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General Introduction

Ionic polymer 1is a wide <class of materials covering
inorganic glass, polyelectrolytes, ionomers, organic
polysaccharide gels, ete. Although inorganic glass has a
history of several thousand years, it is only in the 1last 30
years that most of the synthetic ionic polymers have received
extensive attention in industrial and scientific fields. The
studies of the synthetic ionic polymers were originated from the

works by Brown on carboxylated rubbers in 1957,1 Nielsen on

polyacrylates in 1964,2 and Rees et al. on ionomers in'1965.3’4
By introducing ionic groups, fhese studies intended to enhance
original properfies or to add new characters which original non-
ionic substances do not have. Thereafter,  a variety of
substances has been synthesized and widely utilized as industrial
materials up to now. In this new field, general classifications
with respect to the structures are not established and the
researches of these substances are now in progress by many

investigators.5-lo

In this thesis, structures and transition
behaviors of two kinds of ion-containing long-chain compounds
were studied, 1i.e., ethylene-methacrylic acid ionomers and N,N’ -
dialkyl-1,4-diazabicyclo(2,2,2)octane halides. |

A series of ethylene(E)-methacrylic acid (MA) ionomers
(being first produced in 1965 by Du Poﬂt Co. under the trade name

31 ?
4,11,

"Surlyn" is one of the most extensively studied class of

ionic polymers, because of their great industrial importance as
thermoplastic polymers. They are copolymers of ethylene and

methacrylic acid (less than 10mol%) partially or fully



neutralized with cations such as Na (this salt being denoted with
an abbreviation as E-MA-Na) and 7Zn (as E-MA-Zn), and are
distinguished from polyelectrolytes having ionic¢ groups on
alternate backbone segments.

o,
-—(CHZCHz)n— (CH2—CIJ- )m-
COOH (Nat, (zn2t)1/2)

On ionization, their tensile strength and melt viscosity are
enhanced remarkably as compared with those of non-ionic 1low
density polyethylene. These physical properties of the E-MA
ionomers have been interpreted in terms of association of the
ionic side groups. Namely, association of the ionic groups acts
as temporary crosslinking point and enhances the mechanical
properties. Contrary to the crosslinks by covalent bonds, the
ionic 1linkages were considered to dissociate on heating under
stress and to reform on cooling. This feature gives
thermoplastic properties to the ionomers.

In order to reveal the mechanism of enhancement of bulk
mechanical properties of the E-MA ionomers on ionization from the
view point of molecular level structure, determination of the
structure of the ion association is desirable at first. The
ionomers are non-crystalline or poorly-crystalline and hence
wide angle x-ray diffraction method is not readily applicable to
the systems. Alternative approaches for structural analysis of
the ion association should be necessary. The structures of such
systems have been investigated with a variety of experimental

techniques: M&ssbauer spectroscopy, magnitization measurement,



and electron spin resonance were used for some ionomers
containing specific metals to indicate the aggregation state of

12-16

the metal ions. Existence of the ion aggregate with a

dimension of several 1OR in diameter was confirmed by electron
17-19

microscopy. Small angle x-ray scattering (SAXS) technique

has been utilized to determine the shape and the size of the ion
aggregate.20—26 In spite of these many studies, the detailed
structure. of the aggregate is still uncertain.

The characteristic mechanical properties of the E-MA ionomers
might be also ascribed to the structure of the non-ionic
polymethylene phase as well as that of the ionic phase, since the
non-ionic phase occupies major part of the samples. Therefore,
it is of importance to know how the presence of ionic groups
affects the structure of the non-ionic polymethylene phase and
how the structure is related to the bulk mechanical properties of
the ionomers.

In order to solve the problems, it 1is desirable to
investigate structural transition behaviors of crystalline low-
molecular-weight compounds as model compounds of E-MA ionomers,
having ionic groups and non-ionic polymethylene chains in an
individual molecule. A series of quaternary N,N’-dialkyl-1,4-
diazabicyclo(2,2,2)octane (DABCO) halides having quaternary

ammonium ions and alkyl chains in a molecule is one of them.

ﬁ \
- - = C
R I R R n“2n+1

Br, Cl1l, I

>
b
>
1l

The compounds were synthesized by Nogami et al. of Osaka



27-31

University in 1985-1986. Although low molecular weight and

polymeric homologous series of the compounds were synthesized

32

early by Abbiss and Mann in 1964, and Salamone and Snider in

1970,33 respectively, systematic studies about the thermal and
electric properties of the compounds were first done by Nogami et
al. They found a first order solid state phase transition of
them accompanied by an abrupt increase in halide anion
conductivity by two to three orders of magnitude on heating the
sample. The transition was exﬁlained in terms of the
conformational change of the alkyl chains of the molecule from x-
ray powder diffraction and IR measurements, while the detailed
structural transition behavior is still not clarified.

In ionic polymers including ionomers, the occurence of
microphase separation to ionic and non-ionic domains has been
often found out. To investigate the molecular structure in each
domain, we need new micro-characterization techniques because of
poor feasibility of application of usual structural determination
techniques such as x-ray diffraction to these heterogeneous
systems. Raman microprobe is useful to measure the spectra of
micrometer-size materials. In this technique, the incident
laser beam is focuéed by an objective lens with a large numerical
aperture wvalue and the backward scattered light is collected by
the same objective. This was developed in 1975 by Rosasco et

34 35,36

al. and Delhaye et al., independently. Compared with the

electron microprobe, the Raman microprobe has an advantage of
studying samples in air, at any specified temperature, or . even

36

inside transparent media besides in vacuum and suitable for

structural study on the microdomain systems. Although the



technique has been extensively used for such as biological
substances and mineral inclusions,37—47 the method of

quantitative analysis of the spectrum is still not developed.

In this thesis, the molecular structures and their
transition behaviors were studied for the above two kinds of ion-
containing long-chain compounds by means of vibrational
spectroscopy (IR and Raman) and small angle x-ray scattering
(SAXs). In addition, some fundamental problems in the analysis
of the micro-focus Raman spectroscopy as a new technique for the
microcharacterization of microdomain structures were dealt with.
The thesis consists of the following six chapters.

Chapter 1 deals with the molecular mechanism of enhanced
elastic moduli of ionomers. The author examinéd the melting
behaviors of an E-MA-Na and an E-MA-Zn in comparison with that of
an non-ionic low density polyethylene. With Brillouin
scattering technique18 the temperature dependence of an elastic
constant of each sample was measured in the temperature range
covering both sloid and liquid states. Structural changes in
the non-ionic as well as ionic parté were investigated 1in the
same temperature range with IR and Raman spectroscopy in order
to correlate change in the elastic constant to that in the
structure.

In chapters 2 and 3, the structufe of the ion aggregate in
an E-MA-Zn ionomer was investigated The effect of water
absorption on the structure of the ion aggregate in an E-MA-Zn
was studied, since generally in ionomers a little amount of water

in the specimen interacts with ionic groups and changes their



physical properties significantly. By means of SAXS and 1IR
techniques the dimensional and local structural change of the ion
aggregate on water absorption was investigated.

In chapter 4, the structural transition behaviors of series
of N,N’-dialkyl~1,4-diazabicyclo(2,2,2)octane halides and 1-
alkyl-4-aza-1-azoniabicyclo(2,2,2)octane bromides as model
compounds of E-MA ionomers were studied by Raman and IR
spectroscopy. The changes in 'the subcell packing and
conformational order of the alkyl chains of the substances on the
transition were investigated. Rotational reorientational motion
of the bicycloring group was also investigated, Based on the
result, the role of the ionic group in the structural transition
behaviors of the non-ionic methylene chain in c¢rystalline phase
was discussed.

In chapter 5, Raman microprobe method as a new technique for
polarization measurement of microdomain structures was dealt
with. The basic problems of spatial resolutions and
polarization analysis in the Raman microprobe were solved.

Chapter 6 summarizes the principal results and conclusions

obtained from the present investigation.
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Chapter 1

Brillouin and Raman Study on Melting Process of Etﬁylene—

methacrylic Acid Ionomers



1-1. Introduction

A series of copolymers of ethylene (E) and methacrylic acid
(MA), where the MA units are partially or fully neutralized with
a cation of such as Na or Zn, is known under the trade name
Surlyn of Du Pont de Nemours as one of 1ionomers. Introduction
of small amount of ionized groups into the non-ionic ethylene
sequence causes profound changes in mechanical properties of the
copolymers: a remarkable increase in elastic modulus as well as
in melt viscosity.

In order to elucidate characteristic mechanical behaviors of
ionomers from the structural view-point, many studies have been
made so far, . by means of various methods. The behaviors are
thought to be due to aggregations of the ionic groups, called
ionic clusters, occuring in the non-ionic hatrix of the
copolymers. Shape, size, and stability of ionic clusters have
been 1investigated by small angle x-ray scattering (SAXS).l’2
Infrared and Raman bands ascribed to the vibrations in ionic
clusters and smaller aggregates called multiplets have been
reported.a_lo For some specific metal salts neutralized with
such as Fe, Cu, and Mn ions Mdssbauer and ESR spectroscopies have
been used-2 As for structures of the non-ionized MA groups,
equilibrium between free (monomer) and hydrogen-bonded (dimer)
states of carboxyl groups has been studied by infrared
spectrosocpy.ll_14 Thus, previous workers focused their
attention mainly on structures of aggregations of polar groups in
ionomers, since they may act as cross-links. In addition to the

polar part, structures of the non-polar polyethylene backbones

that constitute the major part of the materials are also



important factor in mechanical properties.

In the present chapter, the author investigated relation
between the stfuctures and a mechanical property of E-MA
ionomers. To this end, changes in an elastic constant and in
structures of both ionic and non-ionic parts on the melting
process are compared among three polyethylene-based polymers
which resemble each other in crystallizability. They are two
E-MA ionomers in which a part of the acid groups is ionized by
Na or Zn cation denoted by E-MA-Na or E-MA-Zn, respectively, and
a low density polyethylene (LDPE) sample as a comparison of non-
ionic polymer. The three samples exhibit a low crystallinity
of about 10wt% or less.

The temperature dependence of an elastic constant for the
three samples is measured in the range from room temperature
up to 200°¢ by Brillouin scattering technique. In contrast
with Raman scattering having the wavenumber shifts above several
cm_1 from an excitation frequency, Brillouin scattering is with

1

the shift below 1lcm - (= 30GHz). A shift of the scattering is

related to elastic constants of a specimen.15

The technique

has an advantage in ability of measuring elastic constants in a
wide temperature range covering both solid and liquid states
without break of a sample. Thermally induced structural changes
in the non-ionic and the ionic part of the three samples are
examined in the same temperature range (Fig.1-1). (a) Temperature
dependence of the degree of crystallinity is examined through

the intensity of the Raman CH2 scissoring band. Intensity of

the band at 14160m_1 of the Ag split component of the CH2 scis~n
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(c)

{b) the dry ionomer,

Schematic representation of the structure of an
ethylene copolymer (a)folded chains of polyethylene segments

Fig.1-1.

the wet ionomer (after longworth and Vaughan, Nature, 218, 85

interspersed with carboxyl groups,
{1968)).



soring band. Intensity of the band at 1416cm—1 of the Ag split

component of the CH, scissoring mode is proportional to the weight

2
fraction of the polyethylene part carystallized in the orthorhombic

form. (b) Conformational order of polyethylene segments in the
non-crystalline region is measured with the Raman CH2 twisting
band. Intensity of the 12950m—l band is proportional to the

amount of the methylene sequences (CH2)n having all-trans confor-
mation longer than a critical length of n ;616 both in the crys-
talline and in the non-crystalline region. Temperature dependence
of a low-frequency Raman band characteristic of disordered poly-
methylene chain, named the disordered longitudinal acoustic mode
(D-LAM) band,l7 is also investigated. Its intensity, frequency,
and band-width have been regarded to be related to conformational
order of polymethylene chains in the non-crystalline region. (c)
Structural changes in ion aggregates are examined with the IR
antisymmetric stretching band of the carboxylate group. Dimer-
monomer equilibrium of the non-ionized carboxyl groups is in-
vestigate with the IR carbonyl stretching bands of the dimeric
and the monomeric group. (d) The temperature dependence of the

specific volume (V) is measured and the relation between V and

the conformational order of the polymethylene chains 1s discussed.



1-2. Experimentals
1-2-1. Samples

The ionomer samples of an E-MA-Na (Surlyn 465) and an E-MA-
Zn (Surlyn 472) were purchased fqom Scientific Polymer Products.
The acidified samples of them were prepared by dissolving the E-
MA-Na and the E-MA-Zn in refluxing tetrahydrofuran (THF)
containing the stoichiometric amount of hydrochloric acid.
These acildified products were purified by reprecipitation with
methanol from THF solution and dried ét SOOC in vacuo for 24h.
The contents of methacrylic acid were determined by elementary
analysis from the total amount of C of these acidified samples.
The degree of neutralization of the E-MA-Na was estimated from
the decrease 1in the integrated absorbance of the carbonyl
stretching v (C=0) infrared band compared with that of the
acidified sample and that of E-MA-Zn from atomic absorption
analysis for Zn. The LDPE sample (Toughmer A-4085) was supplied
from Mitsui Petrochemical Ind. Co., Ltd. Three samples were
molten at 15000 and guenched in liquid N . Density measurements
were made by the flotation method in me%hanol—water mixture at
16.OOC. Variation of the specific volume with temperature was
measured by dilatometry. The refractive indices at room
temperature were measured on film samples using an Abbe
refractometer. The data characterizing the samples are listed
in Table I-I.
1-2-2. Brillouin Measurement

The Brillouin scattering experiment was made using a Fabry-

Perot interferometer equipped with a pair of corner-cubes for

operating in the triple-pass mode. A single-frequency beam of



Table I-I. Characteristics of samples.

CH3

i
—(CH2CH2)n- (CHZ—?—)m—

CooH (Nat, (zn2*)1/2)

Sample Composition Ionization Density Refractive
n . m /% /gcm—3 Index
E-MA-Na 95.40 : 4.60 11.1 0.955 1.520
E-MA-Zn 94.20 : 5.80 46.8 0.958 1.523
LDPE 100 : O —_— 0.888 1.528

—17—



the wavelength of 514.5nm from Ar+ laser equipped with an ethalon
{(for getting the single-frequency beam) was used as the incident
light. The scattered 1light was collected at right angle as
shown in Fig.1-2 and resolved by the interferometer driven with a
set of piezoelectric elements. In the space-fixed Cartesian
coordinates (X, Y, Z), the directions of the wavenumber vectors
for the incident and scattered lights are defined as parallel to
the Y and the X axis, respectively. The measurement was made

for +the polarization of Y(Z Z)X plus Y(Z Y)X of the Porto

notation.18 The spectral data were accumulated in a
multichannel analyzer. The scanning was controlled by a
Burleigh DAS-1 system. The free spectral range was set at

18.76GHz and the averaged spectral finess was about 30.

1-2-3. Raman Measurement
Raman measurements of the spectra above 1OOOCm_1 were

carried out with a JASCO R-500 double monochromator using the

S14.5nm excitation beam from an Ar' laser. The scattered light
at right angle was measured. During each run, the slits were
kept constant at 120 y m (3.8cm ). Slight scrambling of

polarized planes of both the incident and the scattered 1light
occurred by a little translucency of the samples. To minimize
the experimental error caused by the scrambling effect, the band
intensity was measured for the two spectra with the incident
light polarized parallel and perpendicular to the scattering
plane and the averaged value was used as the corrected

6

intensity.1 The low-frequency (below 4OOcm_1) D-LAM band was

measured by a JASCO CT 1000D double monochromator with the focal
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Fig.1-2. Wavenumber vectors of the incidentIKi and scattered lightIKS

and the observed phonon g .
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Fig.1-3. High-temperature cell.
—19—



length of 1Im using the 514.5nm excitation line. A polarization
scrambler plate was used to eliminate the polarization effect in
the monochromator. The spectra were measured for two geometries
of Y(Z Z)X (or p:polarized) and Y(X Z)X (or dp:depolarized).

The Brillouin and Raman experiments at elevated temperatures
were performed with a home-made heating cell shown in Fig.1-3,
Since extremely high transparency of the sample is necessary for
the Brillouin scattering experiment, the polymer was molten in a
fluorescence-free quartz tube and qﬁenched in 1liquid N to
minimize the degree of crystallinity (less than 10wt%). ° The

transparent sample thus obtained was set in the cavity of the

heating cell whose temperature was controlled within 10.50.

1-2-4. Infrared Measurement

Infrared absorption spectra were measured with a JASCO A-3
spectrometer. The slit-width at 1600cm ' was 2.6cm L.  Film
samples of about 20 ym of thickness were molded by a hot press

with the pressure 100kg/cm2 at 15000, then quenched in liquid N2.

The samples were sandwiched between two KBr windows and set in a

heating cell. For the measurement of transmittance above SOOC,
the contribution of thermal emission was corrected. A spectrum
was recorded at a specified temperature. Temperature change was

made with a heating rate of 10°C/h.

1-3. Temperature Dependence of Elastic Constant
Brillouion spectra of the three samples at various
temperatures were observed. On the basis of the results the

temperature dependence of an elastic constant was investigated.



The observed spectra of E-MA-Zn are reproduced in Fig.1-4. Two
pairs of the shifts, one being due to transverse acoustic (TA)
mode and the 6ther longitudinal acousitc (LA) mode, are generally
observed in an isotropic solid. One pair of bands observed in
each spectrum in Fig.1-4 is assigned to the LA mode since the

ratio of the intensity of the LA mode to that of the TA mode is

very large, e.g., >103.19’20 The TA mode might be smeared in the
Rayleigh wing. The Brillouin shift v  decreases from 10.30 to
4,60GHz as the temperature increases onm 21 to 19000 and the
full-half-linewidth including the instrumental linewidth
decreases from 2.0 to 0.9GHz. Substantial difference in
temperature dependence of v among the three samples was
observed in the temperature rzgion from 20 to 1OOOC. In the

molten state, the v of the three samples has almost the same

B (o}
frequency, e.g., 5GHz at 140 C, agrees with that of molten

21
linear polyethylene. For the right-angle scattering, the

22
longitudinal elastic constant E (= C ) is given by
11
E= plogag /2 n)? (1-1)
where A is the incident wavelength in vacuo, p the density, and
0

n the refractive index of the sample. The temperature
dependence of p was measured by dilatometry. That of n was

o
neglected and the value of n measured at 16.0 C was used.

The E values (in GPa) for the three samples deduced with egq
1-1 decrease with an increase of temperature as shown in Fig.1l-5.
For the case of E-MA-Na, E shows a plateau in the range of 60 -

O B
90 C followed by 'a sharp depression at 100°¢ (the melting point of
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Fig.1-4, Brillouin spectra of E-MA-Zn at various temperatures.

Two side sharp peaks are due to Rayleigh scattering, an inner
pair of peaks to Brillouin scattering (LA mode), free spectral

range (FSR) = 18.76GHz.
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the PE crystallite). The E of E-MA-Zn is greater than that of E-

MA-Na Dbelow 7OOC, and shows a smaller plateau in the range 70 -
BOOC followed by a sharp depression at 8OOC. In contrast,
depression of E of LDPE occurs more gradually in a lower
temperature range of 60 - BOOC without any plateau. Thus, the

o
elastic constant differs appreciably in the range of 70 - 100 C

among the samples. Phenomenologically speaking, the‘presence
of the ionic group prohibits the depression of the elastic
constant during the heating process in the ionomers. The aim of
the present work 1is to clarify how the presence of the ionic
group influences the structure and its thermal response in
various  parts of the ionomers and; as a result, changes the
behavior of the elastic constant. In what follows structural
changes on the heating process in three different barts, i.e. the
polyethylene crystallite, the non-crystalline polymethylene
segments, and the carboxylate and carboxylic acid groups will be

considered based on the spectroscopic results.

1-4. Polyethylene Crystallite

The sharp depression of the elastic constant occurred at
about the melting point of the polyethylene crystallite. The
crystallites act as cross-linking points and increase the bulk
stiffness. Therefore, the degree of crystallinity (the weight
fraction of the crystalline part, a ) is the factor to be first
taken 1into consideration, althoughca of the present three

c
samples is very low (10wt% or less) at room temperature.

Value of a can be estimated by x-ray diffraction or
c .
density measurement. In the case of polyethylene, ¢« is measured
c



more conveniently with Raman spectrum in the region from 1000 to
153Ocm_1as shown in Fig.1-6. The bands appearing in the 1400 -
1500cm—1 regién are due to the CH scissoring 8§ (CH ) mode and
the small peak at 14160m_1 is assiciated with the oithorhombic

lattice of polyethylene. The CH twisting t(CH ) mode exhibits a
sharp band at 12950m—1 overlappgd with a broadacomponent shifted
a little high-frequency side. The sharp component is associated
with all-trans methylene segments (both in the crystalline and
the non-crystalline phase) and the broad one with segments having
random conformation accommodated in the amorphous phase. The
total integrated intensity of the sharp + broad components of the
t(CHz) band denoted by.It(CHz)

constant irrespectively of thé states of polymethylene chains
23

has been confirmed to be kept

and, therefore, used as the internal intensity standard.

Strobl and Hagedorn derived an empirical equation that gives a
-1 c

value in terms of the reduced intensity of the 1416cm band

reduced to the total intensity of the t(CH ) band [denoted by

2

r _ 23
Tia6 (= 11416/It(CH2))]as

= 1F /0.46 (1-2)

a 1416 7"
c
r .

where 0.46 corresponds to the 11416 value at o = 1. The 11416

c
band is separated graphically as indicated in Fig.1-6.

The a« was evaluated with eq 1-2 for the three samples and

c o
plotted against temperature in Fig.l1l-7. Below 70 C the curve
of E-MA-Zn is located higher than that for E-MA-Na. The curve

for LDPE exhibits depression at a low-temperature compared with
those of two ionomers. The difference may be related to the

o
difference in the elastic constant below 70 C (Fig.1-5).
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While, no difference is found in the melting behavior of the PE

crystallite between E-MA-Na and E-MA-Zn in the temperature
o]
region of 70 - 100 C. In the region, appreciable difference of

the elastic constant was observed between E-MA-Na and E-MA-Zn.
Therefore the observed difference of the elastic constant between
the three samples in the temperature region from 20 to 7OOC can
be interpfeted by the difference of «a but that from 70 to 10000
should not be ascribed to the differenge in the melting behavior

of the PE crystallite.

1-5. Structural Change of Polymethylene Molecules in Non-
Crystalline Phase

The elastic constant C measured from the LA Brillouin band

11
at a specified temperature is related to the isothermal bulk
24
compressibility of the sample. Therefore the elastic constant

might be influenced by the conformations and aggregation states
of polyethylene segments in the non-crystalline part which
occupies more than 60wt% of each sample. The Raman spectrum of
polymethylene chains in the 1000 - 15000m_1 region (Fig.1-6) are
sensitive to the conformational order of polymethylene chains
both in the crystalline and non-crystalline regions. The sharp
bands at 1295 [ t(CH )], 1170 [the CH rocking r(CH2)], and 1130,
1062cm—1 [ the ccC ztr‘etching v (cc2:) and v (CC) bands] are
assigned to Raman-active zone cenier modes (asadescribed in the
blackets) of an infinitely extended chain of polyethylene. The
intensity of each band is proportional to the amount of the all-

trans segments longer than a certain critical length

characteristic of each vibrational mode. For example, the



1295cm—1 band is due to the all-trans sequences of six or more
methylene units, and the 1062cm_1 band to those of seven or more
units. The ‘extended segments contribute equally to the Raman
intensities regardless of whether they are accomodated in the
crystalline or in the non-crystalline region.

From the Raman intensities of these characteristic'bands the
weight fraction of three types of polymethylene segments can be

evaluated; 1) long extended chains constructing the crystalline

part(a ), 2) segments having random conformations present in the

c
amorphous phase (a ), and 3) rather short all-trans segments
a v
accomodated in the non-crystalline parts (a =1 - a - a ).

b a c
The third component has been considered conventionally as

constructing the third phase named '"the intermediate phase".
22
Strobl and Hagedorn proposed a method for deriving the weight

fractions of a and o + a from the Raman intensity of the
a c b
t(CH ) band based on the assumption that the fraction of the
2 -1
sharp component at 1295cm to the total integrated intensity of

the t(CH ) band was equal to a + a . However, by a recent

2 16 c b -1
work done by Cho, it has been demostrated that the 1295cm
component includes the contribution of the short segments in the
amorphous phase in addition to those in the crystalline and the
intermediate phases.

In the present work, the parameter « is wused, Dbeing
obtained through Strobl,s method, as the measu?e of the amount of
the trans segments accomodated in the non-crystalline (amorphous
plus intermediate) phase. The value of a obtained as a

. b
function of temperature for the three samples are shown in Fig.1-

_29_



8. A remarkable difference was found between those for E-MA-Na

and for E-MA-Zn. The «a value for E-MA-Na is greater than
b o
that for E-MA-Zn in the whole temperature range up to 100 C. A

sharp depression of a for E-MA-Na and E-MA-Zn takes place in
b . 0 (¢}
the temperature range of 90 - 100 C and 80 - 100 C, respectively.

On the contrary, continuocus depression of @¢ was observed in
b
LDPE. The behavior corresponds well +to the temperature
o
dependence of the elastic constant in the range from 70 to 100 C

shown in Fig.1l-5. From this close correlation, the author

concludes that the variation of the elastic constant of the three
o)
samples on heating from 70 to 100 C reflects mainly the

conformational disordering process of the polymethylene chains in
the non-crystalline phase.

The elastic constant of E-MA-Zn is higher that that of E-MA-
Na below 7OOC (Fig.1-5). This is due to the difference of a as
described in section 1-4 (Fig.1-7). While the reverse treng is
observed from 70 to lOOOC, i.e., the elastic constant of E-MA-Na

is higher than that of E-MA-Zn. This is interpreted by the

difference ofba . It is noted that, althoughoa in E-MA-Na is
b b

greater than that in E-MA-Zn in whole temperature range, the

elastic constant of E-MA-Na has low value than that of E-MA-Zn
below 7OOC. These indicate thatae plays dominant role in
enhancing the elastic constant. Incthe case that the specimen
has 1low a below 5% (from 70 to 1OOOC), a contributes to the
increase gf the elastic constant. The gecrease in o + a
corresponds to the increase of « (=1 - a —- o ), Thebvalue:
of a are compared among the thiee samplesbin Fgg.1—8.

Ii order to confirm the disordering process of polyethylene
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part, another vibrational mode, D-LAM band, that reflects the
amount of polymethylene chains having liquid-like conformations
was investigated. The band has been found in liquid n-alkanes
and molten polymers and considered to be attributed to a coupled
skeletal mode of CC stretchning, LCCC bending, and LCCCC
torsional vibrations, of rotational conformers. The integrated
intensity of the D-LAM band reduced to that of the internal
standard was suggested to be proportional to the a 2
Temperature dependence of the intensity of the band awas

investigated for the three samples. Fig.1-10 shows the low--

frequency Raman spectra of E-MA-Na measured with the p (I ) and

dp (I ) polarizations at 1080C. Since the D-LAM band ﬁas p-
componggt, the D-LAM band is obtained by subtracting the I
curve (background) from the I curve. From the observgg
intensity I (= Ip - ;dp)’ the chttering activity I’ is obtained
according to eq 1—326
( vo- v)Hf \
I I (1-3)

v( 1 - exp( - hc v/kT))

where v and v are the excitation and Raman shift frequencies,
(6]
respectively, k is the Boltzmann constant, h the Planck constant,

T the absolute temperature. The temperature dependences of I

p
obtained for E-MA-Na, E-MA-Zn, and LDPE are shown in Figs.1-11 to

-1
1-13, respectively. A band having a peak around 210cm was
27
first found by Tsujita et al. and is observed for the present

b
three samples. The temperature dependence of I is shown in

Fig.1-14. The qualitative parallelism was observed for
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Fig.1-10. D-LAM band of E-MA-Na at 108°C.
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temperature dependence of I’ and a for the three samples.
Thus, the value of I’ is a measure of 2he conformational disorder
of the polyﬁethylene chains in the non-crystalline phase and,
therefore, the present conclusion about the mechanism of the
sharp depression of the elastic constant in the temperature range
from 70 to 1OOOC is confirmed, at least qualitatively, by the
behavior of the D-LAM band.

The I’ increases sharply by a factor 3 - 4 as a increases
from 0.7 (at 3OOC) to 1.0 (about the melting poini) of each
sample. As for the scattering power I’ of the D-LAM of
semicrystalline PE samples, Mandelkern et al.28 suggested that I,
is proportional to o . This is incosistent with the present
result. However, atheir conclusion was derived from the
experimental results obtained for the samples with « ranging
from 0.1 to 0.6. For lower crystalline samples, a: in the
present case, sharper increase in I’ with increase o was
observed. The present result suggests that the D-LAM intgnsity
is related not only to the total amount of the amorphous phase
but also to the "conformational disorder" in the intermediate

phase.

1-6. Structural Change of Aggregation of Ionic Groups and
Dissociation of Acid Dimer

The structural changes on heating in the ionic and polar
part of E-MA-Na and E-MA-Zn are investigated using the IR bands
associated with the carboxylate (COO_) and carbonyl (C=0) groups,

and. compared with the change in the elastic constant.

Structural change in ion cluster: Fig.1-15 shows the infrared



100

@
o
l

1752

o)
=

1554

NN
®)
i

% lransmission

1704

N
?

O | | !
1800 1700 1600 1500 1400
Wave number/cni™

Fig.1-15.Infrared spectrum of E-MA-Na at 170°¢.

W
|

0
000
090960 0590000,

el

o

no
T

o}

o 1704cm’
. acid dimer

1544 -1556¢m™ °

1

reduced absorbance

oQ -
. oo °°° [752cm

000

| 00po00p000se L l fr(?e G?id
20 60 100 140 180 220
T/°C

Fig.1-16.Temperature dependence of absorbance of E-MA-Na.




spectrum of E-MA-Na in the range from 1400 to 18000m—1. A
broad band at 15‘540m_1 is due to the antisymmetric stretching of
the carboxyléte group v (COO_). The peak position shifts from
1544 to 1556cm—1 coitinuously without any splitting as
temperature rises from 33 to 18300, contrary to a previous result

reported by Brozoski et al. They found that the same band
-1
splits into 1547 and 1568cm at a dry state and assigned them to

the carboxylate groups coordinated octahedrally to the sodium
10
cation. The peak absorbance of the band is temperature

independent (Fig.1-16). This suggests that any local structural

change 1in coordination or clustering state of the ionic groups

does not occur. For E-MA~Zn, the v (CO0O ) absorption has four
components in the 1500 - 16SOcm—1 reZion (Fig.1-17). At room
temperature, the intensity of the 1587cm_1 band is very strong
compared with the other three bands at 1625, 1560, and 1539cm_1
(Fig.1-18). As temperature rises, the 1587cm_1 band decreases

in intensity and the others become stronger. This suggests that
a local structural change occurs in the ion cluster as will be
discussed 1in chapter 3 in detail. It has been revealed from
SAXS experiments that the ion cluster structure in E-MA-Na and E-
MA-Zn 1is persisfed up to 3OOOC, far above the melting point of
the polyethylene crystallites.

Dimer-monomer equilibrium of the carboxylic acid groups: Two
sharp bands at 1704 and 17520m—l of E~-MA-Na (Fig.1-15) are due to
the carbonyl stretching v(C=0) mode of the unionized carboxyl
groups in the dimerized and free states, respectively. As the

. -1
temperature rises, the intensity of the 1704cm band decreases
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-1
and that of the 1752cm increases through the dissociation of

the dimeric groups. Above the melting point of the polyethylene
e}
crystallites (100 C) the dissociation proceeds with rising

temperature, giving an inflection point in each absorbance vs.
o]
temperature curve of the v(C=0) bands at about 100 ¢ (Fig.1-16).

Similar inflection was found for the case of Na salts of styrene-
methacrylic acid copolymer at the glass transition temperature
(T ) and was attributed to the break down of intermolecular
hygrogen bond.13 From the temperature dependence of the
intensity ratio I(1752)/1(1704) above 1OOOC, the dissociation

enthalpy aH of the carboxyl groups is deduced as 47.5kJ/dimer mol

from the slope of the van t Hoff plot shown in Fig.1-18. This

value is about 11kJ/mol smaller than 59+3kJ/dimer mol of 1liquid
32

acetic acid measured by Matew and Sheets. Earnest and

14
MacKnight obtained AH = 84kJ/dimer mol for an E-MA-Na ionomer.

This value seems unusually high compared with the standard value
for carboxylic acids (58kJ/dimer mol).33 The difference between
the dissociation enthalpies measured by the present author and by
Earnest may be caused by the difference in the content of ionized
groups in E-MA-Na ionomers: 0.51mol% by the author and 2.75mol%
by Earnest. Similar increase in the dissociation enthalpy with
an increase in the content of ionized groups was observed for Na
salts of styrene-methacrylic acid copolymers.13 The 1increase
was from 34 to 36kJ/dimer mol as the content of ionized groups
increases from O to 2.2mol%. This increase 1is very small
compared with that of E-MA-Na ionomers. Thermodynamical factors

causing the difference between E-MA ionomers and styrene-based

ionomers are uncertain at the present stage. In E-MA-Zn, the
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dissociation enthalpy was evaluated as 48.6kJ/dimer mol (Fig.1l-
20) from the intensity ratio of the 1752 and 17OOcm—-1 bands. The
inflection point in the temperature depedence of the peak
intensity of the dimer band is also slightly discernible but the
dissociation occurs rather continuously in the whole temperature
range (Fig.1-18).

The spectral changes of the carboxylate and carboxyl groups
in E-MA-Na and E-MA-Zn are compared with the changes in the
elastic constant. For E-MA-Na no appreciable change

corresponding to a structural change 1in 1ion aggregates 1is

detected and their melting does not occur in the whole

temperature range investigated. - The dissociation of the
. o)
carboxyl dimer 1is prohibited up to 100 C. Therefore, the
o}
continuous depression of the elastic constant in 20 - 60 C, the
0 o

plateau 1in 60 - 90 C and the sharp decrease in 90 - 100 C cannot
be ascribed to structural changes in the ion aggregates and the
dissociation of hydrogen bonds. In E-MA-Zn, the spectral

changes in ion aggregates (due to absorption-desortption of
water) occur in the 40 - 7OOC region and further changes are not
observed up to 1800C and again melting of the cluster does not
éccur up to 18000. The dissociation of the carboxyl dimer
occurs continuously from 20 to 18000. While the elastic
constant decreases very gradually from 40 to 7OOC, followed by a
small plateau in 70—8000 and then decreases sharply at SOOC.

Thus 1t 1is rather difficult to interpret the characteristic
temperature dependence of the elastic constant by the structural

chahges in ionic and acid parts. Thus, we considered that there
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is no correlation between the elastic constant and the

dimerization equilibrium of acid groups. This is supported by
34-36

other studies stating that the hydrogen bonding plays a very

minor role in determining the mechanical and rheological

properties of polymeric acids.

1-7. Temperature Dependence of Specific Volume

It is revealed that in addition to the crystalline phase the
intermediate phase plays a dominant role in enhancing the elastic
constant of ionomers. The role of the crystalline region as
cross~linking points is obvious, while that of the intermediate
phase 1is still ambiguous. Here, correlation between the
conformational order of the polymethylene chains and that in the
specific volume (V) was investigated for the three samples.
Each sample used was prepared so as to possess almost the same
crystallinity as the sample used for the Raman measurement. The
temperature dependence of V is shown in Fig.1-21. The increase
in V for the temperature rise from SOOC to the melting point
increases 1in the order LDPE < E-MA-Zn < E-MA-Na. Since E-MA-Zn
has a 1larger a than E-MA-Na at 3OOC (Fig.1-7), the volume
increase of E—;A—Zn on the melting of the polyethylene
crystallites should be larger than that of E:MA—Na. However,
the order of the observed increment of V is just reverse.
Therefore, contribution of other phases should be considered. A
good parallelism was found between V and a (= 1 - a - a )
(Fig.1-9) for each sample. This means that :he volume exgansign

in the melting region might be not dominantly due to the decrease

in a alone but due to decrease in a +a .
(o] b c
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In order to reveal the structure of the intermediate phase,
the author estimated the specific volume of this phase from v.
Assuming a three-phase-model consisting of the crystalline, the

intermediate, and the amorphous phases, V is represented as

V= aV 4 aV + a¥V (1-4)
a a bb c cC

where V., V , V are the specific volume of the amorphous, the
a b C
intermediate, and the crystalline phase, respectively and o ,

a
Oy and @ are the weight fraction of the respective phase which

are evaluated from Raman measurement as described above. On the
basis of the result of thermal measurement MacKnight et al.
indicated that the copolymeric methacrylic acid and the

methacrylate groups were not contaminated 1in the crystalline

phase of E-MA ionomers.37 Thus, V 1is assumed here to be

identical with that of the polyethyleﬁe orthorhombic 1lattice.

The 3temperature dependence of V is given as V = l.O2+3.OOx10—4
-1 c c

T/cm g where T the temeperature/oc.38 Temperature dependence

of V was estimated from linear extrapolation of the observed v

a

above the melting point of the polyethylene crystallite as V =
-4 -4 a

1.07+9.04%x10 T for E-MA-Na, 1.06+7.85x10 T for E-MA-Zn,
-4

1.15+49.50x10 T for LDPE by least squares fitting.