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Chapter 1
General Introduction

1-1 Introduction

Polymers are widely used in any field as specialty materials with
specific properties and functions. Specialty polymers with Vhigh quality
in those properties such as mechanical strength, rigidity, elasticity and
heat-resistance have been replacing to metals, ceramics and other
inorganic materials because of its'advantage of a light weight. There
are other kinds of g_pecialty polymers with specific functions such as
separability of substances, electric conductivity, photo-sensitivity or
biological functions as bio-compatibility and susceptibility to living
bodies.

In the past decade, it has been noticed that properties of specialty
polymers and materials made from polymers depend not only on the bulk
structure but also on the surface structure. For examples, such
properties as adhesibility, bio—corﬁpatibility and separability of a
polymer strongly depend on the surface structure, while strength,
rigidity and elasticity are influenced by the bulk structure.

In general we speak of the surface of the solid material, but it
would be more precise to use the term "interface", where the solid is
commonly in contact with a vacuum, a gas, a liquid or another solid. The
components, i.e. the atoms or the molecules, of the surface of a solid
have the same neighbors in inside direction as do they in the bulk. On
the contrary in the opposite direction, i.e. outside direction, they
cannot find out adjacent components of the same kind of the bulk and are

suddenly faced with a quite different phase. The surface must have



therefore a characteristic atomic or molecular arrangement as the result
of the stiructural reconstruction from the bulk structure.

The author attempts to approach to a unique structural feature of
the surface of polymeric substances as an extended study of the bulk
structure. X-ray photoelectron spectroscopy (XPS) is mainly used to
investigate the polymer surface, because XPS is highly surface-sensitive
and has an ability to provide the chemical bonding information of each
atoms. Furthermore, XPS is expected to be an effective technique for the
analysis of the bulk chemical structure of polymeric substances because
of its high capability to provide the information of the chemical state
of atoms.

This thesis deals mainly with various basic problems which arise in
the application of XPS to the surface studies of polymeric substances,
along with its utility for the examination of the bulk chemical structure
of polymers. In addition, this thesis contains the result of X-ray
crystallographical analysis of poly(vinylidene chloride) (PVDC}), which is
performed to obtain the geometrical data of the molecule used for the

non-empirical LCAO MO SCF calculation of the chemical shift of XPS.

1-2 Surface Structure

Before last decade, the surface structure of materials had attracted
little attention in the industrial world. During the last decéde, it has
however been realized that the designation of the surface feature of
materials must be taken into consideration for the development of
specialty materials. The surface structure has been proved to play the
important roles also in polymer materials.

Before the introduction of XPS,»2 the reflection infrared spectro-

scopy was virtually only technique available for studying polymer surface.



This technique typically gives the information pertaining to about 1 pm
into materials. In recent years, use of Fourier transform infrared
spectroscopy (FT-IR) technique has improved surface sensitivity,®* but
even in the most favorable cases FT-IR cannot give us information of the
outermost layer on the surface, which plays important roles in various
surface phenomena.

XPS has gained widespread recognition’7 as the most powerful
technique for the investigation of the surface structure of polymeric
substances in a solid state, because of its good surface sensitivity and
capability of providing the chemical bonding information of all elements
except hydrogen. The latter feature also makes XPS one of the most
effective analytical techniques to study the bulk structure of polymers
like IR and X-ray diffraction. It is the reason why the author tries to
apply XPS for the examination of the bulk chemical structure of a
condensed-ring polymer, stabilized PAN, in combination with FT-IR as
described below. ‘

The XPS experiment is accomplished by irradiating a sample with the
monochromatic soft X-ray beam and analyzing the kinetic energy of the
electrons emitted from the sample. The MgKwi: X-ray (1253.6 eV) and the
AlK%1,2 X—réy (1486.6 eV) are commonly used as the incident radiation.
These photon interact with the atoms in the surface region of the sample
by the photoelectric effect, causing the emission of electrons. The
emitted electrons have kinetic energies given by KE = hl/ - BE, where hV
is the energy of the photon, BE is the binding energy of the atomic
orbital from which the electron originates as shown in Figure 1.1. The
binding energy may be regarded as the ionization energy of a particular
shell of the atom. We can assign a peak in XPS spectrum to a particular

element, since the binding energy for a given core level of a given
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element is characteristic.

Although the energies of the core levels of an atom in molecules are
sensitive to their electronic environment, the effects are short-range
since the core levels are essentially localized on atoms. The chemical
shift of a given core level signal is therefore dependent only on the
atoms attached directly to the atom on which it resides. Thus, differences
in electronic environment give rise to a small change of binding energies
(i.e. chemical shifts), which is often representative of a particular
structural feature. Ability to provide straightforward the chemical
information gives XPS great potential as a tool for the surface science
on polymeric substances. The chemical shift of an atom in the molecule
can be roughly estimated by referring values of electronegativity of
atoms directly attaching to the atom. For instance, the bonding of a
fluorine atom with the largest electronegativity usually causes large
chemical shifts of binding energies of various element atoms. But
unfortunately, we cannot precisely assign the spectra to the specific
chemical species by using the chemical shift estimated by referring the
values of the electronegativity. Thus, in this thesis the author
attempts to use the chemical shifts for the assignment of the XPS spectra
by referring observed data for the model chemical compounds and by
calculating binding energies by means of the non-empirical LCAO MO SCF
calculation.

The measurement of the absolute values of binding energies of the
core and valence level electrons in thick polymer films or powders,
because of their insulating character, is not as straightforward as in
the case of electrically conducting samples. The electron flux
photoejected from the sample by the incident X-ray beam is generally only

partly balanced by the flux of low energy secondary electrons arriving at



the sample from its surroundings. The sample usually is positively
charged in the pseudo-equilibrium electronic condition. The value. of the
charge up of the polymer samples is usually 2 - 15 V. We must correct
the value of the charge up to obtain the accurate binding energies. The
author calibrates the energy scale by monitoring the Cls level of the
extraneous hydrocarbon contamination and internal standards such as a
hydrocarbon species in the sample.

Probabilities of interaction of the electrons with a material far
exceed those of the photons, so while the path length of the photons is
of the order of micrometers, that. of the electrons is of the order of
tens of Angstroms. Thus, while a photoelectron emission occurs to a
depth of a few micrometers, only electrons that originate within tens of
Angstroms below the solid surface can leave the surface without energy
loss. It is these electrons which produce the peaks in the spectra.
Those that undergo loss processes before emerging form the background.
The energy loss is caused by inelastic scattering which involves one-
electron excitations, vibrational excitations, or, in certain cases,
plasmon excitations. Experimental data on mean free path of electrons in
various materials in the 40 - 2000 eV range of the most interest in XPS
measured by previous workers are shown in Figure 1.2. All data points
lie roughly on a common curve. Mean free paths are in the rage of about
5 - 30 K and decrease with an decrease of the electron energy in the
energy rage usually used in XPS measurement. The extremely good surface
sensitivity of XPS is a direct conséquence of the short mean free path of
the photoeléctrons through the sample.

Applications of XPS have ranged from structural elucidation of
simple homopolymers,8-1! determination of copolymer composition8:»2-16

and its morphology!4-1¢ to more complicated systems like highly
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crosslinked materials!?’?* and studies of surface modification reactions
which take place in monolayer depth scale.?’-2 However, owing to the
shorter history of application of XPS to polymer materials than other
conventional analytical techniques like infrared spectroscopy, nuclear
magnetic resonance and X-ray diffraction, many problems have been left
unclarified in the XPS measurement of polymers. Before the present work,
there was no detailed and systematic study of sample preparation and
measurement techniques for use of XPS on polymers such as the surface
cleaning, the contamination occurring in vacuum or the degradation of a
sample by X-ray flux and Ar ion sputtering.

XPS is considered to be a technique free from radiation-induced
artifacts in the most of inorganic materials. On the other hand, the
damage of sample surfaces by X-ray flux usually must be considered in the
XPS measurement of polymers. Wheeler found a very strong effect of the
X-ray flux on the surface composition of PTFE.® Chang studied the
mechanism and the rate of dehydrochlorination of an oxide-free PVC film
due to X-ray irradiation by using XPS.?! The author carries out a
detailed examination of the effect of X-ray flux to various polymers and
discusses the unique feature of the degradation by X-ray flux comparing
with the thermal degradation.

A sample specimen surface in air is frequently contaminated by
organic substances. It prevents us from obtaining the information of the
real clean surface of the sample. Ar ion etching is commonly used to
remove the surface contamination in the XPS measurement of inorganic
materials as metals, ceramics and semiconductors. But we cannot use the
techniqug to clean the surface of polymers, because most of polymers are
extensively degraded by Ar ion sputtering. Instead, the author examines

the use of an ultrasonic cleaner in organic solvents as a degradation-



free cleaning method. The surface of polymers is revealed to have the
characteristic properties different from that of metals and semiconductor
crystals through this examination.

The author fully investigates the XPS chemical shift of a carbon atom in
poly(vinylidene chloride) (PVDC) and poly(vinyl chloride) (PVC) by means
of non-empirical LCAO MO SCF calculation by the ab initid method using
GAUSSIANS82 program,¥ utilizing the geometrical data of the molecule of
PVDC obtained by the crystal structure analysis also discussed in the
following section of bulk structure. The change of binding energy of Cls
the both polymers by bonding of (;hloride atoms is discussed in this thesis.

In inorganic materials, the mechanism of the ion sputtering was
already fully examined.3¥ On the other hand, no detailed study has been
rerformed in the field of organic materials. Understanding of the
sputtering mechanism of polymer materials is also far from the satis-
factory level. The author examines the chemical composition on the
surface of an ion sputtered poly(tetrafluoro ethylene) (PTFE) and
poly(vinylidene fluoride) (PVDF) by XPS. The change in XPS spectra of
the polymers on Ar ion bombardment is interpreted by a simple calculation
based on a Monte Carlo simulation. The investigation of the mechanism of
sputtering is particularly important in the secondary ion mass
spectroscopy (SIMS) measurement of polymer materials, that has much
potential for the polymer surface characterization.

The author widely and systematically applies XPS to the carbon fiber
made from polyacrylonitrile which is used to make advanced composite
materials combined with various polymers. The carbon fiber is a new
breed among high strength materials. Although initially developed for
aerospace industries, they are now finding wide use in commercial

aircraft, recreational goods, and automobiles. It has low density and



thus possesses the highest specific strength in all currently available
engineering materials. It is used as composites with a light weight
matrix, generally epoxy resin, occasionally polyester and also polyimide,'
and now recently more frequently with carbon. Carbon fibers with
excellent mechanical properties themselves are now available. But the
efficient use of these outstanding mechanical properties in composites
has not been achieved. Composites obtained from them still have poor
interlaminar shear strength. This has been attributed to weak adhesion
or poor bonding between the surface of carbon fibers and matrix resins.

The surface treatment of cérbon fibers has been frequently used to
improve the bonding property between the fibers and matrix resins in
composite materials. Both of chemical and crystalline structures of the
carbon fiber surface are expected to play important roles in adhesion.
The characterization of the carbon fiber surface is thus much needed for
the improvement of the interfacial bonding. Functional groups on the
surface of carbon fibers have been studied extensively with XPS by
various authors,?-3 because of its good surface sensitivity and
capability of providing chemical structure informations. However, the
complexity due to the asymmetric line shape of Cls spectrum?® as well as
small observed chemical shift of Ols prevents us from studying the
surface structure in detail. The peak separation of Cls spectrum of
carbon fibers with a symmetric component curve, which is usually used for
the analysis of chemical species of organic materials, also has misled
several authors in the estimation of concentrations of surface functional
groups.

In Qrder to circumvent these difficulties, the author develops new
techniques for the characterization of the surface of carbon fibers. The

digital difference subtracting technique of XPS spectrum is proved to be
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useful for the analysis of functional groups on the surface of carbon
fibers produced by oxidation. But the discrimination of all functional
groups on the surface of carbon fibers is difficult even by this
technique. The author develops a technique for surface modification
coupled with XPS measurement to investigate all surface functional groups
of carbon fibers.4%# The purpose of the chemical modification is

labeling of a specific functional group by a tag element improving
abilities of detection, identification and guantification.

The surface graphitization degree of carbon materials including
carbon fibers is tried to examine by XPS. The surface graphitization
degree cannot be determined by conventional techniques like X-ray
diffraction giving all bulk information and Raman spectroscopy with a
measurement depth of a few hundred Angstroms. The line shape of XPS Cls
spectrum of carbon materials is found to be indicative of its graphitiza-
tion degree. Utilizing this phenomenon, the author investigates the
change of the graphitization degree on the surface of carbon fibers in

the carbonization and the surface oxidation processes.

1-3 Bulk Structure

In the carbon fiber production process, PAN fibers stabilized at
between 200 - 300 € in air is carbonized by the heat treatment above
1000 C in an inactive atmosphere. The mechanical properties of the final
carbon fibers are much dependent on the chemical composition and the
molecular structure of the stabilized fiber as the intermediate material.
By using XPS, the author tries to determine the bulk chemical structure
of PAN stabilized in air and to elucidate the mechanism of the
stabilization reaction.

Many workers have studied the mechanism of the stabilization process

- 11 -



and the chemical structure of the stabilized fibers by infrared spectro-
scopy and evolved gas analysis.4?-4® But, many kinds of chemical struc-
ture models proposed so far are not decisive enough to fully understand
the chemistry in the stabilization process, because of experimental
difficulties due to the disturbance by the intense background absorption
and also due to the insolubility to any kind of organic solvent.

XPS can reveal the chemical state of carbon, oxygen and nitrogen
atoms contained in stabilized PAN fibers in solid state. But it must be
noticed that XPS cannot give us the chemical information of hydrogen
because of its no core electron. The author uses FT-IR and elemental
analysis combining with XPS to complement its disadvantage.

In the quantitative analysis of XPS spectra by means of non-
empirical LCAO MO SCF calculation, we need the geometrical data of the
molecular arrangement. In the case of PVDC, however there have been no
these data. Then, the author started the crystallographical analysis of
PVDC before the guantum theoretical calculation, which is described in
the above section about the surface structure.

Crystal structure of polymers has mainly examined by X-ray
diffractioh, infrared spectroscopy and Raman spectroscopy.’® X-ray
diffraction technique is the most powerful tool for the investigation of
structures in the crystal region. It can give us the useful crystallo~
graphical information. But imperfection of polymer crystals prevents us
to determine the complete crystal structure. In order to circumvent this
difficulty, many authors successfully used the conformational energy
analysis technique to determine structures of polymer chains in the
crystal 1‘<e1t’fuice.51‘62 A conformational energy calculation method has
been carried out to anticipate a molecular conformation and a molecular

packing with the most stable energy.
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The molecular structure of PVDC has been studied by wvarious
authors,%-71 who have proposed several molecular models for PVDC such as
twisted zigzag, tub form, (2/1) helical and glide model. However, the
crystal structure has not yet been completely determined. The molecular
and crystal structures of PVDC are examined by X-ray structure analysis

together with the conformational energy calculation.

This thesis consists of the following chapters.

Chapter 2 describes surface cleaning methods and effects of X-ray
flux on the polymer surface. Ultrasonic cleaning in organic solvents is
proved to be effective to remove organic contaminations on the surface of
polymers. The surface chemical activities of polymer substances are
revealed to be less than that of metals and semiconductor crystals.
Polymers are roughly classified to three levels in the stability for
X-ray flux in XPS measurement. The degradation reactions of polymers
induced by the X-ray irradiation are clarified‘ to be difference from that
in the thermal degradation processes.

In chapter 3, the chemical shift of a carbon atom in poly(vinylidene
chloride) and poly(vinyl chloride) is investigated by means of a non-
empirical LCAO MO SCF calculation. The chemical shift of Cls in these
polymers by bonding of a chlorine atom is mainly discussed. The chemical
shift of Cls by bonding of a chlorine atom is resulted to be less than
that by bonding of a fluorine atom.

In chapter 4, Monte Carlo simulation of an ion sputtering process of
fluoro polymers is described. Sputtering processes on Ar ion bombardment
of PTFE and PVDF are studied by XPS measurement of sputtered surface of
the polymers and by the analysis based on the random elimination of

fluorine atoms from polymer chains. In both polymer systems, fluorine
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atoms are preferentially sputtered away from the polymer chains, leaving
carbon atoms behind. Observed XPS spectra of both polymers are explained
by the random elimination of fluorine atoms in Monte Carlo simulation.

Chapter 5 shows the result of XPS study of functional groups on the
surface of carbon fibers by the digital difference spectrum technique.

It is shown that the major functional groups introduced to the carbon
fiber surface by surface oxidation are hydroxyl and carboxyl groups. The
technique is proved to be useful for quantitative analysis of the surface
chemistry on carbon fibers.

In chapter 6, advanced techniques of XPS are introduced on the
surface analysis of carbon fibers. The chemical modification technique
coupled with XPS is proved to be a useful tool for detailed and
quantitative analysis of functional groups on the carbon fiber surface.
The line shape analysis of XPS Cls spectrum is used to evaluate a degree
of the graphitization on the carbon fiber surface. Major functional
groups on the surface of unoxidized and oxidized carbon fibers are found
to be carbonyl group and hydroxyl and carbonyl groups, respectively. It
is shown that the surface oxidation reduces a degree of the
graphitization on the surface of carbon fibers.

Chapter 7 shows the experimental result on the investigation of the
chemical structure of stabilized PAN and the reaction mechanism of
stabilization process in air by XPS, FT-IR and elemental analysis. It is
shown that PAN stabilized in air has highly unsaturated ladder like
structure mainly consisting acridone, naphtyridine and hydronaphtyridine
rings. Addition of the second component by the copolymerization to the
precursor is found to accelerate dehydrogenation reaction in the
stabilization process.

In chapter 8, crystal structure of PVDC is discussed by using X-ray
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diffraction and conformational energy calculation. The conformational
energy calculation is carried out in a condition of fixing fiber period
and varying two bond angles of the main chain. It is revealed that two
PVDC molecular chains with glide conformation are packed in monoclinic
unit cell in the crystal.

Finally in chapter 9, concluding remarks on the present study are

described.
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Chapter 2

Surface Cleaning and Effect of X-ray Flux

on XPS Study of Polymers

2-1 Introduction

Recently, X-ray photoelectron spectroscopy (XPS) is increasingly
pervasive as a surface characterization technique of polymers because of
wide applications of polymers in the fields requiring materials with a
well defined surface. But, in XPS study of polymer substances, there are
many difficulties due to the chemical instability of samples for the
excitation radiation, i.e. the X-ray flux, and for the ion sputtering.l?

In the present study, the author mainly discusses about the method
of the surface cleaning and the effect of the X-ray flux in the XPS
measurement of polymers. A polymer sample frequently has an organic
contamination on the surface, which prevents us from the detailed
examination of the surface. Therefore, the surface cleaning is
considered to be an essential preparation technique for the quantitative
XPS study of polymers.

Most polymers are not free from a chemical degradation of the
surface caused by the Ar ion bombardment which is usually used to clean
the surface of inorganic materials such as metals, ceramics and
semiconductors. For instance, the Ar ion bombardment induces deoxidation
in the carboxyl group of poly(ethylene telephtalate) (PET) and
preferentially sputters fluorine atoms from the main chains of poly-
(tetrafluoro ethylene) (PTFE). Then, the author tries to remove the
organic contamination from the polymer surface by washing with an

ultrasonic cleaner in organic solvents, which is expected to be a
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degradation-free method for the surface cleaning of polymef samples.

XPS is considered to be a relatively free technique from the
radiation-induced disturbance in the examination of inorganic materials.
On the other hand, in the XPS measurement of polymers we must pay
attention to the damage on the sample surfaces induced by the X-ray flux.
Wheeler? found a very strong effect of the X-ray flux on the surface
composition in XPS of PTFE. Chang? studied the mechanism of
dehydrochlorination of oxide-free poly(vinyl chloride) (PVC) film due to
the X-ray irradiation used in XPS. The author performs the detailed
study about the effect of the X-ray flux to various important polymers

such as PET, PTFE, Nylon and others.
2-2 Experimental

2-2-1 XPS Measurement

The AEI-Kokusai Denki model ES-200 was used for the XPS study with
AlKe#y,z X~ray source (hV = 1486.6 eV) in vacuo of 3 x 10 Torr. All
spectra of XPS were collected and stored on 160 channels with a step of
0.1 eV using KRATOS model DS-300 data system based on PDP11/03 from
Digital Equipment Corporation. The data processing of XPS spectra such
as the peak area calculation, the charge up correction and the smoothing
of spectra was done with the same data processor.

Polymer film samples were attached to a double sided adhesive tape
on a sample holder made of copper and tightly bound with thin copper
wires, which are effective to keep a constant level of the charge up of
the samples. The values of the charge up of PET and PTFE were
respectively 4.5 eV and 7 eV. The larger charge up level of PTFE is due

to the large photoelectron yield of fluorine atoms abundantly contained
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in PTFE.

2-2-2 Ultrasonic Washing

In the study of the surface cleaning method, the author used the
commercial available PET and PTFE films with an organic contamination on
their surface, which had been held in our laboratory with no care for a
long time before this study. These polymer films was twice washed with
an ultrasonic cleaner in a fresh organic solvent such as methanol,

acetone or n-heptane for 15 min.

2-2-3 X-ray Irradiation

The X-ray source of ES-200 which was used to irradiate the polymer
specimens and to excite the XPS spectra was operated at 10 kV and 20 mA.
The normal of the specimen was about 80° to the direction of the incident
X-ray. The specimen.was placed at the point of about 1 cm from the X-ray
anode separated with 20 um Al foil in vacuo of 3 x 10"® Torr. The
contamination-free PET, PTFE, polyacrylonitrile (PAN), Nylon 6, polyimide
(Kapton) and nitrocellulose films were used in the study of the

degradation by the X-ray flux.
2-3 Results and Discussion

2-3-1 Surface Cleaning

XPS spectira of PET and PTFE washed with methanol, acetone and
n-heptane are respectively shown in Figure 2.1 and 2.2. The Cls spectrum
of the control PET films before washing has a noficeable hydrocarbon
component and a week ester component. Its Ols spectrum shows an

asymmetric peak shape. The film is seemed to have the organic surface
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Figure 2.1 XPS spectra of PET (a) before washing, and after washing

with ultrasonic cleaner in (b) methanol, (c) acetone and (d) n-heptane.
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Figure 2.2 XPS spectra of PTFE (a) before washing, and after washing

with ultrasonic cleaner in (b) methanol, (c) acetone and (d) n-heptane.
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contamination mainly consisting with hydrocarbons. The Cls spectra of

PET films washed in the organic solvents have a clear peak of the ester
group and their Ols spectra show the symmetric double peaks corresponding
to two oxygen atoms in the ester group. The XPS spectra corresponding to
the chemical structure of PET assure the successful removal of the
contamination from the surface of the PET films.5

The Cls spectrum of the control PTFE film before washing has two
components of —-CFz- and hydrocarbons, and its Ols spectrum shows a rather
week peak. This result suggests that the film also has the surface
contamination mainly consisting with hydrocarbons as well as PET. The
Cls spectra of PTFE films washed in acetone and n-heptane have only a
-CF2z- component and their Ols spectra vanish. But, the Ols spectrum of
PTFE washed with methanol has a very small peak. The surface cleaning of
PTFE film is also completely achieved by washing in these organic
solvents excepting methanol.

It can be expected to obtain a polymer sample with contamination-
free surface by the ultrasonic washing in the suitable organic solvent
without the change of a composition on the surface of the sample. The
surface contamination of the polymers is easily removed by the ultrasonic
washing, because the polymer films have no dangling bond on the surface.
On the other hand, we cannot completely remove the organic contamination
on the surface of samples of metals and semiconductors with many surface
dangling bonds, which are considered to form the chemisortion structure
with molecules in the contamination on the surface.

The PET film held in the vacuum chamber of XPS for 24 h without X-
ray flux shows no change of the surface composition. This fact indicates
a lower sticking coefficient of an organic contamination to the polymer

surface in the vacuum chamber of the XPS instrument compared to metals,
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in the XPS measurement of which we are often prevented from quantitative
analysis by the organic contamination arising in the vacuum chamber,
because of the polymer surface without dangling bonds which exist on the
surface of metals and semiconductor crystals. But, the surface created

by cleaving of a thick polymer film is much active and quickly
contaminated with organic materials as well as metals, because it has

many dangling bonds generated by cutting of the polymer chains in the

cleaving process.

2~3-2 Effect of X~-ray Flux

XPS spectra of PET and PTFE irradiated by the X-ray flux are
respectively shown on Figure 2.3 and 2.4, There is no marked change in
the Cls and the Ols spectra of PET after the X-ray irradiation for
several hours. The intensities of the ester component of the Cls and the
Ols of PET slightly decrease without the change of the peak shape of the
Ols after the X-ray irradiation for 24 h. This indicates that the ester
group in main chain of PET is degraded with the decarbonic acid reaction
by the X-ray irradiation. The Cls of PTFE remarkably lost the -CFq-
component along with the increase of other components during the X-ray
irradiation. This spectral change indicates the elimination of fluorine
atoms from the polymer chains by the X-ray irradiation.?

The changes of Ols/Cls of PET and Fls/Cls of PTFE by the X-ray flux
are shown in Figure 2.5. The oxygen concentration on the surface of PET
after the irradiation of the X-ray flux for 24 h is about 90 % of that of
the control PET before the X-ray irradiation. The fluorine concentration
on the surface of PTFE after the irradiation of the X-ray flux for 24 h
is to 50 % of that of the control PTFE. The cooling of the sample at 5°C

reduces the rate of the degradation of PTFE induced by the X-ray flux to
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Figure 2.3 XPS spectra of PET irradiated by X-ray flux with power of
10 kV and 20 mA at 20°C. Times of irradiation are (a) O h, (b-) 2 h,

{(c) 5 h, (d) 9 h and (e) 23 h.
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Figure 2.4 XPS spectra of PTFE irradiated by X-ray flux with power of
10 kV and 20 mA at 20 °C. Times of irradiation are (a) 0 h, (b) 2 h,

(c) 5 h, (d) 9 h and (e) 23 h.
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70 % of that at 20°C. Then, the cooling of the sample is considered to
be one of effective methods to reduce the X-ray damage of the sample
surface. The author has the experimental result that the rate of the
degradation of PTFE by the X-ray flux is directly proportional to the X-
ray power. The down of the X-ray power also reduces the rate of the
degradation, but taking the longer measurement time to collect XPS data.
Therefore, the down of the X-ray power is not a useful method to reduce
the damage of the sample sui‘face by the X-ray flux in the XPS
measurement.

The degradation behavior of' several important polymers by the X-ray
flux are compared in Figure 2.5. Polyimide and PAN have the high
stability for the X-ray flux as well as PET. Nylon 6 has the low
stability close to that of PTFE. Nitrocellulose has the extremely low
stability for the X-ray flux, 50 % of the nitroester group in
nitrocellulose is degraded by the X-ray flux only for an hour. Thus, it
is feared that the low stability of the nitroester group misleads us in
the XPS study. As an example case of the XPS study of materials contai-
ning nitrocellurose, Nls spectira of a magnetic tape are shown in Figure
2.6. The Nls spectrum in the first stage has two components of nitroes-
ter and urethane with almost even intensities. The intensity of the nit-
roester component rapidly diminishes and vanishes for 120 min in the XPS
measurement. We probably perform the under-estimation of the amount of
the nitroester in the magnetic tape.

PET, polyimide and PAN in the condition of usual XPS measurement are
quite stable. PTFE and Nylon need the attention to the degradation
induced by the X-ray flux in the measurement over an hour. It is
extremely difficult to obtain the proper composition on the surface of

materials containing nitrocellulose component using the usual XPS
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Figure 2.5 Change of surface composition of polymers in irradiation by

X-ray flux with power of 10 kV and 20 mA in vacuo of 3x10-8% Torr at
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Degradation indexes, DI are Ols/Cls for PET, Fls/Cls for PTFE,

Nls/Cls for Nylon 6, polyimide, PAN and nitrocelluloce.

These values

are normalized by that of each control sample before irradiation.
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Figure 2.6 Change of Nls spectra of a magnetic tape containing
nitrocellulose component in XPS measurement. Times of irradiation by
X-ray flux with power of 10 kV and 20 mA in vacuo of 3x10-® Torr at 20 °C

are (a) 0 min, (b) 30 min, (c) 60 min, (d) 90 min and (e) 120 min.
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