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The core and valence levels of a’series of polyalkyl-
acrylates and polyalkyl, and aryl methacrylates have been studied
by ESCA. From an analysis of the individual component peaks for
the Cls and Ol; core levels and from a comparison of the relative
area ratios it is shown that ESCA may be applied to the study of
the immediate surface compositions of these acrylic systems. The
results presented suggest that on the ESCA depth profiling scale
the technique statistically samples the repeat units with no
evidence for preferential orientation of the side chains at the
surface. For some systems ESCA provided evidence for a degree of
surface oxidation and hydrocarbon contamination. The-valence levels
of the acrylic polymers are shown to be characteristic of the
particular polymer and can be used for identification of the isomeric
configuratibn of the alkyl groups.

The measured absolute and relative binding energies of the
core levels of the polymer systems have been compared with a series
of simple model compounds and different conformational
configurations of models of polyacrylic acid and polymethyl-
acrylate within the semi-empirical CNDO/2 SCF MO formalism using

the charge potential model.
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CHAPTER 1

Electron Spectroscopy for Chemical Applications (ESCA)

(i) General Introduction.

In electron spectroscopy the interaction of a mono-
energetic beam of exciting radiation with a molecule results
in the ejection of electrons from the molecule whereupon the
binding energies (B.E.'s) of the electrons are determined.
Today there are essentially three types of exciting radiation
used; u.v. light, electrons and X-rays. There are, as in
most areas of spectroscopy, advantages and disadvantages to
each technique.

Uu.v. exciﬁation has the advantage over the other
techniques in that much higher resolution can be obtaingd
but is limited to the low B.E. electrons foupd in the valence
levels. This technique, commonly referred to as photoelectron
spectroscopy (UPS) is usually limited to vapour phase
analysis1 but solids have.been investigated.2

Electron excitation has been used to study both vapours
and solids and is normally referred to as Auger spectroscopy,3

"~ and can be viewed as a stﬁdy of 'secohda:y electrons'. Auger
spectroscopy has the advantage of possessing a continuously
variable energy, in which the electron beam can be focuésed
but has the disadvantage of a low signal to background raﬁio
when compared to the other two techniques. Recent findings
have also shown the electron beam to be destructive to the
surfaces studied thereby giving results which are not

representative of the original surface.4



X~-ray excitaticon has the aanntage that the core and
valence levels for all atoms, excluding H and He, where there
is no distinction between core and valénce levels, can be
studied and furthermore solids, gases and liquids can be
conveniently studied. This technique, which is the topic of
this thesis, using soft X-rays (e.qg. MgKa = 1253.7 eV,

5,6 1,2

Al = 1486.6 eV) is known as ESCA (Electron Cpectrecscepy

Ka
for éﬂzmical Applications) or XPS (X-ray Photoelectron
Spectroscopy) .

Chapter 1 of this thesis is concerned with the theory of
electron spectroscopy and the instrumentation utilized in
ESCA experiments.

Chapter 2 is a review of the current literature on the
applications of ESCA to structure and bonding in polymers and
presents the objectives of the experimental portion of this
thesis.

Chapters 3 and 4 are ESCA studies and theoretical treatments

of a series of polyacrylates and polymethacrylates respectively.

(ii) General Information on Electron Spectroscopy.

Electron spectroscopy is the study of the energy of
electrons ejected from a molecule by the influence of a
mono-energetic beam of radiation directed on the molecule.
There are in practice today three types of radiation used to
study the electronic structure of molecules: (a) u.v.
radiation, (b) electron beams and (c) X-rays.

(a) The excitation of the electronic structure with
u.v. radiation is commonly referred to as UPS (Ultraviolet

Photoelectron Spectroscopy) and makes use generally of the



He (I) and He(II) resonance lines as light sources with photon
energies of 21.2 eV and 40.8 eV respectively, although

Kr (10.3 eV) and Hg (4.89 eV) are alsc available. This
technique wag introduced by D.W. Turner and M.I. Al-Joboury
at Imperial College, London in 19611and is used to study
essentially the valence levels of a molecule, where the

' fundamental processes that eject electrons are:

+ -
n s ot o+ e (direct ionization) oo (1.1)
hv + - . .
m —m* — m + e (autoionization) (1.2)

Because the inherent line width in UPS is of the order
of 5 m eV, {(HeI), under high resolution, vibrational fine
structure accompanying valence level photoionizations of
H2, H20 and D20 has been observed by L. Asbrink and |
J.W.'Kabalais;7’8 such resolution is presently not possible
by either Auger or ESCA.

(b) 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. The electrons
‘that are of principal interest are those resulting from 'Auger'
processes and the electrons possess characteristic energies
which are directly related to the energy level in the atoms
from which they are ejected. This technique is truly a
surface analysis technique in that the penetration depth for
the exciting electrons is only about 5 atomic layers? Auger
spectroscopy may be viewed as a two step process involving

the ejection of an electron from an inner shell by a photon



or electron. When elecctrons are usced as the radiation source
the incident electron is emitted along with the inner shell
electron and when photons are usad as the energy source only

the inner shell electron is ejected.

Valence

Level - )
Ci\ L i

hl’ h - We'
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- Ry e g
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Figure 1.1. Inner Shell Photoionization during
Auger Process.

The second step involves an electron dropping down from
a higher level to the vaéancy in the inner shell with the
simultaneous emission of an X-ray or a second electron (the
study of emitted X-rays is referred to as X-ray fluorescence
spectroscopy and-will be.discussed later). When the electrons
drop 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 binding energies of both shells.

~

Valence £ -
Level ——————

A
Inner Shell —

“Auger” Process

Figure 1.2. Secondary Electron Emission during
Augexy Process.




Where the electronic vacancy in the innexr shell is
'filled by an electron from another inner shell the Auger
‘spectra is useful for anaiysis of inner shell transitions.
Transitions of this type are very efficient and lead to very

short lifetimes with_well resolved spectra.

Valernce
Level
/e-
Inner G4
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v

Figure 1.3. Inner Shell Emission during Auger Process.

For a general Auger transition which involves any set

of levels KLM, a peak should appear at:

=E_ =-E -~-E, (Z +4) - ¢ (1.3)

E(z) K L M

A “oe
where: Z is the atomic number
A =1 (due to the exfra positive chérge from the
loss of an electron)

is the work function of the analyzer

>

is the energy from a K level transition

H e

]
e R

is the energy from a L level transition
EM is the energy from a M level transition
This equation (1.3) can, however, lead to errors in
some cases because the final state of the doubly ionizeq 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 wave-

functions in the initial (single ionization) as well as the



final (doulle ionization) electrénic configuration. LS coupling
dominates for light elements and jj coupling for heavy elements.
The rate of emiséion of Auéer clectrons is determined,
essentially, by the K shell ionization rate. The other mode

of de-excitation, X~ray emission, is essentially very in-
efficient9 for the lighter elements and is negligible for
energies less than 500 eV, while Auger efficiency is approximately
comparable to X-ray emission at about 2000 eV. The relative
efficiencies between X~ray fluorescence and Auger current
decrease for the low atomic number elements and Auger current

is relatively censtant with % when lower energy transitions

are involved for the heavy elements.

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.

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 bond spactra are usually quite

pronounced due to the redistribution (relaxation) of electrons



upon formation cof 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 involved with part of the valence levels. If the
molecular orbitals are known for a specific compound then the
valence encrgy levels can be compared. This technique although
it has the limitation that to-date molecular orbitalé cannot be
assigned to specific 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.lo

Under ideal conditions minute amounts of surface atoms
have been detected, down to the range of lO6 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,4 these findings,being
relatively new (July 1975),will not be elaborated on at this
time.

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 exist11
which enable a particular element to‘be observed- at a position
of its strongest lines, and then all of its lines can be

identified in the spectrum once its presence is known.

Figure 1.4 is a plot of the X-ray fluorescence yield and



Auger electron yields in the K shell as a function of atomic

number (Z) for the light elements in the periodic table.

Auger Electron Yield

N @ oo
L It

L

I Z(~~Rccy Yie!dl
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. Probability per k-electron Vacancy
W S a0

Figure 1.4. X-ray Fluorescence Yield and Auger
Electron Yield in the K-shell as a
Function of Atomic Number.

(c) The third source of radiation used to excite the
electronic structure is X-ray radiation and it is the
application of this process that is the topic of this thesis.
This technique was originally developed in the early 1950's by
Siegbahn and co-workers at the Institute of Physics, Uppséla
University, Swedep, and in 1970 the first commercial instrument
was made available. The technique was well documented in
the first ESCA book5 and the name ESCA was coined by Siegbahn
for 'Electron Spectroscopy for Chemical Applications'. The
ESCA technique is also known by other names, given below:

(1) X-ray Photoelectron Spectroscopy (XPS).

(2) High Energy Photoelectron Spectroscopy (HEPS).



(3) Induced Electron Emission Spectroscopy (IEES).

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

Several of the more important features of ESCA are given

below followed by detailed discussions on specific topics of
ESCA: |

(1) The sample may be solid, liquid or gas and sample
sizes are small being 1 mg. solid, 0.1 ul. liquid

4and 0.5 cc. (STP) of a gas.

(2) The technique is for all practical purposes non-
destructive in that the X-ray flux is quite small
(- 0.1 millirad/sec.).12 This is especially
advantageous over Auger épectroscopy where the electron
beam produces many surface 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 distinction between the core and
valence levels.

(4) The tecﬁnique has a comparable sensitivity to most
other analytical techniques as illustrated in
Table 1.1.

(5) The information obtained from the spectrum is
directly related to the molecular structure and the
theoretical interpretation is relatively straight-
forward. Information is cbtained on both the inner

shell and the valence levels of the molecule enabling
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a reasonably thorough analysis of the electronic

structure of the molecule.

Taple 1.1.

Sensitivities of Various Analytical Techniques

typically being utilized:

ev),

MqKa

1,2

(1253.7 eV), AlKa

Cu (8078 eV) and CrKa (5415 eV).

Ka

€
- Technique Surface Bulk Minimum Detectable
Quantity (g.)
(a) Infrared v 1078
(b) Atomic absorption v/ 1072 » 10712
(c) Vapour phase Y 1073 » 1077
chromatography
(d) High pressure liquid " 1076 » 107°
- -chromatography
(e) Electron spectroscopy J/ -10
for chemical appl. 10 '
(f) Mass spectroscopy " 10-10 > 107 %
(g) Neutron activation Y 10712
(h) Ion-scattering Y 1071°
spectrometry
(1) X-ray fluorescence Y 1077
() Auger spectroscopy ! v 10714
‘ |
(k) Secondary ion R 10713
scattering j
_ spectronetry !
L {
(iii) Fundamental Electronic Processes Involved in ESCA.
In ESCA the samples being studied are irradiated
with a monoenergetic beam of soft X-rays with photon energiés

(1486.6
1,2




Electfons in the molecule having binding energies less
than the photon energy may be photoemitted, which allows for
the study of both inner shell and valence energy levels. There
are also electronic relaxation processes accompanying the loss
of an electron (photoionization) which will be discussed later.

The total kinetic energy of an emitted photoelectron
(RKE, which may include the contributions from the vibrational,
rotétional and translational motions, as well as electronic)
is given by the equation:

K.E. = hv - B.E. - Er ees (1.4)
where hv is the energy of the incident photon (where h is
. Planck's constant and v is the frequency of the X-ray
radiation), B.E. is the binding energy of the emitted electron
which is defined as the positive energy required to remove
an electron to infinity with zero kinetic energy, and Er the

6 have calculated

recoil energy of the atom. Siegbahn, et al.
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 énd Rb = 0.01 eV.. Therefore it is evident that
the Er term only has significance for the lighte; elements,
when compared with the instrumental linewidths obtained with
the present study of elements from carbon upwards in the
periodic table. With the present resolution of typical ESCA
spectra -the excitations from the translational, vibrational
and rotational motions ére seldom observed, therefore only
various electronic energy states are studied. |

Therefore, the equation for a free molecule reduces to

equation (1.5) below:



K.E. = hv - B.E. | e.. (1.5)

For samples studied in the gas phase a convenient energy
reference is the vacuum level which corresponds to the relevant
ion and electron being at infinite separation. In a solid
sample the 'given' electronic levels are broadened into bands
and a potential barrier exists at the surface. It is important
to understand the relaﬁionship that exists between the B.E.'s
observed experimentally by ESCA on solids vs. free molecules
when compared with values calculated theoretically by ab initio
and semi-empirical LCAO~-MO-SCF treatments. Solid samplés fall
into essentially two classes: (1) conducting samples, such as
~metals, in electrical contact with the spectrometer and (2)
insulating samples, such as polymers, which may not be in
electrical contact.

The most convenient reference level for conducting samples
is the Fermi level.6 In a metal this level, sometimes referred
to as the 'electron chemical potential' is defined as the
highest occupiéd level.

The work functicn, ¢S, 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 potential equal
to ¢s - ¢spec where ¢spec is the work function of the
spéctrometer. In ESCA it is the K.E. 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,



B.E. = hv - K.E. =~ ¢spec cee (1.86)
Therefore the hinding energy when referred to the Fermi level
does not vary for samples but only depends upon the ¢spec and
remains a constant for all levels.

It is evident that for conducting samples in electrical
contact with the spectrometer the Fermi level serves as a
convenient reference level. For insulating samples, éuch as
polymers, the Fermi level is not so well defined and usually
lies somewhere between the filled valence levels and the
empty conduction band.6

Equation (1.6) 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 photo-
emission. |

Several investigations have shown that the primary photo-
electrons are rapidly slowed down by the interaction with matter
and can generate intense currents of slow 'secondary' electron
clouds at the surface of the sample.l3_15 These secondaries
play an important role in establishing the electrical
equilibrium at the surface of the sample and have been found
to be approximately 20% of the photoelectron flux in a
conducting sémple and 99% of the flux in an insulating sample.l3

A phenomenon related to the reference level of an
insulating sample is the positive charging of the surface of
a sample as a conseqﬁence of photoemission. This 'sample

charging' is due to the inability of the sample to replace

electrons at the surface from the surroundings in contact with
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the sample, either through the bulk or acress the surface.

This sample charging results in a net retardation of photo-
emitted electrons from the surface and therefore larger binding
energies are measured. This sample charging effects all
photoemitted electrons by the same retardation voltage therefore
shifting all the energies by an equal amount.16 The extent of
charging depends on a humber of factors, such as temperature,
surface and bulk conductivities of the sample, and electron and
photon fluxes. Typical shifts for systems studied in this work
were of the order of one to four eV.

If the sample has a uniformly distributed positive
_potential at the surface, then the energy equation for a solid
becomes,

K.E. = hv - B'E'(s) P ees (1.7)
where A is the energy shift due to the positive sample
charge.

If either a non-uniform distribution or non-equivalent
positive poteﬁtial (often referred to as 'differential sample
charging') occurs across the surface of the sample, one can see
from equation (1.7) that for core levels of atoms of different
charge that the electrons will encounter different retardation
potentials at the surface and a broadening of the primary
piiotoelectron peak will result. A more detailed consideration
of this charging effect will be discussed in the second chapter
on the applications of ESCA to polymers.

An effect observed on the primary photoelectron peak in
the ESCA spectrum is a tailing to the higher B.E. (lower K.E.)

of the peak. This effect is due to the inelastically scattered



eclectrons in which very small lossés have occurred in photo-
emission from the bulk of the sample. The depth for which
elastic photoemission occurs in soliés has been estimated to be
between 508 and 1002 by depositing successive monolayers of an
organic material on a metallic substrate and monitoring the
disappearance of the primary photoelectron peaks of the
substrate.6 This phendmenon has been cleverly exploited in the
"depth profiling' of fluorinated polyethylene samples by
monitoring the apparent 'escape depth' (elastic photoemission
peaks) of different energy levels of atoms and correlating it
to the depth of fluorination of the polymeric surface.l7

This technique will be discussed in detail in the second

chapter on polymers.

(iv) Basic Features of ESCA.

(a) Core Electron Binding Energies.

The binding energy of a core level electron, in theory,
is the difference in energy between the ground state molecule
and the hole state. This energy difference varies for each
atom and is characteristic for the particular element, thereby
affording a technique to study all the elements (except for

5

H and He) of the periodic table. Listed below in Table 1.2.

are the approximate core electron binding energies of the

first row elements.

Table 1l.2.

First Row Element Core Electron Binding Energies

Li Be B C N ) F Ne

1s level 55 111 188 284 399 532 686 867
in eV



The X~ray excitation of these core level electrons is

amply done in ESCA since the typical Ka radiation can penetrate

Well below the vacuum level.

For core level electrons which

are more tightly bound than can be studied by the Ka X--ray

typically used, there are core levels less bound that can be

studied and the second row elements are shown in Table 1.3.

‘with the typical core level binding energies.

Tab

le 1.3.

Second Row Element Core Type Electron Binding Energies

r
ev i Na Mg Al Si P S Cl A
ls 1072 1305 1560 1839 2149 2472 2823 3203
2s 63 89 118 149 189 229 270 320
2p;5 31 52 74 100 136 165 202 247
2p3 31 52 73 929 135 164 200 245
/2
It is readily seen that when using either MgKa (1253.7 eV)
1,2
or AlKa (1486.6 eV) that even in the second row eiements,
1,2

from aluminiumon, the 1ls levels are too tightly bound and

higher levels must be chosen for study.

When a choice of

levels to be studied is made there are certain considerations

which should be taken into account:

(1)

(2)

The core level should have a high cross secticn for

photoionization, which results in -a high intensity

spectrumn.

The escape depth of the photoemitted electron must

be sufficient to allow reasonable depth study on the

sample.



(3)

(4)

(5)

Levels should not be chosen where the binding

energies of electrons from other elements at different
levels will interfere with the one being studied

e.g. the 1ls level of B at 188 eV and the 2s level

of P at 189 evV.

The linewidths should be sufficiently narrow so as

not to obscure subtle chemical shifts such as the

case where cross sections are similar for identical
levels of different elements but linewidths are not,
due to hole state lifetimes.

The peak should be well removed from high background
signals, such as tails caused by inelastically
scattered electrons, so that the signal to noise
ratio is.sufficiently high. A typical weli resolved
spectrum is shown in Figure l.5a. where the conditions

above are satisfied, and one where they are not,

-Figure 1.5b.
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1.5. Typical Well-resolved (a) and Un~resolved

(b) ESCA Spectra.




As can ke seen from Figure 1l.5a. for a given ccre
level the pealk intensities are proportional to the relative
number of atoms in their particular environments. In some
cases allowance must be made for reduction of the peak
intensity due to shake-up and shake-off but this will be
discussed later.

One of the most important measurements made in ESCA is the
shift in core levels on atoms in different chemical enviromnments
and these relative shifts rather than the absolute binding
energies are what theoreticians attempt to interpretate.

The theoretical treatment of absolute and relative
‘binding energies involves computation of energy'differences
between the neutral molecule and relevant core ionized species.
Such calculations have predominantly been within the Hartree-
Fock formalism and therefore neglect correlation energy and
relativistic effects. Fortunately in the particular case of
lgvels which are localized, relativistic and correlation energy
correction. axe atomic in nature and therefore contribute very
little to differences in binding energy for a given core level.
Calculations within the Hartree Fock formalism can account
quantitatively for the substantial electronic reorganization
. accompanying core ionizations.

Koopmans' theOrem18 ignores the fact that the electrons
remaining in atomic shells after photoionizaﬁion relax as the
photoelectron is emitted, providing stabilization energy for
the ion.

Approximate relaxation energies have been calculated by

Gelius19 for many atoms in thé eacrly part of the periodic table



and it has been shown that their magnitude is approximately
75 - 85% of tﬁe square root of the final energy of the ions.
Therefore in practice these types of calcﬁlations are
carried out within the Hartree-Fock model which neglects both
relativistic and electron correlation effects. Figure 1l.6.
demonstrates the relationship between the experimental,
‘Koopmans' theorem (where the assumption that the inifial one-
electron orbitals, ¢i' making up the electron wave function
¢(n) are identical to the final orkitals ¢i making up'the n-1
electron wavefunction win_l))and binding energies calculated

as energy differences),
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Figure 1.6. Energy Relationship Between Calculated
and Experimental Binding Energies anc
Koopmans' Theoremn.




The applications of moleculér orbital calculations with
Koopmans' theorem upon the interpretation of ESCA spectrum
was examined by élarkzo and the following was shown.

The shift in core electron binding energy from Figure 1.6.

is:

_ s+
AB.E., = AEA AEA ee. (1.8)
where:
_ (A A LA+ A _A%+
AE, = (epp = 8Eppray) * (Ecopr ~ Ecorr) * (Frer ~ Prer) - (-0
- . . .
AERELAX energy associated with the relaxation of an

ionized atom due to electronic reorganization accompanying

photoicnization.
ECORR = electron correlation energy effect
EREL = relativistic enerqgy effect
therefore
_ AS+ _ A As+ _ ,.A
AB.E. = A(AEHF AEHF) + A(AECORR AECORR)
Ad+ A
+ A(AEREL AEREL)
_ AS+ A AS+ _ A
= Afe € )HF + A(AE AE )CORR
Ab+ A As+ A
+ A(AE - AE )RELAX + A(AE AE )REL ee. (1.10)

As previously discussed since the moiecular orbital
calculations ignore the relativistic and electron correlation
effects if we assume that, (1) the molecules have simila:
valence electron distributions and (2) the relaxation energies.

(

'ne "k ’ .
ERELAX) are 'nearly the same, we can set these terms to zero.

* It has been shown that this approximation is not entirely
accurate in that in an extensive series of compounds studied
by Clark, et al.,21-22 covering a number of core levels and a
variety of bonding situations differences in the relaxation
energies for carbon ls levels in both saturated and un-
saturated systems covered a range of ~1.5 eV. It was found
that in the series studied relaxation energies were lowest
for the core levels corresponding to the highest binding

energy.
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and we have the shift in binding energy at the Hartree-Fock
limit:

Ad+ A

AR.E. = A{e - g ) (1.11)

HF N
therefore, for a seriesvof closely related molecules,
Koopmans' theorem describes adequately the shift in.binding
energies for core levels but does not hold when valence level
relaxation energies do not remain constant in the series,
Chemical shifts in ESCA were first interpreted in terms
of an ionic model by Siegbahn and co—workers.6 If a charge
is removed from, or added to the valence level of a molecgle,
as in the formation of a covalent bond or ion,.the electro-
static potential within the valence shell is changed. If an
amount9 of charge.is removed from the valence electron

distribution of an atom to infinity, the potential energy

is lower by the amount:

pie = 4 ee. (1.12)
r .
where r is the radius of the valence shell. When the electron
is not removed to infinity but to a finite distance, R, from
the molecule, the lowériﬁg of the potential energy (shift) is
given by
1 1

BB = (F - R ee. (1.13)

although in the ionic crystal model the lattice effects have to
be calculated. As far as core level electrons are concerned,

neighbouring ions can, to a first approximation, be regarded as



point charges since the orbital oVeriap is negligibly small.
Therefore, for the crystal model, a summation of the potentials
from the point charges in the crystal will determine the

binding enexrgy of the core electron. In this model, the crystal

potential Vi at the centre of atom i is:

v, = I %J-—- ce. (1.14)
} Jsi Tij

where rij are the centre-to-centre inter-ionic distances and
a5 is the charge anion j.

This model was extended to covalent compounds5 and the
change in potential as a consequence of the redistribution of
the valence electrons on the formaticn of a bond can be
divided into two components: (a) the component associated with
the change of the valence electron population on the atom
and (b) the component associated with a two centre interaction,
originating frcm the electron distribution in the remainder of
the molecule, which is considered as point charges distributed
throughout the molecule. Thereforé the binding energies, Ei'

ares:.

2

_ =0

j#i ij

H

where g, is the chargg on atom i

k is the average interaction between a core and valence
electron on the atom

rij are the interatcomic distances

EC is a reference level binding energy
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The assumption of a point charge model is equivalent to

assuming that there is no overlap between the core electron
density on atom i ‘and the valence eiectron densities on the
other atoms in the molecule. This assumption is the basis

for the utilization bf the CNDO/2 ﬁolecular orbital calculations
in relating ESCA chemical shifts. In fact the relationship

1.15 may be derived théoretically fromAan expansion of

Koopmans' theorem in the zero differential overlap approximation.
Such an analysis shows that the one centre parameter k is
approximately equal to the coulomb repulsion between a core and

valence electron on atom i.

(b) Valence Electron Binding Energies.

The use of a high energy photon source enables a study
of not only the core levels but also the whole of the valence
energy level region and this distinguishes ESCA from UPS in
that for the latter the photon sources which are most commonly
employed (viz. He(I) and He(II)) only allow the study of the
higher occupied orbitals. 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 density of states. |

It has recently been shown that the relative intensities
of various peaks in the valence electron spectrum vary with
differences in the incident excitation energy, not only between
X-ray and U.V. but between various X-ray energies.23 These

effects are attributed to the cross-section differences involved

in the various electronic states in the valence band region.



Figure 1.7. demonstrates the
X-ray and U.V. valence band
Figure l.7a. is the valence
excitation and 1.7b. is the
excitation (corrections for
made, note that the directi
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In many cases involving isomeric éystems where the core level
spectra are essentially the same, the 'fingerprint' nature of
the valence energy levels can be extremely useful for structura
assignment. This aspect of valence band studies will be

discussed later in Chapter 2 on polymers.

(c) Multiplet Splittings.

The cheamical shifts in binding energies discussed in
previous 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‘ions24
in advance of the experimental observations by Fadley, et al.25
A simpler example is provided by Siegbahn5 on NO and 02.
In their study on N2, NO and O2 molecules they found that the

N, molecule did not possess core level splitting since the

2
core level (ls) after photoemission was degenerate with respect
to spin. Whereby NO and O2 core levels were split, e.g. upon
photdemission from a core level 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 1ls spectrum
can be attributed to the exchange interaction between the core
electrons and the two unpaired 2r 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 1.8. describes the orbital levels in N,, NO and

O, and Figure 1.9. the ESCA 1ls levels of the molecules.
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Figure 1,8, Level Diagrams of N2' NO andioz.

(d) Spin-Orbit Splitting and Electrostatic Splitting.
Another splitting phenomenon observed is that arising
from coupling between the spin and the angular momenta, which
resuit in two final states. When photoionization occurs from
other than an s type orbital a doublet structure is observed
in the ESCA spectrum.6 This doublet arises from coupling
between the spin and orbital angular momenta which gives rise
to the possibility of ﬁwo values of the total gquantum numberl(J)
for the hole state formed. The intensities of the peaks in
the doublet are proportional to the ratio of the degeneracies
of the states (273 + 1). Table 1l.4. list the intensity ratios for

different levels and an ESCA spectrum of the 4F doublet
of Au is shown in Figure 1.10. )
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Intensity Ratios For Different Levels

Table 1.4.

Orbital gquantum
number

w N = O

Figure 1.1oQ

Total quantum number

J (p £ s)
X
3 3/2
3,5 5
>/2 /2
Au4F£i

o e

Intensity Ratio
(2J+1)/(2J+1)

No splitting
1:2
2:3
3:4

Spin-Orbit Split Doublet of the Au, . Level.




levels of some

/2 -
gold compounds has been obscrved by Novakov and Hollander24 25

An electrostatic splitting in the 5p3

and has been attributed to the interaction of the internal

and M = % 3/2 substrates

electrostatic field with the M = * %
of the 5p electron levels. Figure 1.11l. illustrates the
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Figure l.l11l. Electrostatic Splitting in the 5p3
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(e) Shake-up and Shake-off Processes.

It is apparent in the ESCA spectrum of numerous compounds
that additional processes are taking place apart from the primary
photoionization process manifesting itself in a single peak.
Often peaks of much smaller intensity are found on the high

B.E. side of the primary peak and they are a consequence of so-

called 'multi-electron processes' commonly referred to as

'shake~up' and 'shake-off’'.



These multi-electron processés occur mostly by a two-
electron process in which two transitions are identified;28
(1) shake-up, where the second electron is excited to a
higher bound state or (2) shake-off where the second electron
is excited to an unbound continuum.

These processes derive their energy from the single
electron process and will therefore lower the K.E. of the:
primary photoelectron. Therefore a revision is needed to

equation (1.5) to account for these multi-electron processes:

KoEn = hU - B.En - E o s e (l.lG)

where E is the energy of the multi-electron process.
The probability of shake-up involves the overlap of two
orbitals and the selection rules governing the shake-up

excitation are of the monopole type:

AT = AL = AS = AMJ = AML = AMS=O...(1.17)

and the probability for the shake-off process increases from

zero for a value of hu equal to the single-electron binding

energy to a constant value for huv equal to a few times this

yalue.29
With a conventional ESCA spectrometer as employed in

this work using an unmonochromatatized X-ray source, the

background arising from inelastic scattering processes and

the bremstrahlung generally obscure the low intensity

features such as shake-off processes making them difficult to

detect.

Theoretical treatments of the multi-electron processes

are found in the literature and a review of models based on
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the 'sudden approximation' concept is presented by Manne
is a schematic of the two multi-

and Aberg.BO Figure 1.12.

electron processes discussed above.
Shaoke-off

Shokz-up

o e
ad AN
4~ Core Levels =

KE=hv-BE-E
Schematic of the Shake-un and Shake-~off

Figure 1.12.
Processes.

is a typical example of the shake-up

Figure 1.13.
satellite found in an ESCA spectrum, in this case poly-1l-
Shake~off processes are much less intense

vinylnaphthalene.
than the shake-up and are found to lower K.E.
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(f) Escape Depths.

The escape depth ('mean free path', is the depth at
which 1/eth of the emitted electrons have not suffered any
energy 1083)17 is dependent upon essentially two major
factors, (1) the electronic level being studied and (2) the
X~-ray excitation energy. Siegbahn, et al.6 demonstrated by
"dip-coating monolayers of pure iodostearic acid on chromium
plated brass that electrons from the I3d5 level were emitted
from less than the top 1008 of the monoléier films. Figure

1.14. is the I spectrum from the study where the multi-

3d5

layers are 402, légg and 4008 thick respectively with an
~iodine concentration of one per area of 1022.

As the double layers were increased the counting rate
(proportional to concentration) did not increase linearly.
For instance when the thickness has reached 4008 the intensity
had only increased by a factor of 3.5 over the 408 sample. This
indicates the photoelectons were emitted f:om depths of less

than 100R. Clark, et al.17

has presented a detailed analysis
of the fluorination of polyethylene using escape depth
information to determine the depth of fluorination in the

film and this aspect of escape depth analysis will be

discussed later in Chapter 2 on polymers.
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(g) Line Shape Analysis in BSCA,

Complex peéks containing multi-contributions can often
be resolved into their individual components'by deconvolution;
in this study a Du Pont 310 curve resolver (analogue computer)
was used. Gaussian curve shapes are often assumed, but other
shapes can be set on the curve resolver. Since when assuming
avgaussian shape an infinite numker of gaussian curves can be
fit to the'complex peak a prior knowledge of line_widths,
chemical shifts and approximate stoichiometry are required to
obtain the unique solution to the deconvolution of the spectra.
These line widths and chemical shifts are obtained through the
étudies of a vast number of similar well characterized compounds
under. identical experimental conditions. The curve resolver
also has the facility for integration of peak areas and therefore
relative area ratios, when cross sections are taken into account,
can determine elementai and group.ratios in compounds.
Figure 1.15. is a complex spectra that has been deconvecluted

into its individual components with area ratios shown.

(v) ESCA Instrumentation.

Since the introduction of the first commercial instrument
in 1976 several designs have been placed onlthe market. This
study was carried out on an A.E.I. ES200A spectrometer of
which the essential components are shown in Figure 1.16. The
three main features of the apparatus are the:

(a) X-ray equipment,
(b) Source chamber,

(c) Analyzer chamber.
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(a) X=-Ray Equipment.

The equipment consists of a Marconi-Elliott type GX5 high

voltage generator that may be operated in the vacuum pressure

-5
torr®

previously discussed, are MgKa and AlKa radiation (in this
1,2 1,2
study MgKa was the source of choice). Typical conditions

for the power input are 12 kV and 15 ma which produce

region < 10 The most commcnly used X-ray sources, as

photon fluxes in the region of ~ 0.1 milli rad./sec. Component

linewidths for the X~ray source in the particular cases of

Mg and Al targets are about .7 eV and .9 eV respectively and

can be reduced by monochromatization.s’6
A typical X-ray spectra is shown in Figure 1.17. where it

represents the energy content per unit wavelength internal

74W anode.31 It is obvious

emitted by an X-ray tube with a
that the spectrum is composed of a set of sharp lines superimposed

on a continuum.
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Figure 1.17. Typical X-ray Spectrum
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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 Ao cutoff at short wavelengths is inversely proportional
to the electron K.E., and follows the equation:

ho, = E «e. (1.20)
where h is Plank‘s constant. The total X-ray energy per

electron, E is proportional to the integral over A of the

T’
continuum and obeys the equation:
2

ET = kZE LI (102].)

where k v 0.7 x 10-4 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:

A ET/E = kZE : ces (1.22)
For a typical case of Z = 90 and E = 0.05 MeV, ET/E is only
about O.3%.

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

E > E;, = hv = hc/A eee (1.23)
where v is the frequency and A the wavelength in question.
The total X-ray energy emitted in a particular line increases
with incident electron K.E. according to the empirical relatibn,
Io(E - Ep)" e (1.24)

~when n ~ 1.5.
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The line spectra of interest from the Al and Mg anodes
normally uvsed in ESCA are from the so-called K series
(spectroscopic notation for n = 1) transitions and particularly
the.Kczl'2 lines. However, the unmonochromatized spectra of
the MgKa radiation contain the continuum and particularly the
K(a%, Ggr Gur Ogy Op and XKB) where the Ka3 satellite is 9.5%
relative intensity from the primary Kal,2 lines (8.4 eV higher
K.E.) and the Ka4 satellite is 4.5% relative intensity from the

primary Ko lines (10.1 eV higher K.E.).

1,2
Al radiation can be monochromatized with a crystal

Ko
diffraction technique,5 to eliminate the gross satellites (and
the continuum) and be left with the Kal,Z lines. (Unfortunately
monochromatization of the MgKa lines is not presently possible
with crystal diffraction since no suitable crystal is currently
available with the proper lattice spacing.)

For AlKa essentially three teéhniques are available,

(a) 'diépersion-compensation', (b) 'slit-filtering' and

(c) fine-focussing, all using érystal diffraction of the X-ray
radiation and these techniques will attain ultimate linewidths
of 0.2 eV,

Another system described by Gelius32 uses a rotating anode
(about 5-10,000 r.p.m.) which is characterized by a fine-
focussing X-ray line, high power electron gun and several
spherically bent quartz crystals for monochromatization of the
Al radiaticn. Figure 1.18. illustrates these techniques;

Ko
(b) Source Chamber.

The spectrometer source chamber, or sample region, contains

the X-ray source aperture, seven access ports for sample
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Figure 1.18. Techniques for Monochromatization of X-Rays.

introduction and various pre- or post-treatments, and a
retarding lens system into the analyzer Chamber.

The X~-ray source aperture is simply an aluminium window
(.003" thick) which separates the X-ray generator from the
sample and ensures that electrons scattered from the X-ray
target or from the electron generating filament do not enter
the source chamber.

The access ports allow for attachment of various sample
probes which permit the study of 1iquidé (via a reservoir shaft),
volatile solids (via a direct inlet shaft with vapour condensed
on an insertion shaft at low temperatures), gases (via a 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 temperature control). Typical
operating pressures are 10-7 torr or better although under ideal

conditions better than 10“9 torr is attainable.
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(c) Analyzer Chamber.

The analeer on the A.E.I. ES200A is a hemispherical
double focussing electrostatic analyzer, which was originally

described by Purcell33

in 1938, enclosed within two mu-metal
shields for magnetic shielding. The resolution of the hemi-
spherical 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

electrons is

AE R

/E = /v eee (1.25)
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
engineéring 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 ES200A retards the electrons
before they enter the analyzer by passing them through a lens

assembly.. This lens system actually serves a double purpose:



(1)

(2)

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

A retarding potential on the electrons allows more
flexibility on the resoluticn requirements of the

analyzer.Bé

The electrons passing through the analyzer can be focussed

at the collector by either of two methods:

(1)

(2)

Electronically scanning the retarding potential

applied to the lens while keeping the hemispherical

“potential constant, or

Simultaneously scanning the retarding potential
applied to the lens and the hemisphefical potenfial
and keeping a constant ratio between the two, which

is the technique used on this ES200A.

The overall resolution AEm/E, of the system also depenas

upon contributions from sources other than the analyzer.

(1)
(2)

(3)

(4)

The width of the X-ray radiation line, AEX.

The natural width of the electron energy distribution
in the level being studied, AEl;

The line broadening due to spectrometer irregularities,
which can vary with electron emission energy, E and
slit widths, AES.

The line broadening due to solid state effects in the

sample, AESS.
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Therefore the overall resoluticn is given the eguation:

(AEm)2 = (AEX)2 + (AEl)z + (AES)2 + (AESS)2 ee. (1.26)
(This relatiQnship is strictly valid only for gaussian line-
shapes.) A variable on the ES200A is the collector slit width
which can be adjusted at 0.2, 0.1 or 0;03 inches depending on
the resolution and sensitivity desired.

(d) Electron Detector.

The detector contains a collector aperture (exit slit),
described abo&e, 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 handling system generate the ESCA
spectra by one of two methods:

(1) The continuous scan, where the electrostatic field

is incrgased 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.

(2) The step scans, where the field is increased by.
preset increments (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
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be made on a sample to average any random fluctuations
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
last 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.



' CHAPTER 2

Studies of Structure and Bonding in Polymers through the
Application of ESCA




- 43 -

CHAPTER 2

Studies of Structure and Bonding in Polymers throuch the

Application of ESCA

(i) General Introduction.

The application of ESCA to the structure and bonding
in polymer systems to date has mainly concentrated on fluoro-
polymer systems. There are basically two reasons for this focus
of attention:

(1) The large chemical shift in the core levels of
carbon (Cls) induced by fluorine presents the best

- case -for sorting out - .the information from the
ESCA spectrum on the areas of application to
polymers.

(2) The importance of the fluoropolymer systems both
technologically and academically and their
comparative difficulty of analysis by other common
spectroscopic techniques, due to their insolubility

and intactability, lend themselves to study by ESCA.

By far the greater part of the effort on the applications
of ESCA to polymer studies has been carried.out by Clark at the
University of Durham and there are essentially two areas that
.have been investigated in the structure and bonding of polymers.

(A) Static Studies.

(1) Chemical compositions.
(a) elemental compositions.

(b) % comonomers in copolymers.
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(2) Structural Details.
(a) structural repeat units in copolymers;
e.g. random, alternating or block repeat
units.
(b) domain structures in block copolymers.
(3) Fine Structural Details.
(a) stiuctural isomerism, e.g. cis, trans etc.
(b) shake=up studies on unsaturated systems.
(¢) charge distributions in polymers.
(4) Valence Bond Studies on Polymer Systems.
(B) Dynamic Studies.
(1) Surface Treatments
(a) casing.
(b) fluorination.
(2) Thermal and Photochemical Degradation.
(3) Depth Profiling of Surfaces.
(4) Oxidative Degradation of Polymers.
Each of these topics will be covered in detail in this chapter
but before the discussion a clarification is needed on the ways
in which polymer samples are prepared for ESCA examination and
the definitions of polymer terminology to be used throughout the

remainder of this thesis.

- (ii) sample Preparation and Polymer Nomenclature.

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
samples, (b) solution cast filmé, (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
if often the case,'it is convenient to examine it by applying
the powder to a double sided fape which possesses nominal heat
resistance ('Scotch Brand' electrical tape# 75, 3M Company,
works quite well and is a silicone type polymer), 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 photo-
ionization 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 Au

- sheet and mounted onto the sample probe. Conventional dip or bhar
coating procedures are adequate for the cocating process. Care
must be taken to use clean coating apparatus and pure solvents

to avoid the segregation of impurities at the surface during
evaporation of the solvent. For easily oxidized polymers the
coating procedure should be carried out under an inert gas for
the evaporation of the solvent and for systems where H-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 pcssible to 'melt' a



small amount of polymer onto a suitable substrate and allow it to
spread as a thin film. (In the case of the polyacrylates
discussed in Chapter 3 this was the method used for nearly all
the samples.) When films are prepared from powders or pellets

it is often convenient to press the f£ilm between clean aluminium
foil at temperatures and pressures appropriate to avoid
degradation of the poljmer sample, often also done under an

inert gas atmosphere to avoid oxidation.

(d) 'In situ' Polymerized Filns.

A very convenient and often contamination free method of
studying polymer films is by carrying out the polymerization
on the probe tip by various methods such as U.V. or e
irradiation, plasmas (glow-discharge polymerization) or pyrolysis
of appropriate monomers, such as the paracyclophane series.
It is convenient to note here also that since most
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. There are two methods
which readily accomplish this:
(1) Either allow hydrocarbon build-up from the extraneous
atmosphere in the spectrometer source to build-up
on the sample and monitor the Cls level at ~ 285 eV.
(2) Deposit a thin film-of Au on the sample and monitor
the 4f7/2 level at ~ 84 eV, Iﬁ the A.E.I. ES200A
used in this study with an unmonochromatized X-ray

source, retarding lens system, double focussing



hemispherical electrostatic analyzer and associated

slit system the charging is not serious and only

corrections'of a few eV are needed.

The difficulty in the chafacterization of polymers, particularl

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 complexAés in
the case of branched or cross=-linked copolymers. As an example
consider representative systems based on polyvinyl toluene and

these are shown in Figure 2.1.
—GCH CH- CHz CH- CH—)-

@ @ {a) Linear polymer

—CH—CH
-(-CH CH- CH c CH—)—

@@ (b) Branched polymer

-(-CflééH-CHZ- CH):

CH
-(CH CH- CH, C-C Ha')-

(c) Cross-linked polymer

V ]
CH3 CH3

Pigqure 2.1, Structure Assigrrents to Polvvinyl Toluenc.
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These differences in gross structare all based on the
same basic building block give rise to a tremendous variation
in the physical, chémical, mechanical and electrical properties
of the system.

It is often the case that for a given polymer system
the structure of the bulk ié 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 maintaining 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 technical importance.

Along with gross structural differences in polymers, there
are aléo isomeric differences arising from unsymmetrical

monomers and the resultant structures are shown in Figure 2.2.

~{CHzCH- CH3CH Y-

@ @ (a) Head-to-1ail isomer

+tCH;GH—CH-CHz)-

(b) Head-to-head isomer

+GH-CH5 CH5CH=

‘ @ (c) Tail-to-tail isomer

Figure 2.2. Isomeric Assignments to Polystyrene.




Not only can structural isomerism cccur in polymers, hut

also stereoisomerism (CIS-TRANS) as shown in Figure 2.3.

e S Sy M
/C = \ /C = C\
H H -
H CHa
Cis Trans

Figure 2.3. Stereoisomerism Assignments to Polymers.

Tacticity is another type of stereoisomerism and is

classified into three categories as shown in Figure 2.4.
YYYY
C CCC (a) Isotactic

Y Y
¢ gzé ¢ (b) Syndiotactic
Y Y

z Y Y
C C C (c) Atactic

Figure 2.4. Tacticity Assignments to Polymers.

Copolymers have other types of structural assignments

and can be made such as random, alternating, graft or block

copolymers as shown in Figure 2.5.

XXYYYXYXYYYXXXXY (a)Random copolymer

XYXYXYXYXYXYXYXY (b) Alternating copolymer

XXXXXXXXXXX (c) Graft copolymer
Y Y ¥ |
Y Y Y
Y Y Y

XXX—YYY—XXX-YYY (d) Block copolymer

Ficure 2.5. 5Structure Assignments to Copolymers,




(iii) Static Studies on Polvmors with ESCA.

(a) Chemical Composition,

(1) It‘is quite apparvent that ESCA is a valuable
tool for the identification of the surface
elemcents on a polymer sample and is a routine
procedure and easily attained. A wide scan through
the energy spectrum on a sample will afford
identification of the elements present by the
use of appropriate tables. A wide scan of the
surface of a polymer film is shown in Figure 2.6.

with elemental identification on the spectrum.

PTFE
{CECEY

904 604 304 4
B.E.(eV)

Figure 2.6. Wide Scan ESCA Spectrum of PTFE Pressed
Between Al Foil.

(2) Percent Comonomers in Copolymers.

Before a discussion on the determination of percent
comonomers in a copolymer can ensue a brief discussion on the
qualitative and quantitative nature of the substituent effect
on core binding energy in polymers must be treated.

The simplest system to begin with of course is the simple

homopolymers of the fluorcethylenes, 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 % hour whereas under normal operating conditions
hydrocarbon build-up is noticeable after several hours. Therefore,
as discussed earlier, the reference level for the energy scale
is determined by measuring the core levels of the polyﬁer
immediately upon introduction into the spectrometer and then
allowing time for hydroéarbon build-up, the spectrum is

recorded to observe the appearance of an extra peak, as shown in

Figure 2.7. PTFE
Cis Levels
CE
=2
Ch
v -2
t=4hrs
t=0
291 285
B.E.(eV)

Figure 2.7. ClS Levels of PTFE Film at O Time and 4 Hours

in Source to Demonstrate Hydrocarbon Reference Level.
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In a series of polymers studied by Clark, et al.,

the binding energies for the Clv and levels were identified

H 1s
and Table 2.1. list the data pertaining to the polymers and
Figure 2.8. demonstrates the substituent effect in the Cis levels

of the homopolymers studied.

Table 2.1.

Binding Energies of the Homopolymers of Ethylenc and the Fluoro-

ethvlenes.
Cls A(Cls) Fls A(F].s)l
(CHZ-—CH2)n 285.0 (0) - - %
(CFH-CH,) ~CFH- 288.0 3.0 689.3 (o)
-CH,~ 285.9 0.9 ' - -
(CFH-CFH)n 288.4 | 3.4 689.3 (0)
(CFZ-CHZ)n -CF,- 290.8 5.8 689.6 0.3
~CH,- 286.3 1.3 - -
(CFZ-CFH)n -CF,- 291.6 6.6 690.1 0.8
-CFH- 289.3 4.3 690.1 0.8
- ) ! Q
(CF2 CF2)n : 292.2 7.2 | 690.2 ; 0.¢

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 B.E. as a function of the fluorine substituted.

1ls

It is important also to determine the intensity ratios

for the core levels in the simple homopolymer systems due to the
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Figure 2.8. Substituent Effect in C Levels of Homopolymers.

1s

difference in the cross-sections 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.

Therefore, the determination of the percent comonomer in
a copolymer is possible.and the study of the viton copolymer
is a good example of the method applied to polymers.36

The viton polymer is a copolymer of hexafluorxopropane (HFP)

|F3
F-CFs

and vinylidene fluoride (VF2) [CF2--CH2]n and the ESCA spectra

of the C levels in two viton copolymers are shown in Figure 2.09.

1ls



VITON 30/70

S :

VITON 40/60

25 285
B.E.(eV)

Figure 2.9, Cls Levels of Viton Copolymers.

The procedure as applied by Clark was to measure the
area of the 9F3 peak, the total area of the (grz + CF) peak
and the area of the QHZ peak when the spectrum was deconvoluted
inté its individual components.

Three different techniques were used to compute the
comonomer ratios as an internal check on the reliability of the
methods. Essentially they were:

(1) Based on the stoichiometry of the HFP unit the

mole % of HFP must be three times the peak area due to
CF,.
(2) The peak area due to QEZ and CF is made up of half the
total C1S peak -area due to VF2 (% VF2) and two thirds
the total C,, peak due to HFP.
(3) The peak area due to QHZ is half the tot;l area due to

CFr therefore the mole % of HFP is

....2’
mole % HFP = 100 - (2X % peak area due to QHZ) ees (2.1)



Table 2.2. gives the results of the three methods of
calculations.

Table 2.2.

¢ HFP Incorporation Calculated by Three Methods

| Method of Calcuiation i
(i) (ii) . (iii) |

!Sample 40/60 39 42 40

|

| Sample 30/70 33 30 32

(b) Structural Details.

(1) The ability of ESCA for the determination of the
structural details of a polymer is best illustrated by the
application to the copolymer of ethylene/tetrafluoroethylene.37
A seriés of the copolymers was studied and the Cls and FlS
levels of the copolymers are shown in Figure 2.10.

From the ESCA data the copolymer compositions may be
calculated from the relative ratios of the high to low B;E.

peaks in the C levels (attributed to CF, and gﬁz respectively)

1s
and also from the overall Cls/Fls intensity ratios, using data
from'homopblymers as discussed in the previous section.

It was shown that using these two methods of calculating
the composition that'they were in good agreement with bulk
analytidal methods (C and F elemental analysis) and also
demonstrated that the samples were uniform at the surface due
to the good agreement of the two sets of data.

Once the compositions are estéblished; structural details

are the next order of assignment. The studies on the homo-

polymers of fluorinated ethylenes revealed that structural
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Figure 2,10. Fluorine-l1ls and Carbon-ls Spectra for
Ethylene-tetrafluoroethvlene Copolymers.

information is most readily obtained from the absolute B.E.'s

and chemical shifts in the Cls core levels, The chemical shift
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on the ClS levels is understood qualitatively in terms of the
simple substituent effect discussed in the previous section and
quantitatively in terms of the charge potential model discussed
in the first chapter and will be further discussed in this
chapter on the charge distribution in polymers. The chemical
shifts lead to a clear distinction bétween the extreme cases of
block-vs-alternating structure from the Cls B.E.'s expécted

for a block sequence of ethylene and tetraflucroethylene

from the C B.E. for the homopolymers. For an alternaﬁing

1ls

structure the C B.E.'s observed for PVF., based on substituent

1ls 2
effects and the calculations with the charge potential model
on simple systems would predict the B.E.'s unique for this
system.

Therefore if either the block of the alternating structure

predominate the C levels would show this and as Figure 2.10.

1s
clearly demonstrates an alternating structure was found due to the
expected chemical shift of ~ 4.7 eV versus a shift of ; 7.2 eV
expected for a block structure.

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 # 0.1 eV)
and where the peak shapes were asymmetric. These two
observations indicated that the spectra were envelopes of a
number 6f overlapping peaks arising from different molecular
environments. With a complex dedonvolufion 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 ethylenem
tetrafluorcethyvlene copolymer.

(2) The domein structure found in AB block copolymers of
dimethylsiloxane and styrene was investigated38 by using the
different sampling depths for photoemitted electrons. Ia
and S core levels were established,

1s’ 2s 2p
It was found that ESCA revealed a surface structure dominated by

values for the Ols’ C Si
the polydimethylsiloxane which indicated that most likely, due

to the free energy of the surface, the siloxane component was
prevalent. It was also found that domain structures could be
radically changed from dimethylsiloxane droplets in styrene to
styrene droplets in dimethylsiloxane by casting from different
solvents. Figure 2.11. shows the ESCA spectra of films of
polysﬁyrene, copolymer cast from cyclohexane, copolymer cast from

' styrene and polydimethylsiloxane from top to bottom respectively.

Cthds

0

:

O Levels xi0 : SiapLevels
—t—
105 100

. . a ,
Figure. 2.11. Cls’ Ols and Cls Levels for Solution Cast

Films of Dimethylsiloxane/Styrene AB
Block Copolymers, Polystvrene and Poly=-
dimethylsiloxane.
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(c¢) Fine Structural Details.

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

CF

|3
[NO][CFZ—CFX] where X = F, Cl, H
2
was carried out“g‘and the Cls levels for three of the rubbers
are shown in Figure 2.12.
o
-O-Cl;_;-CE 0

%
N—o—csé-cr-cE,-
n

[ |
297 291 (eV)

Figure 2.12, Cls Levels in a Series of Nitroso Rubbers.,

The assignments of the peaks, based on previous knowledge
from homopolymer and copolymer systems, is straightforward,
and the chemical shifts assigned in terms of the simple
~substituent effect. Once the alternating 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,assignments were made on the structural isomerism.
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(2) The shake~up phenomena in a scries of para-substituted
polystyrenes and simple polymer systems bas been investigated4o
and has been compared with other spectroscopic data, with |
theoretical calculations within the sudden approximation equivalent
cores model and, CNDO SCF MO formalism identifying the shake-up
arising from = -+ 7* transitions involving the highest occupied
and lowest unoccupied orbitale of the pendant aromatic systems.
The polymers studied included polystyrene, polydiphenylsiloxzane,
poly~l-vinylnaphthalene, poly-2-vinylnaphthalene, poly-
acenapthalene and polyvinylcarbazole and it was shownlthat the
shake-up structure was characteristic of a given pendant group.
Although the simple model calculations have a tendency to
predict transition probabilities lower than found experimentally
the success of the models in predicting trends and arriving
semi-qﬁantitatively at results on substituent effects in the
substituted polystyrenes provides a firm basis for ektension of
this work.

The unigue application of the shake-up phenomena in the
study of a series of alkane-styrene copolymers furthér
demonstrated the potential utility of this method of analysis.41

The study of the copolymers

{?H- CH2- CH2- ? H-(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 remain essentially constant. Figure 2.13. illustrates
the effect of decreasing shake~up intensity with increasing

alkane chain length.

“CH-CH CH59H<CH£)E€,-

Yy

xIO

A

n=5% n=10

Figure 2.13. C Levels in a Series of n-alkane /Styrene

1s

Copolymers.

(3) The charge potential model, as discussed in Chapter 1,
can be applied to polymers when the parameters k and E° are
established for all the relevaﬁt core levels of the polymer systems
being studied. It is possible to invént the model to obtain
the experimental charge distributions within a polymer system.

This method has the obvious application of being able to calculate

the charge distributions in large models that are impracticable



for conventional molecular orbital calculations and compering
it to experimentally found B.E.'s. TFigure 2.14., illustrates
the experimental charge distributions found in polyvinylidene

fluoride and polytrifluoroethylene model systems.

N
o
R

>
4

T
=]

Figure 2.14, Experimental Charge Distributions for
Polyvinylidene Fluoride and Polytrifluoro-

Ethzlene.

(4) The valence levels of polymers are of relevance to

the detailed interpretation of the overall electrical properties
of polymers. 1In the case of simple molecules the study of the
valence levels by ESCA has the disadvantages, as discussed in
Chapter 1, Qhen compared to UPS in that the cross sections are
generally lower in ESCA and the resolution is much poorer (see
Figure 1.7.).

When studying polymer systems these disadvantages are off-
éet in that since there are so many vibrational modes possible,

resolution becomes less of a problem. Also, with ESCA, all the
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valence levels can he studied whereas with UPS only the higher
occupied levels can be studied and with electron energies of

O - 21 eV (Hel) and O - 70 eV (He II). 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. Figure 2.15. illustrates typical valence band spectra

for a series of polymers.

3

5 tCE-CEY,

x3
) {CE~CHS,

x3 -

x3

CH-CH-CF-CE

S e cry 2 A

1 I 1 i 1 1
42 34 26 20 12 4 (V)

Figure 2.15, Valence Band Spectra for a Series of 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 particularly good appliéation of ESCA toipolymer
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 successive periods of 5
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seconds and the Clc and Plc core levels monitored. I'igure 2.16.
- e B

guite 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 availeble.

LW I { i 1 1

692 = 688 28] 285

Fh Ch
' B.E.(eV)

Figure 2.16. Effects of Argondon Treatment on Ethylene-
Tetrafluorcethvlene Copolymers.

(2) The surface fluorination of polyethylene was examined20

“and a very detailed analysis of the spectra confirmed the
technique to establish a quite complete picture of the early
stages of the surface fluorination process.

Although a detailed.discription 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 (2.2.).
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AN
where y = measured area ratiogs fox Flc and sz peaks fxrom
pel b4
ESCA spactrum,

K = infinity values for escape depths of infinitely

thick films measured from homopolymers.

93 - electron mean free path appropriate to Fzs levels

o= n " 1n" 11 1] n ~XT
91 Fls levels

where a grid of computed values for the right-hand side of
equation (2.2.) was prepared to values of 4 in the range 2 - 41 2
at 1 2 intervals and fatio 93/91 from 1 to 2 in 0.1l increments.
‘The computations for 40 values of d and 11 values for each ratio
of Q3/91 generates 24,200 databpoints. These tables were used
in the analysis of five fluorinated films and fluorinated film
thicknesses were computed tc be 3.5, 6, 16, 30 and 36 ¢
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.

Table 2.3.

Calculated Thickness of Fluorinated Film (4)

a, &
Experiment From Cls From Fls/FZS Average
spectra spectra
1 5.5 3.5 4.5
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




The remaining points: thermal and photochemical
degradation, depth profiling of surfaces and oxidative
degradation of polviners have not been investigated to any great
length but it is obviocus from the points made throughout this
summary that these areas have great potential for investigation
by ESCA, and that real-time studies and process control will

becone a reality as more sophisticated instrumentaticn beccmes

available.



Ceneral Introduction to Experimental Sections,

Polymers derived from acrylate znd methacrylate monomers
are of some considerable importance industrially and as such have
been exhaustively studied both from an academic and technological
standpoint. A review of the literature on 'acrylic polymers'
reveals a voluminous amount of work concentrating in such areas
as the mechanical, electrical and thermal properties of the
polymers, particularly from an ehgineering standpoint. Impact
strengths, flexual strengths, heat distortion temperatures,
coefficients of thermal expansion, dielectric constants are
just a few of the many engineering properties well characterized and
full reported in the literature on acrylic polymers.43

A close scrutiny of the literature on the chemical properties
of the acrylic polymers reveals that a good deal is known about
the kinetics and mechanisms of the polymerizations and the
tacticities of the resulting polymers. The characterization of
these polymer systems has been carried out, to a very large degree,
on the solution phase properties concentrating on such problems as
weight average molecular weight, chain entanglement, dielectric
relaxation constants for the side chains, light scattering data,
optical rotation, stereochemical regularity, etc.44’45

Scattered publications appear infrequently on the solid

46 and these are most

state properties of the acrylic polymers,
often studies on either the morphology, or the relaxation and
conformational properties of the side chains. These studies

essentially concern the bulk polymer.



It is quite appzvent that since solids communicate with
their environment by way of their surfaceg that a very important
area of investigatioﬂ which hereto appears virtually untouched,
is the characterization of the imnmediate surface of polymers.
Properties at the surface such as chain conformation, tacticity,
oxidation, degradation, side chain orientation and propensity for
hydrogen bonding are all important aspects of the acrylic pclymers
which will determine their usefulness in technological
applications.

The third chapter presents an investigation of a series of
polyalkyl acrylates concentrating on the areas described above,
aiong with a theoretical analysis of model compounds and model
systems for the tacticity of the polymér systems.

The fourth chapter is a study of a series of poly-alkyl and
-aryl methacrylates and includes studies on oxidation, orientation

-of side chains and hydrogen bonding at the surface.



CHAPTER 3

Core and Valence Energy Levels of a Series of Polvalkyl-

acrzlates




CHAPTER 3

alkylacrylates.

Core and Valence Energy Levels of a Sexies of Poly-

(i) General Introduction.

17,35,37,3% .5 shown

Previous work on the ESCA of Polymers
how a detailed consideration of the absclute and relative binding
ehergies and relative intensities of peaks corresponditg to the
direct photoionization of core levels in polymeric systems can
provide valuable data on structure and bonding in generéliin
polymeric systems; The investigations reported to date have
largely pertained to fluorocarbon based polymers where the large
'electronegativity of the fluorine substituents give rise to a
substantial span in binding energies for Cl.s levels corresponding
to substituted carbon atoms in widely differing electronic
environments.42 For systems in which the shifts in core binding
energies are insufficiently large to be resolved (e.g. solely
hydrocarbon based polymers) it has recently been shown4o'41
that it is still possible to derive information on structure and
bonding in these systems from observations of the relative
intensities and separation from the direct photoionization peak
of the satellite peaks arising from shake-up transitions.

For fluorocarbon materials it was shown that surface
modifications may readily be detected by ESCA and gquantitative
data obtained from an investigation of changes in relative peak
intensities for core levels which cover a wide range in binding
energies giving rise to substantial differences in escape depth

dependencies and hence sampling depth.l7 Since many of the

important physical, chemical, electrical and mechanical properties



depend on the structure and boncding in the outermost few tens
of Angstroms of the surface, any technique which can clearly
differentiate this region from the bulk is of some considerable
importance.42 ESCA will clearly become increasingly important
in eétablishing whether structure and bonding at the surface of
polymer samples iz the same or different from the bulk and also
in monitoring chemical and physical modifications which are
initiated at the surface. One important example is surface
oxidation which is clearly of relevance in any discussion of
ageing and weathering of materials.

This chapter and the following report an ESCA investigation
of the core and valence energy levels of an extensive series of
polyacrylates and polymethacrylates. These materials form an
interesting comparison with the series previously investigated and
fit logically into the systematic studies on the application of
ESCA to polymer chgmistry. Thus, the range of substituent effects
is considerably smaller than in previously studied fluorocarbon
based polymer series,42 and the span in escape depth dependencies
is also somewhat less. While there has been a considerable
effort expended in studying aspects of the structure and bonding
of simple polyalkyl acrylates by a variety of spectroscopic
techniques, it is clear that there is paucity of data pertaining
to the surface and subsurface structure of the solid systeﬁs,
since most of the previous work refers to the polymers in |

44-46 This study therefore has attempted to remedy this

solution.
situation and has been addressed to the following.
From studies of the absolute and relative binding energies

of the core levels and the relative peak intensities the



compesition can be established for these materials and dra

. . . 17,35,37,3¢%
comparisons with data pertaining to the bulk, " F777 7777

This

is obviously of relevance in estalblishing whether specific

- orientation of &alkyl groups occur at the surface as a function

of the length of the side chain and if surface oxidation or

cross linked features are apparent. To draw ccmparisons with the
bulk an I.R. study was also undertaken. A subsidiary objective
of some considerable importance was a parallel study to investigate
the extension of theoretical models for quantifying the data
pertaining to both absolute and relative binding ehergies and

to confirm the assignment of core levels. This has also allowed
an investigation of the possibility of using ESCA for studying
structural isomerisms in these systems. For comparison purposes
some sinple model systems were investigated from both an
experimental and theoretical standpoint. The data derived from
these studies has also proved particularly useful in elaborating

the main features of the valence bands of the two series of

polymers.

(ii) Experimental.

(a) Samples,

As an aid to the interpretation of the data pertaining to
the polymer systems a series of model compounds were studied as
listed in Table 3.l. Methanol, ethanol, acetone and diethylether
were obtained as spectroscopic grade solvents while the esters
were reagent grade materials which were shown by g.l.c. to be
>98% purity. The polymers, also listed in Table 3.1l. were
commercially available samples obtained from Cellomer Associates
Inc., P.O. Box 311, Webster, N.Y. and were used directly in

preparing samples for the ESCA investigation. Except as noted
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Model Compounds and Polyalkyl Acrvlate Samples Studied in this

Work Showing the Tc¢'s for the Latter.

| Model Compounds Polyacrylate Homopolymers Typical Tg's!
(°c)
Methanol ' Polyacrylic acid +106 |
Ethanol Polymethyl acrylate + 9
Acetone Polyethyl acrylate - 20 5
Diethyl ether _ Polyisopropyl acrylate - 3
Ethyl formate Poly—-n~-butyl acrylate - 49
Ethyl acetate Polyisobutyl acrylate - 24
Isopropyl acetate Poly-t-butyl acrylate - 21
Isobutyl acetate Poly-2-ethylhexyl acrylate - 55
Ethyl acetoacetate Poly-n-—-decyl acrylate - 45
- Poly-n-lauryl acrylate - 65
Polyhexadecyl acrylate + 15
Polyoctadecyl acrylate vt 40

(See Appendix A for I1.R. Spectra of Polymers).

in the ensuing discussion, infrared analysis confirmed the overall
purity of the samples and where comparisons were available,

agreed with spectra in the literature.

(b) Sample Preparation.

The model compounds, all relatively low boiling liquids,
~were studied in the form of thin films condensed onto a cooled
gold substrate directly in the spectrometer source. To accomplish
this, samples (0.1 ul) were injected into a reservoir shaft

(v 500 cc.'s in volume) which was attached to the source region

of the spectrometer by means of an insertion lock system. The
samples were leaked through a metrosil plug in the reservoir

shaft and the directed jet of vapour impinged onto the cooled



gold substrate mounted onto a sample probe. The reservoir
temperature was typ;cally n 30°C and that of the cooled probe
tip ~ -100°C. By studying these sanples as thin f£ilms on gold
sufficient charge carxiers are available such that sample
charging is obviated allowing direct calibration of the energy
scale.

The low Ty's for the majority of the polyalkyl acrylates
studied, facilitated the preparation of samples as thin films
coated onto gold substrates, the latter being attached
directly to the sample probe by means of double sided Scotch
tape. Polyacrylic acid in the form of a fine powder was coated
onto double sided Scotch tape directly attached to the
spectrometer probe while for polyoctadecyl acrylate a small
amount of the sample was deposited onto a gold substrate
attached to the sample probe which was then slowly raised in
temperature from ambient to ~ 40°c. By this means the sample

spread evenly as a thin film onto the substrate.

(c) Post~treatment of Polyisopropyl Acrylate.

The study of the adsorption of a series of 'hydrogen
bonding species' at the surface of polyisopropyl acrylate was
accomplished by exposing the polymer (which had been previously
coated onto a gold substrate tc about 100 p thick), to the,
appropriate material. In this study the compounds selected were
HF, H20 and NH3 in the order of decreasing propensity for
hydrogen bonding. The polymer sample was exposed to a stfeam
of HF into atmospheric pressure for several minutes and the

sample then transferred to the spectrometer, the spectra being

recorded after pump down to the required operating base pressure



(an operation requiring ~ 5 minutes). The HZO treatment was
accomplished simply by wiping the surface of the polymer with a
wet tissue and the .sample then inserted into the spectrometer
for analysis. The NI, treatment was accomplished by exposing
the polymer sample to the atmosphere of NH3 in a closed container
of .88% émmonia for half an hour. The sample was then removed
from the container and introduced into the spectrometer for
analysis.

In the particular cases of polyisopropyl, polyoctadecyl,
poly-2-ethyl hexyl and poly-n-decyl acrylates qualitative
studies were made of wettabilities. Contact angles for cessile
drops of water on the polymer films were measured from enlargements

47 No attempt was made

of photographs taken with rear illumination.
to quantify the results because of the crude nature of the
experiments, however as noted in the text a clear distinction was

apparent between those samples which were unoxidized at the

surface and those which were oxidized.

(d) Instrumentation.

Spectra were recorded with an A.E.I. ES200A spectrometer
using MgKozl'2 exciting radiation. Typical operating conditions
were: X-ray gun; 12 kV, 15 mA; pressure in the sample
chamber, ca. 10_8 torr. Under the experimental conditions
- employed, the gold 4f7/2 level at 84 eV used for calibration,
had a full width at half maximum (FWHM) of 1.2 eV. No evidence
was obtained for radiation damage to the sample from long term
exposure to the X-ray beam.

The infrared spectra were recorded on a Perkin Elmer 577

Grating Infrared Spectrometer and wide scan spectra from 2.5



to 40 p were compiemented by high resolution spectra in the C-H
and C=0 stretching regions from 2.5 to 5.5 u.

Overlapping psaks were resolved into their individual
components by use of a DuPont 31C curve resolver (an analogue
computer). The detailed deconvolutions were based on a knowledge
of linewidths determined from the model compounds. Previous -
studies17 have shown42‘that for individual components of the
and C

core level spectra for the O levels the lineshapes

1s 1ls
approximate fairly closely to gaussian.

(iii) Theoretical.

The data pertaining to the model compounds have been
interpreted at three levels of sophistication. For the smallest
systems Ab Initio calculations have been carried out on both the
neutral and ionized systems and the assignment of levels confirmed
by reference to binding energies computed as energy differences

18,22

from Koopmans' Theorem and from the charge potential model.5

These calculations were carried out using the ATMOL series of

48 The basis

programs implemented on an IBM 370/195 computer.
sets employed were STO 431G expansions using the relevant best
atom exponents for the appropriate'core and valence orbitals
for carbon, oxfgen and hydrogen.49’5O
For the larger model systems and for the polymer models,
calculations were carried out within the all valence electron
CNDO/2 SCF MO formalism50 employing the charge potential model.
These computations were carried out on an IBM 360/67 computer and
for a typical convergence limit of lO"3 a.u. in the total
energy calculations on the largest model systems studied (35

atoms, 86 basis functions) required ~ 10 minutes of cpu time for

10 iterations.
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(iv)

Results and Discussion for Model Compounds.

(a)
(1)

Core lLeveis of Model Compounds.

Experimental.

The primary scurces of ESCA data which have been

extensively utilized to date are absolute and relative binding

energies and relative peaks areas.

17,35,37,39,42

As a

preliminary to a detailed investigation of the polyacrylates it

was necessary therefore to study a series of simple molecules

as model systems to provide a firm basis for the interpretation

of the data.

the Ols and Cls

Direct measurments of the relative area ratios for

levels of homogeneous thick films of the

condensed model compounds plotted against -the stoichiometric

ratios provides an excellent straight line (Fig.

Mode! Compounds
Relative Feak Area Ratios
(Experimental-vs-Theoretical)

¥=0.009+1.65x
(x0.009)

r2:.99

1.5

Legend:
Compounds

()Methanol
R)Ethanol

(3}Acetone

(@)Diethyl Ether
(BYEthyl Formate
(SiEthyl Acetate
(?Ysopropyl Acetate
(Sllsobutyl Acetate
(QEthyl Acetoacetate

o

Experimental Peak Area Ratics
Om/bw

5 L.O
o/c
Steichiometric Ratios

Figure 3.1. Plot of Measured O c_/C:ls

3.1) correlation

Area Ratios Versus

Stoichiometric Ratios for Mcdel Compounds.




the slope being 1.65 + 0.009 (r“ = .99). This thercfore

provides the required sensitivity factors for the Cls with

1g core levels, these factors of course being
Lel

instrument dependent since they depend not only on the relative.

respect to O

cross sections for photoionization but also on spectrometer
factors such as sensitivity of the detector for electrons of
different kinetic energy, etc. Ilaving obtained an experimentally
detexmiﬁed correction factor for the relative peak areas as a
function of stoichiometry, a discussion of the relative and
absolute binding energies for various structural features is
warranted. Well resolved spectra were obtained in all cases and
by careful calibration of linewidth, (FWHM) and lineshape, in-
completely resolved peaks could he unambiguously deconvoluted
within very narrow error limits (typically + 0.2 eV) and the
relevant data are recorded in Table 3.2.

To enable a direct comparison to be drawn with the
experimental data for the polymers to be discussed in a later
section, representative spectra of some simple alkyl acetates
are shown in Fig. 3.2.

In each case core levels corresponding to carbon atoms not
directly bonded to oxygen had binding energies centred ~ 285.0 eV
and have therefore been omitted from the table. Taking this 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 oxycen (e.g. alcohols, ethers
and simple esters) the binding energies and shifts are highly
characteristic, being 286.,6 * 0.1 eV and 1.6 + 0.1 eV

respectively. The carbon atoms doubly bonded to oxygen fall



Table 3.,2.

Experimentally Daterxmined Binding Energies for Model Compounds

|
Molecule {wﬁn Experiﬁﬁqtal Binding Energies in eV
; -C-0- C=0 f C=0 -0-C O,y = Cog
| cr o % '533.6 | - - fzse.e 25.6 16
CH,CH,0H 533.6 - - }286.6 | 25.5 = 16
| CH,COCH, - 533.6:287.9 - 25.2 | 13
. CH4CH,OCI1,CH, |  533.6 - - 286.5 | 26.5 . 16
HCOOCH,,CH 4 534.5 : 533.3(289.3 ! 286.6 26.7 § 14
CH4COOCH,,CH, | 534.4| 533.6/289.0  286.6 | 26.0 ; 16
CH,COOCH (CH,) ,, . 534.5! 533.5/289.2 | 286.7 | 26.0 16
CH,COOCH,CH(CH,), ~ 534.4 | 533.21289.2 | 286.7 | 26.0 16
. g 533.1{288.9
CH,COCH,COOCH,CH, = 534.4 | 533.6{287.2 :286.33

into two classes, namely simple carbonyl compounds and esters,
the binding energies and shifts for the former being significantly
lower than for the latter (287.9 eV * 0.2 eV, 2.9 eV + 0.2 eV |
and 289.1 # 0.2 eV and 4.1 +* 0.2 eV 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, alcohols 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) ahd the theoretical

analysis presented below unambiguously assigns the higher

binding energy ccmponent as arising from the singly bonded oxygen.
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Core Level Spectra for Simple Alkyl Acetates.

Comparison of the absolute binding energies indicates that while

the binding energy of
is compafable to that
the ester type oxygen

alcohol from which it

consistency cf this assignment data is

the carbonyl type oxygen of the ester group
of a simple carbonyl compound, that of

is significantly higher than that of the

To check the overall internal

is derived.

also presented for

ethylacetoacetate which under the conditions employed in these

experiments exists almost solely (96%) in the keto form.

The
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oxygen ls levels for this compound worrespend to a superposition
of those for an ester group and a simile ketone; the oxygén
doubly londed to carbon exhibiting & small shift (~» 0.5 eV)

while the singly koanded cxygen of the ester croup is at
substantially higher binding energy &nd is directly comparable to
that for the corresponding simple esters. A discussion oif the
Cls levels for ethylaceﬁoacetate will be given in a later

section when surface oxidation of the polyacrylateé is considered.

(2) Theoretical.

It has been shown that with careful calibration, with

respect to simple model systems,l7'35’37'39'42

it is possible

to quantitatively describe both absolute and relative binding
energies for polymer systems. The analysis has been bascd on the
so-called charge potential mode15 which may formally be derived
from Koopmans' Theorem18 in the zero differential approximation.36
The model, relating charge distributicns 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 distribution to be obtained from experimentally

determined binding energiés.Sl

In this model the binding energy
(Ei) of a given core level located in atom i is related to the

charge distribution in the molecule as

qa.
= p° 3
E; = By + kay + Iy Jrij ee. (3.1)

where E, is the experimentally determined binding energy for a given
core level,

o . o

Ei is a reference binding energy level,

ay is the charge on atom i on which the core hole is located



e
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and k is a counstant (approximately equal to the one-centre
repulsion integral between a core and valence electron on

atom i).

As a necessary pre-requisite to the application of this model
to the discussion of the data pertaining to the polyacrylates ,
"studies were carried out on simple model compounds, the cbjectives
being twofold. First, to confirm the assignment of core levels

and second, to obtain values for the charge potential parameters

© and k for the O

E and C core levels. Calculations of the

1s 1s
requisite charge distributions were accomplished within the all

17,35,37,39

valence electron CNDO/2 SCF MO formalism. By plotting

9. '
E-Z;l— (where E is the experimentally determined binding energy)
i]
versus q; the charge on atom i on which the core hole is located,

o]

E° and k for each core level may be determined as an intercept and

slope respectively. Fig. 3.3. shows the correlation for the Cle

and O s levels and least squares analysis of the data yields values

1
of 284.6 eV and 25.2 for E° and k respectively for the Cls levels,
the correlation coefficient being 0.99. These values are in
excellent agreement with those previously determined for simple

>2 The relatively small range of binding

fluorocarbon systems.
energies leads to a considerable scatter in the data for the Ols
‘levels and the correlation coefficient (0.76) is therefore
somewhat lower. Nonetheless the concomitant error limits still
lead to an unambiguous assignment of the Ols levels and this has
been checked by carrying out detailed non-empirical LCAO SCF MO

calculations of absolute binding energies from computations on the

neutral molecules and the relevant hole states. Table 3.3 shows
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Absolute Binding ¥nergies for the C, | and O Levels of the

Model Compounds from the_ghaxge Poteizial Model
! Molecule Theoretical Binding Energies in eV
! -C-0- C=0 C=0 C-~-0O-
| cujon 533.7 - - 286.5
CH3CHZOH 533.6 - - 286.8
CH3COPH ' - 533.2 287.8 .-
CH3C1120CH CH3 533.2 - - 286.6
HCOOCHZCH3 534.4 533.2 28¢2.1 287.4
CH3COOCH2CH3 534.2 532.9 289.1 287.2
. CH3COOCH(CH3)2 534.1 532.9 289.0 2387.4
CH3COOCH2CH(CH3)2 534.2 532.9 289.1 287.2
532.8 289.1
CH3COCH2COOCH2CH3 534,2 533.1 288.0 287.2

the calculated absolute binding energies obtained from the charge
potential model using the values of k and ° derived from Fig. 3.3.
It is clear that both the absolute and relative binding energies
are in excellent agreement with experiment and the assignments
are further reinforced by the detailed non-empirical study,

the results of which are detailed in Table 3.4.

The reference level for these calculations differs of course
from that for the charge potential model which has been
specifically calibrated with respect to measurements pertaining
to the solid state where the convenientvenergy reference is the
Fermi level whereas for the non-empirical calculations the
reference is the wvacuum level.36 From studies on simple organic
molecules in both the gas and solid phase, the difference in

reference levels has been shown tc be ~ 5 eV which corresponds



Table 2.4,

Theorctically Calculiatad Absolute o @ R1 nding Incergies
for some Corc and Velence Le\n1: [wRK and HCGCGI as
T Sinple Moded :\stor
Molecule Binding Energy
Calc, Fxou_q’ kg T (a) (b) Exptl.
O1s Levels CH,OH 544,5 538.9 16.4 () (0) (0}
[¢] 544.3 538.3 17.2 ~-0.2 0.6 -0.6
H-C . ,
oH 546.3 540.1 16.5 1.8 1.9 1.2
C,s Levels CH.OH 295.5 292.3 11.2 (0) (0) ()
HCHO 297.8 293.¢ 10.6 2.3 1.7 1.6
0
H-C 299,3 295.4 10.5 3.8 3.0 3.1
OH
0,4 Levels CH,OH 34.3 ~32 .6 (0) (0) (0)
HCHO 35.9 ~34 2.8 1.6 1.9 N2
o 35.0 31 2.2 0.7 0.4 -1
HC 2
OH 35.8 33 4.1 1.5 3.1 vl
C,, Levels CH, 23.9 23 1.1 (0) (0) (0)
o
HC 22,7 ~22 0.9 -1l.2 -1.5 -1.0
OH
+Experimental data for core levels from ref. (5).

The data for the O2S and C25 valence levels is taken from
ref. (53).

T R.E. refers to relaxation energy accompanying photoionization
Cf. Ref. (22).
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. 36
approximately to the work funciion of the sample.

Considering first the Ols levels, the assignment of formic
acid as prototype for systems containing carbonyl groups is |
unambiguous with the cerbonyl oxygen being substantially lower
in binding energy. This is also apparent from straightforward
application of Koopmens' Theorem which neglects of course the
substantial electronic reorganization concomitant with core
ionization.z“ It is significant however that the relaxation
energies are characteristic of the local electronic environment.
Thus the calculated relaxation energies for the formally singly
and doubly bonded oxygens in formic acid (16.5 eV and 17.2 eV
respectively) are substantially the same as those for the Ols
levels in methanol (16.4 eV) and formaldehyde (17.1 eV)
respectively, although the calculated absolute binding energies
differ significantly. The calculations also successfully
reproduce the substantial increase in binding energy for the
ester type oxygen, by comparison with the alcohol, and the
smaller decrease in binding energy for the carbonyl ongen in
going from a carbonyl group to a carboxyl function. It is
interesting to note that this feature is also reproduced in the

O20 valence levels and this point will be discussed later.

(b) Valence Levels of Model Compounds.

In other studies on polymeric systems it was shown that the
substantial differences in escape depth dependence for deep
lying valence levels which are core like in character (vié. F2S)
with respect to tightly bound core levels, may usefully be
employed for analytical depth profiling.l7 In the present

context it is clear fxrom the published data in the literature on

22



.. valence
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model compounds that it is only for the deer lying O

oS

levels which are readily identifiable that this possibiliﬁy for
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 O and

1s

c levels). Gas phase (HelIl) data was briefly alluded to for

1s
] b n 53 3

simple model compounds and the assignment of levels kased

on non-empirical LCAO SCF MO calculations. In going to a high

energy photoen source (e.g. MgKe, hv = 1253.7 eV), as employed

2
in this work, the differential changes in cross section with
photon energy are such that for first row elements the
intensities of levels derived from crbitals which are largely
2s in character is considerably greater than that from orbitals
which are largely of 2p character.54 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
combinations of Czs levels span a considerable energy range
making a direct integration of their overall intensities for
comparison with that of the core levels somewhat difficult.53
In utilizing the valence energy region for information, with
regard to composition as a function of depth, restrictions were
made to using the Ozs levels, although it will become clear that
the overall band profile for the valence levels as a whole
constitutes a 'fingerprint' for the system.

The measured valence energy regions corresponding to the

core levels of the model systems shown in Fig. 3.2. are

reproduced in Fig. 3.4. Reference to theoretical calculations
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Figure 3.4. Measured valence energy levels for the
alkylacetates whose core levels are shown in Fig. 3.2.

The assignment of the energy levels indicated is solely
qualitative and is included to convey the dominant
characteristic of molecular orbitals in each region. In the
energy range from 4 - 16 eV there is considerable overlap of
characteristics and for this reason attention has been
focussed primarily on the well resolved peak to high binding
energy attributable to linear combination of the 025 levels.,

and direct comparison with the experimental data on related
systems unambiguously assigns the intense broad peak centred

n 27 eV binding energy (solid phase Fermi Level as reference)



arising from molecuvlar orbitals constituted primarily from
lincar combination cf Ozs orbitals. The other regions
corresponding very approximately to thé asgignment given (there
is considerable overlap in each region) are distinctive and
form a useful diagrostic feature for the alkyl component as will
beccme apparent, however the considerable overlap make these
levels less useful fyom the point of view of information with
respect'to analytical depth profiling. The difficulties
involved in‘'direct integration of the 02S levels conseduent
upon the sloping baseline mean that the experimentally
determined area ratios for the Ols/OZS levels are subject to

a somewhat greater error than that for the Ols/cls ratio as
previously discussed. Analysis of the data for all the model
compounds yields an Ols/ozs ratio of 11 + 1, It should be
emphaéized however that this ratio, being instrument dependent,
applies only to the particular experimental configuration used
in this study. The approximate kinetic energies pertaining

to photoemitted electrons from the Ols and O2S levels using

a MgKoLl'2 photon source at ~ 720 eV and ~ 1227 eV respectively
which from a consideration of a generalized curve of escape
depth versus kinetic energy should correspond to significant

differences in electron mean free paths.l7'42

(v) Results and Discussion for Polyacrylates.

(a) Experimental.

Polymex compositions and absolute and relative binding
encrgies of core levels

Preliminary experiments revealed that some of the poly-

acrylate samples studied as thin films on gold were oxidized.
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Further ezperiments snowed that the oxidation in some cases

was limited to the.surface of the samples but in others

extended to the bulko The evidence for this is most conveniently
presented after a discussion of {he results pertaining to the
polymer samples where a variety of data established that the
surface was representative of the bulk. The core level spactra
for these samples are shown in Filg. 3.5, Considering firstly

{CHz GHY-
G=0

/
0
1
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Ols Levels C,s Levels

H

=l

R_CGHWJ\/

’//rv\\\~R=q8H37

o1 B EN
535533 289 265
B.E.(eV)

Figure 3.5. Core Level Spectra for a Series of Polyalkyl
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the parent polyacrviic acid the st spectrum consists of a
doublet in a 1:2 rstic corresponding to the pendant carboxylate
and backbone carbons respectively, the shift in binding energy
being 4.1 eV in excellent agrecment with that for model systems
containing the corresponding structural features. In going to
the methyl derivative the core levels corresponding to the
methyl carbons are clearly apparent being shifted by ~ 1.6 eV
by the attached oxygen. This again is in excellent agreement
with the data for the model compounds. As the alkyl group
increases in complexity the shoulder arising from the carbon
atoms directly attached to the ester oxygens becomes less well
resolved but is still apparent even for the longest chain
studied (Cl8). Deconvolution of the spectra in each case yields
absolute and relative binding energies for the various
structural features in excellent agreement with the data for
the model systems .and the data are shown in Table 3.5.
Considering now the Ols levels it is clear that the overall
band profiles arise from two peaks of equal intensity attributable
to the carbonyl and ester type oxygens. This is-most readily
apparent for the methyl, 2-ethylhexyl and octadecyl systems
and a similar pattern emerges from deconvolution of the spectra
for the parent polyacrylic acid and for the isopropyl derivative.
Again both the absolute and relative bkinding energies (Table 3.5)
are in excellent agreement with the data previously described
for the model systems. |

As an initial test of the homogeniety of the samples on

the ESCA depth profiling scale, a comparison was made to the

measured OlS/O area ratios for these polymers with those

2s
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L B RS S L St e 2 A D

Experimentally Determined Binding Fnexgies for Polyalkyi Acryldte

: Experimental Binding Energies in eV
| Molecule ls Levels 7S Tevels
(=R -C-0- c g -oC 0y |Gy
|
H 534.3 533.0 289.1 - | 26.6 15.5
C1 534.3 532.8 288.8 286.6 g 26,6 16
C2 534.3 532.8 288.9 286.5 % 26.6 16
C3 (i) 534.1 532.7 288.8 286.6 | 26.6 16
C4 (n) 534.3 532.8 288.9 286.6 26.4 16
C4 (1) 534.0 532.8 288.9 286.6 27.2 16
C4 (t) 534.5 532.7 288.9 286.6 : 26.8 16
Cg (E-H) 534.5 533.1 289.1 286.8 | 26.4 15.5
ClO (n) 534.4 532.9 289.0 286.5 26.2 15.5
C12 (n) 534.4 533.0 ! 289.0 286.2 s 26.4 15.5
Cyq (H-D) 534.2. 532.7 ' 288.7 286.5 : 26.4 15.5
C18 (n) 534.2 532.8 % 288.9 286.6 E 26,4 15.5

+ Centroid of relatively broad peak.
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previously obtained fZor homogeneous thin films of the model
systems; since, as previously indicated, the escape depth
dependencies for the two levels ave significantly different. It
is fortunate in this respect that the O, levels are sufficiently
core-like to be readily identifiable (Fig. 3.6) and also that the
cross section for photoibnization is large enough such that even
for the long chain alkyl systems the signals arising from these
levels have adequate intensity to be detected. The measured

area ratios for the polymers fall within a narrow range (12 # 1)
which is within experimental error the same as that for the model
compounds. As previcusly noted in Chapter 2, there are two
éssentially independent means of establishing the polymer
compositions from the ESCA data. Firstly from the Cls/ols area
ratios employing the instrumentally dependent sensitivity factors
for the core levels established from a study of model systems.
Secondly from the area ratios for the relevant component peaks

of the C levels. The data pertaining to the first group of

1ls
samples is shown in Fig. 3.7. For polyacrylic acid the measured

areas for the various structural features for the Ols levels and

C levels and C levels and the overall ratios for the C to O
1s 1s 1s 1
levels (corrected for differing sensitivity factors) are 1.0,

]

2.0 and 1.6 respectively, in excellent agreement with the
theoretical values of 1.0, 2.0 and 1.5 based on a statistical
sampling of the polymer repeat unit. The area ratios for the
individual components for the C1S levels show an excellent

correlation with the number of carbon atoms in the alkyl groups
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Figure 3.6. Measured Valence Energv Levels for a Series of
Polyalkylacrylate.




(Slope; Experimental 2.03, Theoratical 1,0).* DBy contrast the

plot of Total le/olv

el

arena ratics (corrected) against the chain
length for the alkyl group falls on a snooth curve; however
replotting the data in a different toric as shown in Fig. 3.8 reveals
the underlying lineay correlation with the appropriately derived
theoretical parameter. Within experimental limits the slope is
unity as required by theoury 1if the ESCA expcriment statistically
samples the repeat units of the polymers. In sum total thereforec
the ESCA data'shows that for these systems the outermost few tens
of Angstroms of the samples are representative of the bulk and
that compositions, integrity of the inmediate surface, and
homogeneties may routinely be established.

(b) Theoretical Models for the Quantitative Interpretation of
Absolute and Relative binding Energies.

Having established the charge potential parameters E° and k
for theVCls and Ols levels of the model systems an investigation
was made on both absolute and relative binding energies for models
of the polymers discussed in thé previous section. The objective
of this investigation was twofold. First, with an unsymmetrical
vinyl monomer the possibility exists for structural isomerism
(viz. head to tail vs. head to head and tail to tail bonding).

‘Second, for a given structural isomer the relative conformation

of the pendant groups namely the carbonyl and ester functions,

* It is convenient in this correlation to plot the area ratios
for the two best resolved peaks, namely the carbonyl carbon which
although of low relative intensity for the longer chain systems
nonctheless is well removed from the main component arising from-the
backbone and carbons not directly attached to oxygen. This obviates
any error due to deconvoluting the  signal arising from the other
carbons directly attached to oxygen (viz. of the ester group) since
for the long chain systems it is obviously preferable to have a sual
‘error in a large rather than a small quantity. Since the area ratic
does not therefore include the carbons of the ester group which are
directly bonded to oxygen this leads to an obvious break in the
curve for polyacrylic acid.
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are of some interest. It has been shownl7’35'37’39'42

that the
factors which determine differences in binding energies are
relatively short range in nature and may therefore be quantitatively
described by calculations on model systems incorporating a small
number of monomer units such that all of the important short

range interactions are guantified. In pérticular cases (e.g.
nitroso rubbers39) it was shown théf structural isomerisms may be
investigated directly by ESCA; however in general for homopolymers

based on simple unsymmetrical vinyl monomers both theory and
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Figure 3.8. Plot of Area Ratios for the Clq and Ols Levels

of a Series of Polvalkvyl Acrvlates as
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experiment agree that both absolute and relative binding energies
are virtually the same for regular and irregular structures.35
Even at the semi-empirical all valence electron SCF MO‘
CNDO/2 level, computations 6n model systems for the polymers
studied in this work are extremely time consuming. Compufing
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 literature show that such a



model incorporates all the importént short range interactions
with respect to the central unit.l7’35’37’42 The model systems
chosen for study Qere polyacrylic acid and polymethyl acrylate.
In all cases standard bond angles and lengths were employed feor
the various structural features.55 The model systems studied
are shown in Figs. 3.9 and 3.10.

For polyacrylic acid the models studied exemplified both
structural isomerism and relative conformational preferences
for the side chain. For a model system composed of three monomer
units the two distinct structural isomers with respect to the
central unit may be designated 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 iscpropyl acetate indicated that the most stable
conformers involved an eclipsed arrangement for the carbon-oxygen
double bond and the adjacent carbon hydrogen bond, and indeed
experimental data on related systems supports this conclusion.56
For the model systems therefore the carbonyl group was taken to
eclipse the CH bond of the backbone and this is referred to as
the 7 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 backbone. Without |
exception such conformers were calculated to be significantly
higher in energy than for those involving a m eclipsed

arrangement. For a head to head (irregular) arrangement (HH-HT
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linkageg) the side chains were again taken in the n eclipsed
conformations with the pendant ¢roups eithex éll being on the
same side of a plaﬁe.drawn through the backbkone or in an
alternating arrangenent. 7These are analogous to the isotactic
and syndiotactic arrangements in the regular head to tail model
system. Similar calculaticns were carried out on a model of
ﬁolymethyl acrylate as prototype for the polyalkyl acrylates.
In this éase however computing limitations dictated that on one
end of the godel system the adjacent backbone carbons were
simulated by taking a hydrogen atom rather than a methyl group.
Since the calculated binding energies for such a model are taken
with respect to the central unit this further approximation has
virtually no effect as will become apparent in the discussion
of the results.

The results for the models of polyacrylic acid are displayed
in Fig. 3.9 where the absolute binding energies have been
computed using the charge potential parameters derived from the
study of simple model systems as described in a previous section.
Considering first the regular head to tail arrangement ((a)
and (b) Fig. 3.9) it is clear that the factors determining both
the absolute and relative binding energies'are insensitive to
the overall sterecochemistry 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 calculared binding energies are in exact corréspondence with
those for the eclipsed conformers shown in Fig. 3.9. A comparisbn
of the central monomer units with the adjacent units, effectively

demonstrates the short range nature of the factors determining



absolute and relative binding encrgi=zs in these systems. A
comparison with ths experimental data (Table 3~5) reveals the
overall adequacy of the theoretical model in respect of both
absolute and relzative binding’energies for both the OlS and ClS
levels. For the regular models the second methylene group in the
chain linked directly to the methyl éroup provides an indication
of the likely binding enerqgy for methylene groups appropriate

to a tail to tail structural arrangemnent. This is also apparent
from the corresponding irregular HH-HT models ((c) and (d)

Fig. 3.9). For the two possibilities considered it is evident
that the calculated binding energics show a small dependence

on stereochemistry arising from the significant interaction
between carbonyl groups oriented cis to one another on adjacent
carkon atoms. For both models the backbone carbons are

predicted to ha&e closely similar-binding energies a featﬁre
common to the regular models alluded to previoﬁsly. 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 with the 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 relaéive charge
distribution about the two types of oxygen. This effect has been
noted in the literature and is manifest in a distinctly increased
linewidth for the individual components of the OlS levels.36
in going from polyacrylic acid to polymethyl acrylate such
interactions disappear with a concomitant decrease in linewidth
for the individual components of the O15 levels. The two models

chosen for this system are shown in Fig. 3.10. The calculated
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absolute ond relative binding cneraies for the OlS levels are
seen to he in excellent agreement and bracket the expoerimental
data. The calculatiogs suggest that whereas the OlS levels and
levels for the mg% and ﬁC—O stiuctural features should fall

—

Cls

within a narrow range (+ 0.2 eV) for an atactic material the Cls
levels for the backbone carbons should span o much larger range
(+ 0.4 eV) with the extremes being represented by tailmto¥tail
and head-—-tc-head arrangements. All of the polymer samples
studied in this work were synthesized by free radical processes
at relatively hich temperature and should therefore be
predominantly atactic.57
The theoretical models suggest that this would be manifest
in the ESCA data by a somewhat larger linewidth for the Cls
signal arising from the backbone carbons than from the pendant
groups. Since the signal arising from the carbons of the alkyl
group (other than that directly attached to oxygen) falls on the
same region as that for the backbone carbons one corollary of
the theoretical analysis is that as the alkyl chain becomes
longer and therefore proportionally provides a larger
contribution to the low binding energy region of the Cls
spectra, the FWHM should approach that appropriate to the alkyl
chain and hence be largely independent of the tacticity of
the polymer system. Analysis of the experimental data prévides
evidence for this. Thus while the FWHM for the deccnvoluted
gomponents of the Cls and Ols levels for polymethyl acrylate are
1.55 eV, 1.4 eV, and 1.55 eV for the CH, -C=0 and C=0

structural features, for polyoctadecyl acrylate the corresponding

figures are 1.35 eV, 1.35 eV and 1.5 eV,
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{(c)y Valence Levels of

Polyaéiylates.

The model systems previously discussed tcegether with
literature data pértaining to ultraviolet rhotoelectron
spectroscopic studies of related compound553 provides a sound
basis for the overall iaterpretation of the main features of
the valence bands of the polymers studied. For convenience,
samples which are known to be surface oxidized, from studies
of the core levels, are also included in the discussion, since
the escape depth dependence for electrons photoemitted from
the valence levels is sufficiently large that the surface
features contribute significantly less to the overall band
profiles than is the case for the core levels.36

The measured valence energy levels for the polyacrylates
are shown in Fig. 3.6. It is clear that the overall band
profiles are 'fingerprints' for each particular polymer system
and this is dramatically illustrated by the data for the
isomeric polybutyl acrylates shown in Fig. 3.11.

It has previously been discussed that with a high energy
photon source the cross sections for photoionizatioﬁ are such
that for first row elements valence orbitals with a high degree
of 2s character are relatively more intense than those
- predominantly of 2p character and this is clearly evident from
the spectra shown in Figs. 3.6 and 3.11. Comparison of the
two extremes (R=H, R=C18H37) in terms of the overall band
profiles leads to a ready identification of the band centred
around ~ 27 eV as arising from molecular orbitals which derive

predominantly £rom O atomic orbitals. The region between

2s
v 12 and 21 eV similarly derives largely from orbitals of C2s
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Figure 3,11, Measured Valence Enerqgy Levels of
~Poly-n-iso- and tert-butylacrylates.

character. The region below 12 eV derives—largely from molecular

1s
functions. It is interesting to compare the valence bands for

orbitals which are linear combinations involving C2p and H

the longer chain polyalkyl acrylates with those previously
published for polyethylene.36 The spectra are strikingly similar
and are largely superimposable apart from the relatively

intense peak at higher b;naing energy attributable to the O2s

levels of the carboxylate groups.



In a previous section it was shown that by an appropriate
calibration-with respect to model compounds for 'apparent' cross
sections, the compogitions for polyalkyl acrylates on the ESCA
depth sampling scale may be established by two independent means.
In several cases however it was apparent from such an analysis
that the_compositions differed from that appropriate to the bulk
and furtherlthe variation in the intensity ratios for the Ols

with respect to O levels indicated inhomogeneties in surface

2s
compositions. The experimental data for these samples is shown
in Fig. 3.12. A distinctive feature clearly evident in all of
the spectra is the obvious inequality in intensity of the two
cbmponent peaks of the Ols levels. A similar analysis to that
presented in a previocus section provides the following
information. Fig. 3.13 for example shows a plot of the ratio of
intensities for the individual components of the Ols levels and
also the total Ols/OZS 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. Considering the polydecyl
acrylate for example, the OlS/O28 ratio is significantly higher
than for the reference compounds suggesting that since the mean

free path for the O levels is considerably shorter than for

1s
the O?s level%7'42 that the oxidation is largely confined to

the surface. The aksolute binding energies in each case for the
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0ls component levels which have apparently increased in intensity
correspond to C=0 structural features as is apparent from a

comparison with data for the model systems. It is interesting to
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note that high resoluition infrared studies revealed no major
distinction of the- type clearly evident from the ESCA spectra
and the carbonyl region for all of the samples showed only a
single peak in the range 1734 + 6 cm"l consistent with -Cﬁé
structureal features.58 This is readily understandable sinS;R
the infrared data pertains essentially to the bulk. Further
evidence for the oxidized nature of the poly-n~decyl acrylate
surface is provided by the greatly incrcased wettability with
respect to water compared with polyisopropyl acrylate as a
representative example of the unoxidized samples. This was
immediately apparent from the relative contact angles assessed
from the photographs for the two samples. A comparison was also
made with poly-2-~ethylhexyl and polvoctadecyl acrylates the
latter having a contact angle closely similar to that of poly-
isopropyl acrylate whilst the former showed a wettability
intermediate between that of polyisopropyl acrylate and poly-ﬂ—
decyl acrylate. It is interesting to note that although the
data for the poly-2-ethylhexyl acrylate generally fits well

into the overall analysis previously presented as is evident
from Figs. 3.7 and 3.8, a close inspection of the relative
intensities of the component peaks of the Ols levels reveals
some evidence for a small extent of oxidation (cf. Fig. 3.5).

If the surface oxidation inferréd from the inequality of
the component peaks of the 0lS levels is attributable to.surface
carbonyl features then this should also be manifest in_thé
carbon ls levels. It 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



el
o
H

with increasing kinetic encrgy then any surface feature will he

relatively more prominent for the more tightly bound O

1s
than for the Clﬂ levels.17 As a simple model for a system

containing both structural features viz. ketonic carbonyl group

levels

and ester group ethyl acetoacetate was chosen. The Cls levels

are shown in Fig, 3.14 which also details expansion of the Cls
levels for isobutyl acetate, an polyisopropyl acrylate film

which had been heated in air (~ 150°C for 30 mins.,) and for
comparison purposes a sample of polyisobutyl acrylate whose

Ols spectrum also showed evidence for surface oxidation (Fig. 3.12
Considering firstly the isobutyl acetate and polyisopropyl
acrylate spectra the deconvolution into the component peaks
associated with -gio, O0-C- and =-C- structural features with
characteristic-bindgng energies is straightforward as nofed
before. By comparison the spectrum of ethylacetoacetate shows
that the carbonyl. carbon at 287.2 eV (Table 3.2) has the effect
of 'filling in' the valley between the high and low binding
energy regions. This effect is clearly evident for both
polyisobutyl acrylate and for a polyisopropyl acrylate sample
heated in air. A detailed examination of the ClS spectra for

the series of surface oxidized samples (Fig. 3.12) shows that

the overall line profiles can only be quantitatively fittgd with

the addition of a small peak in the Cl spectrum appropriate to

s
isolated carbonyl groups. This work is regarded as an important
preliminary investigation of this interesting aspect of the

surface oxidation of polymers and more detailed investigations

are needed.
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In the particular case of polyethyl acrylate, in addition
to the surface ozidized nature of the sample, the data in Fig.
3.12 also provides evidence for a certain amount of hydrocarbon

. . 3
contamination at the surface. 7

Clearly a more detailed study
of these oxidized szemples is required to elaborate the relevant
surface structures and work is currently in progress on the ESCA
examination of the initial stages of the oxidation of a variety.
of sclid polymer systems.

In the particular case of the sample of polymethyl acrylate
the ESCA data for the sample as received did not correspond
with that expected for a statistical sampling of the repeat unit.
'However benzene extraction of the original material provided
samples (solution cast onto gold) whose spectra were entirely
consistent with the data presented in the previous section. The
major differences in composition on the ESCA depth sampling
scale between the original and extracted sample are clearly
apparent both in terms of the overall intensity ratios of the
Cls/ols levels and also from the area of the individual
components of the Cig levels, Fig. 3.15. It is also apparent
however from the overall band profiles that the original sample
is not surface oxidized. The fact that an inscluble residue
remains after extraction whose spectrum is identical to that of
the original material strongly suggests that the original sample
is crosslinked and that only the linear polymer (representing a
relatively small amount of the total) is extracted, For |
comparison purposes the relevant intensity ratios as measured
are shown in Table 3.6 where a comparison isvalso drawn with the

theoretical values. The large relative intensity of the low
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binding cnergy peak in the C]‘

.5

spectra of the original sample

and extracted residue, characteristic of ~C- structural features,
suggests that this is due in part at least to hydrocarbon typé
contamination. However it is evident that this is not appreciably
soluble in benzene since the extracted sample shows no evidence

of the contaminant. At this stage only speculation on the likely
nature of such a contaminant hydrocarbon layer is offered since

i£ clearly does nct correspond to that often revealed by ESCA
examination of a wide variety of samples and which is readily

vy .
35:37 mhe hydrocarhon

removed by an appropriate solvent treatment.
type material whatever its origin, is clearly distributed
throughout the bulk of the sample since a comparison of the
infrared spectra of the original and extracted materials shows
substantial changes in the overall integrated intensity ratios
for the C-H and C=0 stretching regions.

(vii) ESCA Studies of Adsorption at Surfaces.
17

It has been shown that the great surface sensitivity of
ESCA may be used to considerable advantage in studying the
hydration of surface features on polymers capable of participation
in hydrogen bonding. Such studies are likely to be of some
considerable importance in unravelling the complexities of

for example triboelectric charging and various aspects of
tribochemistry. In the particular case of low density poly-.
ethylene the adsorption of HZO on surface carbonyl featurgs
manifests itself in terms of the appearance of a shoulder to the
high binding enerqgy side of the Ols ievels associated with the

carbonyl oxygen and attributed to the hydrogen bonded water.17
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Careful double bean infrared studiés reveals no evidence for such
interactions since they are localized at the surface.

rAn investigation into the interactibn of hydrogen bonding
species with the surface of polyisopropyl acrylate films, being
prototypes for a system which is unoxidized at the surface,
was performed.

Fig. 3.16 shows the O and C levels for samples of

1s 1s

polyisopropyl acrylate that were exposed to NH,, H,O0, and HF.
~

2
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Figure 3.16. Ols and Cls Core Level Spectra for Samples

of Polyiso-propyl Acrylate Surface Tested

with H?O, NH3 and EF.

These represent an order of increasing hydrogen bond 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 b2 ester group lezds to a

sharpening of the Ol levels such that the two components are

now more readily apparent without reccurse to line shape

analysis. The overall signal intensity for the O and C

1s

levels is also attenuated due to the adsorbhed HF which is

1s

identified by the low ubsolute binding energy for the Fls levels.
The propensity for hydirogen bonding of the carbonyl grbup of an
es#er is considerably less than that for a ketonic carbonyl
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 hydrophobic portions of
"the polymer system. In contrast, therefore, to the clear-cut
detection of surface hydrogen-bonding tco ketonic type carbonyl
groups in polyecthylene the net effect of surface treatment of
poly-isopropyl acrylate with H20 is a small change in linewidth
which can be attributed to a very small degree of hydrogen
bonding. It 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 discernible above the background and the overall band
profiles for the O and C levels within the statistical limits

1s 1s
of the data are superimposable on those for the untreated sample.
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CHAPTER 4

Studies of Structure and PBondince in a Series of Polvealkyl,

and —aryl Methacrvlates through the ARpplication of BSCA.

(i) Introduction.
17,35,37,42

Clark et al. have shown how a detailed
consideration of the absolute and relative binding energies and
relative intensities of peaks corresponding to the direct
photoionization of core levels in polymeric systems can provide
valuable data on structure and bonding in general in the surface
regions of polymeric systems. Theé investigations reported to
date have largely pertained to fluorocarbon based polymers where
the large electronegativity of the fluorine substituents gives
rise to a substantial span in binding energies for Cls levels
corresponding to substituted carbon atoms in widely differing

17,35,37 For systems in which the shifts

electronic environhents.
in cofe binding energies are insufficiently large to be well
resolved, (e.g. solely hydrocarbon based polymers), it has been
shown that it is still possible to derive information on the
structure and bonding in these systems from observations of the
relative intensities and separation from the direct photo-
ionization peak df the satellite peaks arising from shake-up
tfansitions.4o'41

In the preceeding chapter it was shown that for polymeric
systems not possessing either a very large range in absolute
binding energies, 6r an extended conjugated pi-electronic system
(as exemplified by polyalkyl acrylates), that nonetheless, from

a careful study of both core and valence levels ESCA may routinely

be used in such systems to investigate structure, bonding, and



composition of the ocutermost ‘'surfaces'.?®

For fluorbcarhon based polymers it was shown42 that surface
modifications mav readily be detected by ESCA and quantitative
data obtained from an investigation of changes in relative pezlk
intensities for core levels which cover a wide range in binding
energies, giving rise to substantial differences in escape depth
dependencies and hence sampling depth. ESCA as a specfroscopic
toql is becoming increasingly important in establishing whether
structure and bonding at surface of polymer samples is the same
or different from theAbulk and also in monitoring chemical and
physical modifications which are initiated at the surface.42

In the preceeding chépter an ESCA investigation was reported
on the core and valence enexrgy levels of an extensive series of
polyalkyl acrylates and in continuance of this work this chapter
details with a study of a series of polyalkyl-, and'—aryl
methacrylates. Since the range of substituent effects is somewhat
smaller than for the previously studied fluorocarbon based
polymer series, and the span in escape depth dependencies
encompassed by the core levels is also somewhat less, these
materials fit logically into a systematic study of polymer
systems by ESCA. Although there has been a considerable amount
of time and effort spent on the study of structure and bonding
in the polyalkylmethacrylate systems by a wide variety of
analytical techniques, it is quite clear from a review of the
literature that little effort has been'expended to a study of the

surface and subsurface structure of the solid polymeric systens,

* 'Surface' taken in the terms described by Clark.17



. . . 44~46
since most of the work refers to the polymers in solution. 16

As has been discussaed Ly Clar}:,['22 this is én area ci some
importance, more particularly since ESCA is one of the few
techniques which allows the direct study of polymeric films
in-situ in the original form in which they are used. In this
chapter the following points werc considered.

From studies of the absolute and relative binding energies
of the core levels and the relative peak intensities one can
establish the compositions of these materials and draw
comparisons with data pertaining to the bulk. This is obviocusly
of relevance, as in the study of the polyalkyl acrylates, in
establishing whether specific orientation of alkyl groups,
studied as a function . of the length of the side chain, occur at
the sﬁrface, and if surface oxidation or cross-linking are.
apparent in the ESCA core level spectra. The data obtained from
these studies has also proven quite useful in discussing the
distinctive features of the valence levels of the poiyalkyl-

methacrylate series.

(ii) Experimental

(a) Samples.

The polymers, listed in Table 4.1 were commercially
available samples obtained from Cellomer Associates, Inc.,.
P.O. Box 311, Webster, N.Y. and were used directly in preparing
samples for the ESCA investigaticons. Infrared analyses cqnfirmed
the overall purity of the samples and where comparisons were
available, agreed with spectra in the literature. (See Appendix
B for the reproductions of the infrared spectra of the poly-

alkyl- and -aryl methacrylatesg).



Table 4bx;

o v v s 0

Poly-alkyl—- and -aryl-ucthacrylaote Samples Studied in this Work

Showing theiry Typical Glass Trangsition UYemperature (Tg).

Polymethacrylate Homonolymers Typical Tg's

Polymethyl methacrylate (low Mw) : 4105
Polymethyl methacrylate (med Mw) +105
Polymethyl methacrylate (high Mw) +105
Polymethyl methacrylate (very high Mw) +105
Poiyethyl methacrylate + 65
Polyisopropyl methacrylate + 82
Poly-n-butyl methacrylate - + 20
Polyisobutyl methacrylate . + 56
Poly-sec-butyl methacrylate + 60
Poly-tert-butyl methacrylate +107
Polyhexyl methacrylate . =5
Poly-2-ethylhexyl methacrylate - 10
Polyauryl methacrylate - 65
Polyvhexyldecyl methacrylate + 15
Polyoctadecyl methacrylate ' > + 60
Polybenzyl methacrylate + 54

Polyphenyl methacrylate : +120
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(b) Semple preparation.

The poly-alkyl~ and -aryl-methacrylate samplec in the form
of fine powdcers were coated onto double sided Scotch tape directly
attached to the spectromcter prcebe, while the polyalkyl
methacrylates with low Tg's were prepared for investigation as
thin films coated dir&ctly onto gold substrates. The gold
substrate was attached directly to the sample probe by means of
double sided Scotch tape. One of the samples, polyhexyldecyl-
methacrylate, was received as a 20% solution in benzene which
was coated onto a yola substrate and the solvent evaporated
before analysis, leaving a thin film of polymer on the surface
of the gold. The polyoctadecyl methacrylate was applied neat
onto a gold substrate and the temperature was slowly raised to
n 40°C to allow for the sample to spread evenly onto the

substrate as a thin film.

(c) Post-treatment of Polyisopropvl Methacrylate.

The study of the adsorption of a series of 'hydrogen bonding
species' at the surface of polyisopropyl methacrylate was
accomplished by exposing the polymer film, (which had been
previously coated onto a gold substrate to about 100 u thick),
to the appropriate material. In this study‘the compounds
selected were HF, Hzo and NH3 in the order of decreasing
rpropensity for hydrogen bonding. The polymer samples were
exposed to a stream of HF at atmospheric pressure for several
minutes and the samples then transferred to the spectrometer,
the spectra being recorded after pump down to the required

operating base pressure (an operation requiring about 5 minutes).



The HZO treatment was accomplished simply by wiping the surface

of the polymer with a wet tissue and the sample then inscrted

into the spectrometer for analysis. The NH3 treatment was
accomplished by exposing the pelymer sample te an atmosphere of
NH3 in a closed container of .83% ammonia for half an hour.

The sample was then removed from the container and introduced into
the spectrometer for analysis.

In the particular cases of polymethyl=-, pclylauryl- and
polyoctadecyl-methacrylates, qualitative studies were made of
wettabilities. Contact angles for cessile drops of water on the
polymer films were measured from enlargements of photographs
taken with rear illumination.47 No attempt was made to quantify

the results because of the crude nature of the experiments.

(d) Instrumentation.

The details of the instrumentation employed in this study
on the polymethacrylates have been given in the preceeding

chapter on the polyacrylate systems.

(iii) Theoretical.

ITn the previous chepter on the polyalkylacrylates a
discussion of the model compounds used to interpret the polymer
systems was presented. These same model systems also form the
basis for the interpretation of data pertaining to the polyalkyl-

methacrylates.

(iv) Results and Discussion for Polyalkylmethacrylates.

(a) Experimental.

The core level spectra for the polyalkyl methacrylates,

and in addition, for a few samples of polyaryl methacrylates are
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shown in Fig. 4.1 and 4.2 respectively. Consideving first the

Cis l.evals

0| Levels

! | 1
537

Figure 4.1. Core Level Spectra for a Series of Polyalkyl
Methacryvlates.
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Figure 4.2. Core Level Spectra for Polybenzyl- and
Polyphenvyl-ilethacryvlates.

simplest of the alkylmethacrylates, namely polymethyl

methacrylate, the C spectrum consists of a doublet with an

1s
apparent shoulder on the higher binding enérgy side of the main
'backbone carbon peak. The doublet appears as one peak to the
highest binding energy, corresponding to the pendant carboxylatg
carbon, (shifted by ~ 4.1 eV from the lowest B.E. peak), and

the peak appearing as a shoulder on the main backbone carbon peak,

shifted by about 1.6 eV by the attached singly bonded'oxygen...

This data is in excellent agreement with the data from the model
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compounds and that ior polymethyl acrylate. »As the alkyl
group increases in length the shculder arising from the carbon
atoms directly bondéd4to the ester oxvgens becomes less well
resolved, but is still quite apperent for polyoctadecyl methacrylate
Deconvolution of the spectra for each of the alkylmethacrylates
studied yields absclute and relative binding energies for the
vérious structural features, in goced agreement with the data for
the model systems, and is shown in Table 4.2. The average of the
binding energies and shifts for the characteristic structural
features for the polyalkyl methacrylates are shown in Takle 4.3,

| In observing the Ols levels for the polymer systems it is
apparent that the overall band profiles arise from two peaks of
equal intensity, separated by ~ 1.4 eV, assigned to the carbonyl
and ester type oxygens. This is quite apparent for most of the
polymer systems and deconvolution of the'olS levels for the
polyisopropyl~-, poly-2-ethylhexyl-~ and polybenzyl-methacrylates
reveals a similar assignment. The absolute énd relative binding
energies, Table 4.2 are in excellent agreement with the data
described previously for the model systems and for the polyalkyl-
acrylates in Chapter 3.

The homogeniety of the polymer samples.can be investigated
on the ESCA depth profiling scale by comparing the 015/025 area
ratios for the polymers with the ratios previously obtained for
the homogeneous thin films of the model compounds, since the
escape depth dependencies for the two levels are significantly
different.42 In Fig. 4.3. the valence levels for the alkyl-

methacrylates are shown and it is readily scen that the 02s levels
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Table 4.2.

Exnerimentally Deternined Binding Enerygies for Polyalkyl

Methacrvlate Samples.

Lxperimental Binding Energies in eV

Molecule ls Levels 2s Levels
(=R) ~C=0= C=0 C=0 ~0-C 0, Che
Cq. 534.5 532.9 288.9 286.7 27.4 18
C, (n) 534.0 532.5 288.7 286.7 27.4 17
C, (iso) | 534.2 532.9 288.9 286.8 26.8 16
C, (n) 534.3 532.9 288.9 286.6 27.0 - 16
Cy (iso) | 534.3 532.7 288.8 287.0 27.2 16
Cy (sec) | 534.1 532.7 288.9 286.8 26.8 16
C, (tert)| 533.9 532.6 288.8 287.0 27.0 16
Ce (n) 534.1 532.9 288.9 286.9 27.0 16 .
Cg (2-EH)| 534.3 532.9 288.9 286.9 27.0 16
C12 (n) 534,2 532.7 288.8 286.7 27.0 16
C16 (H-D)| 534.5 533.0 289.0 286.8 26.8 15
Cig (n) 534.2 532.6 289.0 286.7 | 28.6 15
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Table 4.3,

Average OlS and Clﬂ Abgolute Binding Inergies and Chemical Shifts

for the Series of Polymethacrylates.

CH3
(CH2--CH)m
: C=0
0
R
I
Ols A FWHM
R 534.4 + .02 1.7 + .01
/s l.4 eV
,0 533.0 * .02 1.7 £ .01
..c§
o
Cls
40 . 288.8 + .02 3.8 ev 1.4 + .01
c _
N
O-R
Cc-0- . 286,7 + .02 1.7 ev
C-H 285.0 + .02 (0] l1.6 + .01
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Figure 4.3. Valence Energy Levels for a Series of
Polvalkyl Methacrylates,

are sufficiently core like in character to be readily identified,
and also that the cross section for photoionization is such that
even for the long chain alkyl systems the signals arising from the

levels have adequate intensity to be detected. The measured



area ratios for these polymers of.ll + 1 is within exp@rimental
error the same as that for the model systems in the preceeding
chapter, indicatin§ their homogeneity. As was discussed in
Chapter 2 and 3 there are essentially two independent methods
of establishing the polymer compositions from ESCA data. First,
the Cls/Ols area ratios, by making use of the instrumentally
dependent sensitivity factors; and such an analysis is shown

in Fig. 4.4. An excellent correlation is obtained as a function

— H
con £
16— szcxo\
Rﬂ

n number of Catoms
in aiky! group

Area Ratio
C
ols Total 8- y=0l9+094x
s {t0.0I)
2=099 &
4- ]
8denotes benzyl & phenyl derivatives
6 1 | S| | | | | I l
4 8 [2 16
(n+4)
5

Figure 4.4, Plot of Area Ratios for the Cls and Ols

Levels of a Series of Polvalkyl- and -—-arvl-
methacrylates as a Function of Chain Length of
the Pendant Ester Group.




of the chain length for the alkyl ‘group. The slope of nearly
unity (0.94) is in good agreement with theory if the ESCA
experiment statistically samples the repeat units of the polymer
with no evidence for specific orientation of the alkyl side
chains. The second method involves the relevant component peaks
of the Cls levels using the area ratios for the individual
components, corresponding to given structural features, and

these again show an excellent correlation as is evident from

Fig. 4.5.

20~
/CH3
“4CH—-C -
6 2 Cur
16—~ ~
& O~r
Area y=0.98+102x
Raﬁo!2
8_
- ¥ denotes benzyl &phenylderivative
4- \o/
- 0=CZ

number of carbons in alkyl group(R)

Figure 4.5. Plot of Area Ratios for the Core Levels
Versus Number of Carbons on the Alkyl Group
of a Serins of Polv-alkyl- and -aryl=-
methacrviates. (Ihese have been corrected for
differences in cross section and instrumental
sensitivity (see text)).




The C spoctra of the polyphcenyvl methacrylate and
, - s ¥

1s
pelybenzyl methacryiate sampies both show, in addition to the.
characteristic peaks arising from the chemically shifted
structural features, low intensity peaks to the high binding
enexgy side of the maih spectra arising from f + 7% transitions
accompanying core ionizations in the aromatic systems.4o'4l
It is interesting to note that when due allowance is made for
the shake-up processes the data for both of these samples

yield an excellent correlation, as is evident from Figs. 4.4 and
4.5. The observation of shake-up phenomena therefore gives a
straightforward means of distinguishing between samples which
fit these two correlations identically, as is the case for
polyvhexyl- and polyphenyl-methacrylates. The ESCA data suggests,
therefore, that'the outermost few tens of Angstroms of the
polymer films studied are representative of the bulk and that
composition, integrity, and homogeneity of the immediate surface
can routinely be established.

In the particular case of polymethyl methacrylate the four
commercially available samples which were studied spanned a
considerable range in molecular weights, all with MWD's of ~ 2.
The spectra obtained from these samples however were identical,
and this again is consistent with a statistical sampling of the
repeat unit on the ESCA depth profiling scale. The method of
synthesis57 for all of the polymer samples would suggest that
the materials are largely atactic, however as noted in Chapter 3
from the study of the model polyacrylate systems, ESCA is a |
relatively insensitive tool for investigating tacticities in

the solid state.35'37'39



........

Yn the particular cases of polvnethyl-; pelylauvryl- and
polyoctadecyl nmethacrylates, spanning the range in side chain
complexity, the measured contact angles were closely similar thch
is readily understandable in texms of the ESCA analysis.

(b) Valence Levels of Polymethacrylates.

The model systems discussed in Chapter 3 together with
literature data pertaining to UPS studies on related compound553
provide a sound foundation for the overall interpretation of the
main features of the valence bands of the polymers studied.

The measured valence energy levels fér the polyalkyl
methacrylates, in Fig. 4.3 show clearly that the overall band
profiles are 'fingerprihts' for each particular polymer system
and this becomes much more evident from the data for the isomeric
polybutylmethacrylates shown in Fig. 4.6, for which the core levels
(Fig. 4.7) are closely similar. As might have been expected
these results parallel those on the polyalkylacrylates and the
main features of the assignment of levels follow along similar

lines.

(v) ESCA studies of Adsorption at Surfaces.

Clark has discussed42 the great surface sensitivity of
ESCA and it may be used to considerable advantage in studying
the hydration of surface features on polymers capable of
participation in hydrogen bonding. Such studies are likely to
be of considerable importance in detailing the complexities of,
for example, triboelectric charging and various aspects of
tribochemistry. In the particular case of low density poly-

ethylene the adsoxption df H20 on surface carbonyl features
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Figure 4.6. Measured Valence Energy Levels of Pdly~n-,4
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manifests itself in terms of the appearance of a shoulder to
the high binding energy side of the Ols levels associated with
the carbonyl oxygen and attributed to the hydrogen bonded water.42

Careful double beam infrared studies revealed no evidence for such
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Figure 4.7. Core Level Spectra for Poly-n-, -iso-, -sec-
and —-tert-butylmethacrylates.

interactions since they are localized at the surface. 1In
continuance of the work on the polyalkylacrylate systems the
interaction of hydrogen bonding species with the surface of

polyisopropyl methacrylate films has béen investigated.



Fig. 4.8 shows the Ol° and Cls levels for samples of

polyisopropyl methécrylate that were exposed to NH3, HZO and HF.
These represent an order of ihcreasing hydrogen bond strength,
and it is apparent from the spectra that as in the case of the
poljisopropyl acrylate, discussed in the last chaéter, it is only
in the case of the HF treatment that the spectra reveal any

significant change.

A sharpening of the Ol*

s

levels, such that the carbonyl and
ester type oxygens are more distinguishable without recourse to
line shape analysis, is apparent. The overall signal intensity
for the O and C levels is also decreased due to the

1s 1s
adsorbed HF on the surface of the film, which can be identified

by the low absolute binding energy for the Fls levels.
As has been discussed in the preceeding chapter the overall
effects of the absorption study are identical to the polyiso-

propyl acrylate with the H20 and NH3 treatments showing little or

no effects on the linewidths. Cig Levels

O Levels

e HF

werf ot PO NH
Nm S

401 ' 3b7

Untreated

R ]
6§37 B33 2é9 l 2&5
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Figure 4.8. Ols and ClS Core level Spectra-for Samples

1

o? Polyisopropyl Methacrylate Surface Treated
with H,O, NHB and HI'.
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APPENDIX A

Infrared Spectra of Polyalkyl Acrylates and Ethyl Aceto-
acetate .
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APPENDIX B

Infrared Spectra of Poly-alkyl- and —~aryl-methacrylates




T e

Polymethyl Methacrylate (low Mw)
L 1 L | |

Ve

Polymethyl Methacrylate (med. Mw)
L | ! | | | I | I

Polymethyl Methacrylate (high Mw)
1 S | | | | | ] |

Polymethyl Methacrylate (very high Mw)
L 1 ] ! | | ! ] ]

4000 3500 3000 2500 2000 1800 1600 1400 1200
wavenumber (cm.—l)



Polyethyl Methacrylate
L l | ] I ] ] ] |

wﬂ\Ww ,.,———/v-\

Poly-isopropyl Methacrylate
l | ] ] [ l 1 i !

J/

Poly-n-butyl Metnacrflate
L ] ] ] | 1 L 1 ]

\A’W
Poly-iso-butyl Methacrylate |
|

L | | 1 1 i i Il

4000 3500 3000 2500 2000 1800 1600 1400 1200
' wavenumber (cm.—l)



IR

Poly-sec-butyl Methacrylate
| } ] | ] l l ] L

—/—/‘—m

Poly-tert-butyl Méthacrylate :
L ] ] L 4 | 1 ] 1

-

Polyhexyl Methacrylate
l | | ] 1 I I J |

Poly~2-ethylhexyl Methacrylate
| ] | l | | | | ]

4000 3500 3000 2500 2000 1800 1600 1400 1200

wavenumber (cm. )



' AR

Poly-n-Lauryl Methacrylate | l |
] | ] { ] !

B

Poly-hexadecyl Methacrylate
] | | | I ! ] |

Y

Polyoctadecyl Methacrylate
L | | | L | ! [ |

Polybenzyl Methacrylate

1 | | | ] ]

l

i |
4000 3500 3000 2500 2000 1800 1600 1400 1200
wavenumber (cm.—l)



- .Qﬁ%\“JJvﬁ\\vf\r

Polyphenyl Methacrylate
L N} L ] | | | I J

4000 3500 3000 2500 2000 1800 1600 1400 1200

-1
wavenumber (cm. )



REFERENCES




12,

13.

14,

D.W. Turner, C. Baker, A.D. Baker, C.R. Brundle 'Molecular
Photoelectron Spectroscopy', Wiley-Interscience (1970).

D.E. Eastman, ‘Photoemission Spectroscopy of Metals'!, in
'Techniques in Metals Research VI', ed. E. Passaglia, Wiley-
Interscience (1972).

C.C. Chang, Surface Science, 25, 53-75 (1971).

J.P. Coad, M. Gettings and J.C. Riviere, Faraday Discussions,

60, Vancouver, July 1975, Paper 21.

K. Siegbahn, C. Nordling, G. Johénsson, J. Hedman, P.F. Heden,
K. Hamrin, U. Gelius, T. Berkmark, L.D. Werme, R. Manne and

Y. Baer, 'ESCA Applied to Free Molecules', North-Holland Publ.
Co., Amsterdam (1969).

K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hémrin,

J. Hedman, G. Johansson, T. Berkmark, S.E. Karlssoﬁ,

I. Lidgren and B. Lindberg, 'ESCA, Atomic, Molecular and

Solid State Structure Studied by Means of Electron Spectroscopy’
Almquist and Wiksells, prsala (1967).

L. Asbrink, Chem. Phys. Lett., 7, 549 (1970)

L. Asbrink and J.W. Kabalais, Chem. Phys.- Lett., 12, 182 (1972).

R.E. Weber and W.T. Peria, J. Appl. Phys., 38, 3320 (1967).

H.D. Hagstrum and G.E. Becker, Phys. Rev. Letts., 22, 1054 (1969

A.E. Sandstr®m, in S. Flfigge, Handbook of Physics, Vol. XXX,
X-Rays, p.l64 (Springer-Verlag, Berlin, 1957).

C.D. Wagner, Faraday Discussion, 60, Paper 23 (1975).

J.F. McGilp and I.G. Main, J. Elect. Spect. and Related Phen.,
63, 97-409 (1975).

P. Ascarelli and G. Missoni, Ibid., 5, 417-435 (1974).



15.

l6.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

G. Johansson, J. Hedman, A. Berndtoson, M. Klasson and
R. Nilsson, Ibid., ref. 13, 2, 295-317 (1973).

J.P. Contour and G. Mouvier, J. Elect. Spect. and Related

Phe_ll. r 1’ 85“'90 (1975) .
D.T. Clark, W.J. Feast, W.K.R. Musgrave and I. Ritchie,

Jt POlY. SC‘:n, H’ 857—890 (1975‘)0

T.A. Koopmans, Physica, 1, 104 (1933).

U. Gelius, Phys. Scripta, 9, 133 (1974).

M. Barber and D.T. Ciark, J. Chem. Soc., D, 22 (1970).

D.B. Adams, D.T. Clark, Theoret. Chim. Acta. (Berl.),

31, 171 (1973).

D.T. Clark, I.W. Scanlan, J. Mfiller, Theoret. Chim. Acta (Berl),

35, 341 (1974).

U. Gelius, Disc. Fara. Soc., 54 (1972).

R.E. Watson and A.J. Freeman, Hyperfine Interactions

(Ed. A.J. Freeman and R.B. Frankel), Academic Press, New York
(1967).

C.S. Fadley, D.A. Shirley, A.J. Freeman, P.S. Bagus and

J.V. Mallow, Phys. Rev. Lett., 23, 1397 (1969).

T. Novakov and J.M. Hollander, Bull. Am. Phys. Soc., 14, 524

(1969).

T. Novakov and J.M. Hollander, Phys. Rev. Tett., 21, 1133

C.S. Fadley, Lecture Series, 'N.A,T.0. Advanced Study

Institute on Electron Emission Spectroscopy', Ghent University,

- Ghent, Belgium, August 28 - September 8, 1972,

T.A. Carlscn, W.E. Hunt and M.O. Krause, Phys. Rev, lLett,,

151, 41 (1966).



30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

R. Manne and T. Aberq, Chem. Phys. Letts., 21, 1133 (1968).

R.M. Eisenbkerg, Fundamentale of Modern Physics, Ch. 14,
John Wiley and Sons, Inc. (1961).
U. Gelius, E. Basilier, S. Svensson, T. Bergmark and

K. Siegbahn, J., Elect. Spect. and Rel. Phen., 2, 405 (1973).

E.M. Purcell, Phys. Fev., 54, 818 (1938).

J.C. Helmer and N.H. Weichert, Appl. Phys. Lett., 13, 268

(1968) .

D.T. Clark, D. Kilcast, W.J. Feast, and W.K.R. Musgrave,

J. Polym. Sci., Polym. Chem. Ed., 11, 389 (1973).

D.T. Clark, 'Elect. Emission Spect!, W. Dekeyser, et al. (eds.),

373-507, D. Reidel Publishing Co., Dordrecht, Holland (1973).
D.T. Clark, W.J. Feast, I. Ritchie and W.K.R. Musgrave,

J. Polym, Sci., Poly. Chem. Ed., 12, 1049 (1974).

D.T. Clark, J. Peeling and J.M. O'Malley, J. Poly. Sci.

Polym., Chem. Ed., in press (1975).

D.T. Clark, D. Kilcast, W.J. Feast, and W.K.R. Musgrave,

J. Polym. Sci., A-1l, 10, 1637 (.272).

D.T. Clark,'A. Dilks, J. Peeling, and H.R. Thomas, Trans.

Faraday Soc., Faraday Disc., 60, No. 14 (1974), 000.

D.T. Clark and A. Dilks, J. Polym. Sci., Polym. Chem. Ed.,

in‘press (1975).

Cf. D.T. Clark, 'Advances in Polymer Friction and Wear',
5A, 241 (1974), Ed. L.H. Lee, Plenum Press, N.Y. (1974).

J. Brandrup and E.Hd. Immergut (Eds.), 'Polymer Handbook',
Interscience Publishers, New York (1967). |
'Reactivity, Mechanism and Structure in Polymer Chemistry'
eds. A.D. Jenkins and A, Ledwith, J. Wiley and Sons, London

(1974).



46.

47,

48,

49,

50.

51.

52.

53.

54.

55.

56.
57.

P.L. Magagnini, A. Marchetti, ¥. Matera, G. Pizzirani, and

G. Turchi, Eur, Poly. J., 10, 585-91 (1974).

A. Tanaka and Y. Ishida, J. Pclv. Sci., 13, 431-36 (1975).

B. Arkles and W.R. Peterson, ‘Advances in Polymer Friction and
Wear', 5B, 453 (1974) Ed. L.H. Lee, Plenum Press, N.Y. (1974).
I.H. Hiller, V.R. Saunders, Atlas Computer Laboratory, (1272).

R.Fe Ste\\?art, l.( Cl)ems PhYS. ’ é_@_’ 2485 (].9 69) 3

E. Clementi, IBM J. Res. Develop. Suppt., $, 2 (1965).

J.A. Pople and D.L. Beveridge, ‘Approximate Molecular Orbital
Theory', McGraw-Hill (1970).

D.T. Clark, D. Kilcast, and D.B. Adams, Farad. Disc. Chem. Soc.,

54, 182 (1972).

A.W. Potts, T.A. Williams and W.C. Price, Disc. Farad. Soc.,

54, 104 (1972).

Cf. K. Siegbahn, J. Flect. Spect., 5, 3 (1974).

L.E. Sutton, 'Tables of Interatomic Distances', Chemical
Society, London, Special publication, No. 18, 1965.

D.T. Clark and D.M.J. Lilley, Tetrahedron, 29, 845 (1973).

Re. Cellomer Associates, Inc., private communication (1975).



