistions of this type, referred to as

Coster-Kronig transitions, are very efficient and lead to very short

lifetimes with well resolved spectra3Oe,f,

Valence
levels
o
? Inner
ol shell

Because of the overlap of the wavefunctions, Coster-Kronig transi-=
tions are more than an order of magnitude larger than normal Auger

processes. Whether a Coster-Kronig transitien will occur depends on



whether the differences in the subshell binding energies are sufficient
to eject an electron from an orbital in the next higher shell. For
example, Coster-Kronig transitions will take place only for elements
whose atomic number is less than 40.

For a general Augér transition which involves any set of levels KLM,

a peak should appear at:
E(z) = Ex - EL - Ey (Z +4) -D, (1.4)

where: Z is the atomic number
A= 1 (due to the extra positive charge from the loss
of an electron)
®, is the work function of the analyzer
Ex is the energy from a K level transition
E_ is the energy from an L level transition
Eyq is the energy from an M level transition
Equation (1.4) can, however, lead to errors in some cases because
the final state of the double ionized atom must be defined. The additional
definition is needed because the energies involved in the transitions
in the Auger process are governed by the coupling scheme amongst electronic
wavefunctions in the initial (single ionization) as well as the final
(double ionization) electronic configuration. LS coupling dominates for
light elements and jj coupling for heavy elements.
Essentially, there are three types of chemical information which
may in principle be obtained from Auger spectra. (However, it should
be pointed out that the extraction of this information is by no means
straightforward since differences in energy levels are involved). The
first is the chemical shift due to the shifts of the inner shell energy
levels arising from changes in valence electron distributions. The
second type of information pertains to the valence levels themselves.
The valence band spectra are usually quite pronounced due to the redis-
tribution (relaxation) of electrons upon formation of a new electronic
configuration. The third type of information that is obtained is much
more vague and is referred to as 'molecular orbital energy spectra' and
'is, of course, also invloved with part of the valence levels. |f the
molecular orbitals are known for a specific compound then the valence
energy levels can be compared. This technique, although it has the
limitation that to-date molecular orbitals cannot be assigned to spe-
cific energy levels, the symmetry of its component wave functions

can be used to 'infer' point group symmetry of an atom in a crystal to



locate it within a unit cell.

Wagner has recently3I recognized that Auger lines frequently
exhibit far larger chemical shifts than the primary photoelectron lines
and has lead to his ingenious development of the so called '"Auger Para-
meter'', the difference in kinetic energy between an Auger line and a
photoelectron line. Since it is a difference between the position of
two lines the surface charge corrections cancel. This quantity is
unique for each compound32 and can be measured more accurately than ab-
solute line position (kinetic energy) which must be corrected for surface
charging effects. Changes in the Auger parameters are due principally
to changes in extra-atomic relaxation or polarization energy. As the
Auger parameter is more developed it will become increasingly important
in the hierarchy of information levels available from the ESCA
experiment.

Auger Electron Spectroscopy (AES) as conventionally applied is
based on the analysis of the energy of electrons that are ejected from
a sample as a consequence of excitation by primary electron beams
typically = 2 kV, rather than X-ray photons. This technique is truly
a surface analysis technique in that the penetration depth for the ex-
citing electrons is only about 5 atomic layers33.

Under ideal conditions minute amounts of surface atoms have been
detected, down to the range of 106 atoms/cm.3 at the surface. However,
recent evidence has shown that the surfaces of materials studied are
altered due to radiation damage from the electron beam.

34

Coad and co-workers have shown that AES can only provide an
analysis of a virgin surface without appreciable beam interaction effects
at primary beam current densities of about 0.03 A -2 (allowing 600 seconds
for analysis and choosing a total charge density lower by a factor of
ten than that shown to have serious effects on the analysis). Beam
damage was demonstrated on such systems as chrome and stainless steels
whereas on an organic polymer system we can expect a significantly
greater damaging effect from the electron beam. At reduced beam con-
ditions where damage to the polymer surface would be avoided, the ad-
vantages of conventional AES or ESCA of speed of analysis and spatial
resolution disappear. )

The emission of X-rays instead of electrons leads to X-ray
fluorescence (secondary-emission analysis) and is an excellent means of

qualitative analysis for constituents of atomic number greater than
eight(8).




Concentrations down to 0.1% for most elements and 0.01% for elements
around Fe, Co, Ni have been detected. X-ray emission tables exist3?
which enable a particular element to be observed at a position of its
strongest lines, after which all of its lines can be identified in the
spectrum once its presence is known.

The decrease in X-ray fluorescence with decreasing energy is due
to the fact that it is an electromagnetic (dipole) process and depends
mostly on the acceleration of the orbiting electron. The Auger process,
however is dependent upon the electrostatic forces accompanied by a
vacancy in the inner shell.

Fig. 1.2 is a plot of the X-ray fluorescence yield and Auger

electron yields in the X-shell as a function of atomic number (2)

Auger electron yield

(6]
1

Probability per Kelectron vacancy

X-ray yield

H B Ne P Ca Mn 2n Br
(Z)

FIGURE 1.2

®)

X-ray fluorescence and Auger electron yields in the
K-shell as a function of atomic number

for the light elements in the periodic tablel8.
The relative sensitivities of these techniques, together with
other familiar analytical methods are shown in Table 1.3

b) Electronic Relaxation

It is well established that photoionization of core electrons
is accompanied by substantial electronic reorganization (referred to as
electronic relaxation), predominantly associated with the valence
electron536-38. Experimental and theoretical studies have indicated
that for a given core level the magnitude of relaxation energy (RE)

is a sensitive function of the electronic structure39-43.
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Table 1.3

Sensitivities of Various Analytical Techniques

Technique Surface Bulk Minimum Detectable
Quantity (g.)

(a) Infrared ‘ X 10-6

(b) Atomic absorption X 10°9 —==10"12

(c) Vapor phase X 10=3 —=10"7
chromatography

(d) High pressure liquid X 10-6-—>10'9
chromatography

(e) ESCA x 10”10

(f) Mass spectroscopy X 10-10—10-15

12

(g) Neutron activation x 107

(h) lon-scattering X 10-15
spectrometry

(i) X-ray fluorescence x 10°7

(j) Auger spectroscopy X o= T

(k) Secondary ion x 10=13

scattering
spectrometry

Both absolute and relative binding energies and relaxation
energies may be calculated with the Hartree-Fock formalisml‘q'L+6 if
non-empirical calculations of the requisite quality are available for
both the neutral molecule and core ionized species. Unfortunately,
such calculations are extremely computer intensive and as such are
only practicable for systems of relatively modest size. Use has often

L7

been made, therefore, of Koopmans' Theorem'/ which equates binding

energy to the negative of the relevant Fock eigenvalue. Unfortunately,
since it is implicit in this approach that relaxation phenomena is
neglected, Koopmans'theorem not only predicts binding energies incorrectly,
but in some cases if relaxation energies are sufficiently different, may
also produce an incorrect ording of energy levels. The relationship be-
tween the experimental, Koopmans'ASCF binding energy is schematically

shown in Fig. 1.3
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Schematic relationship between the experimental,
Koopmans' Theorem and SCF binding energies

RE = '(BE)Koopmans' -(BE) scF (1.5)

where:

Ecorr = electron correlation energy
RRgr = relativistic energy
both of which are ignored by Koopmans' and SCF methods.

Hartman and C]ementiu9 have shown in calculations on argon, that

most of the relativistic correction is associated with the core electrons

and that for argon the ls contribution in its ions is essentially the
same as in the atom. (In the extreme case of Ar!0+ the correction
changes by only 0.72eV compared with the atom). These datau9 verify
the assumption of Scherr and co-workers?Q that the relativistic contri-
bution of any subshell is independent of the number of electrons in the
outer shells. Thus, differences in relativistic corrections to shifts
in core electron binding energies between a particular core level for
atoms in different chemical environments are small®!- From an analysis

of atomic data for first row atoms it is also known that the magnitudes




of the correlation energies of the Is electrons are very similar and intra
shell correlation energies small 52,

Thus, to a good approximation correlation energy corrections will
remain reasonably constant for core levels (which are essentially localized
and atomic in nature) and play little or no part in shifts in core electron
binding energies. In a detailed study of the ionized states of the CHy
molecule with a basis set approaching the Hartree-Fock limit, Clementi
" and Popkieu“ have demonstrated that for the Is hole state the correlation
energy is the same as for the neutral molecule. From the above dis-
cussion the relativistic and correlation energy corrections to the binding
energies are relatively small and almost complete cancellation of these
effects will occur when calculating shifts in core electron binding
energies between molecules.

Not only does Koopmans' theorem neglect relativistic and correla-’
tion energy contributions to the binding energy but also the relaxation
energy associated with the reorganization of electrons which occurs on
photoionization.

Retaxation energies are by no means negligible even for valence
levels and for carbon atoms with approximate core binding energies of
=300 eV they have values of =13 eVSB_Su. A physical interpretation of
relaxation energies is made clear from the following consideration.

If an electron is ejected from a core or a valence level, the remaining
electrons will experience an increased potential at the nucleus and re-
lax (reorganize) to minimize the energy. This relaxation process changes
the spatial distribution of the remaining n-1 electrons which is taken
into account in the ASCF method but not in Koopmans' theorem. A change
in potential at the nucleus will be much larger if a core rather than a
valence electron is ionized because core electrons have a larger screen-
ing coefficient. This is reflected in the value of relaxation energies
which are usually smaller by a factor of ten far valence as compared

with core electrons. For example, values of RE's for the C)g and the Ir
orbitals in CO calculated within the ASCF formalism are 11.4 eV and 1.8 eV
respectivelysu'SS.

The differences in relaxation energies for closely related molecules
are small and therefore make only minor contributions to shifts in bind-
ing energies. This is consistent with the tendency of Koopmans' theorem
and ASCF calculations to give the same estimates of shift despite the

fact that Koopmans' theorem neglects the effect of electronic. relaxation?>.
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c) Shake-up and Shake-off

The removal of a core electron (which is almost completely
shielding as far as the valence electrons are concerned) is accompanied
by substantial reorganization (relaxation) of the valence electrons in
response to the effective increase in nuclear charge as discussed
above. As well as the relaxation process, this perturbation also gives
rise to a finite probability for photoionization to be accompanied by
simultaneous excitation of a valence electron from an occupied to an
unoccupied level (shake-up) and ionization of a valence electron (shake-
of f) as shown in Fig. 1.4. These relaxation processes result in excited

states of the core ionized species.

Shake-up Shake-off

o ol
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i °~
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— Core levels ~—
N/ </
KE.=zhv=B.E.-E
FIGURE 1.4

Schematic representation of shake-up and shake-off processes

These processes, deriving their energy from the single electron
process,will lower the K.E. of the primary photoelectron. Therefore,
a revision is needed to equation (1.2) to account for these multi-electron
processes:

KE = hv - BE - E (1.6)

where E is the energy of the multi-electron process.

It may be shown that excitations to these states follow monopole
selection rules, J= L= S= M= M = Mg =0 , as indicated

in equations

qﬁ::E: Chjfﬁu (1.7)
u=1 .

\I/f‘= 2_kvf by (1.8)
v=1

n 2
Pf4—i=Nleu Cu-<¢u'|¢u>| (1.9)
u=l1 f ! .



In the sudden approximation, transition intensities are directly
related to the sums of one center overlap terms invo]ving the occupied
orbitals of the initial system and virtual orbitals of the hole state
specie556. "These monopole excited states are analogues of the more
familiar dipole allowed excited states of the neutral molecule studied

in conventional electronic spectroscopy. There are subtle differences

however, and this can be readily appreciated by the schematic in Fig. 1.5.
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States States
Virtual — _ _ — | q)c“'(pvi@fl
v A Oy Sk & $i|0c Pc--- Qvi v | %~ & Singlet parentage
] - - | —
' L T P 1 ==y
Valence 4—: o i : Tll@c@c"'@vi (DVf ! : IQC ®w®fl
i . (one component) ¥ .., Tripletparentage
4 [ ! 1 /
1 X +—+-intense
4+ n +—-peak;
1 | Wy
)
T T e —eadule bl e
== ' 4 .M
“+—+ Yc ol Y¢c V¢ viWvi Zol%“'@w (pwl
shake-up
A ) .
v so—"’ 5 Electron] "singlet" P;"’"Of)’
only count “ " otoionization
Absorbunce__/L j\ Tet P
X | KE.
FIGURE 1.5
Comparison of electronic transitions in the neutral molecule
with shake-up transitions in the hole state species
If we consider electronic transitions for a closed shell system
“as depicted on the left hand side of Fig. 1.5 in a simple orbital model

we may generate a singlet and triplet state from the same excitation con-
figuration, the latter being lower in energy than the former, the energy
gap being given by twice the exchange integral. Except under special con-
ditions, the only transitions observed with substantial intensities are
the dipole allowed singlet to singlet transitions. Consider now excita-
tion involving a core hole state in the doublet manifold as depicted

on the right hand side of Fig. 1.5 where two possibilities for a given

excitation configuration exists. Firstly, if we consider the shake-up



transition to be éuch that the unpaired electron in the valence level

and that excited to the virtual orbital have opposite spins we may con-
sider this doublet state to be of 'singlet origin' by analogy with the
excited singlet state of a given excitation configuration, previously
discussed. However, we may also generate a doublet state by having the
electrons in the valence level and that promoted to the virtual orbital
with the same spin whilst the remaining core electron has opposite spin.
This by analogy corresponds to the shake-up state of triplet origin.
Again, the 'triplet' state is lower in energy than that of singlet origin,
however, since both represent doublet states, transitions from the ground
state of the core hole state may be viewed as both being allowed. In
principle, therefore, we should have as experimental observables the
energy separations and intensities for the components of the shake-up
states of given excitation configuration. It might be anticipated

naively that the shake-up state of singlet origin would be the more in-
tense and in the following discussion this will largely be implicit.

The detailed theoretical treatment of éhake-up states in Qeneral is by

no means as simple as has been portrayed, however the simplistic model
presented here is conceptually very useful and forms a good starting point
for more sophisticated treatments?/. Fortunately, as will become apparent
if we restrict ourselves to the interpretation of trends and differences
particularly of shake-up intensities, a rather good description may be
obtained at relatively modest computational expense57’58. As has been
previously discussed relaxation energies are also characteristic of a
given core level and also vary within narrow limits as a function of

the bonding environment of the atom on which the core level is located>3.
For Cy5 levels for neutral systems for example, binding energies measured
with respect to the fermi level as energy reference, fall in the range
285-295 eV whilst relaxation energies might typically fall in the range
12¢ 2 eV54. The direct relationship between shake-up and shake-off
processes and relaxation energies may be readily understood from theo-
retical relationships first established by Manne and &ber959. They

showed that the weighted average over the direct photoionization and shake-
up and shake-off peaks corresponds to the binding energy appropriate to
the unrelaxed systems and this is shown schematically in Fig. 1.6.

Since relaxation energies fall within such a narrow range for a given

core level it is clear that shake-up and shake-off are perfectly general

phenomena which are present in every system, the feature which changes
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Relationship between relaxation energies, Koopmans'theorem and
the relative intensities of direct photoionization and shake-up
and shake-off transitions

from one system to another being the weighting coefficients (probabilities)
for each transition. It is clear that transition probabilities for high
energy shake-off processes should be relatively small and that transi-
tions of highest probability should fall reasonably close to the centroid.
In principle, relaxation energies should be available from experiments,
provided all of the relevant shake-up and shake-off processes can be es-
timated in terms of energies and intensities. In practise, this is not a
feasible proposition particularly for solids since the overall situation
is considerably complicated by the presence of the general inelastic
tail (arising from photoemission from a given core level followed by
energy loss by a variety of scattering processes discussed in more detail
in Chapter 3) which provides a broad energy distribution usually peaking
for organic systems = 20 eV below the direct photoionization peaks. This
generally obscures any underlying high energy shake-off processes such
that it is only for systems exhibiting relatively high intensity low
energy shake-up peaks that information derived from this source can
conveniently be exploited.
d) Chemical Shifts

Core levels are essentially localized on atoms, their energies
are characteristic for a given element and are sensitive to the electronic
environment of an atom!. Thus for a given core level of a given element
while the absolute binding energy for that level is characteristic for the

element, (Table 1.4) differences in electronic environment of a given
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Table 1.4

Approximate core binding energies for Ist and 2nd row elements (in eV)

Li Be B ¢ N 0 F Ne
Is 55 111 188 284 399 532 686 867

Na Mg Al Si P S o Ar
Is 1072 1305 1560 1839 2149 2472 2823 3203
2s 63 89 118 149 189 229 270 320
2p1/2 31 6 7L 100 136 165 202 247
2p3/2 73 99 135 164 200 245

atom in a molecule give rise to a small range of binding energies (i.e.
chemical shifts') often representative of a particular structural feature.

The quantitative interpretation of chemical shift data has been
investigated theoretically by five distinct approaches.

1) Koopmans' theorem.

2) Core hole state calculations (ASCF).

3) Equivalent cores approach.

L) Madelung charge potential model.

5) Quantum mechanical potential model (at the nucleus).
The application of Koopmans' theorem and the core hole state approach
(ASCF) to the calculation of the absolute binding energy has been dis-
cussed in section b). The bulk of this section will, therefore, concen-
trate on an evaluation of the equivalent cores method and the Madelung
charge potential model. The quantum mechanical potential model is of
lesser importance and a comparison of experimental results with the other
theoretically derived models is discussed in detail elsewhereb0-62,

1) Equivalent Cores Approximation

The equivalent cores approximation was developed by Jolly and
Hendrickson®3 to calculate shifts in core electron binding energies
from ground state thermodynamic data, and states, ''When a core electron
is removed from an atom in a molecule or ion, the valence electrons relax
as if the nuclear charge on the atom had increased by one unit''. Thus,
atomic cores that have the same charge are considered to be chemically
equivalent. The following-example illustrates how this principle may
be used to estimate the gas phase shift in C,g binding energy between

the carbon atoms in methane and fluoromethane.



i) The carbon 1s electron binding energy in methane BCHQ is given
by the energy of the process

-+ -
——— =
CHy, CHy + e AE By,

where * indicates a vacancy in a core level (Cjg in this case)

(1) scH,T o+ NOT—eNHt 4 TC5Y AE =5

(o]

This reaction is the exchange of the "5+ core and the equivalent N2t
core. According to the principle of equivalent cores the energy of this
reaction, 6, , is zero.

Summing reactions (i) and (ii) gives

i11) CHy, + Nt—snH,T o+ FCY 4 T AR = Bow,  * o

A similar reaction may be written for CH.;F, or any other compound
3t

containing a carbon atom

iv) CHiF + N Mgt o T 4T AR = BenyFt b

The difference of reactions (iii) and (iv) gives

+ + -
v) CHF  +  NH '—=NH F" + CH,  AE + BeysrBey,

+(5)‘50)

The strong form of the equivalent cores approximation given above
states that &), =4, = 0 and hence, the difference in C,  binding
energies between methane and fluoromethane is given by the energy of
reaction (v). However, reaction (v) still gives the shifts in binding
energy if 6] = 0. 1i.e. if the energy of core exchange is independent
of the molecular environment {(this is known as the weak form of the
equivalent cores approximation). Some typical gas phase data are shown
in Table 1.5 and in general indicate good agreement between experimental
and thermodynamic shifts.6h The main restriction to the use of the
equivalent cores method is the lack of and/or inaccuracy of thermo-
dynamic data especially with regard to the positive ions involved in
the reactions. The theoretical validity however, of the equivalent
cores concept has been well documented by Clark and co-workers on their
studies on simple molecule565'66.

However, the heats of reaction may be obtained from SCF calcula-

tions on the molecules and ions in their ground states. Pople and

co-workers67J68 have shown that for reactions involving closed shell
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Table 1.5

Experimental and Thermodynamic Binding Enerqy Shifts

Experimental Chemical
Atomic level Compound Shift Reaction Enerqgy

Ny NH3 0 0
Ny (CH3)2NH -0.7 -0.7
Nig (CH3)NH2 -0.3 -0.4
le HCN 1.2 0.95
Nig NNO 3.2 2.6
le N2 L4.35 3.5
Nig NO 5.5 4.4
le N2F2 6 6.3
Nig NO, 7.3 6.8
Cs CHh 0 0
Cis Cco 5.4 L.
Cls CO2 6.8 6.9
Cis CFy 11.0 12.3
Xe 3d5/2 Xe 0 0
Xe 3d5/2 XeF, 2.95 2.7
Xe 3d5/2 XeFu 5.5 5.4
Xe 3d5/2 XeFg 7.9 7.85

species even minimal basis set (STO 3.G) calculations, which are com-
putationally relatively inexpensive, can reliably reproduce heats of
reaction. Particularly accurate results are obtained in the case of
reactions in which the number and type (i.e. single, double, etc.) of
bonds are the same in both reactants and products since correlation energy
changes are very small. Such processes have been designated '"'isodesmic
reactions' and it is exactly this type of reaction which is involved

in the equivalent cores method of calculating shifts. Since heats of
reaction are involved there is also the possibility that semi-empirical
calculations, which are also computationally inexpensive, may be used

to predict, at least qualitatively, the required shifts. Thermodynamic
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data refer to the isoelectronic cations with their nuclei in the
equilibrium positions but since photoionization is a rapid process com-
pared with nuclear motionS‘J69 it is more realistic to consider the
cations to have the same geometry as the parent calculations. Also, by
using the same geometry for the molecules and isoelectronic cations in
ab initio calculations, many of the two electron integrals may be re-
tained and this greatly reduces the amount of computing time required.

2) Charge Potential Model

The charge potential model relates core electron binding
energies with the charge on the atom from which the core ionization
takes place and the potential from the charges in the remainder of the
molecule. Although the model developed by Siegbahn]8 and co-workers
was from intuitive observations on systems a non rigorous derivation
of the equation relating binding energies to charge distributions may be
made, starting from Koopmans' Theoremu7.

The crucial feature in the derivation of the charge potential
equation js the constancy with varying electronic environments of many

of the terms which arise (cf. Table 1.6).

Table 1.6

Relevant terms in varying electronic environments for Cigs_core levels

<\I/r_l-l/2V‘2 > Koopmans '
Molecule Atom q AU <I/R> Shift
H-C=C-F H-C -0.061 16.0168 5.6559 0.33 eV
F-C +0.112 16.0181 5.6563 2.96 eV
H-C=C-C1 H-C -0.136 16.0189 5.65.5 0.24 ev
c1-C -0.078 16.0175 5.6515 1.60 eV

The orbital energy of the core orbital ¥ localized on atom m is

given by Equation (1.10)

k

Z
£ = <ll,rl - '&Vf - Z_" |ll/,> + 2(2‘]u - Krs) =

nl
n s=a

V4
=Wl =4V = W) + U, + Y| -

ml

_ Zf—"|w,>+ Z(zJ,,—K,,)- (1.10)

n#m
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The terms (| =4V —(Z./ra)I0.D and J, (the Coulomb integral) are

constants essentially 1ndependent of valence electron distribution. Group-

ing the constant terms into £, and neglecting the K,, (exchange integrals,
¥, orbitals on other atoms in molecule) in Equation (1.10), this trans-

forms to Equation (1.11).

k

Z
£r=E0+<¢’I_Z;'—n“p'>+ZZJH
nt & (1.11)

The interaction between |¥\* , localized on atom m, and the nuclei of
other atoms may be approximated by an interaction between point charges

Snem(Zoran) and so Equation (1.11) may be transformed into Equation
(1.12).

(1.12)

The terms in the last summation including ;(#y,) , core orbitals on

all atoms n, may be approximated by

T = 0 )0, 1, (1), 2y~ L (1.13)

nm

The terms including the valence MO's {; may be written in a LCAO approxi-

mation for ¢, as:

J,,.:Zc,.i,<¢,(1)¢p(2)|rl—iw,(l)¢p(2)>- (1.14)

They may therefore be divided into two types of terms, whether
(i) @, is a valence A0 on atom m, or
(ii) ¢, is a valence A0 on atom n.

The contribution of the former type of terms to J,, s
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Y e b (1) ¢, (21— |l//(|)

where the sum is over all ¢, on atom m. The remaining terms

be approximated as

X oY cp—

n allg,onn Fam

so that Equation (1.12) becomes

RS-

(20

n¥mall¢y,onn

+ Z 26,0, (1) 8, Q)1 19,(1) 8, (2))

all¢ponn

where z, is the number of core electrons on n.

A diagrammatic representation of core and valence levels is given in

Figure 1.7.

Valence
levels
Yi=ZCip Pp
Core
levels ‘ﬁ core level
of atom n
other core
levels of V Corfe level
atom m of atom m

FIGURE 1.7

in J,; may

A diagrammic representation of core and valence levels

.15)
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Collecting terms common to each atom and those containing valence

orbitals ¢, on m, we obtain

2
E'=E0+Z{(_£+zn + 2C|'p +
rnm rnm r

nm
n¥m allgponn

3 1
£ ) w0 6,00 g, .
all¢ponn 12 (]']6)

Remembering that

-Z,+z,+ Yy 2

ip
all¢ponn

is the charge 4, on atom n, we get

1

Er=E0+ 2 ;L]_"+ Z 2C?p<wr(l)¢p(2)l'r—"‘ll/r(l)qsp(z))'

nm 12
n#*m all¢ onm

(1.17)

Because 2c), the valence electron population on m, is proportional to the

charge on m,q, we get finally

b= Eq+ kqn+)) -,
F

n¥m " (]‘18)

The derivation also shows that k is approximately the one center
coulomb repulsion integral between a core and valence electron on a
given atom. The charge potential model is of particular importance to

organic chemists since it relates charge densities (the theoretical

definition of which is inevitably somewhat arbitrary) to binding

energies. The third term represents an intramolecular Madelung type
potential arising from charges on other atoms in the molecule.

Using all valence electron CNDO/2 SCF Mo/0 calculations, the quanti-
tative discussion of data on quite complex molecules becomes feasible.

For example, the data in Table 1.7 pertaining to the C;, and 0q
levels for a series of compounds gives the charge potential correlations

shown in Figure 1.8
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Absolute Binding Energies for the C|g and 0;5 Levels of the Model

Compounds from the Charqge Potential Model

Molecule Theoretical Binding Energies in eV
-C-0- c=0 C=0 c-0-
CH3OH 533.7 - - 286.5
CH3CH20H 533.6 - - 286.8
CH3COCH; - 533.2 287.8 -
HCOOCH,CH3 534.4 533.2 289.1 287 .4
CH3CO0CHCH3 534.2  532.9  289.1 287.2
CH3COOCH (CH3) 5 534.1 532.9  289.0 287.4
CHLCOOCH,CH (CH3) 534.2 532.9 289.1 287.2
3 2 2
532.8 289.1
CH3C0CH2COOCH2CH3 534.2 533.1 288.0 287.2
Table 1.7

The correlation is very good and from the slope and intercept,
values of K and Ec,may be established. Since the charge potential
model may be related to Koopmans' Theorem which neglects electronic re-
laxation of the valence electrons (on ejection of a core electron), it
must suffer from some of the same deficiencies. Since electronic
relaxation will depend on the electronic structure of a molecule it is
only for closely related series of molecules that one might expect
Koopmans' Theorem to provide a quantitative interpretation of shifts in
core binding energies. Similarly for the charge potential model we
might expect different values of K and Eo for different series of closely
related compounds. This is indeed the case. Some values appropriate
to series of organic molecules are given in Fig. 1.9 where it is evi-
dent that with charges computed from CNDO/2 calculations the value of K
clusters around 25.0 eV for Cis levels. Similar correlations may be
made for other levels e.g. Fyg, CIZpJ Nig, etc.

It is worth considering the relationship between shifts in core
binding energies and organic chemists intuitive ideas concerning 'charge
distribution'. Since valence electron distributions in molecules are
continuous functions the assignment of 'charges' to atoms within a
molecule is somewhat arbitrary and depends on how the overlap density

is partitioned between atoms. As such, theoretically calculated charge

|
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FIGURE 1.8

Charge potential correlations for the Cjc and 0y levels of model compounds

densities are only crude guides to the electron density about an atom.
Nevertheless, the idea of charge distributions in molecules, within

its limitations, is a useful concept.



Values of K appropriate to selected series

Charge Potential Model

Cis levels
Series K

— X 24.6
Alcohols, Ethers, Esters
and Carbonyl compounds 25.2
QCI3-X,£C12 H=-X 28.7
£H3 cox 25.0
Aromatics perhydro

perfluoro 25.0

Six membered ring
heterocycles per H
per F per ClI 22.4
Fluorobenzenes 23.5
Five membered ring
heterocycles 25.4

FIGURE 1.9

of organic molecules

Inversion of the Charge Potential Model

The uses of the charge potential model in studies of structure

and bonding in organic molecules is illustrated in Fig. 1.10. Starting
GEO%FTRIES GEOMETRIES GEOMFTRIES
EXPERIMENTAL CﬂDO/Z EXPERIMENTAL k (AND EO) CNPO/Z
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EXPERIMENTAL CHARGE
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FIGURE 1.10

charge potential model in studies
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of structure

and bonding in organic molecules
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on the left hand side, if we have geometries and appropriate charge dis-
tributions (e.g. CNDO/2), we may use the experimental shifts to obtain
values of K and Eo for a given level of a given element.

We are now in a positfon to invert the charge potential model by
feeding in the geometry, appropriate values of k and E° (as determined
from studies on related systems), the measured BE's may be used to obtain
‘experimental' charge distributions. An example is shown in Fig. 1.11

on the application of the inverted model to a simple halocarbon.

F\\\\\ ’///,,CI

F////; C C cl

F \\\\*\CI

F CF3  CCl3 Cl

690 294 283 187

Experimentally Determined Known Required
F Fokf F
E E0 q
CF C c CF
E¥"3 Eg Kk q 3
ECCI3 Eg] kCl qCC13'
¢! Molecular qC]
Geometry

(e.g. bond angles
and lengths)

FIGURE 1.11

Application of the inverted charge potential model

to simple hydrocarbon

Schematically the equations for F)g, Cyg5, and Clzp levels are as follows

qaCF3 . qcc13

Fo.2 3
Fis gF = Eg+k ap+ qF 4 “9C1 4

(1.19)
Fc-F "Fc1 TF-CF3 TF-CCI3
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c
Cis ES. = EJ + kqpp. + 29+ 39C1 4 Sccis
> reer el e (1.20)

glszc' = Eg|+kqCI . 39F  , 29¢y , 9cF3 4 9cClg
' "ci-F Tc1-cp Ter-c, Tei-cy (1.21)

Also 3q¢ +3qC|+qCF3 + qCCl3 =0

A thorough discussion on the application of the charge potential
model to predict absolute binding energies in polymeric systems by the
use of CNDO/2 SCF MO calculations is presented in Chapter 3.

e) Fine Structure

1) Multiplet Splitting

The chemical shifts in binding energies discussed in pre-
vious sections can be attributed to differences in the electronic
environments of the relevant atoms. Multiplet splittings on the
other hand arises for paramagnetic systems and indeed the phenomenon
of multiplet splittings accompanying core ionization was predicted
for transition metal ions by Watson and Freeman7] (in advance of
the experimental observations by Fadley and co-workers)72 for
the 3s level in some fluorides and oxides of manganese and iron
which contain unpaired 3d electrons. The interpretation is rela-
tively straightforward only for s-hole states. The following dis-
cussion considers s-hole states and is based on van Vleck's
vector coupling model which was originally conceived for atoms73.
This gives the following results for s-hole states where S is
the total spin of the " configuration in the ground state. The
two possible final states have a total spin of st ]/2. The split-
ting AE (i.e. the energy difference between the states S + I/2 ard
S - I/2) is proportional to the multiplicity of the ground state

AE = (25 + 1)K
where K is the exchange integral between the core (c) and

valence (v) electrons under consideration and is defined by

K= <o (1) o (D] 1,] ¢, @6 _(1)> (1.22)
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The intensities of the peaks are proportional to the degeneracies

of the final spin states
i.e. (2(S + ]/2)+1) : (2(s-'/2)+1) = (25+2) : 25 (1.23)

The magnitudes of multiplet splittings are independent of sample
charging effects and reference level. Multiplet splittings in
photoelectron spectra have recently been discussed in some detai
by Fadley7u. The magnitude of the splitting for a given ion (or
atom) can give valuable information concerning the localization
or delocalization of the unpaired valence electrons in compounds‘8’75’76
since the greater the spin density on an atom the greater the
, splitting. |If the total population of unpaired electrons can be
assigned among the atoms with a fraction f. assigned to the ith
atom, then the multiplet splitting on the ith atom LlEi is

approximated by75.

AE = Fi (25 + 1) Ki. (1.24)

19

A simple example is provided by Siegbahn =~ on NO and 02. In

their study on N NO and 02 molecules in the gas phase, they

2)
found that the N2 molecule did not possess core level splitting
since the core level (1s) after photoemission was degenerate with

respect to spin. Wherby NO and O, core levels were split, e.qg.

upon photoemission from a core Iesel in oxygen or nitrogen in NO
the molecular ion NO* was left in either a triplet or singlet state
respectively. The splitting observed in the ls spectrum can be
attributed to the exchange interaction between the core electrons
and the two unpaired 2 m electrons having different energies.
The O2 molecule has a similar molecular orbital structure, but
has two unpaired electrons in its outer w -type orbital. Figure
1.12a describes the orbital levels in N. , NO and 02 and Figure
1.12b the ESCA 1s levels of the molecules.

2) Spin-Orbital Splitting

If photoionization occurs from an orbital which has an
orbital quantum number (1) greater than | (i.e. p, d and f) then
a doublet structure is observed in the ESCA spectrum]8. This

doublet occurs from a coupling of the two magnetic moments of the spin

|
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FIGURE 1.12

Diagram of orbital levels in N2, NO and O2
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(S) and the orbital angular momenta (L) of the electrons to yield

a total momenta (J). When spin-orbit coupling is weak, compared

to electrostatic interactions, the orbital angular momenta will
couple to give a resultant L instead of coupling to the spin
angular momenta. A system of coupling where all the individual
spin momenta (S) are coupled, and all the individual orbital momen-
ta (L) are coupled and the resulting momenta coupled is known as a
Russell-Saunders coupling scheme (L + S = J)77. The other case
where spin-orbit coupling energy is large with respect to the
electrostatic energy is the orbital and spin momenta of the indi-
vidual electrons will couple into a resultant j‘ or jz. The
coupling of the j] and jz with electrostatic interaction will
yield a final J. This situation where orbital and spin momenta
are individually coupled and the resultants coupled is known as
the jj couple scheme77.

It can be shown that the Russell-Saunders coupling scheme
dominates for the lighter elements, up to approximately the lan-
thanides, and the jj coupling scheme for the heavier elements78

The hamiltonian operator for the spin-orbit interaction may

be written
|

B, = &r)8 (1.25)

E(r) = - (e/2m2c2)( Q/) (1.26)

]

r dr
. I . .

The radial average of ¢(r)h is a useful quantity and is

called the spin-orbit coupling constant, ¢,
-2
K¢, =<nim| £(r)|nim> (1.27)

The intensities of the signals in the doublet structure ob-
served are proportional to the ratio of the degeneracies of the
States which is quantum mechanically defined by the (2J + 1) rule.

The relative signal intensities of the J states for the s, p,
d and f levels are shown in Table 1.8.

In Fig. 1.13 examples of the s(C]S), p(C]zp), d(A93d) and

F(Auhf) levels are shown as observed in the ESCA experiment.
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Table 1.8

Intensity Ratios for Different Levels

Orbital quantum Total quantum number Intensity Ratio
number J=(1%5) (2 + 1)/(20 + 1)
S 0 1/2 No splitting
p 1 /2 3/2 1:2
d 2 3/2 5/2 2:3
f 3 5/2 /2 3:4
CIs

Augs J
—

FIGURE 1.13
Examples of spin-orbit splitting in the p, d and f levels
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Table 1.8

Intensity Ratios for Different Levels

Orbital quantum Total quantum number Intensity Ratio
number J=(11%5s) (29 + 1)/(29 + 1)
s 0 ' 1/2 No splitting
o | /2 3/2 b2
d ) 3/2 5/2 2:3
f 3 5/2 /2 3:4
CIs

Augs

—

FIGURE 1.13
Examples of spin-orbit splitting in the p, d and f levels
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Table 1.8

Intensity Ratios for Different Levels

Orbital quantum Total quantum number Intensity Ratio

| number J=(11%5s) (20 + 1)/(2J + 1)
|
|

s 0 172 No splitting

p . 1 1/2 3/2 1:2

d 2 3/2 5/2 2:3

f 3 5/2 772 3:L

c:Is

Augs J
—

FIGURE 1.13
Examples of spin-orbit splitting in the p, d and f levels
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3) Electrostatic Splitting

Splittings in the 5p3/2 levels of uranium (Fig 1.14) and

Umetal
% Spyp
£ 5eV) —10,000
Counts
per
O.2sec Jr

- 8,000
—-4,000

FIGURE 1.14

Electrostatic splitting in the Sp}/Z levels of U metal

thorium metals and their compounds, and in some compounds of gold

479, 80

have been observe These were interpreted as arising from
the differential interaction of the internal electrostatic field
with the M = % 1/2 and M = % 3/2 sub-states of the 5p3/2 electrons,
and a definite correlation was found between this type of split-
ting obtained by photoelectron spectroscopy, and the quadropole
splittings obtained from Mossbauer spectroscopy ! which arise

from the interaction of the nuclear quadropole moment with an
inhomogenous electric field. Novakov82 has also observed the

known 2 eV crystal field splitting of the valence 3d levels in
CoSOu in ESCA spectra and cg;stal field splittings should be
observable in other systems ~.

Electrostatic splitting was also observed by Bancroft and

84 . C .
co-workers on nonconducting organometallic tin compounds in

the solid phase. There was a general trend observed between the

119

Sn3d linewidths and the

Sn nuclear quadupole splitting as
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measured by Mossbauer spectroscopy for both solid and gas phase
samples. Their computations indicated that the ESCA linewidth
was a very insensitive measure of any splitting; with the Mg
anode used, where an increase in linewidth of 0.15 eV corres-
ponded to an actual splitting of the 3d3/2 level of ~ .4 eV.
With the use of a narrower linewidth source, say ~ .2 eV, the
overall splitting in the Sn3d widths would be~0.7 eV.

In this work presented in this thesis on polymeric materials,
since only lIst and 2nd row elements are incorporated in the sys-
tem, there will be no electrostatic phenomena observed in the
ESCA spectra.

A summary of the types of splitting phenomena observed in

ESCA is shown in Fig. 1.15.

m:i% { + %
2 _
2p3§3 2
2 (4) _+Jz_ +7|2
(e Al -5
n=2 { 2p/2 m=+3 { 2
(8) (2) (2) —_—
\ 2s __ %y _m=i'§ {- +Jz.
(2) (2) (2) —-5
Quantum no.— n £ ) |mj | Mg

Type of ~ __ Principal Orbital Spin-orbital Electrostatic Multiplet
splitting

FIGURE 1.15
Summary of types of splitting phenomena observed in ESCA

L) vValence Levels

Information concerning structure and bonding can be largely
inferred from shifts in core binding energies which reflect dif-
ferences in valence electron distributions. The direct investi-
gation of the valence levels in polymers is also relevant to the
detailed interpretation of the electrical properties of the

material.
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The valence energy levels of simple molecules have been ex-
tensively studied in the gas phase by low energy photoelectron
SpeCtrOSCOpyZS. The inherent widths of the exciting radiations
which are most commonly used, He(l) and He(l!) (photon energies
~2] eV and =L0 eV respectively) are such that in favorable
cases vibrational progressions may be resolved which considerably
aids assignment. Although the development of ultraviolet photo-
electron spectroscopy, (UPS) as the technique has come to be
known, has primarily been in the hands of chemists, the applica-
tion to the study of the valence bands of solids has primarily
been the province of the physicist (the technique often being
referred to as u.v. photoemission) and has dealt mainly with
metals studied as evaporated films under UHV conditions. The
study of the valence bands of polymers by UPS is still in its
infancy, primarily due to experimental difficulties.

In the case of simple molecules, the study of the valence
energy levels by ESCA has two distinct disadvantages compared
with the corresponding UPS measurements. (It should be emphasized
however, that comparison betwen the two is very valuable since
differential changes in cross sections with photon energy are
useful for assigning the symmetries of occupied orbitals.)
Firstly, cross sections for photoionization are generally lower
than for the longer wavelength photon sources used in UPS, and
secondly, the resolution is much poorer, (viz. photon linewidths
He(l) =5 meVzS, MgKa, , = 800 meVIg). A typical spectrum of
the carbon monoxide vaience levels observed by He(l) and mono-
chromatized ALK, 1,2 radiation sources respectively, is shown
in Fig. 1.16

In studying involative materials such as polymers however,
these disadvantages are considerably offset. Thus, since there
are so many vibrational modes possible, resolution of ESCA
valence signals becomes less of a problem since even with a
He(1) source only broad unresolved bands are obtained.

There are three obvious advantages of employing X-ray com-
pared with U.V. photon sources in the study of valence levels

in the solid state.

Firstly, with a low energy photon source, not all of the

valence energy levels may be studied, only the higher occupied
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FIGURE 1.16

Typical spectrum of CO valence levels observed by

_ He(l) and ALKdl,Z sources

levels. Secondly, since the kinetic energy range for electrons
will typically be in the range 0-21 eV (Hel), 0-40 eV (Hell) it will
become clear in a subsequent section that this is a region of rap-

idly varying mean free paths for the photoemitted electrons. This




causes difficulties
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in interpretating the UPS data, whereas

this difficulty does not arise in ESCA since the electron

mean free paths are virtually constant across the valence band.

Thirdly,

in studying metals the use of a high-energy photon

source also minimizes the modulation arising from final state

effects and hence gives a close experimental measure of the den-

sity of states.

Typical data which may be obtained is shown in Fig. 1.17

—~_

42 34

4CH2-CH2%
x3
b

4CH,-CH,-CE, -CF, }.

2
x3
i
26 20 12 4 eV
FIGURE 1.17

Typical valence band spectra for simple polymers of polyethylene,

polyvinylidene fluoride and polytetrafluoroethylene
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for PTFE, polyvinylidene fluoride, and polyethylene. The theo-
retical interpretation of the valence band structure is not as
straightforward as that of core levelsl. The particular case

of polyethylene has received considerable attention and has recently

85,86

been discussed in detail For the spectra shown in Fig. 1.17
a reasonable assignment can be made as follows. The large peak

at highest binding energy clearly evident in the fluoronated
polymers arises from molecular orbitals essentially F25 in char-
acter. The prominent peak at lowest binding energy for PTFE

which is also clearly evident in polyvinylidene fluoride is
assigned to M.0.'s corresponding essentially to fluorine 2p lone
pairs. The shoulder at lower binding energy in polyvinylidene

fluoride which has its counterpart in polyethylene may then be

assigned to carbon hydrogen bonding orbitals (essentially CZpHIs)'

The assignments for the remaining peaks are then essentially C-F
and C-C (2s) bonding orbitals. With an appropriate correction for
work function (=5 eV) the binding energies correspond to those
obtained from UPS studies of simple systems containing the
essential structural featureszs.

For comparison purposes the valence band for the ethylene-
tetrafluoroethylene of composition close to 50-50 is also in-
cluded. This bears a striking resemblance to that for poly-
vinylidene fluoride as one might expect on the basis of its
largely alternating structure.

A number of recent publications on the band structure of
polymers has appeared over the past few years and include wave-
mechanical studies on polyethylenes and fluoroethylenes correl-
ated with ESCA chemical shiftso? 07,
f) Enerqy Referencing

. Theoretical calculations inevitably refer to isolated molecules
in the gas phase with the vacuum level as energy reference. The measure-
ments, on the other hand, refer to the condensed phase with the Fermi
level as energy reference. The question then arises, under what circum-

stance will the direct comparison of the two be valid? For covalent

solids in which there are no appreciable long range interactions (such
as hydrogen bonding for example) the comparison is most readily seen
from an appropriate Born cycle and the associated equations schematically

presented in Fig. 1.18. The terms are largely self explanatory and it




For organic molecules
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FIGURE 1.18

Relationship between energy levels of gaseous and solid samples

can be seen that if the work function of the samples are closely similar
and if there is no sample charging then the comparison between theoretical
calculations on isolated molecules and measurements on thin films should
be valid.

For samples studied as solids, three situations may clearly be
distinguished. In the first the sample is in electricatl contact with
the spectrometer. This is usually the case for thin films deposited in-

situ on a conducting substrate in the spectrometer source. Since the
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path length for the incident X-ray beam is very large]8, 23]0,0008, de~
pending on the conditions, it is possible for films of the order of
10003, to have sufficient charge carriers to remain in:celectrical con-
tact with the spectrometer. This can most readily be shown to be the
case by applying a D.C. bias voltage to the sample probe. |f the sample
is in electrical contact the apparent shift in energy scale will exactly
follow the magnitude of the D.C. bias. The application of a significant
negative voltage to the samples will shift the position of the true zero
of the kinetic energy scale and the secondary electron energy distri-
bution (SEED) can then be observed, since the electrons near zero
kinetic energy without biasing now have enough kinetic energy to over-
come the surface potential barrier due to the photoelectron flux¥*.
Ascarelli and Missoni90 have demonstrated that the determination of the
sample vacuum level for direct energy referencing can be accomplished

by this rechnique. |If the sample has been deposited on a substrate such
as gold, and is in electrical contact it is possible to measure the

core levels of the sample whilst monitoring the Auu core level

£7/2
(84 eV) and this provides a very convenient means of energy referencing‘
The second situation which arises is for thick insulating samples.
Thus it is often convenient to study samples mounted on double sided
'Scotch' tape either as powders or as discrete films. |In this circum-
stance, there is only a fortuitous possibility that the sample will
be in electrical contact with the spectrometer and in general it will
be'floating'at some potential due to surface charging and indeed this
charging process may be time dependent. |f care is taken in the measure-
ments, the chamwge built up on a sample and its time dependence may be
used to investigate electrical and chemical characteristics of samples
and a discussion of this particular aspect will be given in a subse-
quent Chapter (6). The most reliable method of energy referencing for
polymers is to follow the slow build of hydrocarbon contamination at
the surface. With a base pressure of A~10-8 torr the partial pressure
of extraneous hydrocarbon material is such that taken in conjunction

with the low sticking coefficient for most organic and polymeric

e
i

« This topic (sample charging) will be discussed in detail in Chapter 6.




systems it normally takes several hours before any signél arising from
hydrocarbon (binding energy 285 ev:) is apparent]8. it is,of course,
possible to deliberately leak in straight, hydrocarbon material to follow
the build up at the surface. Such material almost always goes down in
uniform coverage and at submonolayer coverage acquires the same surface
potential as the samplegl

(A short investigation into the origin of the hydrocarbon con-
tamination encountered during analysis of samples by ESCA has revealed
that the major contribution arises from the cap covering the standard
X-ray gqun. The cap was found to become relatively hot and a method
of cooling the cap, which results in the substantial reduction of the
rate of build-up of hydrocarbon on samples is described in detail in
Chapter 3.)

This is not necessarily the situation with regard to metals
deposited on the surface since there is a marked tendency for gold
(the common reference metal) vapor that is deposited onto a polymer sur-
face to proceed, initially, by way of a nucleation process which results
92 Although,

generally speaking, the gold islands follow the surface charge and do

in islands of electrically isolated gold on the surface

not react with the polymer, exceptions to both cases have been docume-

ted in the literature. Betteridge and co-workers93 have shown that in

some particular systems the width and position of the goid signals can
change with time, temperature and substrate material and Ginnard and
Riggsgh have demonstrated that for gold vapor deposited on polyethylene

and polytetrafiuoroethylene the absolute shift for the gold signal in-
creases as the gold layer increases in thickness, probably due, (as will

be discussed later in Chapter 6)to the higher photoelectron flux from the
gold, a phenomenon referred to as differential sample charging. In
addition, since gold is normally evaporated from a filament the possibility
of surface damage, reaction or evaporation of substrate during deposition
cannot be discounted. The use of the so-called 'gold decoration' tech-
nique is, therefore, not recommended for organic and polymeric materials95.
Since the factors which determine both absolute and relative binding

. \ |
energies of core levels may be shown to be very short range in nature’,

it is often possible to study smaller molecules which contain the

*This must, of course, be independently established for a given spec-
trometer. It almost certainly arises from long chain hydrocarbon
material,
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appropriate structural features as thin films in electrical contact

with the spectrometer which may be straightforwardly referenced. Com-
parison may then be drawn between this model and the insulating sample
in question and thus allow direct correction for sample charging. A
further possibility which has received considerable attention of recent
years is the use of electron 'flood guns'96; the prime motivation being
the very large sample charging for thick insulating samples in spec-
trometers employing monochromatic X-ray sources. The removal of brems-
strahlung as a source of secondaries can lead to shifts in the kinetic
energy scale in the hundred eV range and can be compensated by flooding
the sample with low energy electrons. Samples can become negatively
charged, however, and the method needs great care to achieve an accuracy
comparable with that for the other methods. An alternative source of low
energy electrons is to illuminate the sample region with U.V. radiation-
from a low pressure, low power mercury lamp via a quartz viewing port

in the source region of the spectrometergs. Sufficient secondaries

are generated from photoemission from the metal surfaces that sample
charging is reduced to a low level.

The third situation which can arise is for thick films ~! micron
which have been built up by deposition on a conducting substrate. Such
films behave as 'leaky! capacitors in that they exhibit rather striking
time dependent charging and discharging characteristics and follow an

cf.95,97

applied bias potential in a particular manner Since the dynamic
equilibrium which is established under X-ray irradiation invariably
produces an overall positive charge on the sample, the app'ication of a
positive bias voltage causes a smaller shift in the kinetic energy

scale than the applied voltage whereas a negative bias voltage pro-

duces a larger shift in the kinetic energy scale than the applied vol-
tage. From a study of these effects and from the secondary electron

distribution the energy referencing may readi'y be established. The

investigation of such effects as a function of the film thickness in

the range 1 - 100 micron provides an interesting insight into the
electrical characteristics of polymer samples and the typical behavior
which is observed is shown in Fig. 1.19°7.

The energy reference in each case for the measurements described
above is the Fermi level and although the exact location of this level
in relation to the valence and conduction bands is generally unknown

for polymers, under the conditions of X-ray irradiation it is possible
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FIGURE 1.19

Typical sample charging characteristics for polymer films

for an 'insulator' to be in electrical contact with the spectrometer i.e.
their Fermi level are the samel. Despite the difficulties associated
with defining an analytical expression for the Fermi level of an insulator,
the use of the Fermi level as energy reference is operationally convenient.
if the work function of the insulator is known we may calculate the bind-
ing energy with respect to the vacuum level.

Al though sample charging has been widely regarded as somewhat of
a nuisance which must be circumvented, the study of sample charging is

of interest in its own right. Thus the study of the phenomena provides

an interesting means of studying photoconductivity in polymeric films
and will be discussed in detail in Chapter 6 on surface charging phenomena.

g) Signal iIntensities

For an 'infinitely thick homogeneous sample the intensity of

the elastic (no-energy loss) peak for photoemission from a core level,

98,99

i, may be expressed as equation
’ Y q
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/N
di, = FaN k.e="""idx : (1.13)
where: |i is the intensity arising from core level, i
F is the X-ray flux, essentially unattenuated over the sampling
depth
o is the cross section for photoionization of core level i
Ni is the number of atoms permit volume on which the core level,
— i, is localized
ki is a spectrometer factor
Xi is the electron mean free path

This equation may be recast into the integrated form

® X/,
S FaN k"M, ()

i

FaiNikixi (1.15)

For a full understanding of the factors governing the intensity of
a given signal in ESCA, it is important to discuss them individually and
to elaborate on the parameters on which they themselves are dependent.

Fig. 1.20 shows a schematic of the general geometry of the ESCA experiment

Analyser
/] —

e—

A

- o v e - e o ——

e e

i)
o/ Sample

Schematic of the geometry of the ESCA experiment in

the AEI ES 200 B instrument

X-ray hv

FIGURE 1.20




using the Mg anode with a flat solid sample. huy represents the incident
X-rays and e the fraction of the photoemitted electrons which enter the
analyzer. @ is the angle between the X-ray source and:the analyzer
entrance slit and § describes the angle of the sample in relation to

the analyzer. Low values of 8 (~0°) correspond to grazing incidence

of the X-rays and high values of 6 (~90°) correspond to grazing exit

from the sample of the photoemitted electrons which are analyzed. (It
should be noted here that Fig. 1.20 describes only the relative positions
of the sample to the photon source and analyzer when the Mg anode is
used. The monochromatic AL source is not at an angle of 90° to the
analyzer slits but at an angle of 60°. Although the angle # is reduced,
§ corresponds to the angle of the sample with respect to the analyzer
slits and remainsdefined as such with either anode.) These parameters
will be referred to in the ensuing discussion.

The X-ray flux in the sample, F, is primarily determined by the
power applied to and efficiency of the X-ray gun. At low values of 6 it
has been shown, theoretically and experimentally by Henke]oo’]O], that
refraction of collimated X-rays in the outermost surface layers of the
sample causes an effective increase in flux in the sampling region as
seen by ESCA, resulting in an enhancement of the signal intensity.
However, in practice this phenomenon is rarely experienced since samples
are seldom optically flat X-ray beams, are not collimated, and the
angles, 8 , for which this applies are very small, which due to other
factors involved in conventional spectrometers results in a very low
signal intensity.

The cross section for photoionization of core level, i, ¢ ; is
a parameter which describes the probability of the core level being
ionized when irradiated by a photonloz, but only includes the fraction of
the total number of electrons photoemitted within the angle of accept-

ance of the analyzer focussing lens. . is @ function of the core level

to which it relates and of the energy of the incident photon. . may
102,103 or

19

be calculated from the fundamental properties of the atom
determined experimentally from gas phase ESCA experiments The
radiacal distribution of electrons photoemitted from an atom, however,
is not uniform and it has been shown experimentally and theoretically
that 7. is a function of 4 (F;g 1.21), the angle of detection with re-

spect to the incident photons it is well established that the cross

section, in the dipole moment approximation, for randomly oriented
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Plot of o/0 TOT versus ¢ indicating the asymmetry

parameter,f3 , for the core levels

103,

bl

polyatomic molecules and unpolarized light is of the form

TOT
7 =9

/“W [I - ]/hBi(3 cos’d - q (1.16)

where Bi is the asymmetry parameterlo[1t of the core level and
oTOTi is the total cross section of the level. The angle at which the
measured relative o' are independent of 8 and equal to ( TOT/br )
occurs at the so called 'magic angle' of ¢ = cos—] (1/3) = s4°L4' or
l25°|6'|0h. (1t should be noted that for S orbitals 8 = 0)

With the use of conventional spectrometers g, may be considered

as a constant for any given set of experiments employing the same X-ray

photon energy since the angle between the X-ray source and the analyzer

entrance slit, é, is usally fixed.

With MgKa and AIKa the cross section for photoionization for

1,2 1,2

core levels of most elements of the periodic table are within two orders
of magnitude of that for the C\s levels, therefore ESCA has a convenient
sensitivity range for all elements. The cross sections for core levels
are generally considerably higher than for valence levels and this,
taken in conjunction with the fact that core orbitals are essentially
localized on atoms, and therefore have binding energies characteristic

of a given element means that in ESCA the predominant emphasis is on
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the study of core levels.

The electron mean free path, (sometimes referred to as the escape
depth for the photoemitted electrons), xi is defined as the distance in:
the solid through which the photoemitted electrons will trave! before
I/e of them have not suffered energy loss through inelastic collision.
Chapter 4 will be concerned with the experimental determination of elec-
tron mean free paths for photoemitted electrons in polymers and their
usefulness in analytical depth profiling will become apparent throughout
this thesis. The main point in this section is that Ki is a function of
the kinetic energy of the photoemitted electron and typically ranges in
magnitude from 4 R for electrons of about 80 eV kinetic energy to 30 R
for electrons of about 1500 eV.

The term 'sampling depth' is often confused with electron mean
free path, and the terms in some cases have been used synonomously. To-
clarify the meanings, however, if the sampling depth is defined as the
depth from which 99 % of the signal, arising from a given core level, de-
rives, then it is related to the electron mean free path by;

sample depth = -\In0.01

As an example, for carbon Is levels studied by a MgK X-ray
a4
1,2
source the kinetic energy of the photoemitted electrons is=~960 eV and

the mean free path of the electron is ~I5 R. 50% of the signal seen
by ESCA derives from the outermost about 10 R of the sample and 99% from
the outermost 70 R of the sample.

The final factor to be discussed is the number of atoms per unit
volume in the sample on which the core level is locallized, Ni' Although
Ni is not directly related to the density of the sample it is generally
the case that for similar materials of differing density the ESCA signal
for a given core level will be more intense for the higher density
material (e.g. high density polyethylene vs. low density polyethylene)95.
The most important consequence of Ni is that the relative signal inten-
sities for the core levels of various atoms in a homogeneous (assuming
the surface is representative of the bulk) sample are directly related
to the overall stoichiometries of the atoms in the sample, due to the
fact that the peak intensity from a given core level is directly pro-

portional to the number per unit volume of the atom in the sample.

1. Fa.N.k.A.
= P

I Fa.N. k.~
] N RGNS (1.17)
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where |i is the signal intensity for core level i and Ij is the

signal intensity for the core level j

| . a N . k.\.
= R

I, Nk,
J aJ JJ) ; (1.18)

If i and j are the same core level in differing chemical environ-

ments (e.qg. C,g in CHy-CF,) then kiah, = kja.k.

3 3) 3

and
Ni =1

Nj ] (1.19)

If i and j are different core levels then kiaixi#kjajxj and

f ﬂi _ Iik.a.K. (1.20)
N. | . k.a.\,
j Jjoiiti

The ratio k.a.N. may be determined experimentally from standard
.

samples of known stoichiometry containing i and j. Since ki and kj vary from
one spectrometer to another and also the angle between the X-ray source
and the analyzer, ratios of the type k.a.\. must be determined for the
1 1)
k.a. .
[
particular spectrometer.
As an example, Fig. 1.22 shows the C]S spectrum of polyisopropyl-
acrylate. The signal intensities relative to the total integrated C

signal are 16.7%, 16.7% and 66.7% for the C = 0, C - 0 and CH Cq

Is

levels and 28.3% and 28.3% for the C - 0 and C = 0, O Jlevels, (not

]

shown). This corresponds to a stoichoimetry of 1:1:4:1:1 for these
levels respectively since kO ag ko
s ls “1s = 1.67
ke e, M
Is “1s “ls

for our particular spectrometer geometry. These stoichiometries are

precisely as are found in the polyisopropylacrylate repeat unit.
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Poly-isopropyl Acrylate

ClsLeveI

4CH5-CH
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290 285
FIGURE 1.22

The Cls core level spectrum of polyisopropyl acrylate

indicating the deconvoluted peaks

It should be pointed out that equation (1.15) does not accomodate
two further effects of varying the angle §, the first is illustrated in

Fig. 1.23. The figure draws a comparison between a narrow X-ray beam

FIGURE 1.23

The effects of varying 8, the sample angle relative to the

photon source, on the size of the sample area exposed




and a beam which is broader than the width of the sample, w. For the
narrow beam the total flux which hits the same is not affected by varying
f within limits. However, for the broader beam the total flux hitting the

sample varies as cuSlNB'OS.

Therefore, as # is increased this effect
tends to increase the signal intensity. (This effect also applies for
the narrow beam when § is very small). The second effect is concerned
with the electrons which are photoemitted in the direction of the
analyzer. For a given value of 6§ the entrance slit of the analyser 'sees'
a sample area proportional to wC0S @ . Therefore as # is increased this
effect tends to decrease the signal intensity.

The convolution of these two effects, acting in the opposite
sense produces an overall function of 8, fi(B) for a core level i, which
exhibits a maximum value. This maximum value occurs at a value of
which is dependent on the core level under investigation, although this"

phenomena is not clearly understood.

Equation 1.15 therefore may be replaced by equation

o= £.(8) FaN.k, (1.21)

105

where fi(e) can be determined empirically Investigations of
these angular phenomena are presented in later Chapters.

h) Line Shape Analysis

The need for line shape analysis arises from the unfavorable
ratio of chemical shift to line width ratio which is one of the major
weaknesses of ESCA compared to, say, NMR or NQR]. The dominant contri-
bution to the linewidths with most commercial instrummentation is the
inherent width of the polychromatic X-ray source.

The measured linewidths for core levels (after taking into account
spin orbit splittings, if these are not resolved) may be expressed as

(E )% = (e )% + ()% + (e )7 (1.22)
Where: AEM is the measured width at half height, the so called full

width at half maximum (FWHM).

ANE, is the FWHM of the X-ray photon source.

X

AES is the contribution to the FWHM due to the spectrometer (i.e.

the analyzer abaritions).
AECI is the natural width of the core level under investigation.
(For solid samples this takes into account the solid state effects not

directly associated with the lifetime of the hole state, but rather with
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slightly differing binding energy due to differences in lattice environ-
ments.)
The contributions to AEM from AEX for the commorily used photon

sources (i.e. Mg and Al) are essentially Lorentzian line shapes. The

characteristics for the energy distributionCF']05 n AIK radiation are

14
essentially comprised of four major components lines Ay ag andah wi th
positions relative to thea] line of -.42, +9.7 and +11.6 eV respectively,

with relative intensities of 100, 50, 10.8 and 5.5. While for MgKa radia-
tion for the ays @y, ag; and @y the relative positions to «, are -.33,
+8.4 and +10.2 with relative intensities of 100, 50, 12.8 and 6.9CF'IO6.
The « g and @y lines being significantly removed from theu] and @, lines
manifest themselves as satellite peaks to the high kinetic energy side

of the intense primary photoionization signal in the ESCA spectrum.

The contributions to AEM from AES are considered to be Gaussian
line shapes and are primarily due to analyzer, focusing and detecter
imperfections. Whereas for the AEC] the contributions are Lorentzian and
are dependent upon the Auger and X-ray fluorescence processes upon photo-
ionization of a core level.

The convolution of these line shapes produce a hybrid shape with a
Gausian distribution dominating the overall line shape and with Lorentzian
character tails. (In Equation (1.22) the terms are added in quadrature
due to the fact that Gaussian line shapes dominate the convolution, where
as when Lorentizian line shapes dominate the terms are simply added.

Siegbahn and co-workers]9 have found by comparison with experimental

curves the shape to be

y=exp- 2 In 2.le.ln[l + In(1 + 2.lxl/AEMi
AE
M In(1 + In2) (1.23)

as a good approximation. From this equation it can be shown that the
use of either pure Gaussian or Lorentzian shapes introduces only small
errors in the relative positions of peaks and the observed unresolved
spectra.

The methods for resolving complex line shapes in the ESCA spectrum
arising from the convolution of several signals fall into two main cate-
gories. The first involves mathematical methods of enhancing the resolu-
tion of the spectrum whilst the second involves curve fitting procedures,

in either analogue or digital fashion.




Derivative spectroscopy is a technique for obtaining first or
higher derivatives of a signal with respect to kinetic energy of the

electronslo7-'09.

Among the advantages are more characteristic spectra.
of materials for use in quantitative analysis and increased resolution
of overlapping signals. Martinllo has shown that for some examples
the FWHM was reduced by factors of about three and five for second and
fourth order derivatives. For the overlap of two equal bands he showed
that the use of the second order derivative was sufficient if they were
separated by one half width or more. |In a treatment by Smith]]] both
Gaussian and Lorentzian line shapes were considered and the resolution of
a symmetric doublet was found to be the same for the normal and first
derivative curves, but the second derivative curve showed an improvement
in resolution of 1.78 times and 1.35 times for the Lorentzian and Gaussian
line shapes, respectively.

The drawbacks are in the fact that the increased resolution must
of course be at the expense of another parameter involved in the signal.
The statistical accuracy of the derivative spectra is reduced (i.e. the
signal/noise ratio is smaller) and the relative intensities of the component
signals are for all practical purposes lost. Further errors occur which
are inherent in the mathematical approximation used to calculate the
derivatives. The most useful feature which applies to ESCA is that the
second or fourth derivatives of a spectrum provide information on the
number of components making up overall line shape and an approximation
to their kinetic energies. This information is often essential for the
use of curve fitted procedures, and a recent review on the subject has
been published by 0'Haver and Green”2

The application of Fourier transform techniques to enhance reso-
lution in ESCA has only appeared recently and is very much still in
its infancy. Beatham and Orchard|06 have concluded that the deconvolu-
tion of spectra excited by polychromatic radiation can, with data to
sufficient quality, yield a virtual resolution approaching that which
can be achieved with monochromatized radiation. Since the full potential
of this technique has not yet been fully exploited for application to
ESCA, and no use of it has been made in this theses, no further discussion
will appear, although Fourier transform deconvolution may become important

in the near future-
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The second category for resolving complex line structures involves
curve fitting techniques. |In general, since one needs to have several
variables under close control at any one time an analogue computer
analysis is by far more convenient than digital analysis on large com-
puters]. The basic philosophy behind sucH an analysis is set out in
Figure 1.24.

As examples, consider some separate polymer systems where the

'unique fit' and the 'approximate solutions' apply. Figure 1.25 shows

(i) an experimental Cls and CIzp spectrum of polyvinyl chloride, (ii)

Csz
2pas2
2p/
1 ] ]
203 199
F1GURE 1.25

The Cls and C2p core level spectra of polyvinyl chloride

the analogue curve resolution of the two spectra. The repeat unit,

{?-E;}n’ contains two types of carbons, one bonded with two hydrogens and
one having one hydrogen and one chloride. One would expect, based upon
theoretical calculations using the charge potential model previously dis-
cussed, to find these two carbons split by approximately 1.4 eV and the
curve fitting shows this precisely. The Clzp is a spin-orbit split
doublet arising from the 1/2 and 3/2 degeneracies and, from the previous
discussion in section (e), should have an intensity ratio of 1:2, which
is shown by curve resolution. The area ratios in the C]s spectrum of
1:1 and the single Clzp envelope are in agreement with the repeat unit.

From this simple system, consider a slight!y more complicated

homopolymer; polyethylene terephthalate. Figure 1.26 shows the C]Sand Ols
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FIGURE 1.26

The Cl> and Ols core level spectra of polyethylene terephthalate

core level spectra (i) the experimental and, (ii) the curve resolved en-

velopes. Consider the repeat unit of the polymer
a

O.O 0

1| Il aa
o-c-- -0-CC
By Y B n

there are carbons in different types of chemical environment labelled a,
B,v , and oxygens labelled a and 8 . From a chemist intuitive view, there
appear to be 6 carbons on the ring in similar environments and 3 carbons
in different ones, with the two oxygens quite different. Curve resolution
of the Cls spectrum reveals essentially three separate peaks in a 2:2:6
ratio for the Cls and 1:1 ratio for the Ols' One could, of course, fit
any number of peaks under either envelope, but, from Fig. 1.26, we repeat
that a general background knowledge helps to eliminate chemically un-
sound solutions. Theoretical calculations using the charge potential
model on a repeat unit of the polymer reveals that the B labelled carbons
in the repeat unit having binding energies nearly the same, and within

0.5 eV, will appear essentially under one peak with the present resolu-

tion of the instrument. The chemical shifts found for the remaining

carbons, a and 7Y and the oxygens a and 8 are also predicted well by the



- 6] -

theoretical model.

Having described two rather simple 'unique fit' systems, Fig.1.27a
shows the Cls core level spectra from a sample of polyisobutyl acrylate.
An attempt to curve resolve the two core levels indicate that upon close
inspection the Ols levels have two inequal components with the C = 0
type at lower binding energy being slightly larger. This inequality of
the component peaks in the Ols levels, attributable possibly to surface
carbonyl features should also manifest itself in the Cls levels. As a
simple model for a system containing both structural features, viz.
ketonic carbonyl group and ester group, we may consider ethyl aceto-
acetate, the Cls levels are shown in Fig. 1.27b, which also details
expansion of the Cls levels for isobutyl acetate (c), polyisopropyl
acrylate (d), and, for comparison,a film of polyisobutyl acrylate
which had been heated in air (=150°C for 30 mins.) whose OIS spec-
trum also shows evidence for surface oxidation. Considering first
the isobutyl acetate and polyisopropyl acrylate spectra, the decon-
volution into the component peaks associated with -C-0, O—C;, and ;Q-
structural features with characteristic binding energies deQeloped
from model compounds, is straightforward. By comparison, the spec-
trum of ethyl acetoacetate shows that the carbonyl carbon at 287.2
eV has the effect of 'filling in' the valley between the regions of
high and low binding energy. This effect is clearly evident for both
the polyisobutyl acrylate and for the polyisopropyl acrylate sample
heated in air.

With improvements in instrumentation, e.g. monochromatization

of the photo source, for simple systems the need for line shape

analysis may well largely disappear and unambiguous analysis of more
complex systems become feasible.

i) ESCA Instrumentation

Since the introduction of the first commercial instrument in
1970; several designs have been placed on the market. This study was
performed on both an AE| ES200AA and an updated (monochromatized
radiation source) ES200B spectrometer and, therefore, this section
on ESCA instrumentation will include only the apparatus appropriate
to the AE] spectrometers. (For further information on other apparatus,
several reviews have appeared which cover the other areas of instru-

-11
)113 9

mentation. The essential components of the ES200AA are shown
in Fig. 1.28, which include:

a) X-ray photon source
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Poly-isobutyl Acrylate

(b)

Isobutyl Acetate

(c)

(d)

Poly-isopropy! Acryjate
(heatedinair at |bg}g’)

(e)

FIGURE 1.27

The Cls core level spectra of polyacrylates and model

systems for surface studies of the oxidation of polymers
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FIGURE 1.28
Diagram of the components of the AEl ES200AA ESCA apparatus

b) Sample chamber

c) Hemispherica! electron energy analyzer

and a discussion on each component follows:

a) X-ray photon source

The X-ray gua is of the 'hidden-filament or Henke']20 type in
which the filament is not directly in front of the target. This re-
duces the rate of contamination of the target by tungsten evaporated
from the filament. The power source to the gun consists of a Marconi-
Elliot type GX5 high voltage generator that may be operated in the
vacuum region of SIO-5 torr. The gun is isolated from the sample
chamber by means of a thin aluminum window through which the X-rays
(and not the electrons) pass from target to sample. The gun filament
is earthed and the target operates in the region of +10KV to +15KV,
which insures that scattered electrons cannot reach the aluminum win-

dow with sufficient energy to excite unwanted X-ray radiation. The
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X-ray gun target material is usually magnesium or aluminum and the
MgK4 or AIK, lines are used to induce photoejections. There are two
reasons for using Mg and Al. First, both Mg and Al have relatively narrow
natural linewidths, 0.8 and 0.9 (FWHM) respectively - so resolution com-
parable with this can be obtained ideally in the photoelectron spectrumI
Secondly, the cross-section for photoionization of various atomic levels
is reasonably high for these radiations so that the technique is sen-
sitive for a large number of elements. Both types of targets can be
operated at powers up to 500 watts, and both voltage and current supplies
are stabilized to 0.1%. Typical conditions, to the Mg anode, for the
power input are 12KV and 15ma which produce photon fluxes in the region
of ~0.1 mill rad/sec.2’

Considering first the unmonochromatized sources, a typical X-ray

spectra is shown in Fig. 1.29 where it respresents the energy content

»
|
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[} i
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|

tt V=80Kv
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A (xIO'Q:m)
FIGURE 1.29

Typical X-ray spectrum

per unit wavelength emitted by an X-ray tube with a 7hw anodeIZ]. It is
obvious that the spectrum is composed of a set of sharp lines super-
imposed on a continuum.

The continuum's shape depends only on the energy of the incident
electrons on the anode, not on the nature of the anode and the xo cutoff

at short wavelengths is inversely proportional to the electron K.E., and

follows the equation:
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huo = E | (1.24)

where h is Plank's constant. The total X-ray energy per electron, ET’

is proportional to the integral over N\ of the continuum and obeys the

equation:

Er = kzE2 (1.25)
where k=~0.7 x IO_A for ET and E in MeV where Z is the atomic number
of the anode. The fraction of the electron kinetic energy converted

into X-ray energy is:

ET/E = kZE : (1.26)
For a typical case of Z = 90 and E = 0.05 MeV, ET/E is only about 0.3%.

The characteristic line spectra depend only on the atomic number
of the anode and not on the incident electrons, however, line spectra
are obtained only when the electron K.E. satisfies the relation:

(1.27)
E >E.=hv = hc/A

where v is the frequency and X\ the wavelength in question. The total
X-ray energy emitted in a particular line increases with incident electron
K.E. according to the empirical relation,

(1.28)
| o< (E - ET)”

when n ~ 1.5,

The line spectra of interest from the Al and Mg anodes normally
used in ESCA are from the so-called K series (spectoscopic notation for
n=1) transitions and particularly the Km"2 lines. However, the un-
monochromatized spectra of the MgKa radiation contain the continuum and
particularly the k(ahz a3rayrag ag and KB ) where the Ka3 satellite
) lines (8.4 eV higher
K.E.) and the KaL+ satellite is 4.5% relative intensity from the primary

Ka, , lines (10.1 eV higher k.e.)cF 108,
J

is 9.5% relative intensity from the primary Ka]
)

Al a radiation can be monochromatized with a crystal diffraction

technique 9, to eliminate the gross satellites. (and the continuum) and

1
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be left with the Ka])z lines. (Unfortunately monochromatization of the
MgKa lines is not presently possible with crystal diffraction since no
suiteble crystal is currently available with the proper lattice spacing:)
For AIKa essentially three techniques are available, (a) 'dispersion-
compensation', (b) 'slit-filtering' and (c) fine-focusing, all using crystal
diffraction of the X-ray radiation and these techniques will attain ulti-
mate linewidths of 0.2 eV.
Another system described by Gelius]22 uses a rotating anode (about
5-10,000 r.p.m.) which is characterized by a fine-focusing X-ray line,
high power electron gun and several spherically bent quartz crystals for

monochromatization of the AIK radiation. Fig. 1.30 illustrates these
a
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FIGURE 1.30

Techniques for monochromatization of X-rays

techniques, and Fig. 1.31 is a section through the monochromator attached
to the ES200B.

The fine-line source of AlIK, is produced in the X-ray gun, and
the appropriate energy and spread of energy (1486.6 eV and 0.3 eV respec-
tively in the case of Al Ky ) are diffracted by three quartz crystals
mounted on a torridal former. The crystals are cut parallel to the

(1010) planes, where the 2d spacing is 0.852 nm and the appropriate Bragg
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FIGURE 1.31
Cross-section through monochromator attached to the AE| ES2008B

angle for Al Kgq is 78.5°. Quartz was chosen because it bends elastically
without affecting its high-quality diffracting ability; it has a high 're-
flectivity' for Al K4 ( = 30-40%), and 78.5° is a suitable Bragg angle

to work with. Because of the geometry of the system the X-ray flux reach-
ing the specimen is reduced to about a twentieth compared with the normal
X-ray gun in the ES200 (compared on a watt-for-watt basis of electron-
beam power expended in the respective X-ray guns).

b) Sample chamber

The spectrometer sample chamber contains the X-ray source aperture,
seven access ports for sample introduction and various pre- or post-
treatments, and a retarding lens system into the analyzer chamber.

The access ports allow for attachment of various sample probes

which permit the study of liquids (via a reservoir shaft) volatile
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solids (via a direct inlet shaft with vapor condensed on an insertion
_shaft at low temperatures), gases (via gas valve with studies directly
from the gas phase) and non-volatile solids such as films, powders,
fibres, etc. (via a plate shaft equipped with heating and cooling tem-
perature control). Typical operating pressures are 10_7 torr or better
although under ideal conditions better than 10-9 torr is attainable.

c) Hemispherical electron enerqy analyzer

The analyzer on the A.E.l. ES200 is a hemispherical double focus-
ing electrostatic analyzer, which was originally described by Purcelllz3
in 1938, enclosed within two mu-metal shields for magnetic shielding. The
resolution of the hemispherical analyzer is based upon three variables:

1) mean radius of the hemispheres, R,

2) width of the entrance slit,

3) width of the exit slit.

Therefore the resolution, AE/E, where E is the energy of the electron is

AE/E = R/W (1.30)

where W = combined widths of entrance and exit slits.

It is quite easily seen that to improve the resolution three terms
can be varied:

1) reduce the slit width, which has the effect of reducing the

signal intensity,

2) increase the hemispherical radius, which increases engineering
cost and complexity and pumping requirements,

3) retard the electrons before entering the analyzer so as to
reduce their K.E.

With reasonable compromises made on the slit width to obtain
sufficient signal intensities and the hemispherical sizes to prevent
mechanical distortion and high engineering cost and practical vacuum
pump sizes the ES200 series retards the electrons before they enter
the analyzer by passing them through a lens assembly. This lens
system actually serves a double purpose:

1) The lens system allows the analyzer to be located at a con-
venient distance physically from the source chamber which
permits a maximum flexibility in sample handling.

2) A retarding potential on the electrons allows more flexi-

124

bility on the resolution requirements of the analyzer
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The electrons passing through the analyzer can be focussed at the
collector by either of two methods:
1) Electronically scanning the retarding potent¥al applied to the
lens while keeping the hemispherical potential constant, or
' 2) Simultaneously scanning the retarding potential applied to the
lens and the hemispherical potential and keeping a constant
ratio between the two, which is the technique used on this
ES200 .
The overal! resolution AEm/E, of the system also depends upon con-
tributions from sources other than the analyzer.
1) The width of the X-ray radiation line, AEX.
2) The natural width of the electron energy distribution in the
level being studied, AE].
3) The line broadening due to spectrometer irregularities,
which can vary with electron emission energy, E and slit
widths, AES.
L) The line broadening due to solid state effects in the
sample, AESS
Therefore, the overall resolution is given the equation given in section
h) '
)2 )2

2
(AEm) - (AEx ss

Y L Y B - (1.22)

(This relationship is strictly valid only for Gaussian line-shapes.)

A variable on the ES5200 series is the collector slit width which can be

adjusted at 0.2, 0.1 or 0.03 inches depending on the resolution and sen-
sitivity desired.

Two modes of scanning the analyzer and lens potentials are avail-
able with the ES200. In the first mode the electrons being analyzed are
retarded to 5% of their initial kinetic energy before they enter the hemis-
pheres. The line-width contribution of the analyzer is therefore propor-
tional to energy, so that the resolution of the system improves at the
low-kinetic-energy end of the spectrum, but at the expense of sensitivity.
A fixed potential difference is applied between the two hemispheres in the
second mode so that e'ectrons traverse the analyzer with a fixed kinetic
energy of 65 eV regardless of their initial kinetic energy. This gives
rise to a constant line-width contribution together with enhanced sensi-

tivity at the low-kinetic-energy end of the spectrum. The analyzer and
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lens supplies allow electrons with energies up to 4000 eV to be studied,

and the stability of the circuitry is such that the energy scale of the

spectra is constant to better than + 50 mV over may hodrs.

The detector contains a collector aperture (exit slit), described

above, which pass the selected K.E. electrons into an electron multiplier.

The output pulses from the channel multiplier are amplified and fed into

a data handling system. The signals into the data hand ing system generate

the ESCA spectra by one of two methods:

1)

2)

The continuous scan, where the electrostatic field is in-
creased from the present starting K.E. continuously while the
signals from the multiplier are monitored by a rate meter.
When the signal to background ratio is sufficiently high a
graph of the electron counts per second versus the K. E. of the
electrons is plotted directly onto an X-Y recorder.

The step scans, where the field is increased by preset in-
crements (typically 0.1 eV) and at each increment the (a)
counts may be measured for a fixed length of time or (b) a
fixed number of counts may be timed. The data obtained from
the step scans is stored in a multichannel analyzer and many
scans can be made on a sample to average any random fluctua-
tions in background. Using this technique the signal to
noise ratio goes up as the square root of the number of scans,
although care must be taken to avoid long term sample changes,
such as hydrocarbon surface build-up, where the first scans
are not typical of the tast scans. Wide scans encompassing
the entire range from zero K.E. to the K. E. of the X-ray
source as well as narrow scan ranges for specific studies

are available.
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CHAPTER 2
ESCA Applied to Polymers - a Review

i) Introduction

From the latter part of 1970 when ESCA investigations into
structure and bondihg in polymer systems was initiated by Clark at Dur-
ham until early in 1974, the emphasis was placed on fluoropolymer

1,125-128

systems There were two reasons for the focus of attention

on fluoropolymers. Firstly, the large chemical shift in the C core

levels induced by the substituent fluorine presents the most sl?table
cases for delineating the information content from the ESCA spectra.
Secondly, the importance of the fluoropolymer systems both technolog-
ically and academically, and their comparative difficulty of analysis
by other common spectroscopic techniques, due to their insolubility
and intactability, lend themselves very nicely to investigation by
ESCA.
in the development of ESCA as a spectroscopic tool for studying
polymers, the logical first step is to study simple, well-characterized
homopolymer and copolymer systems. From these simple systems, trends
can be drawn and comparisons made with simple monomers. The simplicity
of these systems allows for the development of rigorous theoretical
models for the quantitative interpretation of the data. These models,
in turn, can direct one to the important electronic factors determining
shifts in core binding energies; for example, from which theoretically
sound, but less rigorous models may be developed to discuss larger sys-
tems for which more detailed computations are not feasible. Since 1974
the extension of ESCA into other polymeric systems has been actively
pursued and a perusal of the literature confirms the diversity in the
current fields of application to structure and bonding in polymers (cf.
86-89, 125-128, 129). There are esentially two main areas that have
been investigated and they are briefly outlined below:
A) Static Studies
1) Chemical Compositions
a) elemental compositions
b) % comonomers in copolymers
2) Structural Details
a) structural repeat units in copolymers, e.g. random
alternating or block repeat units

b) domain structures in block copolymers
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3) Fine Structural Details
a) structural isomerism, e.g. cis, trans, etc.
b) shake-up studies on unsaturated systems
L) valence Band Studies on Polymer Systems
B) Dynamic Studies
1) Surface Treatments
a) casing
b) fluorination
c) RF plasma treatments
2) Oxidation of Polymers
3) Adsorption at Polymer Surfaces
Each of these topics will be covered in detail in this chapter,
but before discussing the results it is of some importance to consider
the methods by which polymer samples may be prepared for ESCA investi-
gation.

i) Sample Preparation

There are a few methods which have been found to be convenient
for preparing samples for examination by ESCA. These are (a) the direct
study of suitably mounted powder samplies, (b) solution cast films, (c)
pressed or extruded films and (d) 'in situ' polymerized films. Each of
these techniques will be discussed separately.

(a) Powders

When the polymer sample is available as a powder, which is often
the case, it is convenient to examine it by applying the powder to a
double sided tape which possesses nominal heat resistance ('Scotch
Brand' electrical tape #75, a silicone type polymer, 3M Company), and
apply the tape directly to the sample probe. Caution of course must be
taken to avoid incomplete coverage of the tape which would result in
extraneous signals observed from the tape backing. Samples prepared in
this way generally tend to have lower signal/noise ratios than do smooth
films and the primary photoionization peaks tend to have broader full
width at half maximum (FWHM) than do films.

(b) Solution Cast Films

When the polymers are sufficiently soluble, thin films may
be solution cast onto a suitable backing, such as clean gold sheet and
mounted onto the sample probe. Conventional dip or bar coating pro-
cedures are adequate for the coating process. Care must be taken to

use clean coating aparatus and pure solvents to avoid the segragation




of impurities af the surface during evaporation of the solvent. For poly-
mers easily oxidized the coating procedure should be carried out under an
inert gas during the evaporation of the solvent,and for systems where
hydrogen bonding is a problem, complete removal of extraneous water is
imperative.

{c) Pressed or Extruded Films

To eliminate the contaminations possibly introduced by solvent
casting for appropriate polymers it is convenient to study them as
pressed or extruded films. For polymers with low Tg's, such as elastomers,
it is often possible to 'melt' a small amount of polymer onto a suitable
substrate and allow it to spread as a thin film. For rubbers, thin slices
of the polymer can be attached to the proble with double sided tape. When
films are prepared from powders or pellets it is often convenient to
press the film between clean aluminum foil at temperatures and pressures
appropriate to avoid degradation of the polymer sample, often also done
under an inert gas atmosphere to avoid oxidation.

(d) "In situ' Polymerized Films

A very convenient and often contamination free method of study-
ing polymer films is by direct polymerization ontoc the tip by various
techniques such as U.V. or e irradiation, plasma (glow-discharge poly-
merization) or pyrolysis of appropriate monomers, such as the [}.Z]para-
cyclophane series (cf. Chapter 5).

(It is convenient to note here again that sincemost polymers are
inherently good insulators, the thin films studied are, generally speaking,
not in electrical contact with the spectrometer. This will result in
sample charging, as discussed in Chapter 1, and therefore referencing
the energy scale back to the Fermi level becomes necessary.)

The difficulty in the characterization of polymers, particularly
in the case of their surfaces, arises from the fact that polymers are
not as well-defined as simple non-macromolecular compounds. The gross
chemical structure of polymers can be simple as in the case of linear
homopolymers, or complex as in the case of branched or cross-1inked
copolymers. As an example, consider representative systems based on
polyvinyl toluene shown in Fig. 2.1.

These differences in gross structure, all based on the same basic
building block, give rise to a tremendous variation in the physical,

chemical, mechanical and electrical properties of the system.
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FIGURE 2.1

Structure Assignments to Polyvinyl Toluene

It is often the case that for a given polymer system, the structure

of the bulk is substantially different than that of the surface. For

example, since solids communicate with the rest of the universe by way of

their surfaces it is possible to produce a crosslinked surface while main-

taining the integrity of the bulk. A technique which is capable, therefore,

of monitoring differences in structure between the surface and the bulk

is obviously of considerable relevance in many fields of academic and
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technical importance.
Along with gross structural differences in polymers, there are
also isomeric differences arising from unsymmetrical monomers and the

resultant structures are shown in Fig. 2.2.

(CH CH CH)
[:::::] [:::::] (a) Head-to-tail isomer
£CH~CH —- CH-CH=}_

<::> (b) Head-to-head isomer

(CH CH -CH -CH )

@ @ (c) Tail-to-tail isomer

FIGURE 2.2

Isomeric structures of polystyrene

Not only can structural isomerism occur in polymers, but also

stereoisomerism (CIS-TRANS) as shown in Fig. 2.3.

Cis Trans

FIGURE 2.3

Stereoisomerism of polybutadiene

Tacticity is another type of stereocisomerism and is classified

into three categories as shown in Fig. 2.4.
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Representation of tacticity in polymers

Copolymers have other types of structural assignments; for example,

such as random, alternating, graft or block copolymers as shown in Fig. 2.5.

XXYYYXYYYXXXXY (a) Random copolymer
XYXYXYXYXYXYXY (b) Alternating copolymer
XXXXXXXXXXX (c) Graft copolymer

vy
Y Y v
Y Y Y

XXX=YYY-XXX-YYY (d) Block copolymer

FIGURE 2.5

Structure assignments to copolymers

iii) Static Studies

a) Chemical Compositions

It is quite apparent from the discussions in Chapter 1 that ESCA
is capable in principle of being able to study the core and valence
levels of any element (with the exceptions of hydrogen and helium) re-
gardless of the nuclear properties, such as magnetic or electric quad-
rupole moments. This particular feature of the technique makes it very
useful for an understanding of surface treatments of polymers such as
oxidation, fluorination, ion-bombardment, RF Plasma treatments, etc.,
which will be discussed fn the following sections. A wide scan through
the energy spectrum on a sample will, through the use of a calibrated

energy reference and the appropriate binding energy reference tables,



allow for an elemental mapping of the surface. As an example, in Fig. 2.6
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FIGURE 2.6
Wide scan ESCA spectrum of PTFE

is shown-a spectrum of polytetrafluoroethylene (PTFE) obtained from a
film pressed from PTFE powder between sheets of aluminum foil at the min-
imum temperature necessary for coalescence of the powder particles into

a coherent film (25200°C)|. When the sample preparation procedure is re-
peated at higher temperatures (=300°C) films are produced which bulk
chemically, by transmission infrared (TIR) and multiple attenuated

total reflectance (MATR) measurements appear to be identical to those
produced at lower temperatures. The ESCA spectra of the film, however,

is quite different from that of films produced at lower temperatures re-

vealing surface contamination, Fig. 2.7. It is clear from the appearance
of the oxygen and aluminum core levels that in the high temperature press-~
ing procedure a contamination layer of aluminum (A1203) is deposited on
the PTFE film. The thickness of the layer is almost certainly <108 and
would be undetectable by most spectroscopic techniques (including IR),
although evident from the ESCA experiment, this illustrates the extreme
surface sensitivity of ESCA.

Another application in chemical compositions by ESCA is in the
determination of the percent comonomer in a copolymer, such as the

Viton polymers of hexafluoropropane (HFP) and vinyl fluoride (VFZ)I.
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Wide scan ESCA spectrum of contaminated PTFE

The compositions for such materials may be directly determined by ref-
erence to the detailed fine structure of the Cls levels since each
distinct chemical environment (e.g. £F3, QFZ, CF, EHZ) corresponds to
a different absolute binding energy. Since the kinetic energy of the
corresponding photoemitted electrons span a narrow range (960-968 eV),
the mean free paths are the same and the relative intensities of the

component peaks may therefore be utilized to obtain the copolymer com-

positions directly. |If the apparent relative cross sections for the

FIs and Cls levels are known, their stoichiometry can also be determined
. . . . 1 .

directly from the total intensity ratios for these levels. Since,

however, the mean free path for electrons photoemitted from the Fls
levels is significantly shorter than for the Cls Ievelsl30, these two
independent methods will only agree for materials which are homogeneous
on the ESCA depth sampling scale and an example of this is given below.
As an example of the use of the fine structure in the core level spectra
for the determination of copolymer compositions, Fig. 2.8 shows the C]S
levels of Polyhexafluoropropane, Polyvinylidene fluoride, and two Vitron
copolymers.

The procedure as applied by ClarkI was to measure the area of the

CF., peak, the total area of the (EF2 + CF) peak and the area of the CH

3 2

peak when the spectrum was deconvoluted into its individual components.
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FIGURE 2.8

El core level spectra for polyhexafluoropropane, PVF
)

2
and two 'Viton' copolymers

Three different techniques were used to compute the comonomer
ratios as an internal check on the reliability of the methods.
1) Based on the stoichiometry of the HFP unit the mole% of HFP

must be three times the peak area due to £F3.
2) The peak area due to CF, and CF is made up of half the total

Cie peak area due to VF, (1/2 VF

Cls peak due to HFP.

3) The peak area due to CH

2) and two thirds the total

9 is half the total area due to QFZ,

therefore the mole % of HFP is
mole% HFP = 100 - (2X % peak area due to EHZ)
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Table 2.1 gives the results of the three methods of calculations.

% HFP Incorporation Calculated by Three Methods

Method of Calculation

(i) (ii) (iii)
Sample LO/60 39 42 4o
Sample 30/70 33 30 32
|
y Table 2.1

The internal consistency is good to within 3% and the values ob-
tained were in good agreement with the compositions quoted for these
Viton polymers. '

The composition of thin polymer films prepared in an electrode-
less RF discharge has been determined by ESCA for some fluorocarbon

131-134 133

systems . 0'Kane and Rice have prepared polymers from tetra-
fluoroethylene monomer and characterized them by ESCA, IR absorption
and surface wettability. The films were homogeneous and consisted of

CF,_ and £F3 functional groups with an increase in the complexity of the

po?ymer chemistry as the plasma reaction zone was approached. The CIS
binding energies were compared to calculated values based upon established
chemical shifts for specific C-F type environments within the electro-
static potential model.

Clark and ShuttleworthlBL+ have recently carried out similar, but
more detailed studies on electrodeless RF discharge polymerization of
vinylidene fluoride monomer. The surface composition, based upon Cls
and Fls energy references and instrumental sensitivity for these levels
were established as well as the determination of the electron mean free
paths for the Fls core level electrons at kinetic energy of ~560 eV.

Contact angle measurements were made on the various films to confirm

differences in surface compositions.

b) Structural Details

1) Before proceeding to a discussion on structural details in
complicated polymer structures, a brief discussion on the qualitative
and quantitative nature of the substituent effect on core binding energy
in polymers must be treated. |In chapter 1 we considered the quanti-

tative interpretation of chemical shift data from several theoretical
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treatments, here we consider the experimental determination of sub-

stituent effects in a series of fluoropolymers.

The simplest system to begin with, of course, is

the simple

homopolymers of the fluorethylenes, for which the complications due

to branching, end groups and structural abnormalities are minimal.

The measurement of the core levels of a polymer typically take

about 1/2 hour whereas, under normal operating condition, hydrocarbon

build-up is noticeable after an extended period of time
Therefore, as discussed earlier, the reference level of
immediately upon introduction into the spectrometer and

time for hydrocarbon build-up, the spectrum is recorded

(See chapter 1).
the polymer
then allowing

to observe the

appearance of the extra peak, as shown in Fig. 2.9. (Note that the peak

Cs Levels
CF

CH

t=4hrs
L 1 [\ [ 1 [ t= O
29I 285
B.E(eV)
FIGURE 2.9

c core level spectra of hydrocarbon build-up on PTFE

s
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at 285 eV on t = 0 is a satellite peak from the main photoionization
peak at 292 eV due to the excitation from the MgK.3 photon line and not
the Cls level of a hydrocarbon layer. This can also be€ confirmed by
angular dependent studies which will be discussed in more detail in
Chapter 4.)

In a series of polymers studied by Clark], et al, the binding

energies for the Cls and FIs levels were identified and Table 2.2

Binding Energies of the Homopolymers of Ethylene and the

Fluoroethylenes

Cls A(Cls) Fls A(Fls)
(CH,-CH,) 285.0 (0) - -
(CFH-CHZ)n -CFH- 288.0 .0 689.3 (0)
-QHZ- 285.9 0.9 - -

(CFH-CFH)n 288.4 3.4 689.3 (0)

(CH2-CH2)n -£F2- 290.8 5.8 689.6 0.3
-QHZ- 286.3 1.3 - -

(CFZ-CFH)n -QFZ- 291.6 6.6 690.1 0.8

-CFH- 289.3 L.3 690. 1 0.8

(CFZ-CFZ)n 292.2 7.2 690.2 0.9

Table 2.2
list the data pertaining to the polymers and Fig. 2.10 illustrates

the substituent effect in the Cls levels of the homopolymers studied.

By taking the appropriate pairs of polymers it was possible to
assign structural features to the peaks in the spectrum and investigate
the primary and secondary effects of hydrogen replacement, and it was
shown that there is a rapid fall off in the C]S B.E. as a function
of the fluorine substituted.

It is important also, (as has been previously noted), to de-
termine the intensity ratios for the core levels in the simple homo-
polymer systems due to the differences in the cross-section for the
different core levels being studied. This is most readily accomplished
on simple compounds and the values substantiated on the homopolymer

systems before preceeding to analyze the more complicated copolymer

quantitatively.
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| 1lustration of substituent effects in the CI core levels
S

of selected homopolymers containing fluorine

2) The use of ESCA in the determination of the structural details
of a polymer is best illustrated by the application to the copolymer of
ethylene/tetrafluorethylene]35. A series of the copolymers was studied
and the CIS and Fls levels of the copolymers are shown in Fig. 2.11

From the ESCA data the copolymer compositions may be calculated
from the relative ratios of the high to low B.E. peaks in the Cls levels
(attributed to EFZ and QHZ, respectively) and also from the overall
Cls/F]s intensity ratios, using data from homopolymers as discussed in
the previous section.

It was shown that using these two methods of calculating the
composition that they are in good agreement with bulk analytical

methods (C and F elemental analysis) and also demonstrated that the

samples were homogeneous in the surface region since the two indepen-
dent ESCA methods are in excellent overall agreement.

Once the compositions are established, structural details are
the next order of assignment. The studies on the homopolymers of

fluorinated ethylenes revealed that structural information is most
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C and F core level spectra for the series of ethylene/
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tetrafluoroethylene copolymers

readily obtained from the absolute B.E.'s and chemical shifts in the C]S
core levels. The chemical shift on the CIs levels is understood quali-
tatively in terms of the charge potential model discussed in the first

chapter and will be further discussed in this chapter on the charge
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distribution in polymers. The chemical shifts lead to a clear distinc-
tion between the extreme cases of block sequence of ethylene and tetra-

fluoroethylene from the C B.E.'s observed for the PVF, based on

substituent effects and t;: calculation with the chargezpotential
model on simple systems would predict the B.E.'s unique for this
system.

Therefore, if either the block or the alternating structure pre-
dominate the Cls levels would show this and as Fig. 2.11 clearly demon-
strates an alternating structure was found due to the expected chemical
shift of ~L4.7 eV versus a shift of ~ 7.2 eV expected for a block struc-
ture.

Further examination of the spectra revealed two features where the
total linewidths (FWHM) were. greater than the (FWHM) for the respective
homopolymers (2.0 eV - vs. - 1.3 eV Toa eV) and where the peak shapes
were asymmetric. These two observations indicated that the spectra
were envelopes of a number of overlapping peaks arising from different
molecular environments. With a complex deconvolution of the spectra,
theoretical calculations on expected B.E.'s from a series of model
compounds using pentad sequences of the two monomers and assignments
of triads for the monomer from the pentad sequence calculations, Clark
was able to obtain good agreement between the physical and general
spectroscopic properties of the ethylene/tetrafluoroethylene copolymer.

3) The surface structure found in AB block copolymers of di-

136

methysiloxane and styrene was investigated by comparing the inten-
sities of elastic peaks corresponding to photoionizations from core
levels without energy loss for polydimethylsiloxane and polystyrene
with those for the block copolymers. By a consideration of shake-up
phenomena specific to the polystyrene component, an estimate of the
thickness of the polydimethylsiloxane outer layer was obtained.

AB block copolymers frequently exhibit phase separation which
typically gives rise to a dispersed phase consisting of one block
type in a continuous matrix of the second block type. The detailed
morphology of the domain structure of the block copolymers depends
upon such factors as the relative proportions of the two components,
the molecular weights, the thermal and physical history of the
polymers; and the solvent-cast films, upon the solvent and the temp-

erature.

While such techniques as contact angle measurements can clearly
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provide some indication of the immediate surface composition of the
polymer films, provided relevant standards are available for direct
comparison, ESCA offers the possibility of obtaining quantitative in-
formation on compositions and structure and bonding in not only the
immediate surface, but also the subsurface typically to a depth of
~50 R. The analytical depth profiling capability of the technique
arises from the strong dependence on kinetic energy of the mean free
path for photoemitted electrons corresponding to the elastic peaks

in the ESCA spectrum, as was discussed in Chapter 1. The intensity

I of the signal from a given core level arising from a surface

layer of thickness d is given by

L= 1 J1-e”9N )

where | o is the intensity observed for an infinitely thick layer
and A is the escape depth of the photoemitted electron. Similarly,
the intensity of a signal arising from the bulk of a sample under a
surface layer of thickness d is

-d/)

I=lme

These equation form the basis for determination of the surface structure
by ESCA, and will be covered in greater detail in Chapter IV on the
mean free paths of electrons in polymer films.

The primary sources of ESCA data which have been routinely
utilized in the application of the technique to polymers are absolute
and relative binding energies and relative peak areasl. It is becoming
increasingly apparent, however, that the observation of shake-up satel-
lites accompanying core ionizations can considerably increase the scope
of the technique in many applications58

These considerations are readily apparent from the spectra in
Fig. 2.12. For the homopolymers it is clear that whereas polystyrene
(Fig.2.12a) has a well-developed, relatively intense shake-up structure
in the region corresponding to transition energies ~ 10 eV, polydimethyl-
siloxane (Fig. 2.12d) does not exhibit such a structure, although the
binding energies and full width at half maximum (FWHM) are similar for
the Cls direct photoionization peaks for both polymers. It is clear,

there fore, that the observation of shake-up structure of the appropriate
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transition energy provides data specific to the polystyrene component
of a block copolymer of PS and PDMS (Figs. 2.12b and c).

Through a consideration of the primary sources of ESCA data, it
was shown ffom the measured intensity ratios and with confirmation from
contact angle measurements, and shake-up satellite intensities, that the
domain structure in the surface of an AB block copolymer can differ con-

siderably from the bulk.

:

>
N

FIGURE 2.12

Els’ 0]5’ and Fls core level spectra for homopolymers of

styrene (a) and dimethylsiloxane (d) and block copolymers (b,c)

L) Another application to the structure and bonding in polymer
systems as studied by ESCA, was shown in a study on a series of poly-

alkylacrylatesl37.

As a preliminary to a detailed investigation of the
polyacrylates, it was necessary to study a series of simple molecules
as model systems to provide a firm basis for the interpretation of the
data. Direct measurements of the relative area ratios for the 0IS and

CIs levels of homogeneous thick films of the condensed model compounds

plotted against the stoichiometric ratios provided an excellent straight
line (Fig. 2.13) correlation, the slope being 1.65% 0.009 (r2 = .99).
This, therefore, provided the required sensitivity factors for the CIS
with respect to Ols core levels, these factors of course being instru-
ment dependent since they depend not only on the relative cross sections
for photoionization, but also on spectrometer factors such as sensitivity

of the detector for electrons of different kinetic energy, etc.
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Model compounds

relative peak area ratios

(experimental-vs-theoretical)

Well resolved spectra were obtained in all cases and by careful
calibration of linewidth, (FWHM) and lineshape, incompletely resolved
peaks were unambiguously deconvoluted within very narrow error limits
(typically ¥ 0.2 eV). In each case core levels corresponding to carbon
atoms not directly bonded to oxygen had binding energies centered

~ 285.0 eV and were taken as the energy reference. It is clear that
the shift in binding energy for a given carbon is characteristic of the
chemical environment. For carbon atoms singly bonded to oxygen (e.g.
alcohols, ethers and simple esters) the binding energies and shifts are
highly characteristic, being 286.6 £ 0.1 eV and 1.6 fon éV, respect-
ively. The carbon atoms doubly bonded to oxygen fall into two classes,
namely simple carbonyl compounds and esters, the binding energies and

shifts for the former being significantly lower than for the latter




2 0.2ev and b1 ¥ 0.2 ev,

(287.9 evt 0.2 eV, 2.9 eV ¥ 0.2 eV and 289.1
respectively). The overall shifts in binding energies, therefore, are
sufficiently large to allow a ready means of identification of a particular
structural feature.

For the Ols levels the binding energies for the simple carbonyl
compounds, alcohol and ether are essentially the same. By comparison,
in the esters the singly and doubly bonded oxygen exhibit a substantial
shift (1.2 ¥ 0.2 eV) and theoretical analysis unambiguously assigned
the higher binding energy component as arising from the singiy bonded
oxygen. The core level spectra for a series of polyacrylates is shown
in Fig. 2.14.

In other studies on polymeric systems, it was shown that the sub-
stantial differences in escape depth dependence for deep lying valence
levels which are core like in character (viz. FZS) with respect to
tightly bound core levels, may usefully be employed for analytical depth

' profiling]3o. In the present context it is clear from the published
data in the literature on model compounds that it is only for the deep

lying O s valence levels which are readily identifiable that this possi-

bility ?or analytical depth profiling is a feasible proposition. (This
is, of course, in addition to the depth profiling capability arising
from differences in escape depth dependence for the OIS and C1s levels.
For systems containing relatively large alkyl groups it is also clear
from the literature that the region of the spectra corresponding to

photoionization from orbitals essentially derived from linear combi-

nations of C25 levels span a considerable energy range making a direct
integration of their overall intensities for comparison with that of
138

the core levels somewhat difficult In utilizing the valence energy
region for information, with regard to composition as a function of

depth, restrictions were made to using the 025 levels, although it

became clear that the overall band profile for the valence levels as

a whole constitutes a 'fingerprint' for the system. For example,

the measured valence energy levels for a series of isomeric poly-
butyl acrylates, where the core levels spectra are identical, are
shown in Fig. 2.15. Through comparison with appropriate model systems
the valence levels of the polymeric isomers allowed for unambiguous

assignment of particular structural isomers.
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Els and 0]b core level spectra for a series of polyacrylates
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Measured valence enerqy levels of various isomers of polybutyl acrylate

c) Fine Structure

1) The complex analysis of the structural isomerism in a nitroso

rubber copolymer

CF
| 3
(N(> <CF2-CFX) where X = F, Cl, H
was carried out]39 and the C levels for three of the rubbers are shown

s
in Fig. 2.16.

The assignments of the peaks, based on previous knowledge from

homopo lymer and copolymer systems, is straightforward, and the chemical
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shifts assigned in terms of the simple substituent effect. Once the al-
ternating sequence of the copolymer was identified, by methods discussed
previously, an investigation into the possibility of detecting structural
isomerism was made. By the application of simple compounds with the
charge potential model and complex deconvolutions of the spectra, assign-
ments were made on the structural isomerism.

2) The shake-up phenomena in a series of para-substituted poly-

58

styrenes and simple polymer systems was investigated and has been
compared with other spectroscopic data, with theoretical calculations

within the sudden approximation equivalent cores model and, CNDQ SCF MO

formalism identifying the shake-up arising fromr—or* transitions in-
volving the highest occupied and lowest unoccupied orbitals of the pendant
aromatic systems. The polymers studied,with their core level spectra
shown in Fig. 2.17, included polystyrene, polydiphenylsiloxane, poly-
l-vinylnaphthalene, poly-2-vinylnaphthalene, polyacenapthalene, and
polyvinylcarbazole and it was shown that the shake-up structure was
characteristic of a given pendant group. Although the simple model cal-

culations have a tendency to predict transition probabilities lower than
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Core level spectra for various aromatic polymers




found experimentally, the success of the models in predicticting trends

and arriving semi-quantitatively at results on substituent effects in the

substituted polystyrenes provided a firm basis for extension of the work.
The unique application of the shake-up phenomena in the study of

a series of alkane-styrene copolymers further demonstrated the potential

utility of this method of analysis]uo. The study of copolymers

—f GH-CH,~CH,~CH-(CH,)~ )

where n = 0, 1, 3, 5, 6, 10,

provided evidence that a trend existed between the shake-up intensity
and the chain length of the alkane component, and that the structure
of the shake-up satellites and the energy separation remained essen-

tially constant. Fig. 2.18 illustrates the effect of decreasing

|

n=5 n=6

FIGURE 2.18

I1lustration of effects of decreasing shake-up intensity with_increasinq

alkane chain length in styrene/alkane copolymers
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shake-up intensity with increasing alkane chain length. Because the
shake-up intensities are additive in nature, a comparison of the rela-
tive area ratios gave a direct measure of the copolymer compositions.
3) The charge potential model, as discussed in Chapter 1, can
be applied to polymers when the parameterg k and £° are established for
all the relevant core levels of the polymer systems being studied. |t
is possible to invert the model to obtain the experimental charge dis~
tributions within a polymer system. This method has the obvious appli-
cation of being able to calculate the charge distributions in large
models that are impracticable for conventional molecular orbital cal-
culations and comparing it to experimentally found B.E.'s.
Having established the charge potential parameters E® and k
for the core levels of the model systems an investigation can be made
on both absolute and relative binding energies for models of the polymers.
As an example of an unsymmetrical vinyl monomer, shown in Fig. 2.19,
the possibility exists for structural isomerism (viz. head to tail vs.
head to head and tail to tail bonding). Also, for a given structural
isomer the relative conformation of the pendant groups namely, the

137

carbony!l and ester functions, are of some interest It has been
shown that the factors which determine differences in binding energies
are relatively short range in nature and may, therefore, be quantita-
tively described by calculations on model systems incorporating a small
number of monomer units such that all of the important short range
interactions are quantified. In particular cases, (e.g. nitroso

139)

rubbers it was shown that structural isomerisms may be investi-
gated directly by ESCA; however, in general for homopolymers based on

simple unsymmetrical vinyl monomers both theory and experiment agree

that both absolute and relative binding energies are virtually the
same for regular and irregular structure535.

Even at the semi~empirical all valence electron SCF MO CNDO/2
level, computations on model systems for the polymers studied in this
work are extremely time consuming. Computing limitations, therefore,
dictated that the: central monomer unit of the model chains were linked
to a single monomer unit at each end. Calculations reported in the

139

literature show that such a model incorporates all the important
short range interactions with respect to the central unit. In the
model system chosen for study, polyacrylic acid, in all cases standard

bond angles and lengths were employed for the various structural

]
features
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Conformational models of poly(acrylic acid) with calculated binding

energies from the charge potential model shown for (a) HT-HT
Misotactic'' model; (b)HT-HT '"'syndotatic'' model; (c)HH=-HT ''isotatic"

model; (d)HH-HT '"'syndotactic'' model
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For polyacrylic acid the models studied exemplified both struc-
tural isomerism and relative conformational preferences for the side
chain. For a model system composed of three monomer urits the two dis-:
tinct structural isomers with respect to the central unit may be desig-
nated as head to tail (HT) or, head to head (HH) or tail to tail (TT).
For the head to tail (regular) arrangement (HT-HT linkages) both the
'isotactic' and syndiotactic' forms were investigated. Calculations
on simple model systems such as isopropyl acetate indicated that the
most stable conformers involved an exlipsed arrangement for the carbon-
oxygen double bond and the adjacent carbon hydrogen bond, and indeed
experimental data on related systems supports this conclusions6. For
the model systems, therefore, the carbonyl group was taken to exlipse
the CH bond of the backbone and this is referred to as the m eclipsed
arrangement. In particular cases, calculations were also carried out
on staggered conformers in which the carbonyl group was rotated through
an angle of 60° (with respect to the eclipsed configuration) about an
axis through the carbon-carbon bond linking the pendant group and back-
bone. Without exception, such conformers were calculated to be signi-
ficantly higher in energy than for those involving a m eclipsed arrange-
ment. For a head to head (irregular) arrangement (HH-HT linkages) the
side chains were again taken in the = eclipsed confromations with the
pendant groups either all being on the same side of a plane drawn
through the backbone or in an alternating arrangement. These are
analogous to the isotactic and syndiotactic arrangements in the regular
head to tail model system. _

The results for the models of polyacrylic acid also are dis-
played in Fig. 2.19 where the absolute binding energies have been com-

puted using the charge potential parameters derived from the study

of simple model systems as described in a previous section. Consid-
ering first the regular head to tail arrangement ((a) and (b) Fig.
2.l9j it is clear that the factors determining both the absolute and
relative binding energies are insensitive to the overall stereochemis-
try of the system. Comparison with the corresponding data for the
staggered (with respect to the carbon-oxygen double bond, conformers
reinforces this conclusion since the calculated binding energies are
in exact correspondence with those for the eclipsed conformers shown
in Fig. 2.19. A comparison of the central monomer units with the ad-
jacent units, effectively demonstrates the short range nature of the

factors determining absolute and relative binding energies in these
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systems. A comparison with the experimental data revealed the overall
adequacy of the theoretical model in respect of both absolute and rela-
tive binding energies for both the 0IS and Cls levels. * For the regular:
models, the second methylene group in the chain linked directly to the
methyl group provides an indication of the likely binding energy for
methylene groups appropriate to a tail to tail structﬁral arrangement.
This is also apparent from the corresponding irregular HH-HT models

((c) and (d) Fig. 2.19). For the two possibilities considered, it is
evident that the calculated binding energies show a small dependence on
stereochemistry arising from the significant interaction between car-
bonyl groups oriented cis to one another on adjacent carbon atoms.

For both models, the backbone carbons are predicted to have closely
similar binding energies, a feature common to the regular models

alluded to previously. The shifts in binding energy for the Ols
levels range from 2.7 eV for the HT-HT 'isotactic' model to 1.9 eV

for the HH-HT 'isotactic' model. This compares withthe experimentally
determined value of 1.3 eV. The discrepancy is largely accounted for
by the effect of inter and intra chain hydrogen bonding which has
somewhat of a levelling effect on the relative charge distribution
about the two types of oxygen. This effect has been noted in the lit-
erature and is manifest in a distinctly increased linewidth for the

individual components of the 0 levels]

The application of the l;arge potential model to an extensive
series of homopolymers is described in Chapter 3.

L4) The valence levels of polymers are of relevance to the de-
tailed interpretation of the overall electrical properties of polymers.
in the case of simple molecules the study of the valence levels by
ESCA has the disadvantages, as discussed in Chapter 1, when compared
to UPS in that the cross sections are generally lower in ESCA and the
resolution is much poorer (see Fig. 1.16).

When studying polymer systems, these disadvantages are offset
in that since there are so many vibrational modes possible, resolution
becomes less of a problem. Also, with ESCA, all the valence levels
can be studied whereas with UPS only the higher occupied levels can
be studied and with electron energies of 0 - 21 eV (Hel) and 0 - 40 eV
(He 11). In UPS this is the region of rapidly varying escape depth
where surface contamination would be critical, whereas this is much less

so with X-ray photon energies. The application of the study of the
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valence band to 'fingerprint' different isomers of polymers where the
core levels are identical was discussed in section (b) and in Fig. 2.20
is shown the valence band spectra for a series of ethylene and fluoro-

ethylene polymers.

4CFy=CFy¥n
x3

4 CR—CHa},
x3
S

< CHZ—CHZ')'n
x3

4'2 3l4 2.6 2.0 1.2 dev

FIGURE 2.20

Valence level spectra for a series of ethylene/fluorcethylene polymers

iv) Dynamic Studies on Polymer Systems

a) Surface Treatments

1) Crosslinking by activated species of inert gases (CASING),
where a polymer is exposed to activated species of inert gas is a par-
ticularly good application of ESCA to polymer chemistry. Studies have
been made on copolymers of ethylene/tetrafluoroethylene where the films
were irradiated with a low energy (2 kV) beam of argon ions for suc-

cessive periods of 5 seconds and the C and F core levels monitoredlzs.

s Is
Figure 2.21 quite clearly demonstrates the effects on the top surface of
the ion bombardment. Possible mechanisms for the process were proposed
and the most likely steps chosen based on the ESCA information available.

2) The surface fluorination of polyethylene was examined]30

and
a very detailed analysis of the spectra confirmed the technique to es-

tablish a quite complete picture of the early stages of the surface
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Effects of ion bombardment on core levels spectra of

ethyiene/tetrafliuoroethylene copoliymer

fluorination process.
Although a detailed description of the analysis is beyond the
scope of this summary, the results of the investigation were based upon

two methods of analysis. The first method was based upon the equation

(2.1)
y-1=y ™9/ x3-e-e/A] (2.1)
K K
where y = measured area ratios for FlS and F25 peaks from ESCA spectrum.
K = infinity values for escape depths of infinitely thick films
measured from homopolymers.
A,= electron mean free path appropriate to F levels

2s
A,= electron mean free path appropriate to Fls levels
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where a grid of computed values for the right-hand side of equation
(2.1) was prepared to values of d in the range 2 - 418 at IR inter-
vals and ratio k3/ Al from 1 to 2 in 0.1 increments. The compu-
tations for 4O values of d and |1 values for each ratio of 3/ M
generates 24,200 data points. These tables were used in the analysis
of five fluorinated films and fluorinated film thicknesses were com-
puted.to be 3.5, 6, 16, 30 and 36 R, respectively for the five films.
An alternate procedure using the Cls levels determined the depth

of fluorination of the film and Table 2.3 illustrates the comparison

between the two methods.

Calculated Thickness of Fluorinated Film (d)

d, &

Experiment From C] From F /F2$ Average
spectra spectra
] 5.5 3.5 L.5
2 9.0 6.0 7.5
3 15.0 16.0 15.5
4 24.0 30.0 27.0
5 46.0 36.0 41.0

Table 2.3

3) RF Plasma Treatments

In recent years a significant amount of research activity has
appeared on the application of RF inductively coupled plasmas in inert
gas, for the surface modification of polymeric materials to improve
adhesive bonding and alter surface properties in general. For plasma
excited in Argon, for example, the reactive species are the Argon ions,
metastables and electronsluz. In addition, since plasmas are abun-
dant sources of electromagnetic radiation, particularly in the vacuum
ultraviolet region, it is clear that modification to the polymer surface
could also arise from absorption of short wavelength radiation. With
the analytical techniques available in the past, the evidence supported
the contention that the modification was dominated by the radiative
energy transfer processes to the bulk. With the surface sensitive tech-
nique of ESCA it is possible to follow the initial stages of the plasma
treatment and to differentiate the surface from subsurface from bulk

. . . . 142 . .
reactions. In a recent investigation, Clark and Dilks investigated

et UM
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the relative importance of direct and radiative energy transfer processes
in the interaction with an alternating copolymer of ethylene and tetra-
fluoroethylene (48:52%) treated in a pulsed RF discharge at an average
power loading of 0.1 watts. The core level spectra as a function of
reaction time are shown in Fig 2.22 where the important features are

i) a decrease in intensity of the F

C

Is levels and QFZ component of the
Is levels; (ii) the appearance of structure at intermediate binding
energy for the C  levels appropriate to the production of CF struc-
tural features;(iii) an overall increase in the total integrated in-~
tensity of the C\s levels as a function of reaction time. A detailed
analysis using angular studies and other inert gases (He, Ne, Kr) were
consistent with an overall picture that a general feature of the inert
gas plasma reactions is that the first monolayer or so of a given poly-
mer is dominated by direct energy transfer (e.g. ions, metastables,
electrons) processes while for the subsurface and bulk, the dominant
mechanism is by radiative transfer predominantly from the vacuum ultra-
violet output of the plasma.

b) Oxidative Degradation of Polymers

While for homogeneous samples of polymers sampled by ESCA the
outermost few tens of Angstroms correspond to that in the bulk, this is
not always the case, as discussed in section (a). For example, Fig. 2.23
shows the ESCA spectra for a series of polyalkyl acrylates]37.

A distinctive feature clearly evident in all of the spectra is
the obvious inequality in intensity of the two component peaks of the
0]S levels. Fig. 2.24, for example, shows a plot of the ratio of in-

tensities for the individual components of the 0]S levels and also the

total 0]5/025 ratios. For comparison purposes the dotted lines indicate

the correlations expected for samples which on the ESCA depth profiling
scale correspond to a statistical sampling of the appropriate repeat

unit in the polymer. It is clear that there are considerable deviations
from such correlations in a direction which overall suggests that the
samples are oxidized. |If we consider the polydecyl acrylate for example,
the 015/025 ratio is significantly higher than for the reference compounds
suggesting that since the mean free path for the 0 levels is consider-

125/130 's

ably shorter than for the 0 level that the oxidation is largely

2s
confined to the surface. The absolute binding energies in each case
for the 0IS component levels which have apparently increased in intensity,
corresponds to  C=0 structural features, as is apparent from a comparison

with data for the model system. |t is interesting to note that high
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Core level spectra of oxidized polyalkyl acrylates
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resolution infrared studies revealed no major distinction of the type
clearly evident from the ESCA spect%a and the carbonyl regionfor all of
the samples showed only a single peak in the range 1734 %6 e consist+
0
- 43

. : |
tent with -C'-O-R structural features

This is readily understandable
since the infrared data pertains essentially to the bulk. Further evi-
dence for the oxidized nature of the poly-n-decy!| acrylate surface is
provided by the greatly increased wettability with respect to water com-
pared with polyisopropyl acrylate as a representative example of the un-
oxidized samples. This was immediately apparent from the relative con-
tact angles assessed from the photographs for the two samples. A
comparison was also made with poly-2-ethylhexyl and polyoctadecyl
acrylates, the latter having a contact angles closely similar to that

of polyisopropy! acrylate whilst the former showed a wettability in-
termediate between that of polyisopropyl acrylate and poly-n-decy!l
acrylate.

If the surface oxidation inferred from the -inequality of the
component peaks of the 0IS levels is attributable to surface carbonyl
features, then this should also be manifest in the carbon ls levels.

Jt should, however, be emphasized that since the escape depth dependence
for photoemitted electrons in the energy range considered is such that
the mean free path increases with increasing kinetic energy then any
surface feature will be relatively more prominent for the more tightly
bound Ols levels than for the Cls levels“. As a simple model for a
system containing both structural features viz. ketonic carbonyl
group and ester group, we may consider ethyl acetoacetate. The CIS
levels are shown in Chapter 1, Fig. 1.27, which also details expansion
of the ClS levels for isobutyl acetate, a polyisopropyl acrylate film
which had been heated in air ( 150°C for 30 mins.) and for comparison

purposes a sample of polyisobutyl acrylate whose 0 S spectrum also

|
showed evidence for surface oxidation, (Fig. 2.23). Considering
firstly the isobuty]l acetate and polyisopropyl acrylate spec6ra the

deconvolution into the component peaks associated with -C° 0-C-

.0
and -C- structural features with characteristic binding energies is
straightforward, as we have previously noted. By comparison, the
spectrum of ethyl acetoacetate shows that the carbonyl carbon at
287.2 eV (Table 1.5) has the effect of 'filling in' the valley be-
tween the high and low binding energy regions. This effect is
clearly évident for both polyisobutyl acrylate and for the poly-

isopropyl acrylate sample heated in air. A detailed examination
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of the Cls spectra for the series of surface oxidized samples, Fig.
2.23, shows that the overall line profiles can only be quantitatively

fitted with the addition of a small peak in the C spectrum approp-

riate to isolated carbonyl groups. N

c) Adsorption at Polymer Surfaces

Clark, et al, have shown that the great surfaée sensitivity of
ESCA may be used to considerable advantage in studying the hydration
of surface features on polymers capable of participation in hydrogen
bondinglzs. Such studies are likely to be of some considerable im-
portance in unravelling the complexities of, for example, triboelectric
charging and various aspects of tribochemistry. 1In the particular case
of low density polyethylene the adsorption of H20 on surface carbony]l
features manifests itself in terms of the appearance of a shoulder to

the high binding energy side of the O levels associated with the

carbonyl oxygen and attributed to the];ydrogen bonded water. Care-
ful double beam infrared studies reveals no evidence for such inter-
actions since they are localized at the surface.

In continuance of this work, Clark and Thomas investigated the
interaction of hydrogen bonding species with the surface of polyiso-
propyl acrylate films, being prototypes for a system which is un-
oxidized at the surface|37.

Fig. 2.25 shows the Ols and Cls levels for samples of poly-
isopropyl acrylate that were exposed to NH3, H20 and HF. These
represent an order of increasing hydrogen bind strength and it is
clear from the spectra that only in the case of the HF treatment is
there any substantial change in the overall spectra. The hydrogen
bonding almost certainly involving primarily the carbonyl oxygen of
the ester group leads to a sharpening of the Ols levels such that
the two components are now more readily apparent without recourse
to line shape anaylsis. The overall signal iatensity for the Ols and
C\s levels is also attenuated due to the adsorbed HF which is identi-

fied by the low absolute binding energy for the F levels. The

propensity for hydrogen bonding of the carbonyl ngup of an ester is
considerably less than that for a ketonic carbonly group and, in
addition, for these particular polymer samples as the bulk of the alkyl
group increases the hydrophilic 'carbonyl region' is increasingly
shielded by the hydrophilic portions of the polymer system. In con-

trast, therefore, to the clear cut detection of surface hydrogen
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bonding to ketonic type carbonyl groups in polyethyliene, the net
effect of surface treatment of polyisopropyl acrylate with HZO is

a small change in linewidth which can be attributed to:a very small
degree of hydrogen bonding. |t is interesting to note that for NH3
which might be expected to form the weakest hydrogen bonds, the spectra
show little evidence for any interaction since the le signal is barely
discernable above the background and the overall band profiles for the
Ols and Cls levels within the statistical limits of the data are super-
imposible on those for the untreated sample. The data described here
again illustrates the great potential of ESCA for investigating inter-

actions at polymer surfaces.




CHAPTER 3

A Systematic Investigation of the Core Levels

of Simpie Homopolymers
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CHAPTER 3

A Systematic Investigation of the Core Levels of Simple Homopolymers

i) Introduction

The first two chapters in this thesis have shown that a detailed
analysis of the absolute and relative binding energies and relative
peak intensities corresponding to the direct photoionization of core
levels can provide data on structure and bonding in polymeric systems.
The early work pertaining to fluoropolymers, where the large electro-
negativity of the fluorine substituents give rise to a substantial
range in binding energies for the C]s levels, established the absolute
binding energies for the carbons in different electronic environments.
For polymer systems that are solely hydrocarbon based and for which the
differences in core binding energies are quite small, it has been
shown that nonetheless, in particular cases, it is possible to derive
information from the study of shake-up transitions, which manifest
themselves as satellites to the high binding side of the primary
photoionization peak, as discussed in Chapters 1 and 2.

Since many of the important physical, chemical, electrical
and mechanical properties of a polymer depend on the structure, bond-
ing and morphology in the outermost few tens of Angstroms of the sur-
face, a technique such as ESCA which can differentiate between the
surface, sub-surface and bulk of a polymer is of some considerable
importance. |t appears that ESCA will became increasingly signifi-
cant in establishing whether structure, bonding and morphology at the
surface of polymers is different from the bulk. |In principle, the
information levels available from the ESCA experiment are such that
the technique may be employed to investigate whether the outermost
few tens of Angstroms of a sample are representative in terms of
structure and bbnding of the bulk, whether in this region the sample
is homogeneous and if inhomogeneous, the extent of inhomogeneties in
terms of lateral and vertical contributions. An area that has al-
ready received considerable interest is in the monitoring of chemical
and physical modifications to polymer surfaces such as oxidation]37,
R.F. glow discharge modificationslhz, cross~linking by ultra-violet
light]L+2 and direct fluorination of Films]30

Previous studies of substituent effects on core levels in
simple monomeric systems has shown that the effects are short range

in nature and are highly characteristic of a given substituent and



125,130, 135,139, 44

moreover tend to follow simple additivity rules
These results have been quantified by extensive nonempirical calcula-
tions and the detailed theoretical studies provide a strong basis for

extending theoretical models to polymeric Systems]’]27’]28_

Whereas
large model systems for polymers (i.e. repeat units of, say, ~10 -
15 atoms) would be computationally extremely expensfve and time con-
suming at an ab initio level even with minimal basis sets, computa-
tionally less expensive, but theoretically valid models within the

70

semi-empirical all valence electron CNDO/2 SCF formalism’” provide
a sound basis for quantifying data on polymers since it is feasible
to study systems incorporating a substantial number of monomer units
such that all of the important interactions which determine both
absolute and relative core binding energies are adequately described.
In this chapter a systematic ESCA study on a large number of
homopolymers of simple monomers is given to provide a compilation of
substituent effects on Cls’ Ols’ Clzp, Si2p’ Fls’ Szp,_and Br3d levels.
The characteristic nature of many of these substituent effects can
now be used as a 'fingerprint' analytical tool in much the same man-
ner as one might use infrared and N.M.R. data. From studies on abso-
lute and relative binding energies and relative peak intensities, the
surface composition of these polymers may be established and compari-
sons drawn with data pertaining to the bulk material based upon a
statististically sampled repeat unit. A parallel theoretical inves-
tigation on models for quantifying the data pertaining to both the
absolute and relative binding energies and confirmation of the core
level assignments has also been undertaken. This theoretical inves-
tigation also allowed for the evaluation of two models based on the
'ground state potential model’ (GPM)I9 and the 'half-ionized or re-
laxation potential model' (RPM)IL}5 for a selected number of polymer

systems for comparison with experimental data.

i) Experimental

a) Samples
The polymers, listed in Table 3.1 were commercially avail-
able samples (except for the polyparaxviylenes) obtained from Cel lomer
Associates, Inc. (P.0.Box 311, Webster, N.Y.) and were used directly
in preparing samples for the ESCA investigations. Model compounds des-
cribed elsewhere were used as guides in the interpretation of the data

136,137, 144, 147

pertaining to the polymer systems These brevious

studies on the core level spectra of mode!l compounds established for




- 112 -

Homopo lymers investigated and the physical form studied, where P (powder),

F (commercial film), R (rubber), CF (cast film) and N (neat, low Tq)

=C- C/0 continued
Polyethylene (L.D.) F Polyethylene terephthalate F
Polyethylene (H.D.) F Polyacetyl-p-xylylene F
Polypropylene (isotactic) F Polycaprolactone CF
Polypropylene (Biax oriented) F  Polycarbonate (aliphatic) P
Polypropylene (isotactic) F  Polycarbonate (aromatic) CF
Polybutadiene (CI1S) R
Polybutadiene(RandomC1S~-TRANS) R c/CL
Polyisobutylene R
Poly-l1-butene(isotactic) CF  Polyethylene,chlorinated(25%) P
Polystyrene(ZxIO3ME) P Polyethylene,chlorinated(36%) P
Polystyrene(2x|06Mw) CF  Polyethylene,chlorinated(42%) P
Polystyrene (2x 107 MW) CF  Polyvinyl benzyl chloride(69/400o/p)P
Poly-4-methy!l Styrene CF  Polyvinyl chloride P
Polyvinyl toluene CF Polypropylene,chlorinated P
Polytertbutyl Styrene CF Chlorinated rubber R
Polyacenaphthalene P Poly-l-chlorostyrene P
Poly-l-vinylnaphthalene P Polychlorostyrene (mixed isomers) P
Poly-2-vinylnaphthalene P Polychloro-p-xylylene F
Poly-p-xylylene F Polydichloro-p-xylylene F
Polymethy!l-p=xylylene F
Polyethyl-p-xylylene F C/N/O
Polybenzyl-p-xylylene F
Poly-L-isopropyl Styrene CF Poly-2~vinyl pyridine CF
c/0 Poly-L-vinyl pyridine CF
Poly-4-amino styrene P
Polyvinyl acetate CF Polyacrylonitrile P
Polyvinyl alcohol CF Polymethacrylonitrile P
Polyvinyl methyl ether CF Poly=N-vinyi carbazole P
Polyacrylic acid P  Polyacrylamide P
Polymethyl acrylate N Polymethacrylamide P
Poly-n=butylacrylate CF Polyvinyl pyrrolidone P
Poly-n-laurylacrylate N  Polycaprolactam(Nylon 6) CF
Polyoctadecylacrylate N  Polyhexamethylene adipamide(Nylon6/6)CF
Polymethy!l methacrylate P  Polyhexamethylene azelamide(Nylon6/9)CF
Poly-n-butyl methacrylate CF  Polyhexamethylene sebacamide (Nylon6/10)CF
Polylauryl methacrylate CF Polyhexamethylene dodecanediamide (Nylon6/12)CF
Polyoctadecyl methacrytate N Polyundecanoamide (Nylon 11) CF
Polyphenyl methacrylate P Polylauryllactam(Nylon 12) CF
Polybenzyl methacrylate P
Polyisobarnyl methacrylate P C/F/0/S/Si/Br
Polyacetyl CF
Polyvinyl cinnamate P Polydimethyl siloxane N
Polyvinyl butyral P Polydiphenyl siloxane P
Polyvinyl-neo-deconoate N Polysulfone resin CF
Polyvinyl stearate N Polyphenylene sulfide p
Polyhexamethylene sebacate N Poly-L4-bromo styrene p
Poly-L-methoxy styrene P Polybromo-p-xylylene F
Poly(1,k4-cyclohexane dimethyl) Polyvinyl fluoride P
terephthalate CF Polyvinylidene fluoride P
Poly(1,4-cyclohexane dimethyl) Polytrifluoro ethylene CF
succinate CF Polytetrafluoroethylene F
Poly-m-phenoxylene CF Polycarbonate (fluoro) P
Polydiallyl-o-phthalate P
Polydiallyl-iso-phthalate P
Poly-2,6-dimethyl-1,4-phenylene
oxide P -
Polyphenylene oxide P

TABLE 3.1
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the Cls’ Ols’ Fls’ CIZP, Slzp, S2p and Br3d the absolute binding energies
for general substituent effects, relative cross sections for quantifying
the data to confirm stoichiometry and provided a basis ‘for line shape
analysis for the deconvolution of unresolved peaks.

b) Sample Preparation

The polymers were studied as either fine powders (F) coated onto
doublesided 'Scotch' tape directly attached to the spectrometer probe;
as cast films (CF) onto gold substrates, the gold being attached to the
probe by double sided 'Scotch' tape; as neat films (N) where a small
sample (normally of low Tg value) was spread on gold and the gold
attached as described above; as a film (F) (meaning commercially
processed film) attached to the probe with tape as described above.

Due care was taken to avoid contamination of the polymers during
preparation for the ESCA studies, although the polymers were used as
received with no further purifications.

c) Instrumentation

Spectra were recorded with an A.E.|. ES200 AA spectrometer by

using MgKa exciting radiation. Typical operating conditions were:
1,2

X-ray gun, 12 kv, 15 mA; pressure in the sample chamber, ca. 10-8 torr.

Under the experimental conditions employed, the gold kLf level at

84 eV used for calibration of the energy scale had a fu?qzwidth at half
maximum (FWHM) of 1.2 eV. No evidence was obtained for radiation damage
to the samples during the typical time scale involved in these measure-
ments, and indeed, long term irradiation with the relatively low dose
rates from the X-ray source revealed no evidence for X-ray damage. Spectra
were recorded in the fixed retardation ratio mode.

Overlapping peaks were resolved into their individual components
by use of a DuPont 310 curve resolver (an analogue computer). The de-
tailed deconvolutions were based on a knowledge of line widths determined
from the model compounds. Previous studies have shown that under the
instrumental conditions employed in this work, line shapes for individual
components of the core level spectra are well described by gaussians.
iii) Theoretical

The data pertaining to the model compounds for the monomeric sys-

137

tems have been described elsewhere For the larger polymer model
system calculations were carried out within the all valence electron

CNDO/2 SCF MO formalism employing the charge potential model. These
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computations were carried out on an IBM 360/67 and for a typical con-
vergence limit of IO“3 a.u. in the total energy calculations, on the
largest model systems studied (50 atoms, 120 basis functions), required-
about 15 minutes of c.p.u. time and 12 iterations.

iv) Results and Discussion

a) Introduction

Generally speaking, the investigation of a homogeneous
material by ESCA is performed in three stages:

1. A wide scan low resolution spectrum is taken to determine an
overall crude element map of the material.

2. The accurate measurements of a) the binding energies of
the individual core levels allows a fine detail determina-
tion of the elements present, b) the measurement of the
relative intensities of the signals, allowing for sensiti-
vity factors of the elements determined from model compounds,
establishes the experimentally relative abundance of the
elements (e.g. stoichiometry).

3. The detailed high resolution spectra of individual core
levels to establish absolute binding energies and relative
intensities of resolved peaks within a given core level
allows deductions to be made concerning finer details of
structure and bonding. In this section we discuss in
detail these hierarchy of information levels for a large
series of homopolymers to establish a firm basis for the
detailed analysis of more specific problems in the struc-
ture, bonding and morphology in polymer systems.

b) Model! Compounds

i) Relative Area Ratios
The factors involved in the signal intensities for the
elastic peaks corresponding to direct photoemission from core levels
.has been discussed in Chapter 1.
As noted previously, since ¢ is fixed for most commercial
instruments, at fixed X-ray flux (F) the spectrometer constant k
can be determined from measurements on model compounds for specific

136,

core levels, (cf Tig. 3.1). |In previous studies on other systems
137, 144, 147 . A .
the sensitivity factor, k, for our instrument has been
established for the combined value of ¢ and k at fixed flux (F) on
several core levels, and the results are shown in Table 3.2.

(It is important to emphasize that these sensitivity factors
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are instrument dependent.) These ratios were used in this study to con-

firm the stoichiometry of the repeat unit in the polymers examined.
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FIGURE 3.1

Sample position relative to the photon source and analyzer

in an AEl ES 200AA and ES200B

ii) Absolute and Relative Binding Energies

One of the primary sources of ESCA data which has been exten-
sively utilized is the absolute and relative binding energy of given
core levels. It has been shown that with a careful calibration, with
respect to simple model systems, it is possible to quantitatively des-
cribe both absolute and relative binding energies for polymer sys-
Sl,l37,lh&_

tem The analysis has been based on the charge potential

L7

model]9 which may formally be derived from Koopmans' Theorem in
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Instrumental sensitivity ratios at fixed flux (12 kv, 15 ma to anode)

for the ¢ and k parameters studied in the fixed retardation ratio mode

on an AEIl ES 200AA and 2008 for a series of eleven :core levels

Core Level Ratio Intensity Ratio
¢, /0, .62 .03
cls/le | 842 03
¢ /Fis .52 2 009
€ /Fpe 3.82 2 03¢
c,,/s, .53% 405
SRV .36 X .05
C 4/5iy, .83 % o3
L) 7.6 2 .09
0,,/0,, 13
C14/Cly 412 05
C,q/Bray .23 2 o5

Table 3.2

the zero differential approximation], and has been discussed in Chapter ).
The model, relating as it does charge distributions to molecular core-
binding energies, is intuitively appealing to chemists and has the distinct
advantage that in appropriate cases the model may be inverted enabling
charge distributions to be obtained from experimentally determined bind-
ing energies70
This model, which is referred to as the ground state potential

mode! (GPM), is related to the charge distribution in the molecule as

{ !

€, =7+ kap v 2 (ay/rp)) (3.1)
j=1

where Ei is the experimentally determined binding energy for a given
core level, E? is a reference binding energy level, q; is the charge
on atom i on which the core hole is located, and k is a constant
(approximately equal to the one-center repulsion integral between a
core and valencé electron on atom i).

As a pre-requisite in the application of this model to the
discussion of the data pertaining to the homopolymers, simple model
compounds were studied to confirm the assignment of the core levels and
obtain values for the charge potential parameters E° and k. The inves-

tigation has been limited to the study in particular of the Cls and
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0IS core levels since the determination of theé charge potential corre-
lation requires a number of compounds where the range in binding ener-
gies are large enough to obtain reasonable least-squares analysis of

the data. As will be seen in the tabulation of data in later sections,

the range in binding energies for the ClI Si, , F and Br levels

2p’ 2p Is 3d

in polymers is quite small and although one can find rather large
spans in binding energies for these levels inother organic and inor-
ganic systems (in which the functionality differs) in the polymers
studied in this work, which essentially involve covalently single
bonded carbon-X bonds, (X = Cl, Br, F, S, Si) the shifts are small
and the chemical shifts may, therefore, only be used to confirm over-
all the general features of structure and bonding involving these
atoms. (It should be noted that in this sense sulphur falls into a
similar category to oxygen, and the shift range can be quite large
even in a simple polymer system.)

Calculations of the requisite charge distributions were accom-
plished within the all-valence electron CNDO/2 SCF MO fromalism as
discussed elsewhere]. By plotting E, -z:(qj/rij) -versus-q., E°
and k for each core level may be determined as an intercept and slope,
respectively. The results of these correlations are discussed in de-
tail elsewhere for a variety of systems and the k values appropriate
to these series of organic models are given in references 137 and 147.
The k values for Cls levels are all centered about 25 eV/unit charge,
with variations with both the different series of molecules and also
the substituent on carbon. An interesting feature in the compilation
of the k values is found for chlorine containing compounds. Where d
orbitals are included on chlorine in the CNDO basis set, the k value
is quite high (~30.0) whereas if they are ignored the k value
approaches the theoretically calculated value, and for the halo-
benzenes the value for the fluoro and chloro benzenes are identical
within the error limits.

With the usual parametrization of CNDO/2, the contribution of
3d orbitals on second row elements is grossly over-estimated and the
k value indicates that more realistic estimates of charge distributions

L7

are obtained if 3d orbitals are neglected] The results for the E°
and k values used in this study are
C levels E° = 284.6 eV

s
k = 25.2
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534.6
16.7

0. levels E°
S

x
[

In the charge potential model described above a fundamental assumption
is made in that the core level binding energy is a function only of the
initial (ground) state of the molecule and in this respect neglects the
‘relaxation! effects due to the ejection of a core electron from an

atom. |t has become clear, however, from detailed non-empirical inves-
tigations of relaxation phenomena, that in the particular case of C]S
levels, there is a strong relationship between relaxation energy and
binding energy such that the ground state charge potential model does
partly compensate for relaxation phenomena if k and EY values are de-
termined experimentally by reference to model systems]28. The situa-

tion with regard to O < levels, however, is by no means so straight-

]
forward.

L5

Jolly and co—workers] have recently proposed a variant of the
simple charge potential model in which relaxation effects are explicit-
ly considered by reference to the charge distributions and potentials
for the 'half-ionized' system. This is related theoretically to the

148, 149

transition formalism in which a functional, corresponding to

the difference in energy between ground state and ionized state is
involved rather than the computation of binding energies as energy dif-
ferences involving two large quantities. It is a straightforward matter
to elaborate the relaxation potential model (RPM) within the CND0O/2
formalism since charge distributions in the effective half ionized
species are merely obtained as averages for the ground state and for

63,64,150

the equivalent cores species as a model for the core ionized
state. Therefore, a comparison between the one center charge potential
parameter k for the Cls and ols levels of a series of model compounds
for the GPM and RPM formalism is given. For the series of molecules
shown in Fig. 3.2 a least squares analysis provides values for k and EO
for the Cls and 0IS levels, respectively of 24.8, 281.2, 17.7, and 531.1.
Whereas, the k values are slightly different from those appropriate to
the GPM, the main effect of including relaxation effects is to shift

the energy scales (Eo's) to lower values as might have been anticipated.
Since, however, k and EO have been determined in each case by least
squares analysis of experimental data if the derived values are employed

as input to compute absolute and relative binding energies for the core
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Series of molecules investigated in comparison of GPM and RPM

levels, the differences between the two models becomes quite small (i.e.
since we have two parameters in each case determined by a least squares
analysis of experimental data this provides sufficient latitude to com-
pensate for deficiencies inherent in the model). This becomes clear
from a comparison of the data in Table 3.3 where both the GPM and RPM
models show excellent overall agreement both with one another and with
the experimental data. Since the computational expense in employing
the RPM is substantially higher than for the GPM, the calculations on
model systems of the polymer systems described below have been within

the GPM formalism. This overall conclusion is not entirely unexpected
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The experimentally determined Cls and 0 absolute core level binding

ls

energies on a series of model compounds compared with the theoretically

dete}mined values in the GPM and RPM modéls '

?;::mN;?bzze - B'E'GPM B'E'RPM B'L'EXP
FLUORINATED POLYCARBONATE
| C3 291.4 291.5 291.8
CA 291.5 291.2 291.8
C11 291.5 291.2 291.8
Clb 288.0 288.6 288.4
C18 290.7 291.5 291,2
017 535.2 535.7 535.9
013 533.3 534.9 534.1
POLYMETHYL ACRYLATE
Cl& 285.5 235,99 - ) 285.0
C16 288.9 289.7 283.8
C19 286.6 287.3 286.6
017 533.2 533.8 532.8
O18 534.6 535.0 534.3
DIPHENYL CARBONATE
C5 287.2 235.6 286.6
C13 290.7 230.6 290.9
012 534.8 534.8 535.3
014 533.1 533.7 533.9
DIETHYL ETHER
C2 285.0 286.4 285.0
C3 286.06 287.1 285.6
Oa 533.2 534.1 533.68
ACETONE
C2 285.0 285.7 265.0
CJ 287.3 280.8 287.9
O10 533.2 534.3 533.6
METHANOL
C2 286.5 288.1 286.6
03 533.7 534.2 533.6
Table 3.3

on the basis of our considerable previous success in applying GPM to the

quantification of experimental data pertaining to a wide variety of poly-
. 1,127,128

meric systems .

c) Enerqgy Referencing

An important consideration in the determination of both the
absolute and relative binding energies from experimental data is the
establishment of a reference level to calibrate the energy scalel’127’128.

In solids, three situations may clearly be distinguished:




- 121 -

1) The sample is sufficiently thin such as to be in electrical

contact with the spectrometer

2) The sample is sufficiently thick such as to<‘be effectively

insulated and not in electrical contact with the spectrometer

3) and films of intermediate thickness which behave as somewhat

'leaky' capacitors.
These three situations have been discussed in detal in Chapter 1, and for
the case of most polymer films studied by ESCA the most common situation
is that set out in (2).

In this situation there is only a remote possibility that the
sample will be in electrical contact with the spectrometer and in gen-
eral, it will be floating at some potential due to surface charging-
from the net loss of photoemitted electrons, where the overall positive
charge cannot be neutralized by the flow of electrons from the surround-
ings. The most reliable method of energy referencing is to follow the
slow build-up of hydrocarbon contamination at the surFaces|27. With a
base pressure of -IO-8 torr the partial pressure of extraneous hydro-
carbon material is such that taken in conjunction with the low sticking
coefficient for most organic and polymeric systems it normally takes
many hours before any signal arising from hydrocarbon is present.
(This is approximately an order of magnitude longer than the typical
time taken to measure the core level spectra. Such contamination has
a highly reproducible binding energy of 285 eV for the Cls level. Al-
though it is generally agreed on the basis of available experimental
data that such hydrocarbon contamination deposits on the surfaces of
polymers as uniform films in electrical contact with the surface this
is not necessarily the situation with regard to metals, such as gold,
which have also been proposed for energy referencing purposes and,
indeed, available data suggests a marked tendency to 'island' and as

151

such differential surface charging may occur This situation has

27

been discussed elsewhere| and suffice it to say the use of the so-
called 'gold decoration' technique is not recommended for organic
and polymeric materials. |In this study the Cls level at 285 eV,
arising from carefully controlled build-up of hydrocarbon material
on the polymer surface has been used throughout as an energy refer-
ence.

Experiments have recently been performed to study polymeric
samples, as well as some inorganic samples, with the standard MgK,

X-ray source and the monochromatized AlK,4 X-ray source. |t was ob-

served that for samples studied with the AlKg radiation, where the
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sample was located in a remote position with respect to the radiation
source (cf Fig. 1.31), very little, if any, hydrocarbon contamination
was apparent even after a period of many hours. For the same samples
studied with the MgKg X-ray gun, significant contamination was observed
within a relatively shorter period of time (e.g. 1| hour). This pre-
liminary result was contrary to the popular belief that hydrocarbon con-
tamination is chiefly a result of residual gases from the diffusion

pump oil. It was also observed that when a sample was left in the
spectrometer source for a relatively long period of time (e.g. over-

night) with the X-rays off, subsequent analysis of the C levels,

revealed very little, or no hydrocarbon contamination. s
It was felt that the proximity of the sample to the X-ray source

was possibly a factor since the cap covering the MgK, X-ray gun be-

came quite hot when the X-rays were being generated.®* |In an attempt

to demonstrate this an experiment was undertaken in which two poly-

tetrafluoroethylene (PTFE) samples were mounted on opposite faces of

a double sided probe tip. The probe was oriented so that one sample

was facing the X-ray gun, and could be analyzed, whilst the other

sample was out of line of sight of the cap covering the X-ray gun.

The spectrum of uncontaminated PTFE is well known and shows a single

peak in the C region due to EFZ type environments. The hydrocarbon

s
contamination on the first sample was continually monitored for 170
mins. by the increase in the signal due to EHZ type type environments

and decrease in the CF, signal. The probe tip was then rotated

through 180° to exposezthe second PTFE sample for 110 mins. The re-
sults are shown in Fig. 3.3. It can clearly be seen that for the
first 170 mins. hydrocarbon built-up at a steady rate on the first
sample. However, on analysis of the second sample, which had been
out of line of sight of the X-ray cap for this period, no hydrocar-
bon was obsérved. For the following 110 mins. the hydrocarbon built-

up on the second sample at essentially the same rate as it had done

on the first. This is strong evidence to demonstrate that the major

*This possibility receives additional support from previous observa-
tions using the AEl ESI00 spectrometer (the forerunner of the present
instrument) which employed a conventional X-ray gun with line of sight
between filament and anode, the filament, however, being remote from
the X-ray window. In this design, sample contamination under some-
what poorer vacuum conditions occurred on atime scale an order of
magnitude or so slower than with the present instrumentation.
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contribution to the hydrocarbon contamination in an AEl ES200B spectrom-
eter, and indeed any spectrometer of similar geometry, is not the resid-
ual gases in the sample region resulting from diffusiod pump oil, but is
a direct result of the hydrocarbon 'boiling off' the X-ray cap as a re-
sult of heating. |

| Therefore, a cooling jacket was designed for the X-ray cap, and

the design is shown schematically in Fig. 3.4.

COOLING COLLAR

X-RAY WINDOW (AL)
Scm

Y2 RETAINING RING

FILAMENT | I

SIDE VIEW lz\

"UFT-0UT SLOTTED PLATE COOLANT PIPES

FRONT VIEW

FIGURE 3.4

Diagram of cooling-cap

Three samples were investigated: gold as an example of a refer-
ence material, polyethylene oxide powder as an example of a polymeric

material and aluminum foil as an example of a more active inorganic
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surface. Core levels of the substrate and hydrocarbon contamination were
monitored for the three samples over a three hour period under conditions
of an uncooled cap, water cooled cap and liquid nitrogen cooled cap. The

relevant data is shown graphically in Figures 3.5, 3.6 and 3.7.

GOLD FOIL
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| %)
76
1 2 3
200 o—-— Liquid Ny cooled Cap
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Cis 160
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- -
W «<=~"op--o —- —-g—- —-g—- —- -4a- —8 — -~u
1 2 3
time | hours}
FIGURE 3.5

Hydrocarbon build-up on gold foil
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Hydrocarbon build-up on polyethylene oxide powder
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Hydrocarbon build=-up on aluminum foil
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The results clearly demonstrate that water cooling of the X-ray
cap greatly reduces the accumuiation of hydrocarbon contamination on
all of the samples, and indeed is completely eliminated (over the three-
hour time period) for gold and polyethylene oxide samples using liquid
nitrogen coolant within the accuracy of the measurements which is esti-
mated to be between | and 2%. However, the aluminum foil sample still
showed some build-up of hydrocarbon even with the X-ray cap cooled by
liquid nitrogen, although the amount is still very significantly re-
duced. It is apparent from the aluminum foil data that cooling the X-
ray cap, in the manner described, does not eliminate all of the hydro-
carbon in the sample region of the spectrometer. One can envisage
several other sources of residual hydrocarbon, but the data indicates
that the design has eliminated the major source.

It is clear that the use of this simple concept can significantly
improve surface analysis by ESCA where hydrocarbon contamination has
proven a probliem in the past. Furthermore, it is demonstrated that it
is now possible to perform long term ( > 3 hours) studies, under con-
tinuous X-ray irradiation with the use of insertion lock systems at
pressures in the region of 10-8 torr, without the need for ultra high
vacuum, IO-Io torr, unachievable with insertion locks. This is particu-
larly useful for dynamic studies such as oxidation and reduction of
kinetic studies,surface charging and polymer crosslinking where a
reaction chamber connected directly via insertion locks to the spec-
trometer source allows for repeated treatment and ESCA analysis. This
application of the cooling cap will be discussed in chapter 6 and 8 in
particular.

d) Results and Discussion

in Chapter 2 a detailed discussion on results pertaining to
fluoropolymer systems was given, and a considerable understanding has
thereby ensued of the factors which determine both absolute and relative
binding energies of structural features in polymers. More recently,
detailed studies have been made of polyalkylacrylate and methacrylate

137

sys tems Considerable data on substituent effects on core. levels

has thusfar been accumulated on Fls’ 0]5’ and Cls levels and in the
succeeding section an extensive tebulation of data pertaining to a
wide variety of commercially available polymer systems is presented.
The aim has been to produce comprehensive tabulations which may be of

use in ESCA applied as a 'fingerprint' spectroscopic tool to the
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elaboration of features of structure and bonding in polymers. The tabu-
lation of apparent relative cross-section (cf. Table 3.2 for our partic-
ular instrumental configuration) also provides data necessary for the
investigation of the compositions of the outermost few tens of Angstroms
of polymer surfaces. The homopolymers have been arbitrarily divided
into five main categories:
1) Polymers containing only carbon and hydrogen.
2) Polymers containing only carbon, hydrogen and oxygen.
3) Polymers containing only carbon, hydrogen, nitrogen and oxygen.
4) Polymers containing only carbon, hydrogen and chlorine.
5) A miscellaneous collection of polymers containing combinations
of carbon, hydrogen, oxygen, sulphur, silicon, bromine and
fluorine.

1) Polymers Containing Only Carbon and Hydrogen

The experimental data together with theoretical computations of
absolute binding energies for an extensive series of hydrocarbon based
polymers are sthn in Fig. 3.8.

It is appropriate at this point to discuss the meaning of the greek
lettering used on the structural repeat unit for each polymer as it will
apply throughout the remainder of the sections on the homopolymers.

The bold horizontal line on the binding energy column refers to the full
width half maximum (FWHM) of the primary photoionization peak, with the
centroid of the (FWHM) located in the center of the bold line at the ex-
perimentally coincident position on the binding energy scale. The ver-
tical lines, on the bold horizontal lines, indicate the binding energy
calculated by the GPM and correspond to thea, 8,7, § sites of the
structural repeat unit starting with the vertical line to the extreme
right. For example, on polyvinyl toluene there are three vertical lines
on the C]S core level line at approximately 284.6 eV, 285.0 eV and 285.5
eV going from right to left. These correspond to the a ,8 and Y assign-
ments respectively on the structural unit, whereas we have, according

to the GPM five atoms with an average binding energy of 284.5 eV, two
atoms at 285.0 eV and two at 285.5 eV. (The binding energies from the
GPM were rounded off to the nearest 0.5 eV for display as vertical

theoretical lines on the experimental data.)%*

*(Note, the vertical- lines do not correspond to the number of carbon
atoms in a particular environment.since this would have considerably
complicated the diagram.)
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Tabulation of experimental and theoretical data for polymers

containing only carbon and hydrogen

It is evident from Fig. 3.8 that the CIS binding energies of the
solely hydrocarbon based polymers all fall within a narrow range and
this suggests that the straightforward identification of the polymers
from a consideration of absolute and relative binding energies alone

would be untenable. It is becoming increasingly apparent, however, that
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the data derived from the observation of shake-up satellites accompanying
direct core level photoionization can add a new dimension to the applica-
tion of ESCA where ambiguities in the interpretation arising from the pri-
mary data can occur152 ,
As was discussed in Chapter 2, the valence band spectra of polymers

may often be used as fingerprints for their identificationl’]27’]28.

How-
ever, the cross sections for_the photoionization with the conventionally
employed soft X-ray sources are an order of magnitude or so smaller than
for the core levels. Since the valence band is a convolution of many
overlapping peaks it is often much more convenient to focus attention

on the low energy shake-up region since although the shake-up probabili-
ties are typically ~ 10% of that appropriate to the direct photoioni-
zation peak, the selection rules are such that the basic structure of

such satellites is quite simple and highly characteristic of the polymer.

As typical examples, Fig. 3.9, shows the C levels and low energy shake-

up region for polybutadiene (cis), polyaceLZnaphthylene and polypara-
xylylene. It is clear that both in terms of transition energies and in-
tensities that ESCA readily distinguishes between them although in terms
of absolute binding energy and FWHM the direct photoionization peaks are
closely similar. It is not appropriate in this Chapter to discuss the
theoretical background to the interpretation of these shake-up transi-
tions or the attempts to establish trends and identify specific transi-

58¢c,d, 140

tions, as they have been discussed elsewhere However, it is

useful to indicate the ratio of the m— 7 * shake-up transitions and

establish the FWHM and relative binding energy of its centroid with

that of the primary photoionization peak. These can be seen as bold
dotted lines to higher binding energy on Fig. 3.8 with the corresponding
values for the relative intensity of the shake-up peaks with respect

to the direct photoionization peaks.

Even with this extra dimension, however, it is evident that for
some solely hydrocarbon based polymers it would be possible to effect
an identification by studying only the Cls levels and associated low
energy shake-up satellites. In such cases high resolution studies of
the valence energy regions would be required, which are unfortunately
rather time-consuming.

A recent example]LFO of the utility of ESCA in elaBorating de-

tails of structure and bonding in hydrocarbon based polymers is pro-

vided by an extensive investigation of styrene-alkane copolymers of
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33 Polybutadiene (cis)

olyparaxylylena

P
:/\_/\\

Polyacenophthylene
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s
(BE.incv)

FIGURE 3.9

Typical examples of C core levels, and low energy m —» 1% shake-up

s
regions for carbon and hydrogen containing polymers

general structure:

-(IZH-CHZ-CHZ-(;‘H—(CHZ)X
o] s}

n

which was already discussed in Chabter 2.
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It is instructive to note that the FWHM's for the direct photo-
ionization peaks for the polymers in Fig. 3.8 are closely similar and
that the GPM provides a good overall account of absolute binding ener-
gies in such systems.

2) Polymers Containing Carbon, Hydrogen and Oxygen.

The functional groups encompassed in this study involved oxygen
in hydroxyl, ether, carbonyl, carboxyl, and carbonate groups. The rele-

vant data for both CIs and OIS levels are shown in Fig. 3.10. Considering
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FIGURE 3.10

Tabulation of experimental and theoretical data for polymers

containing only carbon, hydrogen and oxygen

firstly carbon singly bonded to oxygen (alcohols, ethers, and esters),
the short range nature of substituent effects is manifest in the consis-

tency of the shift in C levels compared with a comparable system in

s
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which the singly bonded oxygen is replaced by hydrogen. The character-
istic shift is ~ 1.6%0.2 eV and the factors which determine such shifts
also lead to simple additivity rules. Thus, in comparfng polyacetyl with
polyethylene the shift in CIS binding energy associated with having two
singly bonded oxygens to a given carbon is ~ 2.8 eV (i.e. approximately
twice the effect of a single substituent). |In Chapter 2 such additivity
effects in fluoropolymer systems were noted. For carbon doubly bonded

to oxygen the corresponding shift is ~2.6 eV (e.g. for polyacetyl-p~-
xylylene) and this compares well with that reported previously for

137,

simple carbonyl compounds In going from a carbonyl to a carboxy-
late group the binding energy shift associated with the additional
oxygen singly bonded to a carbon is ~ 1.4 eV giving a total shift of
~ 4.0 eV. The simple additivity picture also extends from a carboxy-
late to carbonate group the additional shift to higher binding energy
associated with the oxygen substituent being ~ 1.4 eV (total shift

~ 5.4 eV). The FWHM and line shapes are sufficiently well-character-
ized to allow straightforward lineshape analysis for systems which in-
volve incompletely resolved peaks. Indeed, the shift range for the
Cls levels for oxygen containing polymers is sufficiently large that
lineshape analysis is not normally necessary and the technique provides
an unambiguous means of identifying structural features. The fine
structure for individual core levels taken in conjunction with rela-
tive intensities of the Cls and Ols levels provides a convenient means
of investigating structure and bonding in such systems.

The charge potential model in the GPM formalism provides a
ready means for quantifying the shift data and provide confirmatory
evidence for the assignments.

The oxygen 1s levels, as expected, cover a much smaller span
in binding energy in going from singly to doubly bonded oxygen. The
vertical uprights on the bold horizontal bars are defined in the same

way as for the C levels in that going from right to left the verti-

Is
cals correspond to the a and 3 oxygens. The confirmation of the

assignment of the O, core levels has been based on comparison with

s
model systems and by detailed non-empirical LCAO MO SCF computations

137
We note that for the simple carbonyl (i.e. polyacetyl-p-xylylene),
alcohols (i.e. polyvinyl alcohol) and ethers (i.e. polyethylene oxide)

the binding energies for the 0 levels are essentially the same. This

s
has previously been noted in experimental studies of simple model systems
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and the detailed theoretical interpretation is consistent with the ex-
perimental data. By comparison, in the esters (i.e. polyacrylates and
methacrylates) the singly and doubly bonded oxygens exKibit a substan- °
tial shift ( ~ 1.5 eV) and the theoretical analysis unambiguously assigns
the higher binding energy component as arising from the singly bonded

137,

oxygen Confirmatory evidence for this assignment is available from

the Ols levels for the carbonates which consists of a 2:1 doublet, the
higher binding energy component, therefore, corresponding unambiguously
to the ester type oxygen. The Ols binding energies span a range of

~2 eV in going from doubly to singly bonded oxygen and the extremes

are, in fact, encompassed by the 0 levels of the carbonates. As rep-

I's
resentative examples of the shift ranges in oxygen containing polymeric
systems, Fig. 3.11 shows the Cls and Ols levels for polymethylere oxide,

polyethylene oxide, polyacetyl paraxylylene, polyisopropylacrylate and
an aromacic polycarbonate based on bisphenol A. The systems involving
aromatic residues for which low energy m—» r* shake-up satellites of
considerable intensity arise are readily distinguishable. Thus, for
polyacetyp-p-xylylene) the shake-up transitions appear as a broad
satellite to the high binding energy side of the Cls levels approp-
riate to the carbonyl groups. In the particular case of the poly-
carbonate the shift for the carbonate carbon is sufficiently large that
it overtaps with the r—»n * shake-up transitions of the aromatic moeity.
The polycarbonates will be discussed in detail in Chapter 7.

3) Polymers Containing Carbon, Hydrogen, Nitrogen, (and Oxygen).

The data for the core levels of the polymers are displayed in
Fif. 3.12. Since the shift arising from replacing a carbon or hydrogen
by nitrogen directly attached to the atom under consideration is small

~1 eV, the C levels of the polyvinylpyridines reveal little evidence

Is
for chemically shifted carbons directly attached to nitrogen. This is
not entirely unexpected on the basis of previous studies of pyridine

58b

itself The N levels, however, are characteristic and at sub-

Is
stantially lower binding energy than those in the poly-4-aminostyrene.
In this respect, the amides occupy an intermediate position and in

order of increasing binding energy we have

N(pyridine type) < CONH < -ﬂHz(amino)

The binding energies for the C|S levels of the amide groups

are typically shifted by ~ 2.4 eV from the energy reference (285 eV)
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FIGURE 3.11
Typical examples of the Cls and 015 core levels for polymers containing

only carbon, hydrogen and oxygen
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FIGURE 3.12

Tabulation of experimental and theoretical data for polymers containing

carbon, hydrogen, nitrogen (and oxygen)

and this is significantly lower than for simple carbonyl compounds
(cf. preceeding discussion). It is, in fact, interesting to contrast
this situation with that in going from a carbonyl compound to an ester
where the effect of the singly bonded oxygen is an additional shift of
~ 1.4 eV. The decreased binding energy for the amide group may be
attributed to the overall electronic effect of the nitrogen which in
comparison with oxygen is a weaker o electron acceptor but stronger

7 electron donor. The two features, therefore, of relatively low
binding energy Cls levels for the CONH group and relatively high N

Is

binding energy for the le level is highly diagnostic for the presence

of amide groups. In support of this simplistic interpretation based
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on the electronic effect of the nitrogen we may compare the Ols bind-
ing energies for simple carbonyl compounds (ketones) with that for
amide groups. It is clear from a comparison of Figures 3.10 and 3.12
that there is a substantial shift to lower binding energy in going from
the former to the latter.

It has been previously commented that the shift in Cls levels
arising from carbon triply bonded to nitrogen is surprisingly small
when due consideration is given to the large degree of charge asym-
metry in the system153. The C]5 binding energy for carbon in cyano
groups is little different than for the hydrocarbon reference, it should
be noted, however, that theoretical calculation are entirely consistent
with the experimental data]53.

Despite the fact that nitrogen as a substituent has a relatively
small influence on Cls binding energies the overall electronic effect
is much more marked when we consider shake-up transition. Thus, we have
previously commented on the shake-up spectra of poly-2- and -b4-vinyl
pyridines and poly~b-amino-styrene in discussing the assignment of shake-

58¢c, 140

up transitions in polystyrene Comparison has also been drawn

between the characteristic shake-up spectra accompanying C and N

Is s
photoionization in polyvinyl carbazole and those for the polyvinyl-
naphthalenes and polyvinylacenaphthy.lene58d

The GPM provides a good owerall interpretation and confirmatory

assignment of the C and 0]s levels in these systems.

s
L) Polymers Containing Carbon, Hydrogen and Chlorine

Clark and coworkers have previously published extensive tabula-
tions of C, and Cl core level binding energies for series of poly-

s 2p
chlorinated aliphaticlsu, aromaticISS

and heteroaromatic]56 systems so
that the subtituent effect of chlorine is well understood both experi-
mentally and theoretically. The effect of replacing hydrogen by chlorine
is a shift to higher binding energy of ~ 1.6 eV, the shifts thus being
comparable to those appropriate to a single bonded oxygen substituent

as might have been anticipated on the basis of the relative electro-
negativities of chlorine and oxygen. The Clzp binding energies (spin
orbit splitting =~ 1.6 eV) for covalently bonded chlorocarbon systems

fall within a relatively narrow range, with the more highly chlorinated
systems corresponding to higher bonding energylse.

The core level spectra for representative chloropolymers is shown

in Fig. 3.13. Integration of the Cls and Clzp levels reveals that in
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each case the repeat unit is statistically sampled by ESCA and that the
compositions of the outermost few tens of angstroms is representative of

the bulk. The derived apparent sensitivity factors for the Clzp levels:

with respect to the CIs levels is shown in Table 3.2.

Polyvinyl chloride

/\33
Polydichleropararytylene

205 203 201 199 2937 29t 209 287 285 283
C"Pw.m Ca
Binding enerqres {in cV)

FIGURE 3.13

Typical examples of the C]S and Cl2P core levels for the chloropolymers
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The Cls core level spectrum of PVC consists of a flat topped peak
characteristic of two components separated approximately by their line
widths. The measured shift of ~1.2 eV represents the ‘difference between
the primary shift of 1.6 eV consequent upon replacing a hydrogen by
chlorine -Eﬂz- -CHC1 and the secondary shift viz. -CHZ-QHZ- compared
with -CHCI-_(;ﬂ2 - where the Cls level under consideration is that assoc-
jated with the atome underlined. In the case of the other chlorinated
systems in which the repeat unit contains either one or two CC! moeties,
the carbons directly attached to chlorine appear as shoulders to the

high binding energy side of the main peak. Deconvolution of the

spectra indicated in Fig. 3.13 reveals the correct overall intensity

ratios and the shifts with respect to the centroid of the main C peak

are in each case ~ 1.4 eV. s
The data in Fig. 3.13 reveal the substantial shake-up intensity
for lwo energy m—»m % transitions accompanying core ionization of both
the Cls and Clzp levels, and this is in striking contrast to the situa-
w tion for PVC which is a prototype for a solely saturated chloropolymer
system. The influence of chlorine as a substituent on the intensity of
shake-up transitions in the particular case of poly-parasubstituted
styrenes has previously been discussed in some detaillho. it is evi-
dent, however, that the presence or absence of low energy satellite

peaks accompanying core ionization of CI levels and halogens in gen-

eral, potentially provides a diagnostic %gol for differentiating
chlorine in saturated and unsaturated environments. |t should be
possiblte, therefore, even in the absence of any shift in absolute
binding energy, to estimate the proportion of chlorine substituents
directly attached to pi systems in polymers.

The data for the complete set of chlorine containing polymers
is shown in Fig. 3.14. The lack of theoretical calculations on sever-
al of the polymer systems is largely due to the incomplete information
on the geometry of the molecule, especially for example, in the chlori-

nated polyethylenes.

5) Miscellaneous Systems Containing Combinations of Carbon, Hy-

drogen, Oxygen, Sulphur, Silicon, Bromine, and Fluorine

In this section a miscellaneous collection of routinely available
homopolymers which do not conveniently fit into the preceeding sections
is discussed. Clark and coworkers have discussed the core level spectra
and associated shake-up téaﬁsitions in polydimethyl (PDMS) and poly-
5dc

diphenylsiloxanes (PDPS) From the relative peak area ratios the

|
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FIGURE 3.14

Tabulation of experimental & theoretical data for polymers

containing carbon, hydrogen and chlorine

apparent sensitivity factors may be derived for the Cls and Si2 levels

and these are detailed in Table 3.2. The most striking feature of the
core level spectra are the presence of low energy shake-up satellites

accompanying Cls’ Si2p’ and 015 photoionization for PDPS but not for PDMS.
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The shake-up intensities follow the order Cls > Sizp > 0.IS and this
may readily be understood in terms of low energy m->m* shake-up transi-
tions. The net effect of having silicon directly attached to oxygen

as far as the Cls levels are concerned is extremely small and the ab-
solute binding energies for the peak maxima and the FWHM for the Cls
levels are closely similar in PDMS and PDPS. It is instructive to
compare the absolute binding energies for the Ols levels in the sili-
cones with those discussed previously for polymethylene and polyethylene
oxides. For PDMS and PDPS the Ols binding energies are 533.6 + 0.2 eV
which is within experimental error of the corresponding value of the
polymethylene and polyethylene oxides (533.8%0.2 eV). This is not en-
tirely unexpected on the basis of the relative electonegativities of
carbon and silicon. |t is also of interest to compare the effects on
core binding energies of going from carbon (graphite) to polymethylene
oxide and silicon compared with the siloxanes as far as the Cls and

Sizp levels, respectively, are concerned. The somewhat greater

polarity of the carbon oxygen bond is manifest in the substantially
larger shift for the Cls levels ( =~ 3 eV) compared with =~ 2 eV for the
Sizp levels. The shift for the latter is, in fact, approximately

half that in going from silicon (Si) to silica (Si0,) = 4 eV, where

)
2 157

each silicon interacts with four nearest neighbor oxygens
Two bromo-substituted polymers have been studied (viz. poly-4-
bromostyrene and polybromo-p-xylylene) and for both deconvolution of
the spectra provides a substituent effect on the Cls levels of ~ 1 eV
directly comparable with that previously established for simple mono-

154

meric systems The integrated intensities for the Br_,, 6 and C

3d s
levels provides the apparent sensitivity factors given in Table 2.
Clark has previously discussed the electronic effect of a bromine
subtituent in thecase of poly-4-bromostyrene in an investigation of

58c

shake-up phenomena in substituted polystyrenes Since in both of
the polymer systems studied bromine is directly attached to a conju-
gated pi system, low energy shake-up satellites accompanying core
jonization are apparent not only for the C\s levels, but also for the
Br3d levels. The absolute binding energies, therefore, may be used
to confirm that the systems contain covalent C-Br bonds and also in
the light of the considerable satellite structure accompanying core
ionization that in each case the bromine is attached to the aromatic

moeity. The total shake-up intensities for the C‘S levels, as might

have been anticipated, are closely similar for poly-4-bromostyrene
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and polybromo-p-xylylene (~ 6%).
Although extensive studies have been made of simple organo-

18,158, 160

sulphur containing systems , very few studies :have previously
been reported on organo-sulphur polymers. Indeed, the most extensively
studied would appear to be poly(thiocarbonyl fluoride) which has been
shown to be one of the few polymer systems to rapidly degrade under the
normal conditions for ESCA examination126. The previous studies of
simple monomers and sulphur containing amino acids and proteins,m6
provides sensitivity ratios for Cls/SZp core levels. The only simple
organosulphur polymer studied in this work, polyphenylene sulphide,
provides from an analysis of the Cls/SZp area ratios a sensitivity fac-
tor within experimental error the same as that for simple monomers indi-
cating unambiguously on the ESCA depth sampling scale that the repeat
unit is statistically sampled. Low energy shake-up satellites attribu--
table to w-., 7 excitations accompanying core ionization are in evidence
on both the Cls and S2p core levels. The substituent effect of sulphur
on the Cls levels is quite small (~0.4 eV) compared with oxygen (~1.6
eV) as previously outlined. The S2p core binding energy (centroid of
spin orbit split doublet) of 163.7 eV is typical for sulphur covalently
bonded to carbon.

By way of concluding this Chapter, it is of interest to show how
the ESCA data previously described my be used to investigate structure
and bonding in more complex systems. As a particular example, consider
a typical polysulphone resin where the core level spectra are displayed
in Fig. 3.15, and a step-by-step analysis of the ESCA data is given to
provide information on structure and bonding in this system.

[gnoring for a moment the fine structure clearly evident for

Is ]
(assuming for a moment that ESCA statistically samples the likely

repeat unit) of C, 76.6%, S, 8.6% and 0, 14.8%.% 1t is difficult to

both the 0 and C . levels, direct integration provides an analysis

place error limits on these figures, but it is unlikely that these
exceed t0.5%. By comparison, the compositions based on the repeat
unit shown in Fig. 9 are 77.1%, 7.6% and 15.2% for carbon, sulphur

and oxygen, respectively. The analyses in terms of carbon and

“{t should be noted that this analysis is based on carbon sulphur and
oxygen alone since for hydrogen the ls level is simultaneously both a
core and valence level. |In the ESCA spectrum there are no levels speci-
fically characteristic of hydrogen and the hydrogen content must there-
fore be inferred indirectly (e.g. from shake-up phenomena etc.).

| B
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FIGURE 3.15

The Cls' 0]S and SZp core level spectra for Polysulfone Resin

oxygen are in strikingly good agreement, however, the ESCA data might
tend to suggest that the slightly higher sulphur content from this
analysis arises from a preferential orientation of sulphur containing
structural features at the surface. Since, however, the sulphur analy-
ses are so close it is not possible to infer more than this. It is
interesting to note that the carbonstoiciometry indicates no evidence
for any hydrocarbon contamination on the sample which can readily be
confirmed by angular dependent studies. Considering now the details of
the individual core levels, the S2p levels (binding energy for peak
maximum 167.6 eV) are at significantly higher binding energy than for

a typical thioether or thiol and the measured shift with respect to
polyphenylene sulphide of 3.9 eV is entirely consistent with sulphone
groups. This is confirmed by comparison with data for simple organic

sulphones and sulfoxides which have previously been studiedl6l. it
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is interesting to note that the shift for sulphur with two oxygens
attached is somewhat similar to that for carbon with two oxygens
attached (0-C=0 with respect to C shift > L eV).

The Ols levels exhibit a clear cut double structure with the
two components of equal intensity being shifted by ~1.7 eV with the
higher binding energy component being centered ~ 534 eV. This is en-
tirely consistent with oxygens directly bonded to carbons in ether
type linkages. The lower binding energy component has substantially
lower binding energy than those previously discussed in section (2)
and are entirely consistent with oxygens attached to sulphur in sul-
fone groups. The overall conclusions to be drawn from the absolute
and relative binding energies of the Ols and S2p core levels is that
both ether type and sulphone linkages are present in equal amounts.
The C]s leveis exhibit a marked asymmetry and tailing to the low ki-
netic energy side of the main photoionization peak and |line shape
analysis reveals two components with relative intensities with respect
to the low binding energy component of 11:7:82. The corresponding
shifts of ~1.6 eV and~ 0.6 eV are consistent with carbons, with either
a single oxygen or sulfone group attached. It is interesting to note
that the tine shape analysis is equally well described by two compon-
ents of relative intensity 7:11 with corresponding shifts of 1.8 eV
and 1.2 eV, respectively, with respect to the main photoionization
peak. Although this is an equally good fit mathematically it is not
consistent with the remainder of the data. Thus, a shift of 1.8 eV is
reasonable for carbons singly bonded to oxygen, however, a shift of
1.2 eV is too high for carbons directly attached to sulphur since the
B effect of oxygen is relatively small. The alternative assignment s
even less likely, namely, that carbons singly bonded to oxygen are shift-
ed by 1.2 eV, whilst carbons attached to sulphone residues are shifted
by 1.8 eV. The only assignment consistent with all of the available
data is, therefore, that based on an intensity ratio of 11:7 for the
higher binding energy component, shifted by 1.6 eV and 0.6 eV, respect-
ively. Rounded to the nearest integers the calculated intensity ratios
for the Cls levels, based on the statistical sampling of the repeat
unit shown in Fig. 3.15, are 11:7:81 in excellent overall agreement with
the analysis presented here. The intense low energy shake-up satellite,
both in terms of its intensity band shape and separation with respect

to the direct photoionization peak is characteristic of a structure
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58¢c

which is predomfnant\y benzoid . This fact taken in conjunction with
the evidence that although the number of ether type and sulfone type
oxygens are the same, but that the number of carbons directly attached -
to oxygen are different for the two structural features leads straight-
forwardly to a formulation along the lines of that displayed in Fig.
3.15. Although the ESCA data does not permit an unambiguous assign-
ment of the structure as that shown in Fig. 3.15, there are in fact
surprisingly few alternatives which would fit into the overall scheme.
Since, in most cases, an educated guess may be made of the likely
materials involved in producing such a resin, the alternatives can
be ruled out and the ESCA data, therefore, taken in conjunction with
a knowledge of the chemistry of sulfone resins provides a means of
identifying the basic building block in such systems.

The data for this final class of miscellaneous polymers is

shown in Fig. 3.16 and included in the figure are the fluorinated

25,126

ethylenes which have been discussed in great detail elsewhereI 5

and a fluorinated polycarbonate which will be discussed in detail in

Chapter 7.
In conclusion for the two core levels for which the work des-

cribed in this Chapter provides the most extensive data (viz. Cls and

Ols levels) it is of interest to tabulate the data in a manner suitable
for ready reference for the identification.of particular structural

features. The data for Cls levels is shown in Fig. 3.17, where the

range of shifts for C]s levels is ~ 10 eV.

The corresponding data for O levels are also shown in Fig.

s
3.17 and in this case, the span in binding energies is ~ 4 eV.

Finally, in Fig. 3.18 is shown the binding energy ranges for the
Fls’ O]S, le’ Cls’ C]Zp’ SZp’ S|2p and Br3d core levels from the homo-
polymers described in this Chapter. |t should be noted, however, that
for F, , 0, , C, , N , Cli core levels where several different homo-

s Is s s 2p ¢

polymers were studied in each class and the data can be considered to
be a good representation of the range in core level binding energies

for those polymers, the data for the S Sizp and Br core levels is

2p’ 3d

much less substantial. |In fact for those core levels only two polymers
were investigated in each case. As more data becomes available for
these particular core levels the range in binding energies may well

expand.
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CHAPTER 4

Electron Mean Free Paths as a Function of

Kinetic Energy in Polymeric Films
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CHAPTER 4

Electron Mean Free Paths as a Function of Kinetic Energy

in Polymeric Films

i) Introduction

The development of electron spectroscopy, in general, for the

quantitative investigation of structure, bonding and reactivity of

solids is dependent to a large degree on an accurate knowledge of the
escape depth dependence of electrons as a function of their kinetic
energy. The restricted number of core and valence levels available for
study for a given element and the limiting nature of the characteristic
X-ray sources, means that for even the most well studied cases, the es-
cape depth dependence on kinetic energy has only been studied over sel-

ected energy ranges]8’loo’101’]20’130’]62-]9h.

In the particular case
of the low energy region 0-100 eV, the advent of synchrotron sources
have enabled relatively detailed studies in this particular energy
rangelgs. 0f more importance, however, in the development of ESCA, is
the escape depth dependence in the energy region up to ~ 1500 eV
spanned by the commonly used AIKa])2 X-ray sources. Despite the lack
of complete investigations encompassing the whole of this energy range,
a clear picture emerges as to the general behavior of electron mean

196-197

free paths as a function of kinetic energy Namely, a minimum of

the order of a few Angstroms in the region of 80 eV with a roughly square
root dependence on energy to the higher kinetic energy side and a steeply
increasing mean free path to low kinetic energy such that fo electrons

of near zero energy escape depths can be in the range of hundreds of

195

Angstroms The increase in mean free path with increasing kinetic
energy in the region 100-1500 eV is well documented for a wide range

of materials in investigations based on a number of techniques, and has
been exploited for semi-quantitative investigationof inhomogeneous
samples in the particular case where two levels of the same element
corresponding to widely different escape depth dependencies are avail-
)130-137

able for direct comparison (e.g. F
(cf. Figures 4.1 and 4.2)

and F25 and 0O and 025

s s

Since the majority of ESCA investigations have been (and will

continue to be) carried out with instrumentation involving either or

both of AlKa] 2 and MgKa]
2 2

27 it is clear that a necessary pre-requisite
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FIGURE 4.1

Experimental data for electron mean free paths in the kinetic energy

range from 0 — 100 eV. (Numbers on data points refer to references at
the end of thesis)

to the quantitative development of the technique is a knowledge of es-
cape depths for electrons photoemitted from the commonly observed core
levels. Although it would be desirable, particulérly for comparison with
theoretical models to have a detailed knowledge of escape depth as a
function of kinetic energy at narrow spaced intervals across the energy
range normally encountered for a given material, this does not seem
feasible even in the most favorable cases in the near future. The best
that can be hoped for at the present time, therefore, are detailed in-

vestigations over selected energy ranges.

The available data published up until 1972 and collected together
196

by Tracy , seemed to indicate that mean free paths for the materials
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Experimental data for electron mean free paths in the kinetic energy range
100 — 3000 eV (numbers on data points refer to references at the end of
thesis, ® refers to data points from this work.)

which had been studied to that data fitted a generalized curve imply-
ing that mean free paths were not too strongly dependent on the mater-

197

ial. The extensive review by Powel]l which included substantially
more data revealed a somewhat greater scatter in values when typical
insulators, semi~conductors and metals were included in the same corre-

195

lation. More recently, Lindau and Spicer have compiled data for

20 different materials in the energy range 0-3000 eV, which again shows
that for a given kinetic energy, escape depths can vary from one mater-
ial to another. However, the striking feature is that even in the most

extreme cases, the escape depths fall within a range which is typically
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t 50% of the average for a particular kinetic energy. To put this in
context it should be emphasized that the experimental difficulties are

such that escape depths are typically quoted ti ab accuracy of f20%195_197.

It is gratifying to note that the available theoretical modelslo3’197
which have received considerable attention over the past few years, are
in good overall agreement with the main details revealed by direct ex-
perimental determination of escape depths in that theoretically computed
mean free paths are dependent on the electronic structure of a gtven
material, but nonetheless, for a given kinetic energy fall within quite
narrow ranges. It is particularly noteworthy, in this respect, that
elemental solids as widely disparate in electronic structure as carbon
and gold are theoretically predicted to be closely similar in terms of
electron mean free paths as a function of kinetic energy]03.
Investigations of structure, bonding and reactivity of polymers
in particular and organic systems in generall28 have revealed the great
surface sensitivity of ESCA, and by taking advantage of the strong depen-
dence of escape depths on the kinetic energy of photoemitted electrons
from both core levels of the same and different elements, it has proved
possible to provide semi-quantitative information on surface and sub-

128,130,136, 140 1y hough

the evidence has been somewhat indirect, the strong inference from

surface compositions in inhomogeneous samples

these wide ranging investigations is that electron mean free paths in
organic polymers as a function of kinetic energy are quite simitar to
those for typical metals and semi-conductors]28. Thus, from a self
consistent computer analysis of data pertaining to the surface fluori-
nation of polyethylenel30, mean free paths of “*73, 108 and 128 were
inferred for electrons of kinetic energies of 560 eV, 969 eV and 1220
eV, respectively. The use of these data in subsequent investigations

136

of surface oxidati0n137, surface structure of AB block copolymers ,

198

of” fluorographites and of styrene-alkane copolymers”+o lead to
eminently reasonable conclusions both on chemical and physical grounds.
Comparison with data derived from much less surface sensitive tech=-
niques, such as MATR (multiple attenuated internal reflectance infra-
red spectroscopy) also reveals that in organic materials ESCA with
conventional X-ray sources typically samples only the outermost 100R.
The conclusion of this work, therefore, is that in terms of their
behavior as far as electron mean free paths are concerned, organic

materials are not significantly different than typical metals and semi-

conductors. Much of the data so far published on polymers would be

| )




- 154 -

difficult, if not impossible, to explain on chemical or physical grounds
if electron mean free paths in polymers were drastically different than
for other classes of materials and, indeed, if mean frée paths were an
order of magnitude larger than for a typical metal; for example, this
should have been readily detectable by careful experiments involving
less surface sensitive techniques such as MATR]3O’]99.

There has, in fact, to date, been a considerable divergence of
opinion on the relative magnitudes of electron mean free paths in or-
ganic materials and to set the work presented in the later sections in
proper contect, it is worthwhile briefly reviewing the avai lable results
prior to this investigation and the methodology involved in their deter-
mination.

It is interesting to note that one of the first investigations
which revealed the surface sensitivity of ESCA involved a relatively

crude study of successively deposited double layers of a -iodo stearic
acid by Siegbahn and co-workers]8. By monitoring the intensity of the

I3d core levels as a function of double layers deposited it was shown
5/2

that the signal intensity rapidly reached a plateau value indicative
of the fact that the intensity of the elastic peak derives essentially
from the surface and immediate sub-surface and a crude estimate of

~ 1008 was suggested for the sampling depth.* It is difficult to
attempt to make a meaningful estimate of electron mean free paths from
this pioneering data since there are many factors which are difficult
to quantify. Thus, the importance of investigating intensities as a
function of electron take off angle has only been appreciated in the
past few year598. Control experiment on substrate core levels (chrom-
ium oxide) and other core levels of the overlayers are not available
and cannot, therefore, be used to investigate the self-consistency of
the results (e.g. is the repeat unit for the a -idostearic acid sta-
tistically sampled). The difficulties of producing well authenticated,
highly oriented Langmuir-Blodgett films are well known and add further

200-202 s iF

the films were produced under carefully controlled conditions in which

complications to any attempt to quantify the analysis

*1t should be noted that there is considerable confusion in the litera-
ture since escape depth and sampling depth have often been used in
senses which imply they are synonymous which is of course incorrect.
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the hydrophilic carboxyl group hydrogen bonds to the similarly hydro-
philic chromium surface then with such well ordered films, it becomes
imperative to study intensities as a function of take off angle. In
his comprehensive review, Powell]97 recognized that specific channel-
ling phenomena for electrons travelling nearly parallel to the long
chains of the oriented e -iodo stearic acid molecules could lead to
large estimates of mean free paths. |Indeed, it becomes apparent that
investigations of electron mean free paths involving Langmuir-Blodgett
films have consistently yielded mean free paths which are extremely

100-101
, in a study

large by comparison with other studies. Thus, Henke
of stearic acid overlayers on Barium Stearate substrates, obtained a
mean free path of 608 for electrons of kinetic energy of 705 eV. De-
tailed consideration of the experimental arrangement‘OO employed in the
work, however, strongly suggests that no angular dependent studies were
attempted and that samples were studied at a fixed take off angle
normal to the plane of the substrate. This configuration is optimum
for channelling and hence, might be expected to give rise to larger
mean free paths than for typical organic and polymeric thin film sys-

197

tems with their more random surface morphologies. Powell also re-
ports as a private communication a mean free path of 1068 obtained by

Riggs for 800 eV electrons in erucamide (with a C chain), although

in the intervening period no details or further iiiormation have
appeared in print. It is almost certain, however, that this value
represents an estimate for oriented monolayers deposited on an approp-
riate substrate. It seems likely that angular dependent studies were
not performed and that no attempt was made to check the internal con-
sistency of the results from the investigation of more than one core
level which would have indicated whether on the ESCA depth sampling
scale the repeat unit of the overlayer was statistically sampled.

It us interesting to note that in a recent review by Swingle
and Ri995203 no mention is made of this work and, indeed, the authors
report angular dependent studies of perfluorodecanoic acid by Duch
which clearly reveal the surface sensitivity of ESCA in examining
organic materials. The authors conclude their article by comparing the
depth resolution of various techniques and suggest 10-308 for ESCA.

Leaving aside the difficulties mentioned above in obtaining
reliable escape depths on organic materials from the study of Langmuir-
Blodgett films, one obvious limitation is that points are generated on

the attenuation curve at widely spaced intervals (since typically
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successive double layers of long chain fatty acids or amines are de-
posited). In addition, in the published work to date emphasis has

been placed on the study of either substrate or overlayer core Ievelsl8’

00,1 . . . L .
100, 101 whilst for internal consistency it is obviously advisable to

study both|28’ ]30.

The fact remains, however, that the most detailed
investigations of escape depth as a function of kinetic energy in
materials in general, have employed the substrate overlayer technique

195-197

since only relative intensities are involved The most detailed

investigation of carbon containing materials reported to date is that

of Steinhardt and co—workers]85 who monitored substrate and overlayer
core levels for thin vacuum deposited carbon films (5-608) on gold.

Film thicknesses were determined with a quartz deposition monitor and
although the Varian spectrometer employed in these studies obviated any
angular dependent investigations to provide independent evidence for the
uniformity of the films, the data overall for both substrate and over-
layer strongly support the contention of Steinhardt and co-workers that
the films were in fact uniform and that 'islanding' did not occur]85.
Mean free paths of ISR and 18R were obtained for electrons of kinetic
energy ~ 970 eV and ~ 1169 eV, respectively. This provided the first
evidence supported by more recent theoretical considerationslo3"97A
that carbon containing materials are not significantly different than
typical metals and semi-conductors and raises doubts on the anomalously
long mean free paths obtained from the investigation of Langmuir-
Blodgett films.

More recently attempts have been made to estimate mean free
paths from a knowledge of photoelectron cross sections, the mean free
pnrth for electrons of a given kinetic energy for a standard material
and a comparison of absolute intensities for core leve's of the samp'e

193

in which mean free paths are required and the st-ndard In principle,
if all the contributing factors are closely controlled the method should
be capable of providing information on mean free paths. However, even
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if we consider silver] and silicon which are relatively easy to
produce in optically flat topographically regular films the results do
not agree well with those determined by substrate-overlayer techniques.
Thus, whilst substrate overalyer techniques employing either Auger or
ESCA provide mean free paths of ~J7R 15 and 278 16 for silver and
silicon at kinetic energies of ~ 850 eV and 1386 eV, the corresponding

193

values reported by Cadman -and co-workers on the basis of absolute

intensity measurements (an an assumed mean free path for the standard
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(gold)), are 21R and 398, respectively for kinetic energies of 884 eV
and1178 eV. It should be emphasized that the method depends on the de-
termination of the ratios of absolute intensities of dffferent core
levels in different samples and this introduces difficulties as will
become apparent in the ensuing discussion. By studying pressed films
of a number of polymers Evanszou has recently claimed to have measured
by this technique mean free paths in the range of ~100R for electrons
of kinetic energy of ~ 1000eV.

For an infinitely thick homogeneous sample the intensity of the
elastic peak for photoemission from core level i may be expressed as

Equation (1)98’99.

o= kENN )
where ki is a spectrometer dependent function which includes effects
due to detector efficiency, transmission characteristics of the ana-
lyzer, and geometric factors such as solid angle of acceptance of the
analyzer. In the conventional arrangement for instrumentation the
X-ray flux Fi is at a fixed angle with respect to the analyzer so that
in principle, we do not need to consider variations in cross section

a. arising from the asymmetry parameter ( 8)98. However, the electron

take off angle § ( with respect to the sample cf. Fig. 4.3) may be
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FIGURE 4.3

Core level intensity ratios for a composite sample of gold and PTFE

studied as a function of electron take off angle,
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varied and the function fi( 8 ) (representing the convolution of effects
arising from the effective total flux irradiating the sample (Fi> and the
spectrometer function ki)’ is strongly dependent on the core level under

investigation. Equation (!) may therefore be replaced by (2)
. = f.(8) .N.x, (2)

where Ni is the number of atoms per unit volume on which core levels i
are located ki is the mean free path or escape depth. |If fi( §) de-
pends on the core level being studied for a given sample, or more impor-
tantly, varies from one sample to another (e.g. comparing core levels
of a metal and of a polymer) then it is clear that independent angular
studies must be made if ratios of absolute intensities for different
samples are to be used for estimating escape depths from Equation (2).
As a typical example, we may note that for a thick homogeneous sample
of gold, the spectrometer function fAU( §) is such that the absolute
intensity as a function of § is different than for a typical polymer
film. In our particular spectrometer, the fixed andle between X-ray
source and analyzer is 90° and Fig. 4.3 shows data on the angular de-
pendence of the ratios of intefrated intensities for homogeneous samples
of gold and PTFE mounted side by side on the spectrometer probe. It is
clear from this that the core levels of PTFE (all of s symmetry) maxi-
mize in signal intensity at a different angle than for those of the golid
sample. However, whilst the core levels for the polymer maximize in
intensity at the same angle, those for the gold sample differ signifi-
cantly. That this is not an artifactof the sample topographies, may
readily be demonstrated since the results are reproducible if samples
of gold and PTFE are studied independently and the corresponding ratios
are then computed. [t is interesting to note that a change in a given
ratio of signal intensity as a function of take off angle® when the
core levels being studied are such that the numerator data corres-
ponds to a different escape depth than that for the denominator is
often taken as evidence of inhomogeneity in the surface structure of
a given solid. The inhomogeneity normally alluded to is with respect
to the depth co-ordinate into the sample which we refer to as 'vertical

inhomogeneity' (e.g. substrate-overlayer). It is clear, however, that

A take off angle of 90° would, in our definition, correspond to. grazing
exit for the photoemitted electron.
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if ratios of intensities are being employed and separate experiments on
the corresponding homogeneous (in both a lateral and vertical sense)

materials have not been performed then it is possible to confuse lateral
and vertical inhomogeneities. Thus, the mere observation that the Fls/
AuL+f intensity ratios increase dramatically as the take off angle

7/2
approaches 90° could, in the absence of the relevant control experiments
and a knowledge of the exact nature of the samples, be interpreted as
arising from a fluorocarbon overlayer on a gold substrate. However,
even without prior knowledge of the samples configuration to which the
experimental data in Fig. 4.3 pertain, the data itself provides un-
ambigous evidence that the samples are vertically homogeneous. Thus
the fact that the Fls/cls intensity ratios are invariant to take off
angle provides unambigous evidence for a homogeneous fluorocarbon film
and, indeed, the absolute binding energies and relative intensities
could readily be employed to identify this as PTFE. It is clear, there-
fore, that angular dependent studies (take off angle) are mandatory if
comparisons are being made of absolute intensities. Futher, if the
relevant control experiments have been made, it is possible to clearly
differentiate between homogeneous samples on the one hand, and samples
which are either laterally or vertically inhomogeneous. 1t is also
possible, by extension, to investigate samples which are both laterally
and vertically inhomogeneous as would be the case, for an overlayer
which 'islands' on a substrate98.

The second major objection to the use of Equation (2) even if
angular dependent studies have established the fi( 6 )'s for each core
level, is that absolute intensities also depend on surface topography,
and on the density of atoms on which the core levels of interest are
located. If we consider a typical polymer sample of a given density
studied as either a powder (e.g. mounted on double sided Scotch tape)
or as a film then the absolute intensities for the core levels of the
latter are significantly higher than for the former. Whilst for a
film the surface is relative'y uniform the surface topography for a
powdered samples is irregular and, indeed, these differences are mani-
fest in the observed line widths for the core levels which are signi-
ficantly narrower for the Filmlzs. Thus, although both insulating
samples exhibit sample charing the surface charge is uniformly dis-
tributed for the film, whilst for the powder the topographical irreg-

ularities lead to a small spread in binding energies giving rise to
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the observed line broadening. It is a'so possible to fabricate poly-
mer films of differing porosity and since this corresponds to a dif-
ference in atom density, this also gives rise to differing intensities
for materials of the same bulk composition (cf. Chapter 6). If abso-
lute intensities are to be employed, it is again mandatory, therefore,
that samples of identical topography be studied. Whilst these argu-
ments pertain to the structures on the atomic scale, it is also the
case that the macroscopic topographical aspects be the same. As a
simple example, two identical samples of a polymer film may be mount-
ed on a sample probe such that the films either closely follow (flat)
sample mount (e.g. by mounting the sample on a double sided Scotch
tape of dimension equal to or greater than that of the sample) or by
afixing the sample only over small areas at its corners. The macro-
scopic topographies are, therefore, not identical and significant
differences in absolute intensities are observed for the two samples.
Whilst the objections so far raised to the estimation of mean
free paths based on absolute intensity measurements are clear!y consid-
erable, a potentially more serious of error in employing Equation
(2) is the relative importance of shake-up and shake-off processes98
it is implicit in using a relationship such as (2) (to ratio absolute
intensities for different core levels in different materials) that
the contributions of shake up and shake off processes (which effect-
ively remove intensity from the elastic peak) are constant proportions
of the direct photoionization peaks. Cadman and co-workers are largely
dismissive on this point]93.
Whilst it is to be expected* that the sum total of shake-up
and shake-off intensities with respect to the direct photoionization
peaks would vary over a relatively narrow range for a given class of
reiated polymers (e.g. organic polymers) this might not be the case
in comparing these with typica! semi-conductors or metals. [In support

of their contention that -shake-up and shake-off processes may be

*In an extensive series of theoretical studies on prototype systems we
have previously shown that whilst relaxation energies vary as a function
of electronic environment, such variations are small for related sys-
tems §oggared with the typical range of shifts in core binding ener-
gles We may infer that the sum total of shake-up and shake-off

intensities are closely_similar in such systems from the relatlonshlps
devetloped by Manne and Aber959



neglected, Cadman and co-workers cite the consistency of the data on
relative intensities of core levels obtained in their measurements with

193

.those previously reported in the literature The error spread in

the cross sections reported is considerable and comparison with pre-

205

vious experimental data of Chapman and Lohr reveals considerable

s’ le

discrepancies. Thus, whilst Chapman and Lohr's data for C
and Ols relative cross sections are in excellent agreement with theoryzg
the corresponding data obtained by Cadman and co-workers are 4%, 9% and

20% smaller. For the SZp’ C]2p’ Ag3d5/2 and Auww2 levels, however,

direct comparison with the recent theoretical tabulations of Scofield206
reveals discrepancies which are 11%, 9%, 12% and 5% larger, respectively.
Whilst this does not necessarily invalidate the whole of the arguments
put forward by Cadman and co—workers]93, it highlights the importance

of considering all of the factors which contribute to the absolute in-
tensity of a given core level.

Considered here in broad outline are some of the difficulties
which arise in attempting to estimate electron mean free paths in
materials from a knowledge of photoionization cross sections and the
absolute intensities of the elastic peaks. These difficulties account,
at least in part, for the discrepancies in mean free paths estimated
for organic materials, since the factors elaborated will be particularly
important for this class of material. However, before concluding this
section, it is worthwhile pointing out that there are logical inconsis-
tensies in the interpretation of the data presented in reference 193,
and the resolution of these inconsistensies suggest somewhat shorter
mean free paths for organic materials.

The data on absolute measured intensities in Table 1 of refer-

ence 193 allow a direct computation of the intensity ratio for unit

stoichiometry for photoemission from the Auhf and C levels. Thus,

7/2 Is

from column 5 of Table 1

!AU = _AU . N . 0 = 12.6

IC IN IO IC
From the relative cross section given for the relevant core levels (for
unit stoichiometry), the intensity ration IAU/IC may also be calculated

from Equation (3) of reference 193 as a function of the ratio of the
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Table 4.1

Calculated intensity Mean free path for
ratios ‘AU/ ¥ electrons (in R)
5.0 Li
22.1 10
12.3 18
13.0 17
“For Au and C, levels using Equation (3) of ref-
hf7/2 Is

erence 193 for hypothetical material of unit stoichiometry.

electron mean free paths. The results are displayed in Table 4.1.
Comparison of the data in Table 4.1 with the experimentally de-
rived data therefore provides an estimate of the mean free path in the
hypothetical material of unit stoichiometry of 17-183. This compares
with the assumed value of 20.2R8 for gold and the estimate of LuR for
graphite. The inconsistency in this arises largely from two elements
of cyclic arguments employed in reference 193. Thus, the relative
cross sections calculated in Table 1 of reference 193 are of two types.
In column 9 the ratio reported for the solid samples assume that the
mean free paths corresponding to photoemission from different levels
in both the same and different compounds are identical although the
latter analysis using these data are purported to show that this is not,
in fact, the case. Further, the data reported in column 10 indicate that
the relative escape depths have been 'corrected for kinetic energy'

according to the relationship

kd(E)O°S

Analysis of the final data, however, presented in Table 2 of reference
193 shows that there is considerable deviation from a square root de-
pendence of mean free path on kinetic energy.

It should be clear that there is a considerable divergence of
opinion on mean free paths in organic materials, in generail, and it is
the purpose of the succeeding section of this paper to present in de-
tail evidence obtained on the direct measurement of mean free paths in
polymers by the substrate overlayer technique which resolves some of

the ambiguities alluded to in the preceding discussion.
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ii) Experimental

Although the substrate-overlayer technique provides, in principle,
the most straightforward and reliable methods of measuring electron mean
free paths, the experimental difficulties in implementation are consider-

197

able Thus, if mean free paths are to be estimated in polymers, we
require uniform films of known thickness and structure and an angular de-
pendent study of both substrate and overlayer core levels. For a variety
of reasons which will become apparent, the study to be reported here in-
volved the in situ production of poly paraxylylene films by polymeriza-
tion of paraxylylene precursors generated in a pyrolysis flow system and
the direct measurement of film thicknesses by means of a quartz deposi-
tion monitor.

A careful consideration of all of the factors which must be con-
trolled in such a study leads to a straightforward selection of the

207

poly paraxylylene system Thus, the sublimation and pyrolysis rates
for the [2.2] paracyclophanes 208 may be precisely controlled providing
a convenient deposition rate for the paraxylylenes via various pyrolytic
routes has been exhaustively studied in the literature and forms the

207

basis of the commercially available PARYLENE:" coatings The major
advantages of employing the synthetic route involving [2.ﬂ paracyclo-~
phane starting materials may be summarized as follows:
1) The pyrolysis under appropriate conditions yields quanti-
tative conversion to the polymer with no side reaction5207.
2) Since the method allows close control of the rate of produc-
tion and deposition rate of the intermediate paraxylylenes,
uniform thin films may readily be produced207.
3) The thin films produced in this way as opposed to other
methods (e.g. solvent casting) are essentially impurity
free (e.g. from solvent impurities, antioxidants, catalysts,
filler, antiblocking agents, etc.)207.
4) The poly paraxylylene polymers produced by this route have
been well characterized in the literaturezog.
5) The films can be prepared in-situ in a sample chamber dir-
ectly attached to the spectrometer source which obviates any

possibility of contamination which might arise if the samples

*Union Carbide Corporation trade mark.
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were prepared elsewhere and then transferred to the spec-
trometer (cf. ref. 185).

6) Substituted derivatives of @.2] parécyc‘ophane have been
well characterized and provide a route to the substituted
polymer system so that possib'e variations in mean free
path as a function of polymer structure may be investigat-
edzo?c. (cf. Chapter 5)

A schematic of the synthetic route is shown in Fig. 4.4 where
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FIGURE 4.4
A schematic of the polymerization process from the [g.ﬂ

paracyclophane to the poly paraxylylene

the sublimation and pyrolysis temperatures were optimized for a given
paracyclophane precursor and were in the range indicated.

The starting materials D.Z] paracyclophanes were obtained from
Union Carbide Corporation, U.S.A. and included the unsubstituted and
dich'oro 2.2 paracyclophanes (monosubstituted rings). For the latter,
the dominant isomer is the pseudo para209, however, the fact that an
isomeric mixture was employed is of no significance since pyrolysis

207

leads to the same monochloro paraxylylene intermediate Dibromo

[2.2]paracyclophane was synthesized according to the literature pro-

207C

cedure and a!l starting materials were recrystallized from approp-
riate solvents, a minimum of three times and characterized by V.P.C.,
M.Pt. and by U.V. and I|. R. specfroscopies. In all cases, the puri-

ties were >99.5%. ESCA spectra were recorded on all starting materials




and as an additional check, the constancy of the ratios of shake up in-
tensities in the region ~10 eV from the direct photoionization peaks
determined*. This provides a good internal check on the polymer over-
Jayers produced and would readily reveal any extraneous contamination.
However, in all cases reported here excellent agreement was obtained for
the shake up intensities for paracyclophane precursors and the polymers
themselves.

The room temperature deposition of the paraxylylenes produce
polymer films which have been well characterized and an extensive lit-
erature is available on structure, crystallinity, density and linearity

209

of the polymers The mechanism of polymerization involving as it
does successive addition of paraxylylenes to a growing (linear) polymer
chain would suggest a priority that films of closely uniform coverage

should be produced by this route with litt'e or no tendancy for

207

'islanding'

As will become apparent, this is in fact the case¥*,
The 'initial' sticking probabilities for substituted para-
xylylene systems is a strong function of the electronic effect of the
substituent and of the substrate and represents the convolution of
effects due to the initial interaction between paraxylylene and sub-
strate and the overall rate of the polymerization reaction at the

207

interface For a variety of reasons gold was chosen as the sub-
strate. The sticking coefficients for the paraxylylenes involived

in this work for a gold substrate provide a very convenient time scale
for the initial build up of thin films. The 4f core levels of gold
have a sufficiently large cross section that they may still be moni-

tored with considerable statistical accuracy for relatively thick

*Since the shake up intensity in this region derives fromm—.m *
transitions accompanying core ionization in the conjugated system, we
would anticipate that the shake-up intensity for the precursor would
be identical to that for the polymer since they are closely related
structurally.

A further important consideration is that since such poliymers are not
‘crystalline' in the sense normally employed when discussing single
crystals of typical organics, metals and semi conductors, the problem
of specific channelling phenomena does not arise. |In this sense the
results are likely to be particularly useful since the majority of
ESCA studies where quantitative data is of use pertains to poly-
crystalline or amorphous materials.
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overlayers. There is also no likelihood of chemical interaction be-
tween deposited paraxylylenes and the substrate. Finally, since the
thin film thicknesses were measured using a quartz deposition monitor
(gold coated), it is important that a substrate is available from which
it is relatively straightforward to produce a uniform evaporated over-
layer on quartz crystals such that sticking probabilities etc. for the
deposition monitor are identical to those for the substrate itself.

As we have noted, the use of a pyrolysis flow system obviates
many of the problems and artefacts which might arise if polymer films
of known thickness are produced by other means. The final design of

the apparatus employed in this work is shown in Fig. 4.5 and utilized
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FIGURE 4.5

The apparatus {shown attached to the insertion lock.system of the

spectrometer) for the controlled deposition of poly paraxylylenes

the flexibility of the insertion lock system of our particular ESCA in-
strumentation.
The purified [}.2] paracylcophane starting materials were placed

in the temperature controlled sublimation end of 1/2'" diameter quartz
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tubes ~24'' in length. The samples ~ 2 ams. were sublimed into the
pyrolysis zone which extended over a length of ~12'" starting some 6"
from the closed end of the tubes. The 'Lindberg' (Type 55035A, Lindberg,
Watertown, Wisconsin, U.S.A.) pyrolysis furnace enabled accurate control
of the temperature profile over the pyrolysis zone and depending on the
[2.2] paracyclophane precursor temperatures in the range 500-650°C were
employed. The post pyrolysis zone of the quartz tube was connected via
greaseless couplings (Cajon Corporation, Cleveland, Ohio, U.S.A.) -to
the deposition chamber. The use of wvacuum T fittings enabled pressures
to be measured at the inlet to the deposition chamber by means of a
Hastings DV-6 thermocouple gauge (Teledyne Hastings - Radist, Hampton,
Virginia, U.S.A.) which could be isolated from the pyrolysis stream
during an actual deposition experiment. The inlet to the deposition
chamber from the pyrolysis tube could be isolated by means of a grease~
less valve. The deposition chamber was mounted directliy onto the
spectrometer insertion lock system which in turn was mounted on a
'Goddard' valve (Goddard Valve Corporation, Worcester,; Mass., U.S.A.)
directly attached to the source of the ESCA spectrometer. Pumping
for the system was provided by the two stage rotary pump (Edwards
ED50, Edwards High Vacuum, Crawley, England) normally employed for
pre-pumping in the insertion locks for the normal mode of introduc~
tion of the sample probe into the spectrometer. This arrangement
provides considerable flexibility since the deposition chamber and
ancillary apparatus may readily be demounted so that the experiments
described here could conveniently be interfaced with the normal spec-
tometer work load. The quartz deposition monitor was attached to the
deposition chamber in such a manner that the gold substrate mounted
on the sample probe tip and the monitor head (gold coated quartz
crystal) were as nearly as possible arranged in a symmetrical re-
lationship to the inlet from the pyrolysis chamber. Independent
experiments described below established the reiationship between filim
thickness for polymer films deposited on the gold substrate on the
sample probe and on the deposition monitor. The thickness monitor
(Kronos Type QM 300, Kronos Corporation, Torrance, California, U.S.A.),
employed in this work, measures the change in period of oscillation
of the quartz cryétal,thereby eliminating the non-linearity resulting
from the measurement of changes of frequencyZIO. An assumption which
must be made, however, is that a deposited film of some given mass

per unit area will produce the same effect as a quartz film of the
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same mass per unit area, provided that the thickness of the deposited
film is small compared to the thickness of the quartz crystal. Suf-
ficient studies have been made to establish the validity of this
assumption up to film thicknesses in excess of WOO,OOORZI]. The cal-
ibration of the thickness monitor itsel!f for the determination of film
thicknesses for the polymer films requires a knowledge of their densi-
ties. Detailed studies are, in fact, available in the literature for
the bulk polymers-and there seems no reason to suspect a priori that
the thin polymer films studied in this work would vary significantly

in density from the reported datazog. Indeed, as will become apparent,
the overall agreement with independent estimates of film thicknesses
based on ellipsometry and microbalance measurements fully support this
contention. In a typical experiment, the apparatus was pumped down to
a pressure of “'10-2 torr and the thickness monitor zeroed. The sub-
limation heater was then placed over the closed end of the quartz tube
containing the relevant [2.2J paracyclophane precursor. With approp-
riate adjustment of sublimation and pyrolysis temperatures the poly
paraxylylenes films wers deposited onto both the gold substrate mounted
on the spectrometer sample probe tip (mounted on the deposition chamber
by means of the insertion lock) and the deposition monitor head. When
a film of appropriate thickness as monitored on the digital readout of
the apparatus had been deposited, thepyrolysis chamber was valved off
from the deposition chamber and the sub!imation heater removed. The
sample probe was then directly introduced into the spectrometer source
by opening the intervening Goddard valve. Our particular instrumenta-
tion is equipped with a horizontally mounted unmonochromatized MgKa]

2
2
X-ray source of Henke design and also a monochromatized AlK source

a
produced by dispersion from three toroidally bent quartz disl;? This
slit filtered monochromatized source is at an angle of 60° to the hori-
zontal in the same vertical plane as the MgKu]’2 source as shown in
Fig. 4.6. It thereby proved possible to study samples with both X-ray
sources. Since, however, angular dependent studies (which are quite
time-consuming) were al!so performed, in which the electron take off
angle with respect to the sample surface was investigated, studies

with both X-ray sources were restricted to the parent poly para-
xylylene ring system. For similar reasons, only the most intense

core levels were investigated; namely, the C's leve's of the polymer
overlayer and the AUAF levels for the substrate. Prel!iminary ex-

periments established a suitable range of film thicknesses and
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FIGURE 4.6

The AEl ES 200B schematic indicating the relative positions of the

Mg and Al X-ray sources with respect to the sample, and the sample

with respect to the analyser

convenient time scales for deposition. The preliminary experiments in-
dicated the overall reproducibility of producing films of given thickness
and also established that films of the same indicated overall thickness
which were either deposited in one run or built-up by successive runs,
gave identical results. For the parent polymer system which was sub-
jected to the most detailed scrutiny 20 thicknesses interspersed in the
range 5-IOOR were investigated and repeat runs were entirely reproducible.
Area measurements were made using a DuPont 310 Analog curve resolver (E.
I. DuPont de Nemours and Co., Instrument Products Division, Wilmington,
Delaware, U.S.A.)

The calibration of film thicknesses essentially resolves into
two components. Firstly, the calibration of the thickness monitor
itself, and secondly the calibration involving the relationship be-
tween films deposited on the sample probe tip and on the deposition
monitor. For the direct calibration of film thickness polymer films
in the thickness range ~ 10y were produced which could readily be re-

moved from both the monitor head and the substrate. Direct weighing
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of samples of known area by means of capictance microbalance (Cahn
E'ectrobalance, Model G, Paramount, California, U.S.A.) established
that the indicated film thickness on the deposition monitor was with-
in experimental error the same as that obtained by direct weighing,
and this indicates that to a high degree of accuracy the density of

209

the films were identical to those reported in the literature
(For poly paraxylylene density = |.129 gm. cm.-3)2096. The measure-
ments were high'y reproducible indicating that cleavage of the polymer
films from the substrate almost certainly left 'ess than a few mono-
layers of material adhering to the latter (this was confirmed in the
case of the gold substrate on the sample probe tip). This operation
could readi'y be effected with no significant change in surface area
of the films (i.e. the films did not 'stretch'). Having established
the direct correspondence between the indicated and independently
measured film thicknesses for the quartz deposition monitor, a corre-
lation was then established for films peeled from the deposition
monitor and from the sample probe tip. Repeat measurements on dif-
ferent films in the tens of microns thickness range gave a ratio
of film thicknesses for the probe substrate and deposition monitor
of 0.75 ! 0.03. This represents a geometric factor since the probe
substrate and monitor head are not in identical positions with re-
spect to the pyrolysis chamber inlet. The dimensions of the appara-
tus were such as to preclude an absolutely identical arrangement and
to avoid the possibility of widely disparate film thicknesses on the
two substrates which could arise from streaming effects the arrange-
ment employed was as indicated in Fig. 4.5 with the gold substrate
mounted on the sample probe at right angles to the quartz deposition
monitor and thus being rotated 180° with respect to the pyrolysis
inlet tube. Streaming effects should, thereby, be minimized and if
they occur would be expected to produce a somewhat thicker film on
the deposition monitor suBstrate. This is, in fact, the case as has
previously been noted (ratio of thicknesses 0.75 ¥ 0.03).

The calibration of film thicknesses was checked for internal
consistency by independent measurements employing e'lipsometry. Since
these measurements involved préparation of films and then transportation

to another laboratory* for the ellipsometry studies, sample thicknesses

*Thanks are due to Dr. | Callaghan, Proctor and Gamble Research Labora-
tories, Newcastle-upon-Tyne for undertaking these measurements. The
requisite refractive index data for the poly paraxylylene films were
taken from reference 209a.
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were chosen such that any contamination which might arise in handling
would be minimized. Films of poly paraxyly'ene were, therefore, de-
posited on gold substrates, the indicated film thicknesses on the dep-
osition monitor being 3508 and 600R.

The He/Ne laser (632.8 nm.) employed in the ellipsometry studies
provided a sampling area ~1 mm. in diameter and measurements were,
therefore, made over different areas of the polymer films and the values
reported are the average of these in each case. For a given polymer
film measurements fell within a narrow range which may be taken as in-
dependent evidence, at least on the macroscopic scale that the samples
are of uniform thickness. For the BSOR sample (indicated thickness on
the deposition monitor) the ellipsometry measurements gave a thickness
of 2632 p SR, whilst for the 6008 sample the corresponding value was
462% 58. This provides ratios of 0.75 and 0.77 for the geometric fac-
tor involved in relating film thicknesses for the probe substrate and
the deposition monitor head in excellent agreement with that for the
thick films.

i) Results and Discussion

Initial experiments established a convenient range of thickness-
es and deposition rates for films and to estabiish the overall repro-
ducibility of the method studies were carried out on the parent system,
poly paraxylylene, using unmonochromatized MgKa]’2 radiation. Samples
were studied at a fixed take off angle (9) of 10° which corresponds to

the maximum in signal intensity for the Auhf levels of the gold sub-

7/2
strate with out particular experimental arrangement. The data are dis-
played in Fig. 4.7 which shows a plot of In Io/I‘z vs. film thickness
for the substrate core leve'!s and the corresponding plot of In (I-IS/I:)
for the Cls levels of the polymer overlayer. Statistical analysis of
the data yields R™ values of 0.99 for both correlations with derived
mean free paths of 20.48 and 14.48 for electrons of kinetic energy
~ 1170 eV and ~ 969 eV, respectively. Even in the absence of angular
dependent investigations the good statistical nature of the data with
linear extrapolations provides stron evidence for the absence of any
significant 'islanding' effects. Since the quartz deposition monitor
actually measures the mass of material deposited, islanding should
readily be detectable by deviations from straightforward exponential
behavior for the attenuation of core level signals for substrate and

172

overlayer This is readily appreciated in a simplistic fashion,
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if we ignore to a first approximation shadowing effects. Thus, for a

uniform coverage of thickness d the intensity ratios are of the form:

4 fﬁe -d/xscosg (4.3) for substrate (AUQf )

S s 7/2

Id = (1 - e-d/xocose ) (4.4) for overlayer (Cls)

If the same mass of material, however, is distributed in 'islands' with

fractional surface coverage f then the analogues of (3) and (4) are:

d _ <0 0 -d/facosf
Is = (1 - F)IS + f Ise S (4.5)
and Ig = ffz (r - e-d/fxocos% (4.6)

The manifestation of this behavior would be an exponential de-
pendence for both substrate and overlayer core levels, however, for thec
former a plateau value would be reached corresponding to the first term
in Equation 4.5. The net effect would be that depending on f, an upper
bound on mean free paths will be obtained. The nature of the experi-
ments in which films are built up by successive deposition, and the
polymerization reactions themselves would make the possibility of
islanding seem exceedingly remote. The final! confirmation of this,
however, comes from the angular dependent studies which have been
carried out in a separate series of experiments.

The results are displayed in Fig. 4.8 for poly paraxyly'ene films
studied with unmonochromatized MgKa],2 radiation. Tske off angles with
respect to a normal sample surface of 0°, 10° 30° and 50° were investi-
gated and it is clear from the data displayed in Fig. 4.8 that the
overall agreement is extremely good for both substrate and overlayer
core levels. Statistical analysis of the data points taken for each
angle in each case provides R2 values of 0.99 and the derived mean
free paths for the overlayer and substrate core levels show a remark-
ably small degree of scatter. The derived mean free paths of 10° take
off angle of 21.08 and 12.68 respectively for electrons of kinetic
energy of ~1170 eV and ~ 969 eV compare favorably with those obtained
in the independent study just described (20.hR and lh.hR).

The scatter in the data in Fig. 4.8 is more apparent than real

since the data correspond to the superposition of a series of data
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points describing straight !ines with slightly differing origins; i.e.

no attempt has been made to adjust intensity ratios to a common origin
for a given core level as a function of take-off angle. The important
point is, of course, that the mean free paths are determined by the
slopes of the least squares defined straight line correlations. In

this connection, it might also be noted that some of the initial

points on these correlations undoubtedly refer to less than a mono-

layer coverage of the substrate. As such 'islanding' effects may be-
significant )i.e. insufficient polymer mass has been deposited to pro-
vide uniform coverage). Since, however, such data points are close to
the intercept they play a relatively minor role in determining the slope.
If, in fact, these initial points (for substrate and overlayer) are
plotted on a greatly expanded scale (e.g. in the 0-10R range) it is clear
that the projected slopes would correspond to the type of behavior pro--
jected from Equation 4.5 and 4.6, and provide exaggerated estimates of
the relevant mean free paths. Although a discussion on the absolute
magnitudes of the measured mean free paths will appear later on, at

this stage note that the values agree well with those previously pub-
lished by Steinhardt‘3 and are also eminently reasonable in terms of

the relative magnitudes as a function of kinetic energy (viz. x]]7o eV

Ngeg ev)

To gain further information, angular dependent studies have also
been carried out on deposited paraxylylene films using the higher energy
monochromatized A'Kal > photon source (hy = 1486.6 eV) for which the

J

corresponding kinetic energies for electrons photoemitted from A\um:_//2
and Cls levels are ~ 1403 eV and ~1202 eV, respectively. The results
are displayed in Fig. 4.9. The statistical correlation is again ex-
tremely good (R2 0.98-0.99), however, the distribution of values ob-
tained for the mean free paths (comparjng one angle with another) is
somewhat greater than for the data obtained with the MgKa],2 photon
source. This is partially attributable to the poorer signal/noise ratios
both at large (for the substrate core levels) and small (for the over-
layer core levels) thicknesses arising from the relafively low flux
available with the X-ray monochromator. It is interesting to note,
however, that studies of the secondary electron distributions and of

the shift in core levels as a function of applied bias voltage, reveals
that in all cases sufficient charge carriers are available for the poly-

mer films to be in electrical contact with the spectrometer (i.e. no

sample charging was evident for any of these systems, cf. Chapter 6.
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This is not entirely unexpected on the basis of our previously reported

studies of thin films of low molecular weight organic monomers generated

by controlled deposition from the vapor onto a cryogenic tipl

A strik-

ing feature evident from the data is the excellent overall agreement

for the measured mean free paths for electrons of similar kinetic

energy obtained by studying the C

]

< levels of the polymer films using
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AlKa‘ 2 radiation and the Ay, . levels of the substrate using MgKa.I
s ' b

7/2

radiation, the respective kinetic energies being 1202 eV and 1170 eV (e.q.

2

average of data from Figures 4.8 and Q.9, 23.1R and 22.28, respectively).
The internal consistency is also shown by the mean free paths following

103, 195-197

the expected trend as a function of kinetic energy It is
difficult to estimate errors for the measurements reported here and the
mean free paths quoted are merely to the accuracy of the least squares
analysis. A more realistic error limit would seem to be of the order
of i'15%. The spread in values generated by least squares analysis of
data pertaining to different take off angles is certainly well within
such limits. The average values for the electron mean free paths as a
function of kinetic energy for poly paraxylylene within these error
limits are lBtZR, 22t3R, 23teR, and 29%LR for electrons of kinetic
energy 969 eV, 1170 eV, 1202 eV and 1403 eV, respectively. It is in-
teresting to compare these values with those for gold at comparable
kinetic energies since the theoretical model recently discussed by
Penn]03 suggests a close similarity between carbon and gold. At 940
eV and 1403 eV for example, the quoted values from the most complete
study on gold are 19268 and 26t3R, respectivelyl87.

The theoretical calculations discussed by Penn]03 suggest mean
free paths of ~«IBR and *~I7R for both carbon and gold at kinetic
energies of ~ 950 eV and 1400 eV, respectively. The experimental re-
sults for both the polymers and for gold suggest a greater increase
in mean free paths as a function of kinetic energy than is evident
from the theory. However, considering the overall approximations and
difficulties involved in both theory and experiment, the agreement is
entirely reasonable. It is interesting to note that Cadman and co-

193

workers lay considerable emphasis on the validity of their derived
value of 44 for the mean free path for ~ 1000 eV electrons in graphite
by comparison with the available data for silicon at similar energy
(1178 ev) (392)]80. In this connection, however, it is noteworthy

that a recent careful investigation, including angular dependent

studies of the mean free path of electrons in silicon by Hill and co-
workers]57, suggests a considerably shorter mean free path than that
obtained in previous worklgo. Thus, for electrons of kinetic energy

157

1386 eV, a mean free path of 27%6R s quoted which compares ex-

tremely well with that obtained for poly paraxylylene in this work,

29748 for 1403 eV electrons. Indeed, the theoretical modelsl97’lo3

suggest that mean free paths in silicon should, if anything, be



-]78_

somewhat longer than in carbon. |If we consider the range of values,
which arise within the likely error limits, for the ratio of mean free
paths for silicon and for poly paraxylylene for electrons of ~ 1400 eV,
using the experimental data reported in this work and that given by

57

Hill and co-workersl

, these range from éi/xc 1.3-0.64. The theoretical
03

ratio] by comparison is 1.45,whilst the corresponding ratios elaborated
with the most recent value for silicon and an extrapolation of Cadman'sI93
value of L4R to a kinetic energy of ~ 1400 eV and assuming a likely

error limit of i’IS% is 0.73-0.34. Whilst the experimental data pre-
sented here could, therefore, be compatible with theory the error limits
being such that they encompass the possibility of a longer mean free

path in silicon than carbon, the mean free path for carbon derived by

193

Cadman and co-workers is entirely inconsistent with theory. This
strongly supports our p-evious contention that the analysis of data,
presented by Cadman and co-workers is in error and our own re-analysis
gives a value of I7R for 1000 eV electrons which corresponds quite
closely to that reported here for poly paraxylylene.

Since, as we have already pointed out, both theory and experi-
ment tend to suggest that electron mean free paths as a function of
kinetic energy are subtly dependent on the material, another surprising
conclusion reached by Cadman and co-workers was that their method of
estimating mean free paths suggested that the structure of organic
films results in mean free paths at a given kinetic energy which can
differ by >100% (cf. quoted values for 1000 eV electrons of 4uR for
graphite and 100R for polyethylene, although as we have pointed out,
our own analysis of the data presented in reference 193 suggests a mean
free path of 17R for graphite). The inconsistency of this assertion
is evident from a comparison of the data on graphite obtained by

85 and that reported here for poly paraxyly-

Steinhardt and co-workers]
lene, which are in good agreement, suggest little structural variation
on electron mean free paths in materials of a given class. To investi-
gate this point, however, we have studied in some detail electron mean
free paths in the chloro- and bromo-substituted poly paraxylylenes.
Considering firstly the polychloro paraxylylene system, the
angular dependent data are displayed in Fig. 4.10 where the data refer
to the Mgl(a]’2 photon source. With the exceptions of the data per-
taining to 0° and 10° take off angles for the polymer overlayers, the

statistical correlations are extremely good R20.98-O.99. Even for
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these two sets of data, however, the correlations are still statis-
tically significant, in that 93% and 85% of the total variability is
accounted for in the direct relationship between ordinate and abcissa.
In this connection it should be pointed out that the error bounds for
the correlations are well with t3R even for the statistically worst
correlation (R2 0.85). The statistically lower values for the 0 and
10° angles arise partially from the relatively low signal intensities
for the overlayer for these angles as compared, for example, with the
30° and 50° spectra. A contributing factor in this respect is that
the electronic effect of chlorine gives rise to a significant chemical
shift in the C]s core levels and compared with poly paraxylylene itself
the spectrum is, therefore, somewhat more extended over the energy
scale, cf. Chapter 5). The derived average of the mean free paths

for electrons of kinetic energy ~ 969 eV and ~ 1170 eV from the data
in Fig. 4.10 for polychloro paraxylylene are 15238 and thhg, respec-
tively. Within experimental error these are identical to those for
the parent polymer system.

The experiments described thus far are extremely time con-
suming and since the angular dependent studies for both poly paraxyly-
lene and the chloro derivative are internally self-consistent, studies
on the corresponding bromo derivative were limited to a fixed angle
(10°) investigation. This was partially dictated by logistics since the
convolution of sticking coefficient and reaction rate for the bromo
paraxylylene obtained by pyrolysis of the bromo paracyclophane meant
that the deposition of polymer films under identical conditions to
those employed for the unsubstituted and chloro derivatives required
a much longer time scale. The preparation and study of the Cls and

AuL+f spectra for the requisite number of film thicknesses even at

7/2

at fixed angle, therefore, required a large amount of instrument and
operator time. The data presented in Fig. }l, for example, required
~ 50 hrs. of dedicated operator and instrument time. The derived mean
free paths for electrons of kinetic energy ~ 969 eV and ~ 1170 eV of
l6t38 and ZZfMR is in excellent agreement with that for the parent and
chloro substituted polymers.
iv) Conclusions

The work reported here goes some considerable way towards the

clarification of ambiguities regarding the magnitudes of electron mean
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free paths as a function of kinetic energy in organic materials as com-

pared to typical metals and semi-conductor5195-197. The data also pro-

vides a firm basis for the quantitative development of ESCA to organic

and polymeric systems in general. Comparison of the data reported here

with the available theoretical modelslq3’]97 reveals overall satisfactory
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agreement and resolves inconsistencies which were previously apparent.

The work also demonstrates the importance of detailed angular dependent
studies and highlights the difficulties of obtaining estimates of mean

free paths from the study of oriented Langmuir-Blodgett films and from

measurements of absolute signal intensities.

The fact that the measured mean free paths in the parent poly
paraxylylene and corresponding monochloro and bromo substituted deriva-
tives are within experimenta! error the same illustrates the overall
consistency of the data and supports the contention that mean free paths
are only subtly dependent on electronic structure for related materials.
The average values for mean free paths as a function of kinetic energy
for the polymer systems studied are «alhg, ~ ZZR, ~ ZBR and ~429R for
kinetic energies of ~ 969 eV, ~ 1170 eV, ~ 1202 eV, and ~ 1403 eV,
respectively, and is shown in Fig. 4.12. Comparison with theory]03
reveals a much stronger dependence on kinetic energy and this s also
apparent from the experimental data on typical metals and semi-

195-197

conductors
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FIGURE 4.12

Electron mean free paths determined from this work
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CHAPTER 5

An ESCA Investigation of a Series of [2.2}

Paracyclophanes
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CHAPTER §

An ESCA Investigation of a Series of [E.é] Paracyclophanes

i) Introduction

The pyrolysis of p-xylene by Szwarc2]2 at the University of Man-
chester in 1947 led to a tremendous amount of research over the past
thirty years involving reaction by-products of the pyrolysis, polymers
from the reaction products and polymers from variations and improvements
of Szwarc's method. The reaction conditions of this pyrolysis, being
in the temperature range of 800 - 1000°C under a pressure of 2 - 15 mm
Hg afforded many pyrolysis products, of which '"di-p-xylylene'' (tri-
cyclo [8:2:2:2h:7] hexadeca - L:6:10:12(1):13:15 hexane) was isolated
in small quantityz‘z. Brown and Farthing'sz‘3 extraction of the poly-
mer (prepared by Gill and Ford of Imperical Chemical Industries, Ltd.,
using the technique described by Szwarc) with chloroform in a Soxhlet
apparatus, gave a mixture of many low molecular weight components. The
extract contained small amounts of a compound, that when recystallized
from glacial acetic acid had a m.p. of 285°C. Analysis by X-ray in-
tensities from about 300 planes indicated the structure to be that
represented in Fig. 5.1 below (for simplicity the hydrogens have been
omitted):

_@
c_@_c

FIGURE 5.1

General structure for [2.2] paracyclophane

The atomic configuration of the molecule proved to be quite in-
teresting in that the two substituted carbon atoms on the benzene ring

were displaced from the plane of the remaining four carbons by O.IBR.
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This displacement was attributed to a relieving of the strain in the sys-
tem. Brown and Farthing's attempts to prepare the ''di-p-xylylene'' were
unsuccessful, however, in 1951, Cram and Steinberg20 successfully synthe-
sized the '"di-p-xylylene' and suggested the name of ''paracyclophane'' (PCP)
for the class of compounds. The [2.2] paracyclophane'' (the [2.2] refers
to the number of carben bridges joining the para pbsitions of the benzene
ring) was prepared by an intermolecular Wurtz reaction with a dibromide,
with the reduction and linear polymerization of the bromides occurring as
side reactions. Thus (l1) was prepared by the action of magnesium on 0
benzy! chloride after which the hydrocarbons were acetylated with (CH3E)20
give (I11) which in turn was oxidized with KOCl; the acidic product was
esterfied with CH3OH a d the ester was reduced with lithium aluminum
hydride to give the alcohol (IV). Reaction of this carbinol with phos-
phorus tribromide gave the resultant dibromide (V). The dibromide was

then added to sodium to give the [}.2] paracyclophane (VI1).

CH,CL ——CH,
& KOC]
AICI 2.HCH oﬁ
3. LIA\H
(CH C) 0 CH OH CHZOH
? =0 c =0
|
CH
3 CHy
(1) (1v)
H,C CH, H )t H,
— —_—
CHBr  CHBr H,C CH,
(v) (V1)

Cram and Steinberg characterized the [Z.ﬂ paracyclophane by ultra-
violet and infrared absorption spectra and compared it with the open
chain analog and found evidence for considerable electronic pertur-
bation associated with the fused ring system. This they attributed

to the fact that the proximity of the two benzene rings in space was
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well within their van der Waals radii, giving rise to an inter-benzoid
overlap of the m -orbitals, that are pushed out perpendicularly from
the benzene rings. This explanation is substantiated by the X-ray

13

.2
diffraction studies of Brown and Farthing

5.2:

mentioned earlier, Fig.

o.13&fi_r1.4ﬁ ﬁ1

2.88K%

3.09R 1.558

115°
16° 1c0 L

FIGURE 5.2

interatomic distances and bond angles for carbons in‘[z.zlfgaracyclqphane

The repulsion of the two benzene rings increases the bond angle
between the bridges and the ring from 109° to 115°, thus giving rise to
6° of strain. The other bonds equally share in distribution of the strain
which illustrates the principle that in a strained system the distribu=~
tion of strain between several bonds is energetically favored over the
strain in only one bond angle.

Later studies by Lonsdale, Milledge and RaoZIA reported results
which were quite different from Brown and Farthin92]3. Lonsdale, et al,
reported aliphatic C-C bonds of considerably longer length than any
known C-C bond and reported variations in length with temperature changes
from room temperature to 93°K. They concluded from their study that
there existed internal vibrations of large amplitudes in the moledule and
described them as ""concertina-like motion of the rings toward and away
from one another, accompanied by a twisting motion of each benzene ring

about its normal, out of parallelism with its opposite member''. With
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the results reported by Lonsdale, et al, Trueblood-2|5 re-examined the
structure of the [2.2] paracyclophane. Tale 5.1 compares the different

determinations of B;own2‘3, LonsdaleZIh and TruebloodZIS.

Differences
in the data of all three investigations is not easily explained and it
is clear that better data needs to be obtained in order to determine the

exact structure of the [2.2] paracyclophane.

Distances and Angles in [2.2] Paracyclophane

Comparison of Different Determinations and Refinements

L.S. on L.S. on Trueblood's
Distance Brown's Lonsdale Diffractometer
or Angle** Brown Data et al.=* Data
c(1)-c(1) 1.548 8 1.563 % 1.627 R 1.569 R}
€(1)-Cc(2) ]1.540 1.493 1.546 1.522
C(2)-C(3) 1.390 1.408 1.378 1.384
€(3)-c(3") 1.400 1.343 (sic) 1.42) 1.400
c(1)-H(1) --- 0.97 1.12 1.13
C(3)-H(3) --- 0.91 1.03 1.02
C(2)...c(2") 2.83 2.76 2.75 2.786
C(3)...Cc(3") 3.09 3.10 3.08 3.10
c(1r)-c(1)-c(2) 114.6° 111.2° 113.6°
C(1)-C(2)-C(3) 119.9 119.9 120.6
C(3)-C(2)-C(3a) 118.6 119.7 117.6
C(2)-c(3)-c(3") 120.2 119.1 120.4
10 1/2° 14° 12.7°
14 7 10.9

The numbering of the atoms is shown below

TABLE 5.1

There is a considerable amount of data available concerning the
spectra of the @.2] paracyclophane and a brief presentation of the major -

characterization methods is presented.
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The UV spectrum of the [2.@ paracyclophane revealed several
distinct differences compared with prototype benzoid systems and these
were discussed by L. L. |ngraham2|6. The most striking feature is the
band which occurs at 26008 for the parent benzene system. The large
bending vibrations caused by the more flexible strained system results
in stronger interaction between the electronic and vibrational states
and tends to ''smear out'' the fine structure.

217-218

Later, Cram and Heigson substantiated empirically the

theoretical treatment of Ingraham by the following conclusion; that the

abnormal spectrum was due to transannular electronic effects and the

nonplanarity of the rings.
The electronic spectrum studied on single crystals of [}.2]

paracyclophane by Ron and SchneppZI9

utilixing polarized absorption
and fluorescence spectra indicated a broad band in the fluorescence
spectrum with a maximum at 35008. Transannular interactions and ring
bending accounted for the position of the band due to the ring separa-
tion of only 3R in the ground state. Later work by Ron and Schnepp220
indicated that the absorption spectrum allowed, originated in transi-
tions to two different electronic states, being the out-of-phase com-
binations of the BZH and Blu benzene states.

The phosphorescence spectrum of the [}.2] paracyclophane was
taken by ElSayed??! and was found to be broad (4100 to 5600R) with a
maximum at h?OOR. The lifetime of the blue phosphorescence was 3.3
seconds. Work by Valt32]2, et al, further substantiated the role of

intermolecular electronic interactions in this respect.

223

The proton magnetic resonance (N.M.R.) spectra by Wilson s

et al, and J. S. Waugh and R. W. Fessendenzzu consisted of two sharp
peaks of equal intensity at 6.96 and 3.70¢ and indicated that both
kinds of protons are in regions where the diamagnetic effects are
small except for the effect of its own ring. The large chemical shift
was reported due to the strain in the system.

The potential energy and thermodynamic functions of the [2.@
paracyclophane have been investigated by Boyd225
et al, and values for the heat capacity measured between 10 and 350°C
by adiabatic calorimetry gave a value of 60.31 at 298°K226. The shape
of the curve is normal except neat 50°K where a rounded maxima occurs
which was postulated by Andrews to be "' a weakly cooperative disorder-

ing phenomenon''. Andrews suggested that NMR and IR in this region

and J. T. S. Andrews226

3
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might help explain the maxima. Entropy, enthalpy and Gibbs free
energy functions were found to be 63.50, 30.74 and -32.76 cal/mole
degrees, respectively at 298°K.

Boyd227 found the heat of combustion and vapor pressure curve
for the [2.2 paracyclophane and used these values to determine the
heats of combustion and formation in both the solid and gas. A sum-

mary of the thermochemical data at 298°K is shown in Table 5.2.

Thermochemical Data

AH °
. C AHv AHF
-1 - -
~ (kcal mole ') (kcal mole ]) (kcal mole ])
solid -2088.2%0.9 22.2%0.2 36.9%0.9
gas -2111.2501 .9 23.01.0 59.951.9
Table 5.2

The [}.ZJparacyclophane has been analyzed by VPC and a series

of five impurities were identified in trace amounts.

) 1,2-Di-p- tOlerthane (linear dimer)
2) L,L4'-trans-dimethylstilbene

< : :>-C
H
\
. -<:::::>>-CH

3) 2,6-Dimethylanthracene

LCH

H,C~
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4) Linear trimer

H H H H
H.C -C-C -C-C -CH
3 H H H H 3
Cyclic tri
5) Cyclic trimer -

The retention tlme for each compound appears in the order given
above with poor resolution on the linear and cyclic trimer. The VPC was
run on 1% 20m carbowax on Gas-Chrom D (] meter columns) at 75°C with
programming at 15°C/min. to 225°C. A thermal conductivity detector at
315°C with a helium flow rate of 70 cc/min. was used. Analysis on
silicon columns with a flame detector at 2X indicates high purity (99+)
after recrystalling from p-xylene.

The [Z.ﬁ paracyclophane has limited solubility in p-xylene at
135°C of about 10 g/100cc. Its solubility in dichloromethane at 25°C
is 1.5%.Cram and Riech228 found that when [2.2- paracyclophane is
heated to about 200°C that the cyclic dimer structure was cleaved to
the p,p'~dimethylenebibenzyl diradical. The fate of this diradical
species was dependent upon the environment that it was generated in.

After Cram's work on the synthesis of 2.2 paracyclophane,
several investigators reported other synthetic routes to the compound.
Winbergzzg, et al, synthesized the compound by the thermal decomposi-
tion of p-methylbenzyltrimethylammonium hydroxide to yield polymer

and cyclophane;

—-CH
Hzc—'CHz
«OrQ| OO
C——-©cC

Although the route was not investigated in any detail, it was found
that by addition of a free radical polymerization inhibitor, the cyclo-
phane yield was about 17%. Marsh and Young230 also synthesized the
cyclophane by the deomposition of the quaternary halide in hot alkali,

this being a simpler route since the halides are commercially available.
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Later Brown and Sondheimer23] reported the synthesis of the
cyclophane by the Birch reduction of terephthalic acid with sodium in
liquid ammonia, which gave the cis-trans mixture of 1,4-dihydrotere-
phthalic acid. Esterification by diazomethane in ether gave the di-
methyl ester which when reduced with lithium aluminum hydride gave the
diol. Reaction of the diol with p-toluenesulfonyl chloride gave the

di-tosylate which was solvated in pyridine to thei2.2 paracyclophane.

o™ (2]
I g
T o o~
] o 3 c
o o o H2 CH2
Q o 0]
o o
(8] (&)

Hopf232 synthesized the cyclophane via a nonaromatic route by
the 1,4-cycloaddition to 1,2,4,5-hexatetrane with dimethyl acetylene-
dicarboxylate. Reduction of the ester with lithium aluminum hydride
in THF gave the tetrol and hydrolysis of the -ol with a potassium
hydroxide/methanol mixture gave the acid. The tetracarboxylic acid,
when cyclized to the anhydride and boiled in glacial acetic acid, de-
carboxylates to the (2.2} paracyclophane.

The most significant procedure developed, and the one of com-

233

mercial importance came from Pollart of Union Carbide. In his
process the reactive diradical, p-xylylene is generated by the pyroly-

sis of para-xylene at high temperatures (850-950°C) and partial pressures

of between .1 and 20 mm Hg.
H2C = = CH2
H3C- —CH3 —_—
850-950°C
-H2C ——CHZ-

Steam is introduced at atmospheric pressure as a diluent to maintain
the partial pressure of p-xylene and also to prevent charing of the p-
xylene resulting from overpyrolysis. The diradical vapors are then

cooled to between 25 and 150°C and introduced into a fluid medium,
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such as p-xylene, where they condense and dimerize to the [2.@ para-
cyclophane, upon which recrystallization recovers the product.

This procedure is now in commercial use for the production of
Parylene N (Union Carbide tradename for 2.2/ paracyclophane). Although
only 8-10% yields are obtained on each pass, recycling of the mother

234,

'iquor results in overall yields of better than 60%.

Table 5.3 summarizes the data available from the literature sources

on [2 . 2] paracyclophane.

ACS Nomenclature

Structure [2.2] Paracyclophane

di-p-xylylene

Union Carbide '"Parylene N'

Melting Point
Density

Solubilities

Purification Technique

UV Spectrum

IR Spectrum

H
c

H
v

HfO

NMR

Typical impurities by VPC
analysis

Tricyclo 8:2:2:2“:7
12(1):13:15-hexane

hexadeca-4:6:10:
HoC ———CHp

2814°C (decom.) HZC'_—_—CHZ
1.22 gram/cc

p-xylene at 135°C 10 grams/100cc
dichloromethane at 25°C 1.5 grams/100cc

Sublimation (vacuum)
Recrystallization: p-xy'ene
glacial acetic acid

Amax, mu E

224 25,000

284 250

302 160

Stromgbands (p) 13.9,12.4,11.3

Medium bands (u) 10.8,9.2,7.1,6.5,6.3
Weak bands (u) 11.8,8.5,8.3,7.4,5.3,3.4

Solid -2088.2%0.9

Solid 22.2%0.2

solid  36.9%0°9

two peaks, of equal area - 6.96 and 3.70

1,2-di-p-tolylethane
L,4'-trans-dimethylstilbene
2,6-dimethylanthracene
Linear trimer

Cyclic trimer

TABLE 5.3



_]93_

A series of substituted :2.1' paracyclophanes have also been
investigated and include the dichloro, tetrachloro, dimethyldibromo,
ethyl, benzyl, acetyl and the linear dimer I, 2-di:p-tolyethane. Very
little information was available on these derivatives in the literature
and an ESCA investigation was undertaken in an attempt to define some
structure and bonding properties of these substituted ZZ.Z: paracyclo-

phanes.

ii) Experimental

Both the unsubstituted and substituted :é.i.PCP's were ob-
tained from Xerox Corporation, Webster Research Center, Webster, N.Y.,
U.S.A."* The unsubstituted and substituted dichloro and tetrachloro
dimers were commercially available materials from Union Carbide Corp.,
Bound Brook, N.J., U.S.A., and were recrystallized from p-xylene and
glacial acetic acid before use. The remaining substituted dimers were
specially prepared according to literature preparation5207’218’228’233
and were purified by techniques described therein.

The ESCA instrumentation used has been described previously in
Chapter 3.

iii) Theoretica)

The theoretical models used were based upon the ground state
potential model (GPM) within the all-valence electron (CNDO/2 SCF MO
formalism, also previously described in detail in Chapter 3. The bond
angles and bond lengths used as input to the MO programs were obtained
from the crystalographic data where availableZIB-zls, and standard
bond angles and lengths were used where it was not.

iv) Results and Discussion

a) Unsubstituted 2.2, PCP

The crystallographic data on the :?.2; PCP is described in the

in'crod\,xction2'3-2]5

and an attempt was made to vary the intermolecular
distance between bénzene rings using the GPM mode! to determine whether
the carbon Is core levels B.E.'s would significantly change to be de-
tected by ESCA. The models varied the transannular distance from the
crystallographically determined 3.093 for a minimum value of 2.898 to a

max imum value of 3.293 by varying the interatomic distance between

*The author is indebted to Dr. C. B. Duke for approval to use these
specially prepared 2.2 PCP's for this work.
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aliphatic bridging carbons (cf. Fig. 5.2). This increased strain (2.89R)
and decreased strain (3.293) relative to the experimentally determined
3.098 might be expected to effect Cls B.E.'s, and if they are affected,
could be potentially identified by ESCA.

The results of the GPM's, along with the Cls core evel spectra

are shown in Fig. 5.3 and it can be readily seen that the very small

-0. 1 -0.1
0 0.4 0.2
03c_5 ¢5.3 0.2 conIC 2¢0.1
) | ! ' :
b -0.1 -0.1, b 0.1 ,' ' -0.2}
1 ]
(A B.E. from 285.0eV)
TRANSANNULAR D ISTANCE
2.89% 3.09% 3.29R%

291 288 285

FIGURE 5.3

Effects of variable transannular distances calculated from the

GPM compared with experimentally determined Cls core level

spectrum for unsubstituted_Jk.Zlﬁparacyclophane
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(0.1eV) differences in calculated Cls B. E.'s in going from the 2.89R
to 3.29K transannular distances cannot be resolved with the present in-
strumentation. We might, however, expect there to be somewhat larger
identifiable differences in themr—snr relative intensity ratios when
compared to the primary photoionization peak and the calculations for

58, 140
’

determining the shake-up intensities, described elsewhere -
vealed a trend in the total probabllities for the r—m* transitions

in the order as expected, namely 8.08, 7.73 and 7.43% for transannular
distances of 2.893, 3.098 and 3.293, respectively. This m~ am transi-
tion can be seen in Fig. 5.3 (expanded by a factor of 10) and area
ratios measured as accurately as possible indicate an 8.2% m—s7m * tran-
sition relative to the primary photoionization peak. Previously re-
ported results indicate that trends for shake-up phenomenon in similar

38, 140

compounds can be predicted using the CNDO/2 model, however, ab-
solute intensities are somewhat determined by the particular parameter-
ization. That the shake-up intensity predicted for the smallest trans-
annular distance of 2.893 agrees quite well with the CNDO/2 prediction
is almost certainly fortuitous. It is, however, gratifying that the
values are as close as they are. Concluding this section, it wou'ld
appear that if there is some deviations from the transannular distance
reported in the literature for the unsubstituted iZ.Z PCP, it would

be very difficult to detect it by the difference in the Cls core level

spectrum.

b) Substituted 2.2 PCP's

When considering the theoretical models to predict the C]s core
level B.E.'s the substituted compounds can be divided into two distinct
classes when considering the di- and tetra-substituted models, and these
are depicted in Fig. 5.4, the sindle and double ring substitution.

Considering firstly the dichloro t}.g; PCP, calculations within
the GPM were carried out on the seven possible isomers and the results

of the predicted C B.E.'s are displayed in Fig. 5.5 a'ong with the

s

synthesized C core level spectra predicted by the GPM and the experi-

mentally detel;ined spectrum. |t is quite apparent that difficulties
would be encountered in distinguishing any of the psuedo-isomers (double
ring substitution), however, not only are the single ring isomers dis-
tinguishable from each other, they are also distinguishable from the
pseudo-isomers. Comparing the experimentally determined spectra with
the calculated specfra, it is readily apparent that a number of the

isomers can be eliminated based upon lineshape comparison. (The
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Mono-Ring Substitution

C——c¢ Cc——c c——c¢

i | |

~
~
C C C C
META PARA ORTHO
Double-Ring Substitution
C C C———C¢C C———°¢C C C
' | I : ;
L ; i } I ;
C C C C C C C C
¥ GEM ¥ PARA ¥ ORTHO ¥ META

FIGURE 5.4

lsomeric model nomenclature for substituted_[Z.2]_paracyclophane

dotted lines appearing on the synthesized curves reflect the experimen-
tal line shape difference to the high B.E. side of the peak). A!though
poor comparisons are drawn between most of the calculated isomers, when
compared with the experimental spectrum a close fit is found for the
pseudo-para isomer and an excellent fit for the single ring substituted
para isomer. Assuming a linewidth of approximately !'.4 eV for the C]s
line (normally found for our instrument) the para isomer fits more
closely with the experimental data than the pseudo-para isomers in that
the chemical shifts calculated for the pseudo-para isomer would require
a linewidth of ~1.2 eV to fit the data, which is quite narrow for a

powder sample commonly experienced with our instrument. The ESCA data

‘o
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PARA

ORTHO

Y | /
AN luds Al

¥ GEM ¥ YETA YORTHO ¥ PARA

285

EXPERIMENTAL

.
.

285.0eV
FIGURE 5.5
Theoretical calculations within the GPM, synthesized Cls core
level spectrum and experimentally determined C core 'evel

s
spectrum for dich'oro [ZHZ] paracyclophane
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would, therefore, favor the para isomer when compared to the theoretical
calculation. The CL2p to C\s inténsity ratios confirm a dichloro deriva-
tive.

Calculations on the tetrachloro ?.2: PCP reveal a more complica-
ted isomeric possibility in that not only can we have pseudo isomers, but
we can have them in anti-and syn-configurations. Because of steric hin-
" derance considerations, it is unlikely to have all four chlorines
substitute on the same ring, therefore, calcu'ations were carried out
on the double ring substituted derivatives with only one for single
ring substitution and these are shown in Fig. 5.6. Without synthesiz-
ing ca'culated spectra, the carbon Is B.E.5 shown on the figure resolve
into spectra indicating that the ortho (both anti- and syn-), tri-
single and tetra-single substitution are unlikely isomers and that
based upon the calculated lineshapes the para and meta isomers for
both the anti-and syn-are indistinguishable.

These conclusions appear reasonable based upon the results of the di-
chloro derivative previously discussed. The CL2p to Cls relative in-
tensity ratio are consistant with a tetra substituted isomer.

The theoretica! calculations on the pseudo-isomers for the di-
methy! EZ.ﬂ PCP revea! very little difference in the Cls B.E.'s for
the ortho, meta, para and gem isomers and a representative calculation
(for the pseudo-para) along with the experimental spectrum is shown in
Fig. 5.7. Them-.;m intensity ratio to the primary peak is consis-

tent with the structure.

The remaining disubstituted derivative, dibromo 2.2 PCP was
not evaluated from a theoretical standpoint considering that little
difference is expected between the bromo and the chloro derivatives.
The experimental spectra for the CIS and Br3d levels are also shown
in Fig. 5.7. In comparing the spectra for the unsubstituted, chloro
and bromo substituted dimers with the spectra from the experimental
work in Chapter 4 on electron mean free paths, it is apparent that
ESCA is sampling the repeat unit of the polymer in that identical
spectra are observed for both the paracyclophane and the poly-p-
xylylenes. To further confirm this evidence the B. E.'s for the
model compound for the unsuBstituted polymer, 1,2-di-p-tolyethane, were
calculated and the resu[ts, along with the experimental spectrum, are
shown in Fig. 5.8. Excellent agreement is demonstrated between the
calculated B. E.'s for the model and the experimental B. E.'s for the

l, 2-di-p~-tolyethane and the poly-p-xylylene.
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FIGURE 5.6
Theoretically calculated B.E.'s (within the GPM) for a series of

tetra-substituted chloro [g.ﬂ, paracyclophanes and the experimentally

determined Cls core level spectrum
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Theoretically derived B.E.'s (within the GPM) for pseudo-para

dimethyl f2.i@<garac1c‘ophane and the experimentally determined

Els core level spectra
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FIGURE 5.8

Theoretically derived B.E.'s (within the GPM) for 1,2-di-p-tolyethane

and the experimentally determined C

| gSore level spectrum
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For the remaining mono-substituted derivatives, the theoretical
calculations, along with spectra for the ethyl and benzyl derivatives,
are shown in Fig. 5.9. Calculations were carried out with the sub-
stituents rotated throughout different angles with respect to the
paracyclophane benzene rings and for the ethyl and benzyl derivatives,
the predicted Cls core level B. E.'s were not changed regardless of the
configuration. However, for the acetyl derivative, slight differences
were observed when the carbonyl group was rotated to be either in the
plane of the benzene ring or perpendicular to it. The results are dis-
played in Fig. 5.10 and although these differences were calculated
and the experimental data best fits the derivative where the carbonyl
group is perpendicular to the ring,the differences are so marginal
that the configuration determined by ESCA would be guestionable.

In conclusion, the study of these isomeric conformations of
the substituted {?.i: paracyclophanes has revealed that in some
cases (namely the dichloro and acetyl) ESCA, along with the approp-
riate GPM's can predict the lineshape of particular isomers and with
more detailed investigations of shake-up phenomenon in these systems,
along with the use of monochromatized X-ray source, one might be able
to identify particular isomers in systems such as these.

The data also provides a firm basis for investigating the
internal consistancy of the data for the thin films employed in the

investigation of mean free paths as a function of kinetic energy.
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Theoretically calculated B.E.'s for isomers of ethy! and benzy!<lé.ﬂ

paracyclophane and their experimentally determined Cls

core level spectra
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CHAPTER 6

An Investigation into Sample Charging Phenomena

i) Introduction

The problems associated with sample charging in the ESCA exam-
ination of thick insulating samples was recognized and diagnosed at an
early stage of development of the technique of Siegbahn and co-workers's.
Indeed, the suggested use of the characteristic signal arising from con-
taminant hydrocarbon films originating in the extraneous atmosphere of
the spectrometer as a convenient energy reference derives from those
pioneering studies and to this date offers with due care and attention
a convenient and reliable means of correcting for sample charging]8’]28.
In the intervening decade, various aspects of sample charging phenomena

’ h~ve been studied in some detailzg’lgh’Bs-238

, however, as a recent
ASTM report239 affirms, sample charging and its correction is still a
source of error in attempting to set up calibration standards for in-
sulators and, indeed, the prevailing c'imate would seem to be that
the phenomena encompassed by sample charging is a nuisance which
practicing spectroscopists must learn to live with. Through exten-
sive investigations on polymeric systems we have come to appreciate
the potential source of information which may be derived from the
direct study of sample charging and which has largely been over-

looked in the past]27’]h2.

It is the purpose of this chapter to
illustrate this theme by consideration of sample charging phenom-
ena for both metal and polymer samples and it will be shown that
the equilibrium static charge built up on a sample is characteristic
of structure and bonding in the outermost few tens of Angstroms.
The experiments described in this work fall into three cate-
gories. |In the first category a series of polymer films and gold
were mounted on the sample probe such that they were effectively
electrically isolated, although in 'intimate contact' with the
probe tip. Measurements were then made of the static equilibrium
charge for each sample as evidenced by the shift in core level
spectra from the binding energies appropriate to samples ideally
in electrical contact with the spectrometer. The second series of
experiments involved the monitoring of the time dependent nature of
the sample charging under a given set of experimental! conditions

as a function of hydrocarbon contamination which was allowed to

|
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accumulate on the sample surfaces. The final series of experiments
consisted in attaching polymer films (~50u thick) to the spectrom-
eter probe such that only 'spotted contact' was made, and monitoring
the time dependence of the initial charging phenomena, as well as
that associated with deliberate hydrocarbon contamination.

ii) Experimental

a) Samples

"The polymers used in this study are listed in Table 6.1,

List of materials used in this study and the physical form

studied in the ESCA experiment

Designation

Material for Script Form
Polyethylene (high density) PE Film(F)
Polyvinyl Fluoride PVF F,Powder (F)
Polyvinylidene Fluoride PVF2 F
Polytetrafluoroethylene PTFE P, F
Polyhexafluoropropene PHFP P
Ethylene-Tetrafluoroethylene Copolymer E-TE F
Poly-n-butyl Methacrylate PBMA F, P
Polyethylene Terephthalate PET F
Polycaprolactam (Nylon 6) N6 F
Polyvinyl Chloride PVC p
Gold Au F (Sheet)

TABLE 6.1

and were used directiy in preparing sampies for the ESCA investiga-
tions.

All polymers, except for the E-TE copolymer, were obtained
from Cellomer Associates, In., Webster, N.Y. 14580, U.S.A., and were
used as received.

The ethylene-tetrafluoroethylene copolymer (E-TE) included
in this work has previously been subject pf an ESCA investigation
The structure of the copolymer (52% tetrafluoroethylene) is known to
be l'argely alternating and, therefore, is closely similar in composi-

tion and structure to polyvinylidene fluoride (PVF2).
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The polymers were studied as either fine powders (P) coated onto
doublesided 'Scotch' tape (3M Company, Tape No. 75, a thermosetting
silicone based adhesive on polyester film) directly attached to the
spectrometer probe tip, or as films (F) attached by either of two meth-
ods: 1) films mounted in what is referred to as 'intimate contact' were
attached directly to the probe tip with double-sided 'Scotch' tape, and
pressed in p'ace, 2) films mounted in what is henceforth referred to as
'spotted contact' were wrapped over the probe tip and taped to the
opposite side. These two methods of attaching the fil'ms to the probe
tip provided two distinct situations. The first being a composite of
conductor (probe tip at ground potential)/dielectric ('Scotch' tape)/
and film sample; the second being a conductor/vacuum and point contact
of film and probe tip.

The gold (Johnson Matthey Chemicals Ltd., Grade |, London) samples
were mounted directly onto the probe tip with 'Scotch' tape.

In the hydrocarbon contamination study involving biasing of a
gold sample, the experimental procedure was as follows. Two samp'es
were mounted side-by-side on double-sided tape where one sample was in
electrical contact with the spectrometer (grounded) and one sample
connected to a D.C. supply, variable from +20 to -20 Volts. Under
these experimental conditions two peaks are observed in the spectra of
the particular core levels being investigated associated with the two
samples separated by the applied bias.

In all cases, except the biasing experiment, sample sizes were
7 x '8 mm., whereas in the biasing experiment each sample approximated
half that value.

b) Instrumentation

Spectra were recorded with an A.E.!. ES200 AA spectrometer

2
The X-ray gun is of the 'hidden filament or Henke' type de-

using MgKa exciting radiation.
Iy

signloO in which the filament is not directly in front of the target.
The power source to the gun consists of a Marconi-Elliot Type GX5
high voltage generator that may be operated in the vacuum region of
~IO-5 torr. The target can be operated at a power of up. to 500
watts and botH voltage and current supplies are stabilized to 0.1%
which produces photon fluxes in the region of ~0.1 millirad per

second. Both voltage and current are dial up facilities in which
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integral values in the range 2-15 kv and 2-20 mA were available.

Typical operating conditions were: X-ray gun, 12 kv, 15 mA;
pressure in the sample chamber, -IO-8 torr. Under the experimental
conditions employed, the gold hf7/2 level at 84 eV used for calibra-
tion of the energy scale, had a full width at half maximum (FWHM) of
1.2 eV. No evidence was obtained for radiation damage to the samples
during the typical time scale involved in these measurements. Al]l
spectra taken in this study were recorded at a fixed angle of 45° with
respect to the X-ray photon source and the focusing lens to the
analyzer. Spectra were recorded in the fixed retardation ratio mode.

c) Sample Charge Measurement and Time Dependent Studies

The charge on the sample was determined as the difference be-
tween the measured kinetic energy of a photoemitted electron from a
specific core level and the kinetic energy approximate to a sample
ideally in electrical contact with the spectrometer. The latter is
taken as the kinetic energy appropriate to the absolute binding energy
as previously determined for these systems, on the same calibration
scale (cf. Chapter 3)

It was observed for all of the samples in this investigation that
the charge was time dependent, therefore, spectra were recorded immed-
iately upon irradiation (taken as T=0) and subsequently every five
minutes. The equilibrium charge is taken as the maximum observable
shift obtained from a contamination free sample.

For the particular cases of polytetrafluoroethylene and gold,
the equilibrium sample charge was measured as a function of the applied
potential (kv) and the filament emission current (mA) to the X-ray
source.

(iii) Results and Discussion

a) Equilibrium Charging of Polymers

Over a period of years it has become increasingly evident from
extensive investigations of a wide range of polymeric materials]25-13o,
that sample charging is dependent on electronic structure. The initial
experiments in this work involved a systematic investigation of the
sample charging characteristic of a series of polymers (~50p in thick-
ness) studied under identical instrumenta! conditions, (unmonochroma-
tized MgKa] ) X-ray source 12 kv, 15 mA with a fixed electron take-off

’

angle of L45°). In these initial experiments samples were mounted in

intimate contact with the copper probe tip (spectrometer probe grounded)
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by means of double-sided 'Scotch' tape as out'!ined above. With this
configuration, it was estab'ished that the equilibrium shift in kinetic
energy scale arising from sample charging was rapidly established (at
least as far as the typical time scale taken to record spectra are con-
cerned). Repeat measurements established that the sample charging was
typically reproducible to : 10% even in comparing powdered samples with
films.

That the shifts are characteristic of the polymer system is
readily apparent if we consider the data for three typical samples
viz. PE, PVF2 and PHFP. The corresponding shifts in kinetic scale

6 are ~3.4 eV, ~ 7.5 eV and ~10 eV. It should be emphasized that
these values pertain specifically to the experimenta' arrangement
described above. To shed further light on the relationship between
sample charging and electronic structure, investigations were a!so
made on gold sheet (ultra high purity ~ 0.3 mm. thick) mounted on
double-sided 'Scotch' tape. The equilibrium static charge in this
case amounted to ~ 13.5 eV.

Under identical instrumental conditions it seems that the
surface charge acquired by a sample must be a function of the total
photoionization cross section and to investigated this in some de-
tail we may consider appropriate re'ative theoretical cross sections
for each material. As a starting point, the recentl!y published data
of SchofieJd206 have been employed to compute cross sections for both
the gold and polymer surfaces and for convenience in discussing this
data, this has been normalized to a unit surface area. Knowing typ-
ical covalent radii for goldzL+O and as a first approximation taking
representative bond lengths and angles]“] for extended chains of the
polymers together with appropriate interchain spacingszq', it is
possible to compute relative photoionizatfon cross sections per unit
area for the polymer and gold surfaces®. The correlation between
equilibrium charge, as measured as a shift (§) in kinetic energy
scale; and total theoretical cross section for photoionization is

shown in Fig. 6.1. The exhibited trend of larger shift being

*Gold was chosen for this particular study both because of its chemical
inertness (and, hence, reproducible character of the surface) and for
the high cross section for photoionization. In addition, gold still
seTve?zas a primary source for the energy referencing of spectromet-

ers '
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Calculated total theoretical cross sections for normalized unit areas for

various polymers and gold, versus, experimentally determined equilibrium

charqing shift (&) for samples irradiated with a Mg, X-ray photon
Ra
1,2

source (12 kv, 15 mA) and electrically isolated from the spectrometer

associated with higher cross section is particularly striking and
although the absolute magnitude of sample charging as such represents
a convolution of many contributing factors, such a correlation under-
scores the structural dependence of such phenomerna. |t is of a par-
ticular interest to note that polyvinylidene fluoride (PVF2) exhibits
the same charging characteristics as a ethylene/tetrafluoroethylene
copolymer (E-TE in Fig. 6.1) of essentially identical overall compo-
sition. This again illustrates the characteristic nature of sample
charging phenomena since it is known that the structure of this co-
polymer is largely alternating and, hence, has a close correspondence
with PVFZ' Having outlined the characteristic nature of the sample
charging phenomena and having intimated that this depends strongly on
structure and bonding in the surface regions, we now describe a series

of experiments which amply demonstrate the surface sensitivity of the

phenomena.
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b) Surface Sensitivity of Sample Charging

In Chapter 3 a method was outlined which allows a convenient
means of both obviating and selectfvely controlling hydrocarbon con-
tamination of surfaces. We have, therefore, systematically investi-
gated sample charging as a function of hydrocarbon contamination of
the surface for both gold and the polymer samples. The objective of
this investigation is twofold; first, to investigate the sensitivity
of sample charging phenomena to surface contamination and second, to
provide a more detailed study than has hereto been available on the
reliability of establishing absolute binding energies by reference to
hydrocarbon contamination samples.

Spectra were, therefore, recorded under conditions in which
hydrocarbon contamination built up over a convenient time period of

~ 100 minutes. Since the features which emerge from this investi-

gation are common to all of the systems studied, we confine our de-
tailed attention to gold, PTFE and PVF2 which together with PE en-
compass the spectrum of sample charging observed for the complete

series. Considering firstly gold, Fig. 6.2 shows a plot of the
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Change in sample charqging (§ ), versus, hydrocarbon contamination

calculated from peak area intensity ratios AuL+f /C for a qold
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sample electrically isolated from the spectrometer




- 211 - '

change in sample charging as a function of hydrocarbon build up. From
the relative intensity ratios of the core level spectra it may readily
be shown (cf. Chapter 4) that the initial gold sample to which the equil-
ibrium static charge in Fig. 6.1 pertains corresponds to a gold surface
with hydrocarbon éoverage corresponding to a monolayer ( ~ 5R). The
correlation between decrease in surface charging and increase in thick-
ness of the hydrocarbon contaminant layer provides a straightforward
pictorial representation of the surface sensitivity of sample charging.
With a knowledge of electron mean free paths as a function of kinetic
energy it is a straightforward matter to estimate the thickness of the
hydrocarbon film (cf. Chapter 4). (In this connection is should be
noted that the independent estimates based on the signal attenuations

for the Auhf and C levels give essentially the same result.) For

7/2 Is

a decrease in sample charging of 2 eV, the corresponding increase in
thickness of the hydrocarbon overlayer is ~ 8R. The form of the
curve relating sample charging to the thickness of contaminant film
would suggest that a completely clean surface studied under identi-
cal conditions would have a slightly larger shift (probably of the
order of a few eV) the net effect being to displace the data point
for gold indicated in Fig. 6.1 to the right. |If for a sample of
essentially zero total cross section, the sample charging were zero,
the data points relating to sample charge (&) to cross section would
then fit a smooth curve. These experiments, therefore, suggest that
charging for samples which are insulated from the spectrometer probe
depend on structure and bonding on a depth scale of the same order of
magnitude as electron mean free paths.

The deliberate surface contamination of samples with hydrocarbon¥

27

] . .
has been advocated as one of the most routinely reliable and repro-
ducible means of establishing the energy reference for insulating sam-
ples. In this connection, therefore, it is of interest to consider

the shift in binding energy between the Au and C levels as a
hf7/2 s

function of overall sample charging. This is shown in Fig. 6.3.

*As we have previously emphasized, separate experiments must be carried
out to fully characterize this hydrocarbon contamination which, in our
particular spectrometer, has a binding energy of 285 eV ( reference
Au 84 eV).

Lf
7/2
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levels, versus, overall sample charqing (4 )

Considering the extremes, of zero sample charging (gold in electrical
contact with spectrometer) and the maximum in sample charging (~13.5 eV),
the shift in energy between the core levels of substrate (Au) and over-
layer (hydrocarbon) is exactly the same within very small error limits
~ 0.1 eV. Since for most polymeric systems (for which we have pre-
viously advocated the use of this technique for energy calibration),
the span in sample charging is substantially smaller, the accuracy of
the method is extremely good.
The corresponding data for PTFE, PVF2 and PE are shown in Fig.

6.4. The decrease in sample charging as a function of hydrocarbon de-
posited on the surface us clearly evident in the particular cases of
PTFE and PVFZ' However, the closely similar chemical nature of the
polymer surface and contaminant film ensure that for PE the sample
charging remains essentially constant. Since the overall integrated
intensity of the Cls levels for the latter do not change with time,
there is not direct evidence from this source alone that hydrocarbon
contamination of PE itself occurs. The fact that it does, however,
may readily be demonstréted by investigating samples with submonolayer
extents of surface oxidation. Such low levels of oxidation do not of

themsélves alter the overall sample charging, however, they do provide
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Decrease in sample charging (6), versus, hydrocarbon contamination

a valuable 'marker' in the Ols levels. By monitoring the decrease in

intensity as a function of time it may thus be readily demonstrated that

hydrocarbon contamination also occurs for PE.

The rate of build up of hydrocarbon is a convolution of several
factors including the partial pressure of extraneous hydrocarbon in the
vicinity of the sample surface*. The single most important sample de-
pendent factor will be the sticking probability for hydrocarbon at the

polymer surface which will be related to surface free energy. On this

“We have previously discussed (Chapter 3) that in our particular spec-
trometer configuration hydrocarbon contamination is attributable to
desorption from the end cap of the horizontally mounted X-ray gun of
Henke design. These experiments show that the contamination is 'line
of sight' as might have been anticipated from typical mean free paths
in the pressure range to which the experiments pertain (~10-8 torr).
Such contamination may readily be obviated by cooling the end cap and
thus adventitously it is possible to selectively contaminate surface.
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basis we might anticipate that under comparable experimental condi-
tions, rates of hydrocarbon contamination should reflect this. By
monitoring the decrease in C

peaks for PHFP, PTFE, PVF

ls intensity appropriate characteristic
92 E-TE and PVF, films attributable to
hydrocarbon contamination as a function of time this may readily be
demonstrated. Thus, the time taken for the signal to decrease by
1/eth of its original value in a particular series of experiments in
which hydrocarbon contamination was deliberately accelerated was 280,
120, 84, 90, and 80 minutes, respectively, for PHFP, PTFE, PVF2, E-TE
and PVF. Since each polymer system has a characteristic equilibrium
charging shift, we might also anticipate that the change in this
shift as a function of surface contamination should also be charac-
teristic of the sample. This may readily be shown by considering

the change in equilibrium charging shift for PHFP, PTFE, PVFZ, E-TE
and PVF when the contaminant film is such that the characteristic

Cls levels for these systems has again decreased by l/eth of its ori-
ginal value. The corresponding shifts for this series of polymers
are 3.5, 3.3, 1.5, 1.8 and 1.2 eV, respectively.

It should be noted that in these experiments it is also possible
to monitor the shift between the C]S signal of the hydrocarbon contam-
inant and the peaks of characteristic binding energy for the fluoro-
polymers. As in the case of gold, discussed above, the shift is inde-
pendent of sample charging within very narrow limits confirming our
previously developed thesis that hydrocarbon contamination is an ex-
cellent technique for energy referencing. (The data for PTFE being a
representative sample is shown in Fig. 6.3.) |In the particular case
of PE, the rate of build up of hydrocarbon may be monitored by follow-

ing the decrease in intensity of the extraneous 0, signal. For gold,

as we have previously noted, the original sample ;Zs approximately a
monolayer of hydrocarbon contamination already present and we might,
therefore, anticipate that the rate of build up of hydrocarbon con-
tamination of both the PE and gold samples would be somewhat similar.
That this is the case may readily be demonstrated by following the de-
crease in intensity of the gold 4f levels. When due allowance is
taken of the differing electron mean free paths corresponding to
electrons photomeitted from the Ols and Auhf levels, the comparable

rates put onto a similar basis as those of the other samples gives a

time scale of ~50 minutes which is entirely reasonable on the basis
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of the higher surface free energy.

One question which immediately springs to mind on the basis of
the data presented this far is, ''do rates of hydrocarbon contamination
themselves depend on the absolute magnitude of surface charge?'' The
crucial issue embodied in this question is whether sticking probabili-
ties are in any way substantially altered compared with the neutral
system if the sample carries a surface charge. To investigate this
possibility experiments were carried out in which gold sample, either
insulated from or in electrical contact with the spectrometer, were
studied simultaneously and the rates of hydrocarbon contamination
monitored as a function of charging shift between them. Experiments
corresponding to overall positive and negative charging shifts were
carried out and revealed that for charging shifts ranging from +19v
to -10v the rates of hydrocarbon build up were identical to that of
the gold sample in electrical contact with the spectrometer. The
sticking probabilities under the conditions of these experiments,
therefore, directly reflect structure and bonding of the sample
surface.

To summarize the data presented to this point, it is clear
that sample chérging under a given set of conditions is characteristic
of a sample and depends on structure and bonding ona similar depth
scale to that appropriate to typical electron mean free paths.

c) Sample Charging as a Function of the Operating Parameters

of the X-ray Source.

As the logical next stage in the investigation, therefore, we
have studied sample charging as a function of the operating parameters
of the X-ray source. As a reasonable overall compromise in terms of
signal intensity, signal/background, signal/noise, time scale for
generating spectra, minimizing radiation damage, etc., the most usual

operating conditions using an unmonochromatized MgK X-ray source
ay,2
J

is 12 kv and 15 mA. We have, therefore, investigated sample charging
for gold mounted insulated from the spectrometer probe and the results
are displayed in Fig. 6.5. Considering firstly sample charging as a
function of current in the X-ray tube at a fixed voltage (12 kv) it is
clear that in the range 6-20 mA sample charging remains essentially
constant. Below 6 mA there is a gradual increase such that at2 mA

the sample charge has changed by ~ 0.2 eV (viz.~1.4% change in sample
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FIGURE 6.5
Overall sample charging (8 ), as a function of fixed voltage (12 kv) and

variable current (6-20 mA) and fixed current;ilsbmA) and variable voltage

(2-15 kv) for a goldsample electrically isolated from the spectrometer

charging for an order of magnitude decrease in current). Also shown is
the change in sample charging for a fixed operating current of 15 mA and
varying the voltage in the range of 2 kv-15 kv. In the region 6-15 kv
which spans the normal operating region for all commercially available
spectrometers, the sample charging is constant within very narrow limits.
Below 6 kv there is a tendency for sample charging to decrease, however,
the effect is again smail such that at 2 kv the sample charging differs
by only ~0.3 eV from the equilibrium charge under normal operating
conditions. These experiments, therefore, amply demonstate that under
the conditions employed in this work, the equilibrium charge acquired

by a sample is essentially constant over a wide range of operating
conditions encompassing power loadings in the range 12 watts - 225 watts.
Furthermore, it may readily be shown that with samples directly mounted
onto the probe with double-sided 'Scotch' insulating tape that the time
scale to establish equilibrium charge is rapid compared with the typical
time scale required to record the data. Essentially identical data are,

therefore, obtained if equilibrium charge is studied by successively



increasing or decreasing either the voltage or current in the X-ray tube,
viz. the data displayed in Fig. 6.5 exhibit no hystersis effects. To
demonstrate that the phenomena illustrated in Fig. 6.5 are entirely rep-
resentative of samples in general comparable studies have also been
carried out on PTFE and again in the operating range 6-15 kv and 4-20

mA equilibrium charge remains constant.

d) Time Dependent Studies of Sample Charging

Although, as we have indicated for sample mounted on double-sided
'Scotch' insulating tape the equilibrium for a given sample is rapidly
established, this is not generally the case for polymer films which are
directly attached to the spectrometer probe either by locating screws
or by insulating tape located on the reverse side of the probe tip. In
the case of sample mounted on 'Scotch' tape the adhesive bonding at
the tape/probe and poiymer/tape interface ensures intimate contact and
the composite, therefore, behaves as a capacitor of layered dielectric
tomposition. For samples mounted directly on the probe, however, the
polymer-probe contact on a macroscopic scale is 'spotted’ and the situ-
ation is much more complex.

In this section, therefore, we describe the time dependence of
sample charging phenomena for polymer films mounted directly in contact
with the spectrometer probe.

Three systems were chosen for detailed investigation, namely,
PTFE, E-TE and PE. Considering firstly the data (Fig. 6.6) for PE,
the initially measured shift for the 50y film (identical to that used
for the investigation described in section 3b), corresponds closely
to that for films mounted on 'Scotch' tape, however, over a period of

~ 25 minutes the charging shift increases until an equilibrium value
of ~5 eV is attained. Both PTFE and the E-TE copolymer exhibit
similar, but somewhat larger increases in sample charging with re-
spect to the initial values which again correspond closely to those
measured for sample mounted on insulating tape. The maximum in charg-
ing shift relative to that measured for samples mounted on tape in-
creases in going from PE to PTFE. For PTFE and E-TE polymer films
the decrease in sample charging is attributable to hydrocarbon con-
tamination as is clearly evidenced by the core level spectra. Al-
though the sticking probability for hydrocarbon on the PTFE surface
is lower than for the E-TE copolymer the decrease in shift onsets

after a shorter period since the difference in cross sections between
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FIGURE 6.6
Sample charqing of PTFE, E-TE and PE mounted directly in contact with

the probe tip ('spotted contact') versus time

a hydrocarbon overlayer and polymer are somewhat larger in the case of
PTFE (cf. Fig. 6.1). The data displayed in Fig. 6.6 are representative
of that obtained for a number of repeat experiments. Since it is un-
likely that the polymer-probe interface was exactly the same in this
series of experiments, and since the extraneous hydrocarbon partial
pressure was also allowed to vary, we would not expect to exactly re-
produce the data for a given sample. The broad features in each case,
however, follow the trends discussed above. Namely, that the initial
charge showed a close similarity to that for samples mounted directly
on 'Scotch' tape and that the shift first increased and then decreased
as a function of time, the decrease being associated with hydrocarbon
contamination. For films studied in this manner, therefore, (spotted
contact), even in the absence of hydrocarbon contamination there is a
distinctive time dependence for the sample charging and clearly the
accurate measurement of absolute binding energies requires that such
films be studied when equilibrium has been established. |f measurements

are being made over extensive energy ranges and which require considerable
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time spans, then it becomes imperative to take such factors into account.
Such a situation exists in generating valence band spectra where the .
low photoionization cross sections for soft X-ray sources often entails

27

experiments on an extended time scale] Hydrocarbon contamination
which needs to be taken into account in measuring absolute and rela-
tive binding energies must also be considered from the point of view of
the shifts in sample charging which may arise consequent upon its build
up at sample surface. Although, therefore, even for polymer samples
mounted directly on to the spectrometer probe, sample charging is char-
acteristic of the polymer, the convolution of factors contributing to
the time dependence of such charging considerable complicates matters
and in the extreme could lead to artificially narrowed or broadened
peaks, skewed line shapes and incorrect energy referencing. It is
clear, therefore, that if use is to be made of the structural dependence
of sample charging then samples must be studied under conditions in
which the equilibrium charge is rapidly attained and hydrocarbon con-
tamination (which provides an extremely convenient and reliable energy
reference) must also be closely controlled.

e) Sample Charging as a Function of Surface Modification

One of the most important attributes of ESCA as a spectroscopic
tool in the study of polymeric system, is the capability of elaborating
features of structure and bonding pertaining to the surface and sub-

27

surface and hence, effecting a depth profileI The information
levels which have been employed in this regard hinge on the absolute
magnitude and differences in magnitude of electron mean free paths as
a function of kinetic energy. Thus, from the relative intensities of
core level spectra corresponding to differing escape depths and from
the angular dependence both of intensity ratios for individual core
levels and for the component peaks of a given core level it is possible
to investigate structure and bonding in inhomogeneous surface regions.
A particularly important area of application of the technique is in
the elaboration of surface modification of polymers which encompasses
many important commercial processes such as improvement of adhesive
bonding, printability, wettability, barrier coatings, etc.

Clark and Dilks have demonstrated the great utility of ESCA in
such areas in recent papers detailing the kinetic and mechansim of
‘both direct and radiative energy transfer process involved in the

modification of polymers by interaction with inductively coupled RF
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]L+2,2L+3' The Surface sensitiVitY OF the

plasma excited in inert gases
sample charging phenomena suggests that the major changes in surface
structure associated with such treatments would readily be monitored
by this means and we have previously indicated that this is indeed
the case in a préliminary form]hz. As a particular apposite example
of the information available from the direct investigation of sample
charging we therefore, consider how the phenomenon provides a straight-
forward means of monitoring the interaction of an E-TE copolymer with
plasma excited in argon at power loading of 0.5 and 5.0 w‘hz.

The copolymer of essentially the same composition as PVF2 has
a closely similar equilibrium charging shift of 7.5 eV when studied
under standard operating conditions (sampie mounted on double-sided
'Scotch' tape). The detailed analysis of both the core and valence
level spectra for the system as a function of reaction time with
plasma excited under given conditions reveals that the surface modi-
fication is dominated by a direct energy transfer mechanism involving
inert gas ions and metastables and which involves the production of a

lh2,2h3. Since

surface which has a greatly reduced fluorine content
the charging characteristic of the copolymer and of a solely hydro-
carbon based polymer such as PE are so different, it might be anti-
cipated that changes in equilibrium charge would provide a sensitive

monitor for changes in surface composition. That this is indeed the

case is amply illustrated by the date in Fig. 6.7.
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Sample charging of E-TE (§) as a function of time of exposure to plasmas

excited in argon at power Jloadings of 0.5 and 5.0 watts




In all cases the equilibrium charge for extended reaction time approaches
that of PE and, indeed, with a knowledge of electron mean free paths as
a function of kinetic energy it is possible to estimate the thickness of
the surface layer at which this situation obtains. |In each case the
estimate suggests a depth of ~ 3 monolayers which is entirely reasonable
in the light of the data previouslypresented in section b. Thus, for
effectively monolayer hydrocarbon coverage of the E-TE copolymer the
sample charging decreases by ~ 1.8 eV which is roughly half of the total
decrease in shift for the discharge treated samples. From a detailed
analysis of the reaction kinetics it may readily be shown that under a
given set of experimental conditions, the rate of surface reaction in-
creases in the order 0.5 w. < 5.0 w. and the sample charging data alone
illustrate this most convincingly. Thus, the rate of decrease of sample
charging which reflects the decreased fluorine content of the surface
region also falls in the same order. |t is clear, therefore, that
sample charging phenomena can add an extra dimension to such investi-

gations and is eminently worthwhile studying in its own right.
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An ESCA Investigation into a Series of Aliphatic, Aromatic

and Fluorine Containing Polycarbonates
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CHAPTER 7

An ESCA Investigation into a Series of Aliphatic,

Aromatic and Fluorine Containing Polycarbonates

i) introduction

A systematic ESCA study on a large number of homopolymers of
simple monomeric systems was presented in Chapter 3. The compilation

of substituent effects on Cls’ 0, , CL F. , S, and Br core

Is 2p’ SIZp’ Is 2 3d
levels illustrates the characteristic nature of the effects and suggests

that they may be used as a 'fingerprint' analytical tool for the charac-

terization of polymeric surfaces. The determination of the absolute amrd

relative binding energies and the relative peak intensities for the var-

ious polymer systems enables a comparison to be drawn with data pertain-

ing to the surface composition with that of the bulkzl’]25’127.

With
this extensive tabulation of data on polymer systems, more detailed in-
vestigations on particular polymer systems can readily be accomplished
with ESCA.

In this chapter, a study has been made on a series of aliphatic,
aromatic and fluorine containing polycarbonates which includes data
pertaining to the absolute and relative binding energies for C]S, Ols
and FIS core levels, degree of polymerization (D.P.) for low MW poly-
fluorocarbonates, confirmation of the core level assignments by com-
parison with model compounds and theoretical calculations (within the
CNDO/2 SCF formalism utilizing the groundstate potential model) and
the compositions of these selected polymers as determined by ESCA.

ii) Experimental

a) Samples

The model compounds and polycarbonates, listed in Table 7.1,
were obtained from the following sources: the model compounds were
obtained as reagent-grade materials which were shown by GLC to be
>98% purity, the aromatic polycarbonates (of bisphenol A type) of
the various MW's listed were obtained from Cellomer Associates, Inc.
(P.0. Box 311, Webster, M.Y.,U.S.A.) and were used directly in pre-
paring samples for the ESCA investigation. The remaining aliphatic,
glycol and fluorine containing polycarbonates were specially prepared
polymers and their synthesis and characterization is described else-

244

where



_223_

Model Compounds and Polycarbonates Studied

Mode | Compounds Form
0
1
®-0-C-0- ¢ (sP)
0
il
[CF3CH20}2C (Ccv)
0 ' 0
@-0C-0-CH {CF.)_CH oi‘:-o-q) (sP)
2 2’3772
Polymers
0 0
ti i
CF3CH20 C-OCHZ(CF2)3CH20 XC-OCHZCFs x~2-18 (N)
[
--_o'c-o(CHz)x ] x = L,5,6,10 (P)
K ]
':OC(O(CHZ)Z)X-]-n x = 2,3,4 (P)
c Q] _
@-C- @ 0C-0-1_ MW = 33, 50 and 95K (CF)
c
) TABLE 7.1

b) Sample Preparation
The three model compounds were studied in the form of thin
films condensed onto a cooled gold substrate (~ -170°C) directly in

the spectrometer source. To accomplish this, the liquid sample (CV)

0
(CF CHZO)Zt was injected (~0.1 ul) into a reservoir shaft

(25003cm3 in volume) which was attached to the source region of the
spectrometer by means of an insertion lock system. The sample was
leaked through a Metrosil plug in the reservoir shaft and the direct-
ed jet of vapor impinged onto the cooled gold substrate mounted onto
a sample probe. The reservoir temperature was typically ca. 30°C

and that of the cooled probe tip ca. -170°C. The remaining model
compounds, in the form of powders (SP), were introduced into the
spectrometer in fine capillary tubes and the compounds sublimed onto
the cooled probe tip as described above for the liquid compound. By
studying these samples as thin films on gold, sufficient charge

carriers are available such that sample charging is obviated,
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allowing for direct calibration of the energy scale (cf. Chapter 6).

The polymers were studied as either fine powders (P) coated onto
double-sided 'Scotch' tape directly attached to the spectrometer probe,
as neat films (N) where a small sample was spread on gold and the gold
attached to the probe by double-sided 'Scotch' tape, or as thin films
(CF), cast from methylene chloride (spectroscopic grade) onto gold sub-
strates attached to the probe as described above. Due care was taken
to avoid contamination of the polymers during preparation for the ESCA
studies, although the commercial aromatic polymers were used as re-
ceived with no further purification.

c) Instrumentation

The instrumentation used for the recording of ESCA spectra and
the deconvolution of overlapping peaks has been described in Chapter 3
under (c) Instrumentation.
iii) Theoretical

The data pertaining to model compounds for monomeric systems

with respect to the CI P Ols and FIS core levels have been described

5
1,21,125,127, ]37. These data include the determination of

elsewhere
absolute and relative binding energies for similar systems, although
further investigations were performed on three additional model com-
pounds in this study. For the larger polymer model systems, calcu-
lations were carried out within the all valence electron CNDO/2 SCF
MO Formalism70 employing the charge potential modell8 within the
ground state configuration (GPM), described in detail in Chapter 3,
in the section on 'Mode! Compounds'.

iv) Results and Discussion

a) Model Compounds

1) Experimental

The primary sources of ESCA data which have been utilized to
date are the relative and absolute binding energies and relative peak

intensities of core Ievelsl’z"]25’127’]37.

As a preliminary to the
detailed investigation of the polycarbonates, therefore, a study was
made on simple mode! compounds which contained chemical functionali-
ties which have not been investigated in detail previous to this work.
This absolute and relative binding energy data, in addition to that
previously established for sim}lar (cf. Chapter 3), but not identical

systems, provides a firm foundation for the interpretation of the

polymer data.
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The ESCA spectra for the C and 0, core levels for the model
L1

ls

compounds are shown in Fig. 7.1. Direct measurement of the relative

4CF2)‘|/2CH2°—C-0- ]
[eranvserpo-c-o-()

-8

FIGURE 7.1

€, and O core level spectra for model compounds

ls

Is

area ratios for the Cls and 015 levels when used in conjunction with the
required sensitivity factors previously determined for Carbon and oxy-
gen stoichiometric ratios for the model compounds. Having determined

on the ESCA depth profiling scale that the model compounds are homo-
geneous and the peak areas representative of the stoichiometry of the
compounds, a discussion on the relative and absolute binding energies
for the various structural features relevant to the investigation of

the polycarbonates follows. Well resolved spectra were obtained in

all cases and by careful calibration of the line widths (FWHM) and

line shapes, incompletely resolved peaks could be unambiguausly de-

. . . . +
convoluted within narrow error limits (-0.2 eV) and the relevant data

is shown in Table 7.2.
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Experimentally Determined Binding Enerqies for Model Compounds

Experimental B.E.'s in eV

s levels
2

Compound C-0- €=0  0=C=0 (=0 CF CF

9 3 2
@-0C-0-¢ 535.3  533.9 290.9 286.6

0
[%F3CH2é}éC 535.9 534.1 291.6 288.2 293.5

Q (

¢oc-OCH2(CF2)3CH20t-o¢ 535.5 533.7 291.5  287.2 288.2

TABLE 7.2

As in the cases for other systems previously studied {cf. Chapter 3),
the core levels corresponding to carbon atoms not directly bonded to
oxygen or fluorine had binding energies centered around 285.0 eV and
have been omitted from Table 7.2. |In the case where there were no
carbon atoms not directly bonded to either oxygen or other carbon
atoms containing fluorine e.g. (CFSCHZO}2 hydrocarbon build-up on
the sample surface allowed for accurate determination of the reference

1,125,127

energy As has been previously noted in Chapter 3, the shift

in binding energy for a particular carbon core level is characteristic

1,125

of the chemical environment For carbon atoms singly bonded to

oxygen, the binding energies fall in the range of 286.6 eV with shifts
of 1.6 eV and are characteristic of these type carbons previously de-

137

termined in other studies The carbon atoms doubly bonded to oxy-
gen atoms in these models follow the additive rules, discussed in
Chapter 2, in that the binding energy is higher than that for ester
type carbon atoms doubly bonded to oxygen due to the additional oxy-
gen atom attached in the carbonate group, the B.E. being 291.3t3 eV.
This large shift in B.E. for the carbonate type carbon (e.g.~ 6.3 eV)
allows for ready identification of this particular feature. The car-
bons directly attached to fluorine follow the shifts in binding ener-
gies previously established in the extensive studies by Clark and

125,127,128,130, 135

coworkers on other fluoropolymer systems Carbon
atoms with two fluorines attached (-CF2-) being shifted by ~6.0 eV

and those with three fluorines attached shifted by ~ 8.5 eV.
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It is worthwhile to note that several subtleties exist in the ab-
solute B.E.'s for the carbon core levels, The chemical shift for a car-
bon attached to the carbonate group (-0-C-0-) is within experimental
error identical to that appropriate to a carbon attached to two fluorines,
although two different chemical environments exist for the -CF2- groups
in this work. From previous studiesl’]30’135, it can be shown that
secondary substituent effects are such that for -CF2- groups the bind-
ing energy appropriate to -CF2-CF2-CH - environments is slightly less

2
than for -CFZ-CF -CF_- environments, the B.E.'s being ~290.8 eV and

~292.2 eV, resgect?vely, This near coincidence of the absolute B.E.'s
for the carbons in different chemical environments manifests itself as
an envelope containing these particular structural features for the
systems studied.

It is important also to note that the m—sm* shake-up satellite
overlaps the centroid of the high binding energy component for the aro-
matic model system (¢-0§-0— @) as might have been anticipated from
previously published data58’]ho.

Low energy m-—= 7 % shake-up transitions for the aromatic residue
is within 1.5 eV of the C]s_level for the carbonate group and which,
therefore, manifests itself as a broad peak, which may readily be de-
convoluted, however, to obtain the components.

To conclude the C, core level assignments the -CH_- functional

Is 2
group with adjacent -0- and a CF3 structural feature adjacent ( (CFECHE
O} model) result in a chemical shift for the -CH - group of ~ 3.2 eV
thCh is closely similar to that observed for a -CH - group with ad-

jacent -CF CF - and =0~ groups in the Q)O(Q, OCH CF CH 080¢ mode |

compounds . For the Ols levels the binding energces for the singly
and doubly bonded oxygens exhibit the same chemical shifts ( ~ 1.2 eV
+ 137

-.2 eV) as that found for the oxygens in an ester type environment

137

Previous theoretical studies have unambiguously assigned the higher
binding energy component as arising from the singly bonded oxygen and
this can also be observed from the Ols core level spectra in Fig. 7.1,
manifesting itself in the 2:1 intensity ratio for the ester and carbonyl
oxygen, respectively, in these carbonate systems.

2) Theoretical '

It has previously been shown in Chapter 3 that with careful
calibration, with respect to simple model systems, it is possible to
quantitatively describe both relative and absolute binding energies

for polymer systems. The analysis is based on the charge potential
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1 . . .
mode | 8, which, as previously discussed, can be formally derived]

47 .
from Koopman's Theorem 7 in the zero differential overlap approxi-

mation, (e.g. CNDO/2 Formalism)70
As a necessary prerequisite in the application of this model
to the discussion of data pertaining to the polycarbonates, three
simple model compounds have been studied experimentally, as we have
already noted, and we now consider the theoretical analysis. The
charge potential parameters, E° and k, for the ground state potential
model (GPM), discussed in Chapter 3, for Ols and Cls core levels
have previously been determined by analysis . of a series of simple

137

model compounds These valves of EC and k for each core level

were determined as the intercept and slope, respectively, by plotting
Ei-}: . versus the charge, qi, on atom i from the CNDO/2 calcula-

rij

1,137.

tions The values obtained for the C and 0, model systems,

s s
from a least-squares analysis of the data, yielded values of 284.6

eV and 25.2 for E® and k, respectively, for the C core levels and

Is

534.6 eV and 16.7 for E° and k, respectively, for the O ]37.

core levels
Is

Although the correlation coefficient for the C is excellent (0.99),

s

the relatively small range of binding energies for the Ols core levels

leads to a considerable scatter in the data for the Ols levels, and,
therefore, the correlation coefficient is somewhat lower (0.76).
- Nonetheless, the concommitant error limits still lead to an unambigu-

ous assignment of the O, core leveis, and this has been checked by

Is
137 of

carrying out detailed nonempirical LCAO SCF MO calculations
absolute binding energies from computations on the nuetral molecules
and the relevant hole states.

Fig. 7.2 shows the calculated absolute binding energies for
the three model compounds investigated within the GPM formalism,

(cf. Chapter 3), using the values of E® and k for the C and Ols

core levels given above. These absolute binding energi;: taken in
conjunction with those developed from previous studies]25’127’]28 on
carbon, oxygen and fluorine containing systems allows for detailed
assignments of experimental data. |t is apparent that the theoret-
ically calculated B.E.'s from Fig. 7.2 are in excellent agreement
with the experimentally determined values for the particular core
level functionality when compared with Table 7.2.

b) Aliphatic Polycarbonates

The core level spectra for the aliphatic polycarbonates are
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FIGURE 7.2
Calculated B.E.'s from CNDO/2 within the GPM formalism for

the model compounds

shown in Fig. 7.3. |If we consider first the simplest of the series,

namely the repeat unit containing x = 4, the C s spectrum consists of

a doublet with the main photoionization envelo;e deconvoluted into two
equal intensity peaks separated by ~ 1.6 eV. The peak to the higher
binding energy in the envelope corresponding to the ester type carbon,
of which there are two in the repeat unit and the lower binding energy
peak corresponding to the remaining two center carbons. These chemical
data are in excellent agreement with the data from the model compounds.
The peak at ~ 290 eV can be recognized as the carbonate carbon (-0-8-0-)
and its relative intensity ratio and absolute binding energy yield

structural sampling of the repeat unit where x = 4 for the polymer sys-

tem in Fig. 7.3. As the alkyl group increases in length from x = 4 to

x = 10, the shoulder arising from the carbon atoms directly bonded to
ester oxygens becomes less well resolved, but is still quite apparent
for the x = 10 system. The relative intensity ratio of the central

carbons to ester type carbons is in excellent agreement with the
proposed structures.

In observing the O core levels for the polymer systems it is

Is
apparent that the overall band profiles arise from the two peaks of
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FIGURE 7.3

E]b and 0Ib core level spectra for the aliphatic polycarbonates

unequal intensity assigned to the carbonyl and ester oxygens, separated
by ~ 1.5 eV. The absolute and relative binding energies are in excel-
lent agreement with those of simple model systems from Table 7.2. In
comparing the relative intensityratios of the Ols and CIS core levels,
with the appropriate sensitivity factors described in Chapter 3 for the
core levels it can be shown that the core level spectra depicted in
Fig. 7.3 are highly representative of the proposed structure for the
aliphatic polycarbonate series. Also shown in Fig. 7.3 is the theoret-
ical mode! used for the determination of absolute B.E.'s within the

GPM formalism]. The B.E.'s indicated on the model for the polymer
system is further confirmation of the assignments given to the core

level spectra for the polymers.



- 231 -

An interesting comparison can be made between an aliphatic and

an aromatic polycarbonate and the core level spectra are shown in Fig.

9
0-(CHyp)g-0-C
n

FIGURE 7.4

Core level spectra for a comparison of a typical aliphatic and

aromatic polycarbonate

The Cls spectrum of one of the poly (bisphenol A) carbonate samples
shows, in addition to the characteristic peaks arising from the chem-
ically shifted structural features, a low intensity peak to which the
binding energy side of the: main spectrum arising from the m—sm*
transitions accompanying core ionizations in the aromatic systems.
These shake-up transitions have ventroids shifted ~ 7 eV from the

58C,d,”¥0 and, consequently, as a result

primary photoionization peak
of the carbonate type carbon being shifted by ~6 eV, an envelope
appears in the spectra containing the two peaks. Based upon ex-
perimentally determined intensity ratios and binding energies for

the m——m * transitions relative to the primary photoionization peaks

7.4,
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58, 140

in a8 number of aromatic systems an excellent assignment can be

given to the spectra in Fig. 7.4. The observation of shake-up phen-

omena, therefore, gives a straightforward means of distinguishing be-

tween aliphatic and aromatic polycarbonates, and this unique use of

shake-up phenomena has also been applied to other systemss8’]ho'
c) Polyglycolcarbonates |

In Fig. 7.5 is shown the C]s and Ols core level spectra of a

][O'g{“m*‘z’z],k

535 633 289 287 285

ola Cls
FIGURE 7.
c and 0 core level spectra of polyglycolcarbonates

Is Is

series of polyglycol carbonatess where x is 2, 3 and 4. Similar
arguments apply in the discussion of these core level spectra as to
the aliphatic polycarbonates. The major difference of course, being
that the intensity ratios of the ester type carbons to the carbonate
type carbons is the only measure of the stoichiometry of the carbon

system, since the repeat unit consists of -0-C-C-0- centroid units
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and these carbons all fall within a narrow absolute binding erergy
range and appear as a single pealk in the spectrum. A comparison of
the relative intensity ratio of the carbonate to ester type carbons
in- Fig. 7.5 reveals ratios in agreement with the proposed repeat
units where x = 2, 3 and 4, and absolute binding energies in agree-

ment with simple model systems for the C core levels.

s
The overall band profiles for the 0, <core levels follow

identical agreements to those of the alipH;iic polycarbonates, and a
comparison of the Ols to Cls relative intensity ratios together with
the appropriate sensitivity factors (cf. Chapter 3) reveal a statis-
tically sampled polymer repeat unit corresponding to the proposed
structures given in Fig. 7.5.

The theoretical models developed for the confirmation of
binding energy assignments within the -GPM formalism are shown in

Fig. 7.6, and it is readily seen that the experimental data and

532.8 5329
2862 2867 2870 ) 2870 286.8 2868 2871 () 2877 2651
CH3—O CH CH Ozgo 0- CH CH -0- CH -CH,- O-£O-ZO-CH2—CH3

5333 5349 5349 533.8 5349 5349
5328 5327
2862 86.7 2870 g 2970 2867 zess 2866 2866 2870 y _ 2870 2849
CHy-0-CH,-CH,- 058 30-CH,-CH,-0-CH,-CH,-O-CH,- CHz'Oi 0-CH,-CH
5335 5348 5348 5337 633.6 834.8 5347
5330 5330
2850 28T} Y 28712868 _ 286.6 2867 _ 2869 2872 _ 2870287 Q 2871 2850
CHy-CH, - OE%OCH -CH,-Q-CH,-CH,-0-CH,-CH-0-CH,-CH - OQOOCH -CH,y
5345 5347 5333 5330 5340 5346 534.6
FIGURE 7.6

Calculated B.E.'s from CNDO/2 within GPM formalism

for polyaylcolcarbonates

the theoretical models are in good agreement.
d) Fluorocarbonate Polymers
It is often the case that particular structural features may

be characteristic of the end groups of a given polymer system. The
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direct detection of such end groups by means of their characteristic
binding energies provides a convenient means of establishing the degree
of polymerization (DP) in low molecular weight material. (It is impor-
tant to emphasize that the determination of the DP in polymer systems
is highly dependent upon the polymer being investigated. For instance,
the core level spectra for the three aromatic polycarbonates of dif-
fering MW's reveal no information with regard to the DP's.) However,

a particularly favorable situation arises for systems in which the
terminal groups involve CF3- residues where the chemical shift of

the carbon is significantly higher in binding energy than other func-
tional groups, e.g. ~ 293.5 eVI. If due care is taken to ensure that
ESCA statistically samples the repeat unit (by, for example, consider-
ing the relative intensities of the same element with differing escape
depth dependencies)lzs’127’]37, then the comparison of the area ratios
for chemically shifted components of a given core level may be used to
straightforwardly estimate the DP's. As an example, in Fig. 7.7 is
shown the C]s core‘level spectra for a series of low MW fluorocarbonate
polymers, of the general formulae indicated in the Figure. |t has been
shown by the appropriate model systems in Fig. 7.2 that the -0-(-0-

and -CFZ- carbon Is levels occur at approximately the same binding
energy. The Cls levels for the series of low MW materials in Fig. 7.7
fall into three distinct regions and with the appropriate calibration
of linewidths and lineshapes for the individual components from the
model compounds, the analysis produces that, indicated by the dotted
curves. From theorelative areas of the CF3- component carbons to

the -CF2- and 0-C-0 carbon peaks the DP's may be calculated as shown
in Fig. 7.8.

The two methods of comparing relative area ratios give slightly
different results which may be due to specific orientation effects,
however, the two methods are within ~ 10% and shown an excellent cor-
relation with DP's determined on these materials by vapor pressure
osmometry as indicated in Fig. 7.9. By contrast, the DP's as deter-

19

mined by F NMR do not, however, agree with those determined by these

two techniques, although the reason for the discrepancy is unclear.
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CHAPTER 8

An ESCA Investigation of Polymer-Metal Interfaces

i) Introduction

In the preceeding chapters, details have been presented on how
ESCA may be addressed to the investigation of structure, bonding and
reactivity in polymefs. The radio-frequency plasma (RF plasma) treat-
ment and oxidation of polymers and solids in general has been the sub-
ject of considerable research interest, both academically and indus-
trially over the past decade (cf. reference 142). The surface prop-
erties of such modification make it difficult to employ conventional
analytical techniques for understanding the processes which occur
during surface modification by means of plasmas excited in a variety
of gases. The great surface sensitivity of ESCA as a spectroscopic
tool in this important area is clearly demonstrated by the fact that
modifications effected under conditions of extremely low power load-
ings are detectable on time scales of the order of seconds]27’lh2.
In appropriate cases where the core levels involved span a substan-
tial range in kinetic energy for the photoemitted electrons, it is
possible to derive considerable information concerning structure and
bonding in the modified regions from an investigation of the primary
sources of information provided by relative peak areas and absolute

and relative binding energies]’lz7’]28.

Thus, RF plasmas excited
in oxygen at relatively high powers have routinely been used to
selectively remove an organic phase so that the inorganic compon-
ent in composites may be studied in the so-called plasma ashing

245

procedure A similar technique has been used to prepare thin

2&5. It

samples for investigation by electron spectroscopy
clear that ESCA should have a considerable role to play in these
types of surface studies and this chapter illustrates the poten-
tial of the technique for selective removal of an organic over-
layer on a series of transition metals (Nb, Mo, W and Zr) by means
of RF plasmas excited in argon and oxygen to enable direct studies
to be made of the interface.

ii) Background

In many 'real life' situations it is often necessary to in-

vestigate metals with a contaminant overlayer which may be polymeric
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in nature. For most metals used in typical working environments the
systems to be investigated are quite complex, usually consisting of a
metal/metal oxide system together with the overlayer. As we have
pointed out in Chapter 4, electron mean free paths are extremely short
énd an overlayer of say'~lOOR, would effectively obscure the core level
spectra for the metal/metal oxide system which is often the focus of
attention. The study of polymer/metal interfaces may, therefore, be
approached by a technique which involves selective removal of the or-
ganic phase to a level where it is possible to 'see through' to the
interface. The flexibility of RF plasmas excited in inert gases and
oxygen in terms of instrumentation and close control of important
variables (power, pressure, reaction time, etc.) facilitates the

ESCA investigation of interfaces to obtain information on structure
and bonding at the interface, the prime focus of attention being the
metal core levels. Since the phenomenon of multipiet splittings in
paramagnetic systems is enextricably linked with shake-up phenom-

en, it should be stated, at the outset, that any study inevitably
involves investigation of absolute and relative binding energies

in addition to multiplet and shake-up fine structure. Over the

past few years, studies of well characterized transition metal sys=-
tems (mostly first row) has yielded valuable information on multi-
plet splittings and shake-up processes such that major areas of
application of data derived from such studies (e.g. determining

spin states, stereochemistry, electronic environment) can be de-
lineated. The theoretical interpretation of such data is at a
qualitative level with most of the broad features being under-

Stood152,2h6-2h9‘

The obvious problems in taking advantage of these
information levels in may real life situations arises from the over-
layers that are generally present on the average commercial metal
sample. The short mean free paths for the photoemitted electrons,
therefore, obviates the possibility of using the information levels
in principle available from the study of multiplet and shake-up
phenomena in such systems. |t is clear that with the background
already available, the real problem in this area is a means of
effectively cleaning the samples without chemically modifying the
features of interest as far as the metal surface is concerned.

In simple terms, if data of adequate signal/noise ratio and inten-

sity can be obtained for the relevant metal core levels,. the
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currently available background on multiplet effects, shake-up phen-
omena and chemical shifts will be sufficient to derive the informa-
tion on spin state, stereochemistry, etc. which one might hope to
gain from the ESCA experiment. This data is not usually accessable
from commercially produced surfaces because they are extensively
contaminated.

The major research problem then resolves itself into develop-
ing a general method of removing most of this contamination without
chemically disturbing the interface (i.e. you need to be sure that
you are looking at the transition metal in its original state rather
that that produced by the cleaning process). The obvious methods of
solvent and degreasing treatments are known from previaous work to be
either unsuccessful or to lead to chemical modification of the sur-
face to be studied. A further possibility is to use an argon ion
gun and etch the surface, although this technique has problems since
with the normal arrangement, any organic film is rapidly etched and
selective sputtering of the underlying surface makes it difficult to
control]. In the work detailed in this chapter it is shown how con-
trolled removal of contaminant films, to such a level that the metal/
metal-oxide/contaminant interface may be directly investigated by
ESCA, can be accomplished by use of low powered inductively coupled
RF plasmas excited in oxygen and argon.

We can divide the mechanisms for removal of the contaminant
overlayers into two distinct categories, 1) those exposed to an
inert gas plasma where the overlayer is removed by 'ablation' and 2)
those exposed to an oxygen plasma where the overlayer is removed
by oxidation or 'ashing'; although at high power loadings ablation
may also contribute. Considering firstly the features of inert
gas plasmas at power loadings of 0.05 to 100 watts, and pressure
ranges of 0.1 to 1.0 torr; the electron distribution may be approx-
imated by a Maxiwellian function which, in the pressure range of
interest, peaks typically in the region of 0-10 evluz. The average
electron energy is a function of the power and pressure and has been
shown to increase with increasing ionization potential of the sus-
taining gas, while electron concentrations vary in the opposite sense]
While electrons play a dominate role in the plasma itself, in the in-
teraction of a plasma, with a polymer they play a secondary role. Al-

though there have been no definitive studies on the mean free paths
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of electrons in the energy range of 0-10 eV in polymers, the general-
ized form of the mean free path as a function of kinetic energy (cf.
Chapter 4) for most materials which have been studied in detail suggest
mean free paths of hundreds of angstroms for near zero kinetic energy
electrons. With these relatively long mean free paths, the direct
energy transfer in the surface region of the overlayer is likely to be
relatively small and dominated by phonon excitations. This, of course,
lends itself nicely to a gentle technique for removing organic over-
layers from metals. The ionization potentials and metastable energies
of argon are 15.76, 15.94 and 11.55 and 11.72 eV, respectively, and al-
though the positive ions and neutral species in the RF plasma have mean
ambient kinetic energy, the ions and metastables have sufficient energy
to cause ionization of the organic overlayer through ion neutralization
and Penning ionizationzS] processes, respectively. AIll of the energies
given above are sufficiently large to ionize most polymers and organic
overlayers. Although no attempt has been made here to distinguish be-
tween the mechanisms or to determine the kinetics of the RF plasma
overlayer interaction, recent work of the effects on polymers of RF
plasmas excited in inert gases has significantly enlarged the depth

of understanding of these systems]27’ 142,252-253

In general, the
authors have pointed out that valence ionization of the polymers is
energetically feasible by direct interaction with the inert gas ions
or metastables while for short wavelength vacuum U.V. radiation the
largest contribution to the attenuation coefficient is undoubtedly
from photoionization and from transitions to diffuse Rydberg states,
which in the solid closely approximate, in properties, the ionized
states2227253,

The RF plasmasexcited in oxygen, however, have been studied

in detail with respect to the composition and mechanism of atom form-

245

ation by several authors The primary reactive species have been
found to be Ozﬁ‘g molecules and 03P oxygen atoms; their individual
concentration ranging from 10 to 20% depending on the experimental
conditions, including wall and other catalytic effects. Both the
atoms and excited molecules react with the organic overlayers and
numerous papers have appeared on these reactions. The mechanisms of
reaction of oxygen atoms and its excited electronic states with other

gas phase species comprise a number of exhaustive kinetic investiga-

tions, and in some cases activation parameters and rate constants

250
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have been determined with a reasonable degree of accuracy (cf. 245 and

references therein). However, in hetrogeneous systems, the mechanistic
data for the RF plasmas excited in oxygen cannot be interpreted easi1§

and the oxidation for these systems is quite complex.

The interpretation of the ESCA spectra of the hydrocarbon and
polymer overlayers with respect to the absolute and relative binding
energies and the relative peak intensities corresponding to the approp-
riate core levels under investigation can be based on the extensive
studies on organic systems detailed in Chapter 2 through 4. Chemical
shifts in the carbon core levels corresponding to carbon attached to
oxygens in different chemical environments are well understood and
tabulated both experimentally and theoretically (cf Chapter 3).

The model systems chosen for study were molybdenum, tungsten,
niobium and zirconium. All of these metals, as normally investigated,
have a hydrocarbon contaminant film and metal oxide system in the out-
ermost few tens of angstroms. Molybdenum and tungsten are widely used
in alloys and have very high cross sections for photoemission from the
preferred core levels with the photoemitted electrons having consider-
able mean free paths. (Both of these features contrast strongly with
the situation that exists for elements in the first transition series.)
A further feature which distinguishes these systems is the complexity
of the oxide formulations which nonetheless are fairly well character-
ized and provide a useful introduction to the use of line shape analy-
sis procedures. The variety of available oxidation states for molyb-
denum, for example, provide a fine probe for following the removal of
an overlayer since when the reactive species of the plasma reach the
interface there are dramatic changes in the molybdenum core levels.
Zirconium and niobium are included as examples of much simpler oxide
systems and the choice of all these systems, in general, is based upon
considerations of the metal/metal-oxide systems, of lattice energetics
for the systems, particularly with regard to oxidation and reduction
by species present in a typical 'cool' inductively coupled RF plasma
excited in inert gases and oxygen.

iii) Experimental

The study of polymer/metal interfaces by the plasma ashing
technique has led to the development of a particular reactor config-
uration which allows considerable flexibility in terms of sample

handling and the investigation of the pressure and power dependence
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of the surface modifications. The reactor employed in this study,
shown scehmatically in Fig. 8.1, was mounted directly onto the inser-

tion port of the ESCA spectrometer and pumped by a 50 liter/minute

monomer
inlet ‘

thermaocouple

e .
0 ring

spectrometer

S
probe _[ S L
gas | R YX ______________ o'ring
inlet deposition monitor
vocuym head
to seq
deposition monitor
control Q S 10
cms
FIGURE 8.1

The plasma reactor and sample mounting

rotary vacuum pump system via a 1/2'" copper tube. Pressures were record-
ed using a thermocouple vacuum gauge. The reactor consisted of a Pyrex
tube 16 cm. long and 5 cm. diameter sandwiched between stainless steel
flanges by Viton '0' ring seals and enclosed in a copper mesh screen to
prevent RF interference with the electronics of the spectrometer. The
discharge was excited by a 4 u H, 14 turn copper coil wound centrally
on the Pyrex tube. Samples were mounted(by means of double-sided
Scotch tape) on a 1/2" staintess steel probe, 60 cm. long which was
capable of passing through the reactor on '0' ring seals and into the
spectrometer for analysis of the samples without being exposed to the
atmosphere.

Plasmas were excited, in all cases, using a Teqgal Corporation
RF Generator capable of delivering a power output from 0.05 watts to

100 watts, continuously variable. A pulsing facility was used at
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lower power levels, giving greater stability to the plasma. Tuning
of the RF power was achieved by an L-C matching network and monitored
by the standing wave ratio using a Heathkit HMI02 RF power meter.
Research grade argon was used and purified by a sorption train
(Hydro-Purge, Coast Engineering Laboratories, California, and Dow Gas
Purifier, Dow Chemical Company, Midland Michigan) which removed hydro-
carbons, water, carbon dioxide and oxygen. The oxygen was research
grade and was used with no further purification. To maintain repro-
ducibility from run to run flow rates were measured by monitoring the
initial rise in pressure as a function of time when the reactor was
isolated from the pumping system.
Spectra of the samples were recorded on an AEl ES200 B spectrom-

eter using MgK radiation and under the conditions employed in this
a2
)

investigation the Au, . level at 84.0 eV binding energy, used for
7/2

calibration purposes, had a full width at half maximum of 1.15 eV.

Spectra were integrated by means of a DuPont 310 curve resolver.
In all cases the measured binding energies are quoted with a precision
of 0.1 eV and area ratios - 5%, although these may be slightly gener-
ous limits for some of the samples, treated for long periods in the
plasma, where the core level spectra exhibited fairly complex line
shapes.

For each plasma run described in this chapter the cycle of
operation was the same. The probe was first inserted into the reactor
without a sample so that the tip was at a fixed geometry with respect
to the reactor. The pressure was adjusted to that required for the
particular run to be performed and the system allowed to purge for
approximately half an hour before striking the glow and adjusting
the power rating to that required. The probe was then withdrawn and
a sample mounted, on the probe tip by means of Scotch tape ensuring
that no tape was exposed. On replacing the probe the pressure was re-
adjusted before each discharge period and the system purged for half
an hour before the first and 5 minutes before subsequent periods. The
time intervals of the discharge periods were such that the total treat-
ment time increased as discussed in the next section. After each dis-
charge the probe tip was advanced into the spectrometer, via the '0'
ring seals and a gate valve, for analysis of the sample. Spectra were

recorded as fast as possible ( ~ 3 minutes) to minimize hydrocarbon
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contamination from the spectrometer onto the sample.

The transition metals selected for this study were studied as
received without rigorous pretreatment to prepare the surface. The
polymer overlayer, applied directly to the molybdenum surface was
polychloro-p-xylylene and the procedure of the vapor phase polymeriza-
tion onto the transition metals was described thoroughly in Chapter L.
Hydrocarbon contamination build-up on the surface was accomplished by
allowing the X-ray cap to heat in the spectrometer with the sample in
close proximity. Details of this technique are described in Chapter 3
under the heading, '""Energy Referencing'.

iv) Results and Discussion

As representative examples of a complex and simple metal/metal
oxide system we consider in detai! the results for molybdenum and zir-
conium, respectively. Metal surfaces generally involve a combination
metal/metal oxide surface both of which may readily be characterized
by their respective core level spectra. |[f we take molybdenum, for ex-

254-

ample, a considerable amount of data has been tabulated in the literature
257

on the absolute binding energies for the relevant core levels on the

complex metal/metal oxide surface. The binding energies for the MO3d

5/7,1/2

core levels, which have the highest cross~-section for the Mg
Ka] 9 photon
)

source, are shown in Table 8.1, along with the binding energy for the

0 levels.
Is

Molybdenum/Molybdenum Oxide System

(BE in eV)
MoO3 Mo0Ox MoO2 Mo 0Is
MO 3d 5/2 232.2 231.2 229.3 228.0 530.5
3d 7/2 235.5 234.2 232.4 231.2
FWHM 1.4%0.2 2.1%0.2 1.6£0.2 1.3t0.3
TABLE 8.1

From the table it is apparent that the different oxidation states
for the metal oxides are sufficiently shifted for analysis and identi-

fication by ESCA and whilst the FWHM for the Mo3d levels associated with

the Mo, MoO, and MoO., structures are closely similar, those for the MoOx

2 3

oxide phase where 2<x<3 are considerably broader. This has been
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attributed to some seven oxide phases intermediate between Mo0O, and
258 <
MoO >

3 . The Ols levels appropriate to the metal oxides appear as a
relatively broad peak centered at ~ 530.5 eV, which is conveniently
removed to lower binding energy with respect to oxygens attached to
carbons in the contaminant layer or for hydrogen bonded water. It is
important to note that with a knowledge of spin-orbit coupling, FWHM

and chemical shifts in binding energy it is relatively straightforward
to analyze the complex lineshapes which arise for typical metal/metal
oxide systems to obtain the components. For a study such as this, where
we are essentially monitoring the metal core levels to establish the
point at which the polymer/metal or contaminant/metal interface be-
comes exposed during the overlayer removal step, a knowledge of the
various factors described above is essential.

To illustrate the controlled nature of the overlayer removal

step, Fig. 8.2 shows the core level spectra for the initial sample of

Ar Plasma

Abraided Mo

FIGURE 8.2

Core level spectra for molybdenum sample treated in

an arqgon plasma
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abraided molybdenum (a) and that treated in an industrially coupled
RF plasma excited in argon (10 watts, 100u, 45 minutes) (b). Consid-
ering first the abraided molybdenum sample, an analysis of the MO3d
core levels indicates that the metal contains an oxide layer comprised
of MoO2 and MoOx phases and based upon the relative intensities of the
oxides to the metal levels, this is comparativelythin. The C spec-

trum, when deconvoluted into three components corresponding t;sCOOH,
C=0 and CH structural features in going from high to low binding enrgy,
reveals the nature of the contaminant overlayer. The Ols core levels
may be similarly deconvoluted into two components corresponding to
oxygens involved in the inorganic oxide phase (low binding energy com-
ponent) and organic overlayer (high binding energy component). It is
worthwhile at this point, before proceeding to the discussion on the
argon plasma treatment, to demonstrate the inhomogeneous nature of the
composite metal/metal oxide/contaminant overlayer system in the results
of an angular dependent study shown in Fig. 8.3. At a high take-off
angle for the photoemitted electrons (going towards grazing exit) the
surface features are enhanced (as discussed in Chapters | & 4) and it
is readily apparent that the organic material is present as an over-
layer on the metal/metal oxide surface. The relative intensity ratios
for the carbon and oxygen core levels indicate that the oxidized com-
ponent of the organic phase is at the metal oxide interface.

The argon plasma treatment (Fig. 8.2b) of the abraided molyb-
denum surface reduces the MoOx phases and the relative intensity ratios
of the Mo/MoO2 increases from 3.7 to 7.3 in going from the abraided to
argon plasma treated samples. The relative intensity ratios of the Mo
metal to the carbon and oxygen contaminant layer also increased quite
substantially which is readily apparent in Fig. 8.2. It is interesting
to note that even after the argon plasma treatment for 45 minutes that
the organic overlayer contaminant phase is still apparent in the spectra
and this can be attributed to two effects. Firstly, the ions and meta-
stables present in the RF plasma tend to cause predominantly crosslinking
to occur within the organic phase in addition to gentle ablation. |t
could be anticipated that even considering the gentle ablation, that
the crosslinked film may be relatively resistant to ablation. Secondly,
although for typical organic polymer and hydrocarbon contaminated metal
surfaces, the sticking coefficient for extraneous hydrocarbon in the

) 1,12 . .
spectrometer source is extremely low ’ 7, this is certainly not the
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FIGURE 8.3

Anqular study on abraided molybdenum sample

case for the catalytically active 'clean' metal/metal oxide surface. At
a typical base pressure of 10-8 torr, therefore, the argon plasma ablated
metal/metal oxide surface has an extremely high sticking probability and
the major contribution to the low binding energy component in the C]S
spectrum of the plasma treated sample, therefore, can be attributed to
extraneous hydrocarbon scavenged from the residual spectrometer atmos-
phere. This is an important point since it is possible for sticking
coefficients to differ by four or five orders of magnitude from the

256-257

initial 'contaminated' surface to the final 'clean' surface
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Now considering a different sample of abraided molybdenum, Fig.

8.4 shows the effects of two successive treatments with plasmas excited

FIGURE 8.4

Core level spectra for molybdenum sample treated in_an oxygen

plasma for successive one-minute exposures

in oxygen for one-minute periods each (at 100y and 25 watts). In core
level spectra for the abraided molybdenum sample are shown in Fig. 8.4 (a)
and although there are subtle differences in the spectra relative to the

abraided sample shown in Fig. 8.2 (a), in general the surfaces consitute
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similar chemical structure. After the first one minute period of ex-
posure to the oxygen plasma (Fig. 8.4 (b) ) it is clear that the inter-
face remains intact since the metal core levels remain essentially un-
changed. The form of the CIS and Ols core levels, however, change quite
drastically as the hydrocarbon overlayer is oxidized. A reduction in
the -CH- type core levels and an increase in the oxidized carbon levels
is consistent with an oxidation of the hydrocarbon overlayer. After a

further one minute exposure (Fig. 8.4 c), however, the Mo, , levels is

significantly modified as the interface is reached. The 8?5 core levels
also manifest this in that the ratio of the metal bonded oxygens (Om) in-
crease significantly with respect to the carbon bonded oxygens (0c). It
is again interesting to note that the low binding energy component of

the Cls levels is still apparent and this may be rationalized along the
same lines as presented above. However, the fact that the dominant
effect is the conversion of the MoO2 oxide phase to the MoOx phases and
of the Mo metal to MoO, without the production of significant quantities

of MoO3 indicates the ielective nature of the oxygen plasma treatment.

In a further series of experiments, an abraided sample of molyb-
denum was deliberately contaminated in the spectrometer source such that
a hydrocarbon contaminant film several monolayers thick was produced.
The results of successive oxygen plasma treatments for periods of a

minute on the Mo3d levels are shown in Fig. 8.5, along with a plot of

the rapid removal of hydrocarbon (Cls(l-+§;)—vs-time) superimposed over
the spectra. The removal of the hydrocarbon contaminant overlayer to
reach the metal interface is clearly evident in Fig. 8.5 at power
loadings of 20 watts at 100u. As the hydrocarbon overlayer is removed,
the extent of oxidation rapidly increases. The rapid change in the
metal core level spectra as the interface is reached provides a very
convenient indicator for control of the system and this will generally
be the case for metal/metal oxide/overlayer systems. It should be
noted that the Cls core level spectra are also highly diagnostic at

the stage just prior to reaching the interface and are characterized
by two components of equal intensity,~289 eV and ~ 287.5 eV associated

with the -C 0

\
—:OH and C = 0 carbon components, respectively, and a lower

binding energy component centered at ~ 285 eV attributable to extraneous

hydrocarbon material scavenged by the metal/metal oxide surface.
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Molybdenum 3d core levels upon successive oxygen plasma exposure,

plot of fl-lgﬁlc overlayer -vs- time superimposed on spectra
€ s :
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Having established that the plasma treatment is sufficiently selective
to allow the direct investigation of interfaces, thin polymer films of
known thickness were prepared by in-situ polymerization of the pyrolysis
product of ?.Zf paracyclophane as described in Chapter 4. The chloro

derivative, Dichloro ?.21 paracyclophane, was chosen for a variety of
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reasons, the primary one being the ease of control of generating thin
films on metal/metal oxide substrates. With the use of a quartz crystal
microbalance it was possible to deposit films of known thickness directly
onto the abraided molybdenum substrates. Preliminary experiments demon-
strated that the oxidation of the polychloro-p-xylylene overlayer pro-
ceeded at a much faster rate than for the typical hydrocarbon contamina-
tion and a a power loading of 10 watts a 3003 polymer film was removed

in about 20 minutes. |In Fig. 8.6 are shown the successive oxygen plasma

Wo0y

MoO2

xio

Polymer
Removad

Cn(l--}!:).vs_rim

.....

BE(inev)

FIGURE 8.6

Molybdenum 3d core levels upon successive oxygen plasma exposure

to the polymer overlayer, plot of (I-Lgilc ~polymer overlayer
o
]

I s
o
-vs- time superimposed on spectra

treatments of the polymer coated molybdenum substrate and the very rapid

removal of the polymer overlayer with time. |t should be noted that the
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ClS core levels reveal essentially complete removal of the polymer film

as shown in Fig. 8.7 after a seven minute exposure.

€0 MoOx

| *f%”[

PCPX
Overcoat

Abra.ded
Mo

33

534 on 30 290 266 282 234 230 226

&EF(I:V) Mg
F1GURE 8.2

Core level spectra for molybdenum overcoated with

polyparaxylylene and exposed to an_oxygen plasma

With these two quite different results in the removal of the
organic overalyer from the molybdenum substrate competitive experiments
were carried out with a polymer overlayer of about 308 (at which level
the substrate Mo levels are observed at relatively low attenuation)

3d

and a hydrocarbon overlayer of about ISR thick, a level reached in a



- 254 -

reasonable time (3-4 hours) in the spectrometer. |t again was a straight-
forward matter to monitor the increase in i:tensity of the substrate core
levels as the ove layers were removed, before the oxygen plasma modified
the interface itself. That the rate of removal of the hydrocarbon over-
layer is slower than that of the polychloro-p=xylylene is evident from

the data in Fig. 8.8. It should also be noted that the induction period

)
(rom)
L
Mo~—Polychloroparaxylylene

L

{]

J 50 00 1) 360 750 %o 355 460

Time (sec)
FIGURE 8.8

Absolute intensity ratios for hydrocarbon and polymeric overlayers

on molybdenum exposed to an oxygen plasma

of approximately 50 - 100 seconds is associated with the generations of
—Qfg and :E = 0 structural features in the organic phase before a sig-

nificant removal of organic material takes p'ace. There is some evidence
that at the very interface, the oxidized organic phase is strongly bound

to the inorganic phase and that it is somewhat dependent upon the struc-

ture of the initia' system. It should be noted in Fig. 8.8 that the

curve for the polymer overcoating approaches unity (an arbitrary valve
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for the oxygen plasma, did

with time. The generation
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removed), whereas for the hydrocarbon over-
at about .8 and under the conditions employed
not show any marked decrease in the overlayer

of polyfunctional low molecular weight ma-

terials at the interface which can behave as good ligands, might well

form the basis for this observation.

It should also be noted that the

sticking probability for the extraneous hydrocarbon depends markedly

on the surface structure produced during the plasma modified surfaces.

For zirconium, an example of a simpler metal/metal oxide system,

a similar picture emerges for that found in the molybdenum system as

shown in Fig. 8.9 on the angular dependent study on an abraided zir-

conium sample.

The core level spectra for the zirconium sample exposed
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Anqular study on abraided zirconium sample
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to an oxygen excited plasma are shown in Fig. 8.10 and again the most

interesting feature is the controlled removal of the hydrocarbon over-

layer until the interface is reached when the low molecular weight

FIGURE 8.10

Core level spectra for zirconium sample treated

in an oxygen
plasma for | hour and exposed to hydrocarbon

oxidized material interacts strongly with the metal/metal oxide system

and is, therefore, not readi'y removed. The high sticking probabi'ity
for extraneous hydrocarbon manifest for the molybdenum system pre-
viously discussed, is also apparent for the zirconium active surface.

In this case, thever, the oxide system is basically very much simpler,
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consisting of essentially a ZrO2 phase Again, it can be readily
shown that the contaminant overlayer may be selective'y removed to such
a leve' that the substrate core levels for the metal/meta' oxide may
be investigated at a good signal/noise ratio.

Similar results were obtained for the niobium and tungsten sur-

faces and the results of the studies on all the systems are displayed in

Fig. 8.11. The basic trends on the selective removal of the contaminant
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Comparison of the changes in the relative intensity ratios for carbon,

oxygen and metal core levels when exposed to successive oxygen

plasma treatments
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overlayers are displayed revealing the similarity in studying substrate
core levels on intact systems. By studying appropriate model systems
it should be possible to establish the 'etching rates' for organic con-
taminant overlayers, enabling closer control of the approach to the in-
terface and the determination of the thickness of the overlayer. The
flexibility of the RF plasma instrumentation would allow convenient
‘etching rates' in the thickness ranges from a few to several thousand

angstroms .



CHAPTER 9

The Application of ESCA to the Structural Determination

of a Fluoropolymer
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CHAPTER 9

The Application of ESCA to the Structural Determination ~

of a Fluoropoliymer

i) Introduction

We have discussed in the previous eight chapters the application
of ESCA in the determination of structure, bonding and morphology of
surfaces in general with particular emphasis on polymeric surfaces. |In
the experimental chapters from three to eight, we have developed the use-

fulness of ESCA in the investigation of well characterized materials to

define parameters such as absolute and relative binding energies, relative
intensity ratios for specific core levels, electron mean free paths, etc.
These studies have not only added to the accumulation of an ESCA data
bank on polymers of which Clark and co-workers (cf. reference 1, 127,
128) have already contributed a substantial portion, in fact, except

for a few isolated publications, nearly all), but now enable us to pro-
gress, with the aid of all the data, to examine systems that have here-
tofore eluded other analytical techniques because of experimental dif-
ficulties. In this chapter we present such a system; a polymeric mater-
ial, hereafter referred to as PP-9, which forms a substantial part of

the by-product in the catalytic fluorination route to polyfluorobenzene
from Imperial Smelting Corporation (a subsidiary of Rio Tinto Zinc).

This material is highly insoluble in the common solvents used in stan-
dard polymer analytical techniques, lending itself to ESCA investiga-
tion very nicely.

ii) Experimental

The material, PP-9, as received from Imperial Smelting Corpora-
tion, had an apparently low Tg at room temperature, was glassy and cold-
flowed reasonably rapid (for instance, a coating one inch long on the
inside of a glass tube would flow to the bottom of the tube in approxi-
mately two hours at room temperature). Several attempts at recrystall-
ization of the PP-9 from various aliphatic and aromatic solvents was
unsuccessful, due to the insolubility of PP-9. However, two fluorinated

solvents, namely CFCl. and 1,1,1,3,3,3-Hexafluoroisopropanol (Pierce

3
Chemical Company) were found to be reasonable solvents for PP-9 at ele-
vated temperature, with the former the superior of the two.

Therefore, the following samples were prepared for analysis by

ESCA:
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') Neat PP-9, as received, designated PP-9n

2) PP-9 solubilized in boiling CFCI. and recrysta'lized by

allowing to stand at room temperature overn?ght, designated PP-9c

3) PP-9 solubilized in boiling CFCL3 and precipitated into hot
benzene and allowed to stand overnight at room temperature. This sys-
tem was divided into two samples (a) the material that precipitated out
of solution overnight, designated PP-9p and (b) the material remaining
in the supernate which was coated onto gold by solution casting and
allowing the solvent to evaporate, designated PP-9s.

All solid samples were coated onto a gold substrate and heated
stight'y ( ~ 30-40°C) to form a thin film for ESCA analysis.

The ESCA instrumentation has been described in previous
chapters (3-8) and the deconvolution of the core level spectra was accom-
plished with the Dupont 310 curve resolver, described in previous chapters.

iii) Discussion of Results

A wide scan of the neat PP-9n revealed only carbon and fluorine
elements present (although hydrogen cannot be identified with ESCA, cf.
Chapterll) and, therefore, high resolution narrow scans of the Cls and
Fls core levels were made to determine the relative ratios of carbon and
fiuorine and the particular features of the Cls core ltevel spectra,
and these are shown in Fig. 9.1. The Cls core level spectrum revealed
a rather complicated envelope and in order to establish 2 reference
binding energy, hydrocarbon contamination was allowed to build up on the
sample over a period of five (5) hours, (cf. Chapter ! for the rationale
of using hydrocarbon contamination for a reference binding of 285 eV).
The Cls core level spectra for the 0, 2 and 5 hour data points are shown
in Fig. 9.2. Although the Fls core level spectra are not shown for these
samples, the binding energy was not shifted during hydrocarbon buitd-up
and only the intensity decreased, as would be expected. Using the hydro-
carbon reference line at 285.0 eV, a deconvolution of the envelope was
made with assignments of absolute binding energies for the respective
peaks, including the F|S core levels and F25 core-like levels and these
are shown in Fig. 9.3.

Firstly, the absolute binding energy assignments for the Fls and
F25 core levels as indicated in Fig. 9.3 are in excellent agreement with
those found by Clark and co-workers on a sampling of a large number of
1,126,127,128 [, (690.1 eV) and F,_ (33.3

eV). It is especially interesting to note that for the Fls levels the

fluoropolymer systems , namely F
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FIGURE 9.1

A wide scan of PP-9n indicating the elemental composition (9.la),

and hiqh resolution scans of the Cls and F core levels (9.1b)

peak B.E. at 690.1 eV is

s
for fine details

indicative of a fluoropolymer system with a

high degree of fluorination whereas a low degree of fluorination re-

sults in a F B.E. of
s

tensity ratios of the F
a ratio of approximately

ty ratio of F of

F
ls/ 2s
sensitivity corrections).

s

689.3 eVl. A comparison of the relative in-
to Cls core levels from Fig. 9.3 indicates
1.5/1, respectively and a relative intensi-
1.05 (after the necessary cross section and

These latter results indicate a homogeneous

(a)

(b)
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\f\_\ 0 hours
J\’/\z :

5 hours

FIGURE 9.2

g]b core level spectra of PP-9n at 0, 2 and 5 hours, allowing hydrocarbon

contamination to build-up on sample surface to establish reference

binding enerqgy

285.0 eV 650. leV 33.3eV
CIS FIS FZS
FIGURE 9.3
Deconvolution of CIS core level spectrum of uncontaminated PP-9n and
assignments for absolute peak binding energies for the CI:’ Ffb and Fzs

core levels using the hydrocarbon contaminant level assigned to 285.0 eV
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sample on the ESCA depth profiling scale which would appear reasonable.
Therefore, since we appear to have a rather homogeneous material and
the relative intensity ratio for the FIS and F25 are in the proper ratios
for a homogeneous sample, a study was made to obtain the purest PP-9
for the ESCA study.

The polymer was found to be quite soluble in boiling CFCI3 and
when precipitated into benzene at elevated temperatures and allowed to
stand for ~ 24 hours, some precipitate was able to be filtered from the

solvent mixture. In Fig. 9.4 is shown the Cls core level spectra for

(soluble)

(insoluble )

FIGURE 9.4

Els core level spectra of soluble and insoluble portions of PP-9n

polymer precipitated from CFCL, into benzene
P

for the precipitated material, PP-9p, and the soluble material from the
solvent mixture cast onto gold, PP-9s. On close examination of the core
level spectra, we can see very little difference in the overall and the
deconvoluted envelopes, which would lead us to believe that the soluble
portion (PP-9s) of the PP-9n most likely differs from the precipitated
portion, PP-9p, in molecular weight and not composition, the lower MW

being soluble in the solvent mixture. On the hypothesis that this low
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MW material may be somewhat volatile, PP-9n was cast neat onto a gold

substrate and an investigation of the effects on the Cls core levels of

heating the sample in the spectrometer is shown in Fig. 9.5. Although

20°C
50°C
100°C

285.0eV

FIGURE 9.5

Effects on CI> core level spectrum of heating PP-9n

the evidence is not conclusive, in progressing from the sample at 20°C
to the sample at 100°C we can see an orderly increased resolution in the
fine structure of the ClS core level envelope, and we also note that an
increase in the pressure in the source region of the spectrometer was
experienced. The combination of the increased resolution and increase
in pressure would be indicative of a low MW volatile component; which
would lead to a smearing-out of the spectrum envelope.

Further study of the PP-9n in CFCl, revealed that upon dissolu-

tion at reflux and allowing the sample toBStand overnight, small cry-
stals of material were formed. Separation of these crystals (PP-9c)
by filtration and subsequent examination by ESCA, revealed the core
level spectra shown in Fig. 9.6. Fig. 9.6(a) shows the crystal ma-
terial melted onto a gold substrate and Fig. 9.6(b) shows a valence

band study. It is obvious that little difference is seen in this Cls
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(b)
4|
(a)
|
Cis 285.0eV
F IGURE 2.6

Spectra for purified PP-9c (a) C]s core levels, (b) valence band

spectra when compared to previous figures and even when compared to the
'unpurified' PP-9n envelope (Fig. 9.1), there appears only subtle dif-
ferences. D.S.C. indicated a large transition zone extending from
-50 to 20°C, probably resulting from gross mixtures of different MW
materials, however, similar in structure as evidenced by ESCA.
The detailed deconvolution of the C]s spectrum in Fig. 9.6(a)
results in the relative intensity ratios and absolute B.E.'s found in

Tabte 9.1 for the C]s and FIS core levels based upon the previous work

on fluoropolymers (cf. Chapter 3, ref. 1, 126, 127 and 128).
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Experimental data for PP-9c¢c for Cl> and Fls core levels

a) Relative Area Ratios

b) Absolute B. E.'s

C
] C2 C3 CQ CS CCH
293.7 291.8 290.0 288.6 287.3 285.0
c) Group Assignments(most probable)
4 “2 ¢ Cy Cs Cen
CFy-  CF,=CFH CF,=CH, CFH-CFN CH,-CFH-CH, -CH,~CH-

d) F, B.E. - 690.7 eV

F S/C < Relative Area Ratio 1.5/1
TABLE 9.1

From the individual component peaks in the C]S core level spectrum a
good estimate of the overall computed stoichiometry reveals the gen-

eral system given below:
(EFB)Z: (CF,-CFH) |t (EFZ-CHZ)S: (CFH-CFH) |z (CH,-CFH-CH,) |

An analysis of this system, based upon previous work on the fluorina-

259-261

tion dynamics of aliphatic systems and the work of Clark and
co—workers]30 on the fluorination of polyethylene, reveals those to
be logical ratios for the group assignments. A microanalysis of the
purified PP-9c confirmed the overall ratio of F/C obtained by ESCA
(see Table 9.1), and the apparent lack of a shake-up satellite in
the spectrum confirms the existance of an aliphatic system.

The valence band spectrum (Fig. 9.6b) is entirely consistant

with a system containing fluorine and carbon and although the resolu-

tion is much poorer in this region than UPS data, we can observe
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contributions from the carbon 2s and 2p levels at lower binding.

in conclusion, considering prior to this work virtually
nothing was known of this material due to its insolubility in com-
mon solvents used in typical polymer analysis, ESCA has been useful
in determining the overall elemental ratios present (excluding hy-
drogen) and has contributed to a considerable understanding of the

structure and bonding in this unique polymer system.
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