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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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instrument. For the quantitative XPS study of the materials, measurement
techniques to enhance the sensitivity of the XPS instrument must be
introduced by using such as the muti-channel detector instead of the
conventional electron multiplier as the single~channel detector.

The brief consideration about the change of the chemical structures‘
of these polymers induced by the X-ray flux was performed based on the
detailed analysis of the XPS spectra. Nitrocellurose which is extremely
low stable to the thermal and the mechanical shock also rapidly loses
nitroester groups by the X-ray irradiation. Polymer chains of Nylon 6
and polyimide are cut with the eﬁmination of amide and imide groups
respectively in tl}e main chains by the X-ray flux.

PTFE is kqown to have the high thermal stability, but its fluorine
atoms are easily eliminated away from polymer chains leaving carbon atoms
behind by the X-ray flux. PAN is presumed to lose the cyano groups from
the main chains by the X-ray flux because of the decrease of the
intensity of the Nls spectrum without the change of its peak position
along with the decrease of the component assigned to cyano group of the
Cls spectrum. The degradation béhavior of PAN induced by the X-ray
ix}radiation is fairly difference from that in the thermal treatment in
air discussed in chapter 7 of this thesis. In the thermal treatment in
air, PAN forms the conjugated aromatic ladder structure through the
cyclization reaction of the cyano groups.

The difference between the degradation behaviors by the X-ray flux
and by the thermal treatment is considered to rise from the extreme
difference of energies of activated species in these processes. The
activated species with a high energy yielded by the X-ray may be able to

initiate the reactions which cannot occur in the thermal process.
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Chapter 3

A Non-Empirical LCAO MO SCF and Experimental Investigation
on the Core-lonization Process of Poly(vinylidene chloride)

and Poly(vinyl chloride)

3-1 Introduction
There are many previous studies on the XPS chemical shift of a carbon
atom by a fluorine atom bonding in polymer materials.l-8 But, the
influence of a chlorine atom bo;lding on the core-ionization energy of
the carbon atom in polymers has been studied no in detail. In this
study, the XPS chemical shift of a car‘bon atom in poly(vinylidene
chloride) (PVDC) and poly(vinyl chloride) (PVC) is investigated by using .
a non-empirical LCAO MO SCF calculation. The change of binding energy of
Cls of the both polymers by bonding of chlorine atoms is mainly

discussed.

3-2 Non-Empirical LCAO MO SCF Célculation

The non-empirical LCAO MO SCF calculation was carried out on the
éround state of the model structures of the both polymers and
polyethylene (PE) by the ab initio method using GAUSSIAN82 program?i®
executed on an DEC VAX8600 computer. The molecular models, which is
subsequently described, need much computational time because of their
large number of molecular orbitals, i.e. 30, 46, 62 orbitals for
respectively PE, PVC and PVDC. The basis set used in all cases was STO-
3G, which is the most simplest but has a high precision enough to
calculate core orbital energy, in order to save the computational time.

The binding energies were obtained directly from energy values of each
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electron orbitals in ground state in the Koopmans' theorem.lt

The molecular model used in the calculation of PVDC is a cluster
molecule consisting with two monomeric units set up based on the precise
geometrical data of the molecule, the bond length, bond angles and
torsional angles, obtained in the crystallographical structure analysis
fully discussed in the chapter 8 of this thesis, and also both of two
terminal bonds of the cluster molecule are filled with hydrogen atoms.
The molecular models of PVC and PE was assumed to be cluster molecules

with planer zigzag conformations.}?-15
3-3 Experimental - -

3-3-1 Sample

Films of PVDC and PVC were cast on a clean surface of a silicon
wafer from dilute solutions of o-dichlorobenzene. The film of PVC had
smooth surface, but the film of PVDC had a fairly rough surface because
of its high crystallinity. These films were also cleaned with an
ultrasonic bath in n-heptane before the XPS measurement based on the

result of the study in the previous chapter.

3-3-2 XPS Measurement

The XPS system using for the investigation in the previous chapter
was also used for the XPS measurement in this study. A strip of 15 mm
long and 10 mm wide cut from the silicon wafer with the sample polymer
was bound to a copper slab sample holder by using a thin copper wire.
Samples were cooled to 5°C by a nitrogen gas vaporized from a liquid
nitrogen during the X-ray irradiation in the XPS measurement. All

spectra of XPS were collected at the takeoff angle of photoelectrons of
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80 .
3-4 Result and Discussion

3~4-1 Surface Composition
The XPS wide scan spectra of PVDC and PVC are shown in Figure 3.1.

Both spectra only have peaks from carbon and chlorine atoms making up
these polymers and no peak of any other element. Then, the both polymer
film samples are considered to have the clean surfaces enough to the
quantitative XPS study. |

-~ XPS Cls, Cl2p and valence-spectra of PVDC and PVC are shown in
Figure 3.2. The Cls spectrum of PVDC has two marked components
separating by about 2 eV. The Cls spectrum of PVC has a broad single
peak. The Cl2p spectra of the both polymers show the asymmetric peak
shape consisting of twp components due to 2pl/2 and 2p3/2. The both
valence spectira of PVDC and PVC have two intense peaks duevto chlorine

atoms.

3~4-2 Chemical Shift of Cls Spectra

| The binding energies of Cls obtained by the ab initio calculation of
PVDC, PVC and PE are listed in Table 3.1. These values are larger by
about 20 eV compared with the observed ones, about 285 eV. This
. difference is considered to be due to leaving the relaxation energies
accompanying the core ionization in Koopmans' theorem. The calculated
binding energies were corrected using the >same relaxation energy of 17.8
eV, which was obtained assuming the binding energy of the Cls of PE to be
284.6 eV. The corrected binding energies are shown in Table 3.2. The

result of the ab initio calculation suggests that Cls of the carbon atoms
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Figure 3.1 XPS wide scan spectra of PVDC and PVC.
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Figure 3.2 XPS Cls, Cl2p and valence spectra of PVDC and PVC.
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Table 3.1 Cls binding energy (eV) obtained by ab initio calculation of

PVDC, PVC and PE using GAUSSIANSZ.

polymer —CClz- -CHCl- -CH2-
PVDC 307.6 ——— 305.3
PVC _———— 305.4 303.9
PE -—— ——— 302.4

Table 3.2 Calculated and observed Cls binding energy (eV) of PVDC and

PVC, the former was obtained by correction of the relaxation energy of

17.8 eV from the data shown in Table 3.1.

polymer -CCl1 2” -CHC»l- —CHZ—
calc. obs. calc.  obs. calc. obs.
PVDC 289.8 288.0 ———— ———— 287.5 285.8

PVC —-———- - 287.6 286.5 286.1 285.3
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of -CCla- in PVDC and ~CHCIl- in PVC have lower binding energies by 2.3 eV
and 1.5 eV, respectively, compared to -CHz- in each polymers, which have
also lower binding energies compared to -CHz- in PE.

The curve resolving of Cls spectra was carried out consulting with
the result of the ab initio calculation. The result of curve resolving
of the Cls of PVDC and PVC are shown in Figure 3.3. Two intense peaks of
the Cls of PVDC with almost even intensity are assigned to -CCl:- and
-CHz-. The Cls of PVC consists of two components assigned to -CHCl- and
—CHz—; Further, the Cls spectra of both polymers have small peaks at the
lowest binding energy, which are.considered to be due to hydrocarbons of
the surface contaminations. The Cls peaks of these hydrocarbon
components was used as the reference for the chemical shift of observed
XPS spectra, assuming their binding energies to be 284.6 eV. The
observed binding energies of the Cls components are compared with the
calculated binding energies in Table 3.2.

There are a little differences between observed and calculated binding
energies, 1.7 - 1.8 eV for PVDC and 0.8 - 1.1 eV for PVC. Probably
_because, the relaxation energies of; these polymers are different from
that of PE. The observed values of the chemical shift of ~CCl.~ in PVDC
and ~CHCIl- in PVC from —CHz—vin each polymers are 2.2 eV and 1.2 eV
respectively, well corresponding to the calculated values, 2.3 eV for
PVDC and 1.5 eV for PVC. This result indicates that the carbon atoms in
~CCle- and -CHCl- have large positive charges due to the bonding of
chlorine atoms with higher electronegativity. The carbon atoms in -CHa-
lying between two -CCl:- or -CHCI- also have some positive charge because
of the electron accepting effect of the chlorine atom through the carbon
atom in -CClz- or -CHCl-, Through the consideration of chemical shift of

the carbon atoms due to the chlorine atom bonding, it is concluded that
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Figure 3.3 The result of curve resolving of Cls spectra of PVDC and

PVC, where letter "a" indicates a component of hydrocarbon surface

contamination.
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replacing a chlorine atom to a hydrogen atom bonding to a carbon atom
gives rise to the chemical shift of 1.8 eV to binding energy of Cls of the
carbon atom and the chemical shift of 0.3 eV to one of Cls of the
adjacent carbon atom. These substituent effects of a chlorine atom are
smaller than the effects of a fluorine atom, that are 2.9 eV and 0.35 eV
respectively,! because of the lower electronegativity of a chlorine atom

comparing to that of a fluorine atom.
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Chapter 4

Monte Carlo Simulation of an Ion Sputtering

Process of Fluoro Polymers

4-1 Introduction

Ion sputtering is frequently used in surface analysis.. It is used
to obtain signals in secondary ion mass spectroscopy (SIMS) and also for
surface cleaning and depth profiling in X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES) and ultraviolet photoelectron
spectroscopy (UPS). It is important to obtain new information for better
understanding of the sputtering mechanism in SIMS, especially for organic
polymers. It is also desirable to have detailed knowledge of the change
of surface composition in depth profiling or in cleaning by sputtering,
especially in quantitative analysis.

XPS is expected to be a useful tool for investigation of the change
of surface composition induced by the ion sputtering process because of
its good surface sensitivity and cépability of providing chemical bonding
information. The effects on inorganic materials induced by ion sputtering
havé already been studied in detail by XPS by many authors.-}** On the
other hand, not many studies have concerned ion sputtering on organic
materiéls.5'11‘13 An understanding of the mechanism of sputtering is
particularly important for SIMS measurement of polymer materials,!3-17
however, it is far from satisfactory.

In this paper, the author examines the change of chemical composition
on the surface of poly(tetrafluoro ethylene) (PTFE) and poly(vinylidene
fluoride) (PVDF) by Ar ion bombardment with XPS because these fluoro

polymers have already been extensively studied by XPS18-22 gnd
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SIMS.131517  Thickness of a damaged layer on the sputtered polymer
surface is estimated by the photoelectron takeoff angle variation
measurement of XPS. Change of XPS spectra of the polymers by Ar ion
bombardment is interpreted by a simple calculation based on Monte Carlo

simulation.
4-2 Experimental

4-2-1 Sample

PTFE and PVDF used in this. study are commercially available as 50 pm
thick sheets. These sheets were well washed with an ultrasonic cleaner
in n-heptane to remove organic contamination from the surface before

use.??

4-2-2 XPS Measurement

XPS measurement was performed by using the same instrument, ES-200,
as one used in previous chapters. A sample was attached by double sided
adhesive tape and tightly bound with thin copper wires to copper sample
holder. XPS spectra were recorded at the takeoff angle of photoelectrons
of 90° in ordinary measurement, and at takeoff angles of 90°, 60°, 40°,
30" and 20° in the angle-resolved measurement. The takeoff angle here is
the angle of observation of photoelectrons relative to the sample surface.
The observed depth is directly proportional to a sine of the takeoff angle
of photoelectrons in angle~resolved measurement, which gives us the depth
information in the surface region of a sample. In all XPS measurements,

samples were cooled at 5°C to reduce the degradation induced by X-ray flux.
4-2-3 Ar Ion Sputtering

~ 45 -



Sputtering was done using an ion beam with a 500 nA/cm? density and
a 1 keV energy at 2x10-¢ Torr of Ar pressure in the preparation chamber
of ES~-200. The back side of sample holder faced to Ar beam during
adjustment of the acceleration voltage and the beam current, and the
sample side was turned to the direction of the beam after its stabilization
achieved in order to accurately control Ar sputtering time. The author
obgserved the beam current to a copper sample holder in spite of that to
the sample‘polymer, since the beam current was unsteady at sputtering

process.

4-3 Models of Sputtering Process for Monte Carlo Simulation

‘ The simulation is executed on a cyclic polymer chain containing 2500
monomeric units which is safely considered to be large enough for statistical
calculation. It is assumed that only fluorine atoms are sputtered away,
whereas all carbon atoms are left intact because of the great difference
in their sputtering rates. Another model based on simultaneous elimination
of both fluorine and carbon with different rates is also tried but showed
little difference from the simpler 6ne. Sputtering of hydrogen atoms in
‘the PVDF system is also neglected since hydrogen cannot be detected in
XPS measurement and its elimination brings about very little chemical
shift on a carbon atom.?t

Ar ion sputtering is simulated with two models shown in Figure 4.1.

In model A, elimination of only a single fluorine atom by one encounter
with an activated particle is assumed; that is, any fluorine atom in a
polymer chain is independently sputtered away in complete randomness. On
the other hand, in model B, it is assumed that the both single and double
fluorine atom elimination concurrently occur, where the second process

happens in a probability of r %. The double elimination here means that
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Model A 100 % 0 %
Model B 100—r % r %

Figure 4.1 Models of sputtering process of polymer chains for Monte
Carlo simulation, where X represents a fluorine atom in PTFE and a

hydrogen atom in PVDF respectively.
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two fluorine atoms bonding to a carbon atom are broken off together from
a polymer chain by one encounter with a single activated particle. An
activated particle can be an Ar ion itself, an electron, or another ion
generated in the sputtering process.

Actual calculation of the Monte Carlo simulation is carried out by
using two models explained above with the following procedure. A segment
of the polymer is picked up by a random integer of uniform distribution
over the range from 1 to 2500. The integer is generated with a random
number function and it corresponds to one encounter by an activated
particle. In model A, one fluorine atom leaves from the segment. In
model B, two fluorine atoms leave with probability of r %, and one
fluorine atom elimination takes place with probability of 100 - r %.

A series of calculations is repeated until the atomic ratio F/C reaches
the wvalue that corresponds to the one determined by the XPS experiment.

Cls chemical shift values of all possible chemical structures after
partial and complete removal of fluorine atoms from a polymer chain in
both simulation models are shown in Table 4.1. These chemical shift
values are estimated on the basis .of experimental data of a fluorine
polymer series!® taking the diad effect of the fluorine atom into account.
The author determined the distribution of residual structures from those

chemical shifts at each stage of the simulated sputtering process.

4-4 Result and Discussion

4-4-1 Surface Composition of Sputtered Polymers.
Variation of the XPS wide scan spectra of PTFE and PVDF by
sputtering is shown in Figure 4.2 and 4.3. The rapid decrease of

fluorine peaks in both spectra indicates that fluorine atoms are
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Table 4.1 Cls chemical shifts of all possible chemical structures of
sputtered PTFE and PVDF, where a hydrogen atom in PVDF is neglected

because of its very small effect on Cls chemical shift.

Chemical structures AE(eV)

c-c*-c "~ 0.00

c-c*-cF 0.35

c-c*—CFz, cr-c*-cF 0.70

CF-c*-CF2 1.05
X

CF,-C*~CF, 1.40

c-c*r-c 2.90

c-c*F-cF 3.25

c-c*F-cF,, CF-C*F-cF 3.60

CF-c*F—CFz 3.95
4

CF,-C*F-CF, 4.30

c—c*Fz-c , 5.80

c-c*Fz-CF 6.15

b 3 b 4

c-Cc*F,~CF,, CF-C'F,-CF 6.50
b 4

CF-CF,~CF, 6.85
X

CF,-C'F,~CF, 7.20
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Figure 4.2 XPS wide scan spectra of PTFE sputtered by Ar ions.
Sputtering times are (a) 0 s, (b) 10 s, (c) 30 s, (d) 60 s, (e) 120 s,

(f) 300 s.
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Figure 4.3 XPS wide scan spectra of PVDF sputtered by Ar ions.
Sputtering times are (a) 0 s, (b) 2 &8, (c) 5 s, (d) 10 s, (e) 20 s,
(f) 30 s.
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preferentially sputtered away from polymer chains, leaving carbon atoms
behind in both polymer systems.

The result of the angle resolved XPS measurement of sputtered PTFE
is indicated in Figure 4.4. The photoelectron mean free path is estimated
to be a few score 7\ in an XPS measurement of polymer materials.2s
The sampling depth on the surface is proportional to sinf where € is a
takeoff angle of photoelectrons.?6 The chemical composition represented
by Fls/Cls is independent of sin at any sputtering stage. The result
suggests that the damaged layer of the bombarded PTFE has homogeneous
composition within a sampling depth of XPS. This ensures that XPS is
seeing a homogeneous layer produced by Ar ion sputtering.

The Cls spectra of sputtered PTFE and PVDF are shown by solid lines
in Figure 4.5 and 4.6, Surfaces of both polymers show broad Cls spectra
because of many overlapping peaks of different chemical shifts which
depend on the number of fluorine atoms bonding to the carbon atom.

The shift of Cls by elimination of fluorine atoms is significant because
of the large electronegativity of fluorine. A major component of Cls
spectra comes from -CFz- species in earlier stages of the sputtering
process of PTFE, while in later stages it comes from -C- species after
removal of all fluorine atoms, The -CF:- species also gradually decrease
in sputtering of PVDF. These Cls spectra are expected to provide
information about the meqhanism of sputtering of fluorine atoms from the

polymer chains.

4-4-2 Monte Carlo Simulation.
The simulated and observed Cls spectra of sputtered PTFE are
compared in Figure 4.5. Bar graphs and solid lines show simulated and

observed Cls spectra respectively. The simulated spectra by model A are
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Figure 4.4 Result of angle-resolved XPS of Ar ion sputtered PTFE,
where @ represents takeoff angle of photoelectrons.
Fls/Cls(normalized) in the vertical axis means a peak area ratio of Fls

to Cls normalized by that of the control sample before Ar ion

sputtering.
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Model A ~ Model B (r=60%)

 =CF,- —CF~- -C- ~CF ;- —~CF=.~C-
| N
a —
C
d
e L
1 f
295 290 285 280 295 290 285 280
BE/eV BE/eV

Figure 4.5 The observed (solid line) and simulated (bar graph) XPS Cls
spectra of PTFE after Ar ion sputtering. Sputtering times, fractions of
sputtered fluorine and atomic ratios (F/C) are (a) 0 s, 0 % and 2.00,
(b) 10 s, 25 %, and 1.50, {c) 30 s, 50 % and 1.00, (d) 60 s, 70 % and

0.60, (e) 120 s, 80 % and 0.40, (f) 300 s, 90 % and 0.20.
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Model A Model B (r=30 %)
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Figure 4.6 The observed (solid line) and simulated (bar graph) XPS Cls
spectra of PVDF after Ar ion sputtering.‘ Sputtering times, fractions of
sputtered fluorine and atomic ratios (F/C) are (a) 0 s, 0 % and 1.00,

(b) 2 s, 22 % and 0.78, (c) 6 s, 50 % and 0.50, {d) 10 s, 63 % and 0.37,

(e) 20 s, 82 % and 0.18, (f) 30 s, 90 % and 0.10,
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in good agreement with the observed spectra after more than 80 % of the
fluorine is sputtered away, but they are in poor agreement for the
earlier stages before 50 % of the fluorine leaves, especially in the
chemical shift region of the -CF- group. In order to improve the fitting,
model B with the double elimination of fluorine is added stepwise with
increasing probability, r, in 10 % intervals from 10 % to 100 %. Model B
with an r value of 60 % presents the best fitting for every stage. This
simulation reveals that broadening of Cls spectra in the earlier stages

of sputtering is due to generation of various kinds of chemical species,
and renarrowing in the later stages is due to a decrease in the variety
of species.

The result of a similar procedure on PVDF is indicated in Figure
4.6. The Cls spectra simulated by model A are in better agreement with
the observed spectra for all stages than they are with PTFE. Model B
with an r value of 30 % best explains the observed Cls spectra of sputtered
PVDF. The presence of a methylene group in the vicinity seems to work in
favor of single elimination of fluorine. The electron donating effect of
a methylene group possibly stabilizes -CF- species produced in single
elimination of a fluorine atom.

The residual chemical structure left behind in polymer chains after
elimination of fluorine atoms by sputtering may have unsaturated bonds,
cross-links, and also radicals and ions that are composed of carbon
atoms. Evidence for the existence of such chemical species is gathered
from the following observations. Surface oxygen concentration of PTFE
bombarded by Ar ion for 300 s and then exposed to air for a day is found
to be 0.11 in 01s8/Cls parameter, probably because of radical or ion guenching
by oxygen and water in air. In the Cls spectrum of PTFE sputtered for

300 s, a tailing component is observed in the higher binding energy region
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between 290 eV and 295 eV. It can be assigned as a X - n¥ shake-up

satellite from the linear and cyclic unsaturated systems.2?

4-5 Conclusions

XPS is found to be useful for examining the residual composition of
ion sputtered surfaces of polymers. Sputtered PTFE has a damaged layer
with a homogeneous composition within sampling depth of XPS. Monte Carlo
simulation has proved to be helpful in understanding the sputtering
process of polymer materials., Observed XPS spectra are well explained by
random elimination of fluorine atoins from polymer chains of PTFE and
PVDF, and even better fitting is achieved by assuming a double fluorine

atom elimination mechanism.
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Chapter 5

XPS Study by Use of the Digital Difference
Spectrum Technique of Functional Groups

on the Surface of Carbon Fiber

5-1 Introduction

Surface treatment of carbon fiber (CF) is frequently done to
improve adhesion between the fiber and the matrix resin. Functional
groups on surface of carbon fibef' have been studied mainly with X-ray
-photoelectron spectroscopy {XPS) by various authors!-8 because of its
surface sensitivity and its capability of providing chemical information.

Ishitani also has examined the CF surface by XPS in the preceding
paper.? Chemical shift analysis of the Cls peak has proved to be
imporiant in elucidating the functional groups generated on the surface
of CF. A problem noticed there was asymmetry of the original Cls peak of
the untreated carbon fiber. This asymmetry was noticed by Thomas3 for
graphite single crystals and explained to be due to the multi-electron
excitation from the analogy to similar asymmetric line shapes observed in
metals. When curve resolving is carried out using symmetric Gaussians to
identify Cls component of oxidized carbon species, the asymmetry of the
original carbon peak produces superficiélly a second component at 1.4 eV
higher binding energy than the main component. It is difficult to
distinguish a component due to real chemical change from one due to the
asymmetry.

In order to circumvent this problem the digital difference spectrum
technique is used in the present work. Difference spectra are calculated

for the samples before and after the surface treatment, thereby eliminating
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the influence of the asymmetry. An additional advantage of the technique
is that variation in spectral features produced by the surface oxidation

is more clearly seen because a small difference in the original spectrum

is isolated and expanded in the difference spectrum as suggested by Clark.1?
The FT-IR reflection absorption spectroscopy (FT-IR-RAS) measurement!! is
also tried to confirm the functional groups on the CF surface observed by

the XPS measurement.
5-2 Experimental

5-2-1 XPS and FT-IR Measurement

XPS model ES-200 was also used in this study. For XPS measurement,
CF samples were aligned on well cleaned copper sample holder using
methanol and held by a thin copper plate with a hole for the XPS
observation. The author carefully set bundles of carbon fibers
completely covering the sample holder, because the sample setting is
essential for the quantitative XPS analysis in this study. Methanol used
in this preparation is considered not to disturb the XPS observation
because of its immediate vaporization in the vacuum chamber of XPS. CF
sample has no charge up owing to its complete electrical contact to XPS
apparatus.

Reflection-absorption spectra were observed with a Digilab model
FTS-20B/D FT-IR spectrometer with an attachment for RAS measurement at a
resolution of 4 cm~! with accumulgtion of 1000 scans using. Five CF
bundles severally containing 3000 filaments aligned on a double sided
adhesive tape of 20 mm x 40 mm size on aluminum plate were used in FT-IR

RAS observation.
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5-2~2 Sample

Carbon fiber (CF) and graphite fiber (GF) used in this study are
TORAYCA T300 and M40 commercially available from Toray Ind. Inc. They
were sampled from the production line with special care to avoid any
sizing agents sticking on surface for convenience in surface analysis.
Surface oxidation of CF and GF was carried out in a laboratory scale
specially for the present measurement. Thermal treatment of CF and GF

was done at 1000 °C in vacuo of ca. 0.1 Torr.

5-2-3 Data Processing of XPS Spectra

The Cls peak of carbon and graphite is used as a reference for the
chemical shift, assuming its binding energy (B.E.) to be 284.6 eV. In
XPS, spectra collecting and data processing containing digital difference
spectrum calculation were performed by using the same data processor as
preceding chapters. Curve resolving of difference spectra of Cls was
done with du Pont "Curve Resolver"” assuming a Gaussian peak shape and a
width of the Cls of polyethylene measured under the same condition as a

standard compound.
5-3 Results and Discussion

5-3-1 Surface Composition

The XPS spectra of surface-oxidized and of heated CF énd GF are compared
with the corresponding controls in Figure 5.1 and 5.2.° The 0Ols/Cls
ratios and FWHM (full width at half maximum) are summarized in Table 5.1.
The Cls spectra of the control CF and GF have asymmetric peak shapes
showing long tails at the higher binding energy sides of the main peaks.

The Cls spectrum of the control CF is broader than that of the control GF
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Figure 5.1 Change of the XPS spectrum of CF by surface oxidation and by

thermal treatment.
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Figure 5.2 Change of the XPS spectrum of GF by surface oxidation and by -

thermal treatment.
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Table 5.1 The XPS parameters of control, surface~-oxidized and heated CF

and GF.
FWHM (eV)
Fiber Treatment Ols/Cls
Cls Ols
CF control 0.16 1.8 2.6
CF moderate oxidation 0.40 2.1 2.8
CF extensive oxidation 0.66 1.9 2.8
CF moderate oxidation and 0.15 1.8 2.5
thermal treatment
CF extensive oxidation and 0.16 1.8 2.7
thermal treatment
CF control 0.09 1.3 2.5
CF oxidation 0.24 1.6 2.9
CF oxidation and 0.12 1.6 2.5

thermal treatment

Table 5.2 The increment of surface oxygen concentration, A (Ols/Cls),

by surface oxidation of CF and GF.

A(ols/cis) !

Fiber Treatment . from measured calculated from
Ols/Cls Cls difference
spectrum
CF moderate oxidation 0.24 0.19
" CF extensive oxidation 0.50 0.47
. . . %2
CF oxidation 0.15 0.16

¥1: Difference of Ols/Cls calculated between before and
after oxidation. :

¥2: A(Ol13/Cls) estimated from the carboxyl group component
of Cls difference spectrum.
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probably due to more disordered lattice structure on the surface.

The 018/Cls ratios increase with the surface oxidation both for CF
and GF. The surface oxygen concentration of CF seems to saturate at an
0Ols/Cls value of ca. 0.7, since the extensively oxidized CF which was
treated with 4.1 times more intensity than the moderate oxidation has an
0ls/Cls value of merely 0.66 compared with 0.40 of the moderately oxidized
one. The oxidized GF has the surface oxygehi concentration (Ols/Cls) of
about 30 % of the extensively oxidized CF of the same oxidation intensity
owing to higher resistance of GF against surface oxidation compared to
CF. The surface oxygen concentrétions of CF and GF decrease by thermal
treatment to a similar level as in the controls, indicating complete
decomposition of the surface functional groups produced by the surface
oxidation.

The Cls spectrum of moderately oxidized CF has a shoulder at 286 eV
and an additional smal] peak at 288-289 eV, which are not observed in the
Cls spectrum of the control CF. The Cls spectrum of extensively oxidized
CF has a noticeable peak at 288-289 eV but no shoulder at 286 e¢V. The
surface oxidation of GF adds two additional components at 288-289 eV and
286 eV to the Cls spectrum.

The peak shape of the Cls spectra of both moderately and extensively
oxidized CF, is reduces to that of the control CF after thermal treatment, ‘
indicating that the chemical and physical states of the surface of
oxidized CF: return to that of the control. On the other hand, the peak
shape of the Cls spectrum of oxidized GF does not completely reduce to
that of the control; the component at 288-289 eV disappears, but the
component at 286 eV remains and also the line width of the main peak
remains broadened.

The components in the regions at 286 eV and at 288-289 eV of the Cls
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spectra of oxidized CF are assigned to the hydroxyl group (-C-OH) and
carboxyl or carbonyl groups (-COOH, >C=0) respectively by reference to
the reported Cls chemical shift data on various organic compounds.i?
However, the curve resolving technique used here can not be directly

applied to the carbon materials because of the asymmetric peak shape.

5-3-2 Cls Difference Spectra

The digital difference spectrum technique is used for qualitative
analysis of surface functional groups to circumvent the problem. The
difference spectra were obtained By subtraction of the Cls spectrum of
control CF and GF from those of oxidized CF and GF, respectively, using
appropriate weight factors leading to an elimination of the component of
the main peaks of the lowest B.E. values. The obtained Cls difference
spectra of CF has three components with chemical shifts corresponding to
hydroxyl groups (-C-OH ; 286 eV), carbonyl groups (>C=0 ; 287 eV) and
also carboxyl groups (-COOH ; 288.6 eV) as indicated in Figure 5.3.

The following information is obtained as the result of the curve
resolving of Cls differ"ence spectra of CF. The composition of the
functional groups introduced by the moderate oxidation of CF is 73 % of
hydroxyl groups (-C-OH), 17 % of carboxyl groups (-COOH) and 10 % of
carbonyl groups (>Cz=0). On the other hand, the composition produced by
the extensive oxidation consists of 24 % of hydroxyl groups, 22 % of
carbonyl groups and 54 % of carboxyl groups.

The difference spectrum of GF in Figure 5.3 has two components. The
higher binding energy component which disappears after thermal treatment
is assigned to carboxyl groups (-COOH), and the lower binding energy one,
which in left after the thermal treatment is attributed to disordering of

graphite crystal lattice brought by the surface oxidation. Such a change
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Figure 5.3 Cls digital difference spectra for CF and GF before and

after surface oxidation.
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of Cls peak shape due to a non-chemical perturbation of the surface is
frequently seen in carbon materials. For an example, the line width
(FWHM) of graphite single crystal is very small, 1.2 to 1.3 eV with the
same measuring condition as in this work. The width is observed to
broaden remarkably with Ar ion bombardment on the surface although no
oxygen is taken up. The width of the Cls peak of carbon black, which has
a more disordered structure than graphite single crystals, is also much
broader, 1.6 to 1.8 eV, indicating dependence of the width on the degree
of disorder of the lattice structure.

The increments of the Ols/Cls ratios during the surface oxidation of
CF and GF, a(Ols/Cls), are compared in Table 5.2 with the values.
calculated from the Cls difference spectrum. The sensitivity factor of
Ols vs Cls is determined to be 1.74 from a measurement on poly(ethylene
terephthalate). The values obtained with both methods agree fairly well

as seen in Table 5.2.

5-3-3 FT-IR-RAS Spectrum

The FT-IR-RAS spectrum of the extensively oxidized CF is shown in
Figure 5.4. It has a sharply tilting background because of the intense
electronic absorption of carbon materials, and also a rather poor
signal-to-noise level because of insufficient surface sensitivity of the
technique. However, a band at 1680 cm™! is identified above the
background. This band can be safely assigned to the carbonyl stretching
vibration of carboxyl groups directly combined to an aromatic ring.
This assignment agrees well and reinforces the result from XPS

measurements.
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Chapter 6

XPS Study on the Surface Structure of
Carbon Fibers Using Chemical

Modification and Cls Line Shape Analysis

6-1 Introduction

The surface treatment of carbon fiber (CF) has been frequently used
to improve the bonding property between the fiber and a matrix such as
epoxy or polyimide resin in compésite materials. The chemical and crystalline
structure of the carbon fiber surface are expected to.play important
roles in the adhesion. The functional groups on the surface of CF have
been studied extensively with X-ray photoelectron spectroscopy (XPS) by
various authors,l-16 because of its good surface sensitivity and capabi-
lity of providing chemical structure information.

However, complexity due to the asymmetric line shape of the Cls XPS
spectrum3®? as well as small observed chemical shift of 0Ols in CF
prevents us from studying the sux;face structure in full detail. In order
to circumvent these difficulties, the author has been developing new
techniques for the characterization of CF the surface. In the preceding
study!® (in chapter 5 of this thesis), the digital difference spectrum
technique of XPS has proved to be useful for analysis of functional
groups on CF surfaces. Two additional techniques, surface chemical
modification and Cls line shape analysis are proposed in the present
study as extensions of the previous ones.

The purpose of chemical modification is a conversion of a specific
functional group into a residue which is easier to identify and to quan-

tify by XPS. The idea of this technique is shown in Figure 6.1. The
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Figure 6.1 Concept of identificat.ibn of a specific surface functional

group by chemical modification coupled with XPS.
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surface with various functional groups is treated with a reagent Rx with
a tag element x which selectively reacts with a functional group B. An
element like fluorine with good sensitivity in the XPS measurement is
selected as a tag element. The chemical modification is expected to
improve the selectivity, the sensitivity and the ease of quantification

in the XPS measurement.

Similar techniques have been successfully used to analyze polymers
surfaces. Everhart!? carried out detailed XPS studies on surface treated
polyethylene with chemical modification reagents containing fluorine
atoms like trifluoroethanol and trifluoroacetic anhydride. Dickiel®
studied surface hydroxyl groups of a series of (methyl methacrylate)-
(hydroxylpropyl methacrylate) copolymers using the modification with
trifluoroacetic anhydride vapor. In this study, the author tries to
apply the same technique for surface functional group analysis of CF
utilizing the reaction qondition proposed by Everhart.!?

Any carbon materials with graphite structure have the characteristic
asymmetric XPS Cls peak shape with a long tailing component in the higher
binding energy side.»® The Cls.‘line shape of the graphite is explained
by the many body screening effect based on the joint density of states of
electron-hole pair excitation explained by van Attekum.’® The sensitivity
of the XPS Cls line to structure disorder in carbon materials was shown
in the experiment by Evans.? Cheung?® 22 discussed in detail the
asymmetric line shape of Cls spectrum of carbons and tried in polyﬁuclear
aromatic rings in coal by the asymmetry of Cls line. The author tries to
apply the line shape analysis to evaluation of the graphitization degree

of surface of CF.

- 74 -~



6-2 Experimental

6-2-1 Samples

CF used in this study are TORAYCA T300 and M40 commercially available
from Toray Ind. Inc. T300 is the high tensile strength fiber and M40 is
the high modulus fiber made from polyacrylonitrile. The carbon fiber
(CF) and the graphite fiber (GF) respectively indicate T300 and M40 in
the Cls line shape analysis. They were sampled from production lines
with special care to the avoid contamination by sizing agents on the
surface for a convenience in the surface analysis. The surface oxidation
of CF was carried out on a laboratory scale especially for the present
measurement.

In the Cls line shape analysis, CF carbonized at different temperatures
between 1350 C and 2500 C in a laboratory scale were used. A highly-
oriented pyrolytic graphite (HOPG), and a pyrolytic graphite (PG) from
Union Carbide Corp. cleaved in (001) crystal plane were used in the Cls
line shape analysis. A thin film of evaporated carbon (EC) was prepared
on a gold plate cleaned with Ar ion etching. Ar ion bombardment of HOPG
was done with a pressure of 2x10-4 Torr, an emission current of 20 mA, an
ion beam energy of 1 kV and a beam current of 20 MA.

6-2-2 Chemical Modification Reactions

Functional groups on the surface of the oxidized CF are known to
consist mainly of carbonyl, carboxyl and hydroxyl groups by the previous
studies.’® Three kinds of chemical modification reactions shown in
Figure 6.2, which were successfully used in analysis of the surface
functional groups of Ar plasma treated polyethylene by Everhart,” were

chosen to differentiate functional groups on CF (T300) surface. They are
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~COOH (CF,C0),0 /% -COOCOCF,
-COH (TFAA) ) -CO,CCF,
C6HF sNHNH,
R
CF4CH,OH
(TFE)

B >C=0

>C=NNCHF,

} _C02CH20F3

C ~COOH

Figure 6.2 Chemical modification reactions used for examining surface
functional groups of carbon fibers, where A, B and C are surface
functional groups, and Rx is the chemical modification reagent

selectively reacts with a specific functional group B.
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trifluoroacetic anhydride (TFAA), tetrafluorophenylhydrazine (TFPH) and
trifluoroethanol (TFE). TFAA reacts with both of carboxyl and hydroxyl
groups. TFPH and TFE selectively reacts with carbonyl and carboxyl
groups respectively.

A 10 cm long bundle containing 6000 filaments was bound at both ends
with thin copper wires to avoid disassembling during the treatment.
Solutions, 1 ml of TFAA and pyridine in 15 ml of benzene, 150 mg TFPH and
a drop of concentrated HCl in 15 ml ethanol, and also 0.5 ml of TFE, 1 ml
pyridine and 200 mg of dicyclohexyl carbodiimide in 15 ml of CHzCl: were
used for chemical modification reactions. The treated CF were well
washed with the solvent used in the reaction to remove residual reagents

from the surface before the XPS measurement.

6-2-3 XPS Measurement

All XPS spectra were collected by using ES-200 XPS apparatus at 0°c
to reduce X-ray degradation of fluoro species chemisorbing to CF surface.
CF samples were set up by the same method as in chapter 5 for the XPS
measurement. Savitzky's 9-points smooth method?? considered to hardly

distort line shape of XPS spectra was used to smooth all XPS spectra.

6-3 Results and Discussion

6-3-1 Chemical Modification

XPS wide scan spectra of CFi(T300) after chemical modification
reactions are shown in Figure 6.3. The control CF was unoxidized CF
picked up at a point after the carbonization process and before surface
oxidation occurred. Ozxidized CF was prepared using a laboratory scale

oxidation process with same method as the production line. The spectra
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Figure 6.3 XPS wide scan spectra of carbon fibers (T300) after the

chemical modification reactions.
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of control CF have small Fls peaks, while the spectra of oxidized CF have
more intense Fls peaks at 689 eV. This confirms successful labeling of
surface functional groups of CF as in organic polymers.!” Increase of
fluorine concentration (Fls/Cls) by the chemical modification reactions
both at room temperature and at boiling temperatures of the used solvents
for 3 h is shown in Figure 6.4. Fluorine concentrations on an oxidized
CF surface treated with TFAA and TFPH at room temperature reach saturation
in 200 h. The concentration reaches the same value when CF is treated
with TFAA at boiling temperature within 3 h. However TFPH shows a lower
saturation value when treated at ‘boiling temperature, probably because of
decomposition of the reagent at higher temperature.

The increase in fluorine concentrations from control to oxidized CF
tireated with TFAA and TFPH is plotted in Figure 6.5.a. Figure 6.5.b
shows the concentration change of each functional group on the CF surface
obtained from the data of Figure 6.5.a. The carbonyl group concentration
is calculated from the fluorine concentration of CF treated with TFPH,
carboxyl group from CF treated with TFE, and that of hydroxyl group is
obtained from difference between CF treated with TFAA and TFE. The
carbonyl group is found to be a major functional group, while carboxyl
and hydroxyl groups are minor components on the control CF surface.
Surface oxidation causes a remarkable increase in the hydroxyl and carbonyl
groups intensity and a smaller increase in the carboxyl group intensity.
This suggests that major functional groups on the oxidized CF are hydroxyl
and carbonyl groups.

Oxygen concentrations of the CF surface estimated from the amounts
of three functional groups determined by the surface modification reaction
are compared with those from a direct measurement of Ols spectra in

Figure 6.5.c. The relative amounts of oxygen, Ols/Cls calculated from
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Figure 6.4 Relative fluorine concentration variation of oxidized carbon

fiber (T300) by the chemical modification reactions.
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the surface modification reaction are about 20 % of the observed values

in both the control CF and the oxidized CF. Possibility of the existence

of other functional groups such as ester and ether that are neglected in

the above discussion may explain this discrepancy. However, in the

previous study!$, the author concluded that hydroxyl, carbonyl and

carboxyl groups are major functional groups produced in the surface oxidation
process, whereas the amount of ester and ether groups is negligible.

This discrepancy may be explained as follows. The chemical modification
reagents may react only with the functional groups in the extremely
outermost layer (5 - 10 .g‘) on the CF surface, because of the poor permea-
bility of the reagent into CF. If there are more functional groups in a
greater depth within the detection depth of XPS (30 - 50 .X‘),“ the direct
Ols measurement will give a higher relative intensity. Thus, the chemical
modification technique here may have a higher surface sensitivity than a
direct XPS measurement. This may be important, because the only extremely
outermost surface functional groups can react with reagents and thus
contribute to the adhesion between the CF and a matrix resin in composite

materials.

6-3-2 Line Shape Analysis of Cls Spectrum
Spectral shapes of Cls spectrum of XPSAfor various carbon materials‘

were compared in Figure 6.6. They all have a characteristic Cls spectra
with the asymmetric line shape and the long tailing component towérd a
higher binding energy as observed in the XPS spectra of metals. The
asymmetry is explained by the many body screening effect based on the
Jjoint density of states of electron-hole pair excitation suggested by van
Attekum.!® Alteration of the density of states near the Fermi level by

the variation of the completeness of the graphite crystal lattice is
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Figure 6.6 XPS Cls spectra of various carbon materials with different
graphitization degree. EC : Evapolated carbon, PG : Pyrolytic graphite,

HOPG : Highly-oriented graphite.
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expected to change the Cls line shape of carbon materials. HOPG with the
most complete graphite structure shows the narrowest peak with FWHM (full
width at half maximum) of 1.25 eV, and the highest asymmetry, PG with

less complete structure than HOPG shows a broader peak with FWHM of 1.3
eV. Carbon black and EC(evaporated carbon) with further more disordered
structure have a very broad peak and a more symmetric line shape than
HOPG and PG.

Another example of this tendency is the Cls spectral variation of
HOPG by Ar ion bombardment shown in Figure 6.7. The Cls peak of HOPG
rapidly broadens and loses asymmetry upon the ion bombardment.® The Cls
spectrum of HOPG bombarded for 30 s has a FWHM of 2.0 eV, for example,
which is the same as EC as indicated in Figure 6.6. The disordering of
the graphite crystal lattice on the HOPG surface caused by Ar ion bombardment
was also confirmed by Raman measurement.?s

The Cls line shape can be specified by defining an asymmetric factor &
as illustrated in Figure 6.8. Cls line shape parameters, FWHM and o{ of
Cls are obtained after the background correction using a straight base
line. The two parameters are plot:ted for various carbon materials, Ar
ion bombarded HOPG, carbon fibers carbonized at various temperature, and
commercial carbon fiber (T300) and graphite fiber (M40) in Figure 6.9.

All plotted data points in the Figure 6.9 fall on a line. This indicates
that a carbon material with a more complete graphite structure shows a
narrower and more asymmetric Cls spectrum. Then, we can evaluate the
completeness of the graphite structure on the outermost surface of a
carbon material sample to point its Cls line shape parameters (FWHM, o )
on Figure 6.9. For example, it is seen that the graphite lattice on the
surface of the carbon fiber (T300) has same order to that of Ar ion

bombarded HOPG and EC with the disordered structure. The graphite fiber
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Figure 6.7 XPS Cls spectral change of HOPG by Ar ion bombardment.
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Figure 6.8 Definition of line shape parameters of XPS Cls spectrum of

carbon materials.
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various temperatures indicated.
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(M40) has a surface structure close to that of PG which has a nearly
complete crystal lattice.

A change of the completeness of the graphite structure on the surface
of GF in the surface oxidation process is evaluated by using these para-
meters. In the preceding paper,!® the author pointed out a broadening of
Cls spectrum of GF in the surface oxidation process, suggesting disordering
of the graphite structure on the surface. In the present study, the
surface oxidized GF (GF2) also corresponds to a more disordered structure
than GF before the surface oxidation (GF1l). GF2 was heated at 1000 °C in
a vacuum to remove the generated the surface functional groups to avoid
their disturbance the Cls line shape analysis. There was no increase in
the degree of graphitization caused by. the heating because GF had expe-
rienced much higher temperature in the m.anufacturing process. Disordering
brought about in the surface oxidation process is not restored by the
thermal treatment at 1000 °C..  The oxidized graphite fiber has the similar
parameter values to carbon fiber carbonized at 1700°C. The disordered
surface structure is considered to improve the adhesion between a graphite
fiber and a matrix resin in composite materials. The parameters defined
here enable comparison of the surface lattice structure of a wide variety

of carbon materials.
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Chapter 7

XPS and FT-IR Studies on the Chemical Structure of
the Stabilized Polyacrylonitrile Fiber and the
Mechanism of Stabilization in the Carbon

Fiber Production Process

7-1 Introduction

In recent years, high modulus carbon fiber produced from
polyacrylonitrile (PAN) has become increasingly used in various fields
including aircraft and space industries. .The PAN precursor is first
heated at between 200 and 300 °C in air to stabilize it for the succeeding
carbonization process, where the fiber is heated above 1000°C in an inert
atmosphere. It is recognized that the mechanical properties of the final
carbon fiber depend much on the chemical composition and the molecular
structure of the stabilized fiber as an intermediate.

The mechanism of the stabilization process and the chemical structure
of stabilized fiber have been studied using spectroscopic techniques such
as infrared spectroscopy and evolved gas analysis by various authors.!-8
Many chemical structure models for stabilized PAN have been proposed, but
tflese models are not sufficiently precise to elucidate the chemistry
involved in the stabilization process, because of experimental difficulties
due to disturbance by the intense photon absorption and also due to the
insolubility of the stabilized fiber to any kinds of organic solvents.

In the previous paper,® Ishitani reported the preliminary study of
the chemical structure change during the process of the carbon fiber
production from PAN by X-ray photoelectron spectroscopy (XPS), which was

found to be effective for the analysis of chemical states of each component
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atom in any stage of the production of the carbon fiber. Fourier transform
infrared spectrometry (FT-IR) is expected to be a powerful tool for the
detailed study of a dark sample like thermally stabilized PAN because of
high sensitivity due to its multiplex and throughput advantages. In

recent years, the mechanism of thermal degradation of PAN under reduced
pressure by FT-IR was studied.®10-12 In the present work, the author

tries to determine the chemical structure of the stabilized PAN in air

and to investigate the reaction mechanism of the stabilization process in

air by more detailed study of XPS combined with FT-IR and elemental

analysis.
7-2 Experimental

7-2-1 Sample

The precursors used in this work are fibers of a PAN homopolymer and
a PAN copolymer with 0.5. mol% hydroxyethylacrylonitrile. They were
heated at 240°C in air in a laboratory scale. It is necessary to prepare
the sample surface with an average composition of whole of the sample in
order to obtain the average bulk information using XPS, because it gives
us preferentially the top of about 50 .X. of a sample surface. Then,
thermally prepared fibers was pulverized on cooling by liquid nitrogen to
the fine powder of size of about 1 - 2 pum, that is considered to have the
surface with the average composition of its bulk structure because of
very small size of the powder compared with starting stabilized fiber
with a diameter of about 10 um. Nitrogen used to cool the sample is also
expected to protect the fresh surface from thermal degradation in air

during this preparation process.
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7-2-2 XPS Measurement

The powdered samples were mounted on double sided adhesive tape on a
sample holder pressing without wiping-stroke across the powder surface by
a stainless steel spatula with a clean surface. This sampling technique
was conformed to be contamination-free method by the examination using a
clean surface polymer film as the model sample.

XPS measurement and data processing were performed by using the same
apparatus and the same computer system as ones used in previous chapters.
The Cls peak of hydrocarbons such as the methylene carbon within the
polymers was used as a reference for the chemical shift determination
assuming its binding energy to be 284.6 eV. Spectra were curve-resolved
by using the non-liner least square technique after smoothing operation

with Savitzky’s method.

7-2-3 FT-IR Measurement
Digilab model FTS-20B/D FT-IR spectrometer was used with a
resolution of 4 cm™! and accumulation of 400 scans. The transmission

mode was used on finely powdered samples prepared as KBr disks.

7-2-4 Elemental Analysis
Elemental analysis was carried out by Yanagimotb CHN Corder on
samples kept under controlled humidity and temperature {22°C , 68 %RH)
for a long time. The elemental composition was corrected taking account
of the amount of adsorbed water determined with thermogravimetry by raising
temperature from 20 to 120 °C, because stabilized PAN has a large amount
of adsorbed water preventing us to obtain its exact elemental composition.
Amounts of the adsorbed water were 0.5 and 4 %, respectively in PAN and

final stabilized PAN.
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7-3 Result and Discussion

7-3-1 Elemental Composition

The elemental composition change of PAN and the copolymer during the
stabilization process at 240 C in air are indicated in Figure 7.1.
Decrease of hydrogen and uptake of oxygen are observed, while no change
is seen for the nitrogen content. The hydrogen content of the stabilized
fibers is 43 % of that of the precursors. Dehydrogenation is accompanied
by introduction of unsaturated bénds and oxygen atoms into the polymer
chains. The -reaction rate of the dehydrogenation of the copolymer is_
larger than that of PAN. Oxygen content increases to 0.5 atom per repeat
unit of the polymers in the final stage of the stabilization process for V
both precursors. The ladderlike structure formed by successive reaction
between neighboring nitrile groups within a polymer chain seems to be
major reaction, since the nitrogen content shows little change in the

stabilization process for both precursors.

7-3-2 Molecular Structure

Figure 7.2 shows the change of the IR spectrum (4000 cm-! - 450 cm!)
of PAN during air stabilization process at 240 °c. The major observed
variations are the decrease of intensity of the nitrile band at 2240 cm!
and the methylene band at 2940 cm™}, and growth of three new bands
(at 1725 cm-t, 1660 cm-! and 1595 cm™! ) in the carbonyl stretch v
frequency region. The final product in the stabilization process after
heating for 310 min has no nitrile band left in the spectrum (E in Figure
7.2). This indicates that structural changes involving the whole molecular

chain of PAN takes place in the stabilization process.
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Figure 7.1 The change of elemental composition of PAN fiber and

copolymer fiber during the stabilization process at 240 °C in air.
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These observations agree well with those of previous workers,® and
suggest formation of ladderlike structure with conjugated unsaturated
bonds formed by polymerization of cyano groups and release of hydrogen,
and also with carbonyl groups incorporated by the thermal oxidation.

The copolymer indicates exactly the same spectral change as the
homopolymer under the same stabilization condition. The presence of
hydroxyethylacrylonitrile does not change the course of the chemical
reaction in the stabilization process, and the copolymer gives the same
final product.

There are three bands obsefved in the carbonyl stretch region at
1725, 1660 and 1595 cm-! for the stabilized PAN in air. In order to
assign these bands, stabilized PAN at 0.1 Torr in the presence of an
inert gas was prepared by heating the precursor at 200 °C for 24 h under
0.1 Torr for comparison. PAN stabilized under reduced pressure
condition consists of three carbon atoms, 2.97 hydrogen atom, 0.96
nitrogen atom and 0.15 oxygen atom in a repeat unit of PAN. The major
difference between the elemental compositions of stabilized PAN fibers
in air (see Figure 7.1) and in redﬁced pressure is that the latter
neither loses hydrogen at all nor takes up much oxygen.

The spectrum of the stabilized PAN under reduced pressure is shown
in Figure 7.3. It has two bands at 1610 and 1575 cm! in the carbonyl |
stretch region, but there is no measurable intensity in the area where
1725 and 1660 cm-! bands appear in PAN stabilized in air. Both of 1610
and 1575 cm~! bands probably correspond to the broad 1595 cm~! band of
the stabilized PAN in air. The author proposes to assign 1725 and
1660 cm-! bands of the stabilized PAN in air as due to C=O stretch
vibrations of an aliphatic ketone and that of a conjugated ketone

respectively, and 1595 cm™! bands as one due to combination vibrations
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Figure 7.3 FT-IR spectrum of the stabilized PAN under reduced pressure

at 200 C for 24 h.
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of C=N and C=C stretching, and NH in-plane bending of the ladder-frame
structure of the stabilized PAN.

The bands at 1610 and 1575 cm-! of the stabilized PAN in reduced
pressure are considered to come from the ladder structure. The assignment
by Coleman® is partly different from the present one. He considered 1610
and 1575 cm~! bands to come from ketone and the ladder structure, respectively
for the stabilized fiber under reduced pressure. The present assignment
is based on the assumption that no ketone are generated in the stabilization
process under reduced pressure. This is verified from the elemental
analysis data. First, the amount bf oxygen uptaken in the process is
small, close- to one quarter of the process in air. Second, reduction of
hydrogen content should be accompanied with generation of ketones, whereas
there is no change in hydrogen content. A small amount of oxygen is
probably used to produce hydroxyl groups.

Accordingly, in tbe case of the stabilized PAN in air, the band at
1595 cm™! comes from the ladder frame, the band at 1660 cm-! from the
conjﬁgated ketone in acridone ring and the 1725 cm! band from free
ketones generated in hydronaphth'ridine rings. Presence of conjugated
aromatic heterocyclic ladder structure containing acridone, naphtyridine
and hydronaphtyridine rings suggested by successive XPS work.

XPS épectral changes in the stabilization process of PAN are shown
in Figure 7.4. The increase observed ih Ols corresponds well with the
elemental analysis. Both of Cls and Nls peaks broaden in the process,
indicating formation of various new chemical species. The long tails of
the main peaks of Cls and Nls of the stabilized fiber in the higher
binding energy sides due to shake up satellites suggest formation of
extended conjugated unsaturated bonds incorporated into the polymer

chains. The valence band of the precursor shows distinct peaks at 8, 15
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Figure 7.4 XPS spectra of PAN fiber during the stabilization process at

240 C in air.
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and 24 eV on B.E. scale. The two peaks at 8 and 15 eV due to cyano
groups gradually diminished in the process, and the peak shape of the
whole valence band comes to resemble that of graphite.

The Ols, Nls and Cls peaks of stabilized PAN are curve-resolved and
assigned in Figure 7.5, The Ols spectrum of stabilized PAN has a main
peak at 531.5 eV and a characteristic long tail extending to 539 eV.

The Ols spectra of conjugated carbonyl compound such as benzophenone and
quinacridone have peaks in the same unusually low energy region between
531.1 eV and 531.8 eV as listed in Table 7.1. They also have a characte-
ristic satellite component on the higher binding energy side due to

the 7r-electron excitation. The lower binding energy con/x/ponent of Ols
spectrum of stabilized PAN can be assigned to an oxygen of the acridone

ring from a comparison with above model compounds in Table 7.1. The higher
binding energy component is ascribed to oxygens of alcohol and unconju-
gated carbonyl groups.

Curve resolving of the Ols spectrum of the stabilized PAN was
carried out using the asymmetric peak shape of Ols spectrum of
quinacridone for the lower binding. energy component, and Gaussian peak
shape for the higher binding energy one. From oxygen taken up into
stabilized PAN fiber, 80 % is considered to come from acridone type
carbonyl and 20 % from alcohol and unconjugated carbonyl.

Binding energy values of Nls spectra of model compounds and PAN are
listed in Table 7.2. Acridine and quinacridone have peaks at 398.6 eV
and 399.9 eV and both show satellite components at higher binding energy
side of the main peaks arising from conjugated 7 -electron system. The
Nls spectrum of stabilized PAN has a main peak at 399.0 eV and a
shoulder around 400 eV and also a long tail at higher binding energy

side of the main peak. It was curve-resolved to two components using
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Table 7.1 The chemical shifts of Ols of conjugated carbony! compounds.

Binding energy

C
ompound Chemical structure (V)

-~

Benzophenone @- 531.8

[+]
O
: o '
Anthraquinone 531.5
o
o
O
]
; B8r
H

531.9

Penanthrenequinone

)

()
()
@
Benzanthrone ‘ @‘@ 5§31.0
O |
()
(]

Anzathrone B'

)

Quinacridone QL0 O 531.1

H

©

531.2
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Table 7.2 The chemical shifts of N1s of model compounds and PAN.

Compound Chemical structure Bindin(ge\?)nergy
Acridine OO0 398.6
D H
Quinacridone @ @‘@ 399.9
Polyacrylonitrile ecnz-zH)n 399.0
N
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the chemical shifts and the peak shapes of acridine and quinacridone.
The higher binding energy component with 40 % intensity is assigned to
nitrogen of acridone ring and the other one with 60 % intensity is
assigned to nitrogen of naphtyridine and hydronaphtyridine rings. The
latter component may be assigned to nitrile groups of PAN because the
chemical shift agrees well, but above FT-IR study on the same system
indicates that amount of remaining cyano group in stabilized PAN is
negligible.

The Cls spectrum of stabilized PAN is curve-resolved to three
components which are assigned té 45 % of neutral carbon, 40 % of carbon
in C-0 and C=N- groups and 15 % of carbonyl carbon. T/he author confirms
the chemical structure shown in Figure 7.6 for stabilized PAN from the
results of XPS, FT-IR and elemental analysis and also taking the
previous worker’s suggestions!-® into account. The ladder structure
consists of 40 % of acridone ring, 30 % of naphtyridine ring, 20 % of
hydronaphtyridine ring and 10 % of others. The ladder structure is an
essential factor for the thermal stabilization and the structure well
explains in the succeeding carbonization process on carbon fiber
production. The conjugated p-electron system of naphtyridine and
acridone rings over the whole polymer chain develop-the dimensional
stability of the fiber at high temperature. Moreover, hydrogen bonds
formation between adjacent ladder molecular chains help to keep the

orientation of molecular chains constant in the carbonization stage.

7-3-3 Reaction Mechanism
In order to study the reaction mechanism of the thermal stabilization
process, the digital difference FT-IR spectrum method was used. The

difference spectra were calculated between two successive spectra in the
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process shown in Figure 7.2, and indicated in Figure 7.7. The condition
of subtraction is to eliminate the band of nitrile group at 2240 cm-i.

The difference spectra obtained may be considered as the IR spectra of
product generated between the successive steps. They are similar each
other and also to the final product of the stabilization. It indicates

that the products in all steps in the stabilization process are same as

the final product. It can be concluded that the various reactions expected
in the process, such as cyclization, dehydrogenation and oxygen uptake
occur almost simultaneously.

The only exceptions are positive and negative intensities observed
at 1280 cm-‘and 1150 cm-!, respectively ifi the difference spectrum (A in
Figure 7.7). They may correspond to a side reaction taking place only
in the beginning of the process. There was no difference observed in
this analysis between PAN and the copolymer. A kinetic study was
carried out to understand the reaction more in detail, and also to see
the difference between PAN and the copolymer. Fibers with different
heating time were freeze ground and sieved to prepare fine powders of
equal particle size for quantification. An equal amount of powder was
formed into a KBr disk to normalize the spectral intensity. The peak
area of the CH asymmetric stretch band at 2940 cm™?! and two kinds of
carbonyl stretch bands at 1725 and 1655 cm™! are used to study the
reaction rate.

A plot of 2940 cm! band intensity as a function of time is
indicated in Figure 7.8 for PAN and the copolymer. Decrease of methylene
groups is found to proceed as a first-order reaction concerning the
concentration of the precursor polymers. The reaction rate of the
copolymer is larger than that of the homopolymer, PAN, indicating the

effect of the comonomer in accelerating the dehydrogenation reaction.
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Figure 7.8 Variation of band intensity of methylene band at 2940cm™! in

the stabilization process in air for PAN and the copolymer.
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Similar plots were carried out for the increase of carbonyl groups in the
air stabilization reaction. The bands of the two kinds of carbonyl

groups overlap each other and also with the band due to aromatic rings of
the ladder structure. Curve resolving of this particular wavelength.
region was done as shown in Figure 7.9. The base line correction in the
figure is to eliminate the contribution from intense neighboring absor-
ption bands in the smaller wave-number region. The obtained peak area is
plotted for both of carbonyls. The result is depicted in Figure 7.10.

There is apparent difference in the rate of generation of the carbonyl
group of acridone type structure‘between PAN and the copolymer while
there is none for the other/ carbonyl group. The reaction rate for acridone
carbonyl generation in copolymer is estimated to be twice as much as in
PAN. This leads us to the idea that the comonomer accelerates the
dehydrogenation reaction and also the generation of the acridone ring,
although it does not affect the oxidation reaction to produce the

unconjugated carbonyl.
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Chapter 8

Molecular and Crystal Structure of

Poly(vinylidene chloride)

8-1 Introduction

Several molecular madels of poly(vinylidene chloride) (PVDC) have
been proposed in order to account for the fiber period of 4.7 R which is
appreciably shorter than the repeat distance of two monomeric units in
the fully extended zigzag chain, 5.1 R Fuller! suggested an alternatively
twisted zigzag model, and Reinhardt? proposed a tub-form with an
alternate repetition of cis and trans conformations. De Santis3-S
proposed a (2/1) helical model based upon the conformation energy
calculation and the optical transform.

By means of calculation of normal vibration, Miyazawa and Ideguchi®
proposed a glide model with TGTG conformation which was again supported
by Hendra and Mackenzie’ by Raman study. Employing a combination of
FT-IR and Raman studies and geométric consideration, Coleman$-}* concluded
that a TXTX (X : 32.5°) chain conformation is favored. The problem of
the crystal structure of PVDC has not yet been settled with certainty,
though Reinhardt? and Okudal!®? independently proposed different
monoclinic lattices. Therefore, in the present work, the author studies
the molecular and crystal structure of PVDC in more detail by X-ray

diffraction together with conformation energy calculation.
8-2 Experimental
8-2-1 Sample
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Since it was rather difficult to prepare a well oriented PVDC
homopolymer specimen by drawing, so-called "canal polymerization
method"!3 was employed for single crystals of the vinylidene chloride-
thiourea adduct to obtain highly oriented PVDC homopolymer specimens
suitable for X-ray diffraction. The canal polymerization of vinylidene
chloride-thiourea adduct was carried out by the following procedure.

First, needle-like crystals of the vinylidene chloride-thiourea
adduct were obtained from a mixture of methanol solution of thiourea
(4 wt%, 10 ml) and vinylidene chloride (4.6 ml) at -20 C. The monomer-
thiourea adduct was converted in*.o the poly(vinylidene chloride)-thiourea
adduct by ¥-ray irradiation from a cobalt 60 source of the Radiation
Laboratory of Osaka university (total dose; 2 Mrad) at -78 °c.

A uniaxially oriented PVDC filament was obtained by washing out the
thiourea from the irradiated adduct crystal with hot water. The infrared
spectrum of this polymer was in accordance with that of PVDC homopolymer

obtained by usual way.

8-2-2 X-ray Diffraction

The nickel-filtered CuKw radiation was used throughout the present
study. Specimens with a diameter of 0.15 mm were used. Photographs were
taken with a cylindrical camera with a radius of 45 mm or 50 mm. The
number of observed reflections was 34. Observed d-spacings were
calibrated with reference to those of aluminum powder. The reflection
intensities in fiber photographs taken by the multiple-film method were
measured by visual comparison with a standard intensity scale. The
correction for the single crystal rotation Lorentz-polarization factor

was made to the observed intensities.

- 115 -



8-3 Structure Determination

8-3-1 Conformation Energy

In this study, the conformational energy for the PVDC chain with the
observed identity period of 4.68 R, in which two monomeric units are
contained, was evaluated varying the C-CH:-C and C-CCl:-C bond angles,
and this procedure made it possible to examine the various molecular
models proposed so far on one energy contour map as shown in Figure 8.1.

In the energy calculation, besides internal rotation barriers, van
der Waals interactions, and electrostatic interactions, bending energies
were also taken into account. The constrained conditions,in the
calculation were as follows; (1) the Cl-C-Cl bond angles as well as the
H-C~H bond angles are fixed at the tetrahedral value {109.5°); (2) all
the C-C, C-Cl and C-H bond lengths are assumed to be 1.54, 1.78 and
1.09 ?\, respectively; (3) two monomeric units in the identity period are
related by the symmetry of either two-fold screw axis or glide plane
along the fiber axis.

The function for the internal -rotation barriers was the sinusoidal
type, and the barrier heightiv was assumed to be 2.0 kcal/mol.115 The
potential function for the van der Waals interactions between non-bonded
atoms was approximated by the Lennard-Jones "6-12" function. The
parameters used for the van der Waals interactions are listed in Table
8.1.16-18

Electrostatic interactions were estimated by the use of the point
dipole-dipole interaction equation. The point dipole was assumed to be
at the midpoint of the C-Cl bond. The value of C-Cl bond moment was
taken as 2.0 D from the data for 2,2-dichloropropane, 2-chloropropane.!®

The value of dielectric constant was assumed to be 4.0.?21! Summations
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Table 8.1 Parameters for van der Waals interactions.

Atom pair £ , kcal/mol Foin' A
c...cC 0.120 3.40
cC ... Cl 0.287 3.45
C ... H 0.108 2.90
Cl... cC1 0.688 3.50
Cl... W 0.250 2.95
H ... H 0.122 2.40

Table 8.2 Parameters for bending energies.

Angle k, kcal/mol rad? 60, degree
91(C-CH2-C) 107.2 112.0
92(°'C012‘C) 144.8 112.0
B4 (C-C-H) 92.8 109.5
6, (C-C-C1) 157.1 109.5
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- of the van der Waals and electrostatic energies were made in a range of
10 X and 40 .&, respectively.

The bending energies were estimated by

E = (1)2)k( 6 -60 ) (1)

here &y is the zero strain value of bond angle &, and k is the force
constant for the bending. The constant k and 6o have been assumed as
listed in Table 8.2.6 The total bending energy is the sum of the
contributions from the bond angles §1(C-CHz-C), Gz(C-CCIz-C), @i:(c-c-H)
and &4(C-C-Cl).

Figure 8.1 shows the map of the total energy represented with energy
level contour vs. &1 and 8:. Here the author obtained the following
equation

0 (2)

AV

(1 ~ cos G1)(1 - cos @2) - 12/r2
where I is the axial pitch of monomeric unit, i.e., 4.68 .K / 2 = 2.34 R,
and r is the C-C bond length, 1.54 R, respectively. In the region
surrounded by the lines a;, a; and b, the value of equation 2 is
negative, and the molecular chain has some glide conformation. In the
region surrounded By the lines b and c, the value of equation 2 is
positive, and the molecular chain has some (2/1) helical conformation.
The value of equation 2 is zero on the border line b. Reinhardt’s model
shown by the cross E in Figure 8.1 is on this line. Other three border

lines are defined as follows.

ax; cos 01 = 1 - 12/(2r?)
az; cos @2 = 1 - 12/(2r?) {3)
c; cos @1 + cos B2 + 12/(2r2) = O

No molecular model can exist in outer region of three lines, ai, az
and c. The Fuller’s model will be located anywhere on the line az. The

crosses A and B correspond to the (2/1) helical model proposed by De
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Santis and the glide model by Miyazawa and Ideguchi, respectively. The
position of the conformation energy minimum is shown by the cross D

( 0, = 124‘, 6. = 116°). This energy minimum is near the border line b,
and its molecular conformation is of glide. The cross C corresponds to

the resulting conformation of the X-ray analysis as shown later.

8-3-2 Molecular Transform

The cylindrically averaged X-ray intensities about the chain axis
(the chain axis is conventionally taken as the axis instead of the b axis
which is the fiber axis in the following crystal structure analysis)
scattered by one molecular chain, |T|2, was evaluated from the following

equation.

T2 = <|P(R,1/c}]| g

1

2.‘:":';.Zfii"on(27(.Rrij)exp(27!’.ilzu/c)exp(—ZBsin2 & /N2 (4)
here (R,(ﬁ,l/c) are the cylindrical coordinates of a point in the
reciprocal space, f; is the atomic scattering factor, Jo is the Bessel
function of zero order, and ri; and zi; are the radial and axial
components of the interatomic distz-ance between i and j th atoms in the
fiber period. A thermal parameter B of 5 f\z was assumed.

Figure 8.2 shows the calculated intensities for the four models.
The vertical rods in the figure show the observed relative intensities of
reflections after correction for the Lorentz-polarization factor.
Fuller’s model cannot interpret the strongest reflectioh on the first
layer line, while Miyazawa’s model cannot interpret the remarkably
intense meridional reflection of the second layer line. Both the glide
model proposed by the energy calculation and the (2/1) helical model by
De Santis give sufficient interpretation for the X-ray fiber diagram.

Accordingly, it was difficult to decide which is the preferable
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model either the glide or (2/1) helical model from the result of the
molecular transform alone; both the models are in accordance with each
other when the internal rotation angles are 0° and 180° corresponding to

Reinhardt’s model.

8-3-3 Unit Cell and Space Group
All reflections observed in the fiber diagram were indexed by a
monoclinic cell with cell dimensions of a = 6.71 A, b(fiber axis) = 4.68 X,
c = 1251 R and P = 123°. In the unit cell determination, a doubly
oriented specimen of a copolymer vwith vinyl chloride was also utilized.
From the systematic absence of reflections, 0kO when k is odd, the
possible space groups are P21 and P21/m. The calculated density assuming
two polymer chains (four monomeric units) in the unit cell is 1.95 g/cm3,
which is reasonable comparing with the observed density of 1.859 g/cm3
for a commercial PVDC.!1 The cell dimensions are essentially the same as

those reported by Okuda,l?

8-3-4 Determination of Crystal Strﬁcture

The author considered at first possible molecular packing ways in
the ac-projection for the glide and (2/1) helical models adopting the
plane group p2: both space groups of P2: and P2i;/m possess the plane
group p2 in the ac-projection. The x and z coordinates of all chlorine
atoms were determined unequivocally. Referring these positions of
chlorine atoms, two (2/1) helical chains must be situated such that the
chain axes coincide with non-equivalent two two-fold screw axes at
(x = 0.5, z = 0.0) and {(x = 0.5, z = 0.5) (see Figure 8.4). In this
case, therefore two chains in the unit cell are crystallographically non-

equivalent. On the other hand, two monomeric units in the molecular
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chain of glide type are non-equivalent, because the space group P2:1 or
P21/m does not possess the glide symmetry: two chains in the unit cell
are related by a two—fold screw axis in the case of glide chain.

Trial and error procedure with the three dimensional reflection
data indicated that the agreement between observed and calculated
structure factors for the glide structure was more satisfactory than the
(2/1) helical structure. However, slight controversy existed between
observed and calculated structure factors for weak or non-observed
reflections in the case of glide structure with the space group P2i.

This problem could be settled uprby introducing a statistically
disordered structure with respect to the molecular direction. In such a
structure, upward and downward molecular chains exist in equal
probability. This implies that the space group P2i:/m should be adopted.
Further refinement of the glide and also (2/1) helical structures with
the space group P2:/m was carried out. In the case of (2/1) helical
structure, there are right-handed and left-handed helices. The
combination about the chain direction and the helical sense for two
chains in the unit cell makes 12 different structures in the case of P2:
and 6 in P2:;/m.

The final discrepancy factors R ( = ¥|JTo - NTc|l/ ¥ To, where
I = mF?; m: multiplicity, F: structure factor) for ‘four difference type
crystal structures are shown in Table 8.3; the R factors were calculated
for observed reflections only. In the table, the data of the most
favorable ones for the (2/1) helical structures are listed up. The glide
structure in the P2:/m cell is the most favorable. The atomic coordinates
and thermal parameters of the glide structure in the P2:i/m cell are given
in Table 8.4. The bond lengths, bond angles and internal rotation angles

are shown in Figure 8.3. The crystal structure is shown in Figure 8.4,
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Table 8.3 Final discrepancy factors, R.

Molecular conformation Space group R, %
P21/m 15
Glide
P21_ 20
P21/m 30

(2/1) Helix

P2 31

Table 8.4 Atomic coordinations.

Atom x/a y/b z/c
C0 0.415 0.191 0.166
C1 0.350 0.373 0.245
02 0.415 0.691 0,273
C3 0.350 - 0.873 0.158
0101 0.244 0.309 0.006
Cl02 0.717 0.192 0.218
0121 0.244 0.809 0.334
Cl22 0.717 0.692 0.399
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Figure 8.3 Bond lengths, bond angles, and internal rotation angles of

the PVDC chain obtained by the present X-ray analysis.
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b=4.68A

Figure 8.4 Crystal structure of PVDC. Molecular chains shown by solid

and broken lines indicate upward and downward chains, respectively.
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the molecules shown by solid and broken lines are upward and downward.
8-4 Result and Discussion

8-4-1 Molecular Structure

It was revealed that the molecular chain of PVDC has a glide
conformation of TG'TG’ type in ihe crystal, although the two successive
monomeric units in the chain are not related ‘by a crystallographic glide
plane symmetry. The internal rotation angles of the skeletal bonds are
1756(T) and 49°(G’), the latter deviates appreciably from the exact
gauche form (60°).

The set of the skeletal bond angles ( 61 = 123°, 92 = 114°) nearly
agrees with the set for the glide model with the minimum energy in the
conformation energy calculation ( O = 1240, 6. = 116°). Although the
C-CClz-C bond angle of 114° is close to 112° as on the average in linear
hydrocarbons, the C~CH:-C bond angle is 123°. Such large values of
C-CHz2~-C bond angles have been reported for polyisobuthylene (1280)23 and
2,2,3,4-tetramethyl adipic acid (122.60).“ It is therefore obvious
that the large C-CH:~C bond angle is atiributed to the steric hindrance
between adjacent CClz groups.v There is an extremely close intramolecular
ClL...Cl contact of 2.35 R between adjacent CClz groups in Miyazawa’s
glide model, which is also an improper model from the consideration of
molecular transform. The glide conformation obtained by the X-ray
analysis has the Cl....Cl contact of 3.25 K, which is near unreasonable
as the intramolecular contact. For example, the closest methyl....methyl
carbon distance in polyisobuthylene is only 3.02 K despite the large
C-CHz-C bond angle, 128°. Therefore, it can be said that the ClL...Cl

repulsion is released by the large depending of C-~CH2~C bond angle as
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well as the deviation of internal rotation angles of the skeletal bond
from the exact gauche form.

The molecular conformation of PVDC is similar to that of
poly(vinylidene fluoride) in the form 1I?%: the internal rotation angles
of the PVDC chain are very close to those of poly(vinylidene fluoride)
chain (179° and 450). In the poly(vinylidene fluoride) chain, however,
the closest intramolecular F....F distance of 2.70 X, which corresponds
to the sum of van der Waals radii, is preserved by a smaller C~CHz-C bond
angle, 116°, as compared with 123° in PVDC.

Poly(vinylidene fluoride) exhibits polymorphism, and several
molecular conformgtion appear by the transformation between trans and
gauche forms.26-28 On the other hand, the strpng repulsion of CCl groups

will restrict a variation of the molecular found for PVDC.

8-4-2 Crystal Structure

The copolymer with vinyl chloride (20 mol%), which gives essentially
the same X-ray diffraction pattern as that PVDC, could be doubly oriented
by rolling: the rolled plane is parallel to the (100) plane. Although
the molecular chain of PVDC is not planar, the molecular packing in the
crystal lattice may interpret well the feature.of the double orientation.
That is to say, as shown in the ac-projection of the crystal structﬁre,
the crystal is composed of molecular sheets parallel to the (100) plane.

The systematic absence of reflections can not show the space group
unequivocally: P21 and P21/m were retained as the possible space group.
Then it was revealed that the space group P21/m gives the best
explanation of reflection intensities. This structure has the disorder
with respect to the molecular chain direction, i.e. either upward chain

or downward chain occupies one site in the crystal lattice with equal
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probability. Some close intermolecular atomic distances are shown in
Table 8.5. This statistical structure is never unreasonable in view of

the packing manner of molecular chains.
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(-
Table 8.5 Intermolecular atomic distances less than 4.0 A.

Between molecules of : Between upward and
the same direction, K downward molecules, K
Cqy (A)...CIOI(B) 3.36 Cy (L)...CIOI(B) 3.45
c, (A)"’CIOI(B) 3.91 ¢, (K)...0101(C) 3.79
ClOI(A)"‘Cloz(H) 3.46 c, (L)...ClOI(B) : 3.87
0121(D)...0102(F) 3.50 Clyo(L)...Cly, (1) 3.68
Cl,,(A)...Cl,,(B) 3.70 C121(L)"‘C101(B) 3.74
ClOI(A)"‘CIOI(B) 5.95 Clyy (K).u.Cly, (H) 3.78
Clzz(ﬁ)...CIZZ(G) 3.98 CIZI(L)...Cloz(J) 3.81
Cloz(K)...Clzz(E) 3.86

Symmetry relationship in fractional atomic coordinates

A: x,y,z; B: -x 0.5+y,-2z; C: -x,-0.5+y,-2z; D: 1-x,-0.5+y,
l-z; E: 1+x,y,z; F: 2-x,0.5+y,1-2z; G: 2-x,-0.5+y,1~-z; H: 1-x,
0.5+y,y,-z; I: -x,0.5+y,l-2z; J: -1l+x,y,z; K: x,0.5-y,2z; L: x,

1.5-y,2
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Chapter 9
Concluding Remarks

This thesis has dealt with the following subjects
(1) the investigation of a unique structural feature of the surface of
polymers and the carbon fibers made from PAN by using XPS,

(2) the application of XPS to examination of bulk chemical structure of
polymeric substances. The summary is listed below.
* .* X
Chapter 2. Surface Cleaning and Effect of X-ray Flux on XPS Study of
Polymers /

The surface cleaning and the effect of X-ray flux on.the XPS
measurement of polymers was examined. Contamination free surfaces of
polymer samples for XPS study was found to obtain by using ultrasonic
washing in organic solvents. The surface chemical activity of the
polymer substances was revealed to be less than that of metal and
semiconductor crystals., PET, polyimide and PAN has high stability for X-
ray flux. PTFE and Nylon with less resistance to X-ray need attention to
the degradation in usual XPS measurement. High X-ray sensitivity of
nitrocellulose prevents us to carry out quantitative XPS analysis. The
degradation behavior of polymers induced by the X-ray irradiation was

clarified to be difference from that in the thermal degradation process.

Chapter 3. A Non-Empirical LCAO MO SCF and Experimental Investigation
on the Core-lonization Process of Poly(vinylidene chloride)
and Poly(vinyl chloride)

The study of chemical shift of carbon atoms in PVDC and PVC was
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carried out by XPS measurement and a non-empirical LCAO MO SCF
calculation on the ground state. The primary and secondary substituent
effects on Cls binding energies by replacement of a hydrogen atom with a
chlorine atom are respectively 1.8 eV and 0.3 eV, which are less than

that with a fluorine atom.

Chapter 4. Monte Carlo Simulation of an Ion Sputtering Process of
Fluoro Polymers

The sputtering of Ar ion bombarded PTFE and PVDF was studied by XPS.
Monte Carlo simulation of the Ar ion sputtering process of both polymers
was performed to understand the variation of XPS spectra during
sputtering. In both polymer systems, fluorine atoms are preferentially
sputtered away from the polymer chains leaving carbon atoms behind. The
damaged layer produced by the process has a homogeneous composition
within thé sampling depth of XPS. Observed XPS spectra of both polymers
were explained by the random elimination of fluorine atoms from a polymer
chain, although better fitting was acquired by also taking a double

fluorine atom elimination mechanism into account.

Chapter 5. XPS Study by Use of the Digital Difference Spectrum Technique
of Functional Groups on the Surface of Carbon Fiber

The digital difference spectrum technique in XPS was proved to be
effective for the analysis of the functional groups introduced by surface
oxidation treatment of carbon fibers. The major functional groups
introduced to the carbon fiber surface by surface oxidation are hydroxyl
and carboxyl groups. Disordering of the crystal lattice was also
observed together with generation of carboxyl group in the surface

oxidation process of graphite fibers.

- 133 -



Chapter 6. XPS Study on the Surface Structure of Carbon Fibers Using
Chemical Modification and Cls Line Shape Analysis

The chemical modification technique coupled with XPS was proved to
be a useful tool for detailed and quantitative analysis of surface
functional groups of carbon fibers. Major functional groups on
“unoxidized and oxidized carbon fibers surface were found to be carbonyl
group, and hydroxyl and carbonyl groups, respectively. Line shape
analysis of XPS Cls spectrum was found to provide good parameters to
evaluate degree of graphitizationvon carbon fiber surface. A narrower
and more asymmetric Cls spectrum is revealed to correspond to more
complete graphite lattice structure., With use of the parameters, crystal
lattice on surface of graphite fiber is found to get disordered by

surface oxidation.

Chapter 7. XPS and FT-IR Studies on the Chemical Structure of Stabilized
Polyacrylonitrile Fiber and the Mechanism of Stabilization
Reaction in Carbon Fiber Production Process

In the carbon fiber production process from PAN precursor, the

precursor is heated first in air to secure stabilization in the

succeeding carbonization process at higher temperature. Mechanism of

the stabilization reaction and chemical structure of the stabilized PAN

were examined with XPS, FT-IR and elemental analysis. The stabilized PAN

was determined to have a ladder-like structure conéisting of 40 %

acridone ring, 30 % of naphtyridine ring, 20 % of hydronaphtyridine ring,

and others. This structure well explains stability of the polymer in the

succeeding carbonization process on carbon fiber production with

conjugated nr-electron systems over the whole polymer chain and inter-
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molecular hydrogen bonds. A comonomer addition to the precursor was
elucidated to accelerate dehydrogenation reaction in the stabilization

process.

Chapter 8. Molec‘ular and Crystal Structure of Poly(vinylidene chloride)

The molecular and crystal structure of PVDC were determined by
X-ray structure analysis together with conformational energy calculation.
Two molecular chain with glide conformation are packed in the monomeric
unit cell. The geometrical data of PVDC molecule obtained in this study
was used in the non-empirical LCAO MO SCF calculation to study the
chemical shift in XPS above mentioned.

X % X

In the present study, the author mainly discussed characteristic
properties and behaviors of the surface of polymeric substances and carbon
fibers by using XPS and also applied the technigque to examine chemical
structure of highly condensed heterocyclic amorphous polymer. XPS was
proved to be a very powerful technique for the investigation of the
surface structure of polymers and its related materials including carbon
fibers. The author hopes more extensive development of the study in this

field in the future.
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