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Nevertheless I am unaware of my being"
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ABSTRACT
FACULTY OF SCIENCE
CHEMISTRY

Doctor of Philosophy

VIBRATIONAL SPECTROSCOPY OF SOME ORGANIC COMPOUNDS

by Hafiz Abdul Majid

In the work reported in this thesis, Raman spectroscopy in conjunction
with infra red spectroscopy and other physical techniques such as
D.S.C and X-ray diffraction has been used to study the structure of
organic compounds and polymers.

Characteristic Raman frequencies have been deduced for a variety of
molecular backbones and groups belonging to substituted benzenes.
These have been shown to be particularly useful where polar substituents
such as carbonyl and nitro groups are involved. Nevertheless, the joint
use of Raman and IR frequencies usually provides much more information
than either Raman or IR.

Considerable expertise has been developed in the synthesis of a
large number of polymers and their subsequent handling and processing.

The observation of correlation band splitting and longitudinal acoustic
modes which occur at very low frequencies in the Raman spectrum have been
particularly emphasised because of their significance to the interpreta-
tion of polymer structure. Conclusions reached from the analysis of
vibrational spectra of polyethers and polythiocethers of the series
fKCsz wf} (m = 1-6,10; Y = O or S), may be summarised as follows:

m n
A careful analysis of the molecular vibrations of these polymers

has been carried out . before looking for correlation band

splitting in their spectra. Assignments for the observed bands have



iii

been made on the basis of reported calculations or on tentative basis.
Correlation band splitting has been observed in the spectra of polyethy-
lene oxide, polydecamethylene oxide and polythiocethers with m = 2-6 and
10. It has been shown, however, that its occurrence in the spectra
of polydecamethylene oxide and polythioethers with m > 4 is dependent
upon the mode of crystallization and annealing. These observations
have been applied to deduce molecular and crystal structures of these
polymers.

The longitudinal acoustic modes observed at very low frequencies in
the Raman spectra of polyethers with m = 4, 6 and 10 and polythiocethers
(with m = 2-6 and 10) indicate that the crystallization of these polymers
is predominantly lamellar. Crystallization from solution results in very
thin lamellae which thicken on annealing just below Tm. Melt crystalliza-
tion, however, gives rise to well developed lamellae which thicken further
on annealing. Although the application of Raman technique to this field
is limited because of experimental difficulties, it offers a number of
advantages over other techniques such as low angle X-ray diffraction,
electron microscopy etec.

It is concluded that Raman spectroscopy is a powerful analytical
technique which when applied in conjunction with other techniques, yields
very much valuable information about the structure of organic compounds

and polymers.
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CHAPTER I

INTRODUCTTION



1.1 Historical aspects

About 52 years ago Smekallpredicted a light scattering effect
which was practically demonstrated by Raman2 in 1928. The effect
which allowed the investigation of molecular structure,was so signif-
icant that it soon caught the attention of physicists and chemists
alike. Over 2000 publications reporting the spectra of more than 4000
compounds appeared in the first decadeB. In those days IR spectro-
scopy was no more than a primitive technique. Although discovered in
the beginning of the century, it could make little progress due to
instrumentation problems. Other spectroscopic techniques such as NMR,
EPR, NS and MS which now play a significant role:.in solving various
analytical problems were almost nonexistent. The newborn technique
was comparatively easy and simple, though not without difficulties. In
the late 1940s and early 1950s, advances in IR instrumentation led to
the introduction of IR spectrometers which offered the spectroscopist
an easier, quicker and less expensive method for routine structural
analysis. Raman instrumentation could not compete with IR spectroscopy
in this field and subsequently underwent a steady decline. It was not
until mid 1960s that the advent of continuous wave lasers and other
instrumental and sampling improvements brought about a radical change
in this situation and stimulated a resurgence of activity in this field.

The early work on Raman spectroscopy upto 1960 has been covered
in a number of monographs including those by HibbenB, Kohlrauscha,
Jones and SandorfyS, Brandmuller and Moser6. Theoretical aspects have
been discussed in the texts of Plackzeck7, Herzbergs, Wilson, Decius

and Cross18 and Colthup, Daly and Wiberlyzg. The recent developments



have occasioned the publication of numerous review articles and books
which deal with various aspects of theory, experimental methods and
applications of this technique. General survey of the applications of
laser-Raman spectroscopy has been made by Hendra et a19 and more
recently by Schraderlo. Reviews of recent developments in the field
appear annually in the annual reports on the progress of chemistry and
biennially in the review issues of analytical chemistry. "Raman news
letter" exchanges current developments between active workers and
includes a current bibliography on Raman literature. The state-of-the-~

. . . 1 .
art expertise has been reviewed in the books of Szymansky 1, Gilson

5 6

1 . 1 L1
and Hendra 2 Tobln13 and more recently FreemanlA, Hummel ~ , Durig

and Ivin17.

1.2 Fundamentals of vibrational spectroscopy

Although detailed accounts on vibrational spectroscopy have
been given in the references cited above, it is appropriate to intro-
duce some of the fundamental principles in view of their relevance in
the subsequent discussions.

Raman e ffect

The Raman effect is a member of a group of spectral techniques
which provide information on molecular vibrations. Fig. 1.1 shows
energy level diagram of a diatomic molecule which represents potential
energy v as a function of interatomic distance q. It is clear that a
molecular vibration can be excited either by absorption of an energy
quantum equivalent to the difference of ground and exicted states (a)e.g.IR
spectrum,Or by inelastic scattering in which the incident light quantum
is partially consumed between ground and excited states before scatter-

ing (b) e.g. Raman spectrum.
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FIG. 1.1 Term diagrams of different methods for the observation of
vibrational states: a) by IR spectroscopy (hv =hv R)’ b) by
Raman spectroscopy (hv =hv "th), c) by neutron specfroscopy
(hv =Ep ENr), d) by fluor@scence spectroscopy (hvs~th wth ),
Somground state, S1 = excited state of the valence
électrons.
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FIG. 1.2 Raman effect as inelastic impact of a light quantum with a
molecule, a) impact process, b) energy level diagram,
¢) relative occupation of vibration level at v cm™! and
3009k, d) Stokes and anti-Stokes Raman spectra.






The polarizability tensor is generally a symmetric one which implies
that for a special set of mutually perpendicular axes x',y',z', all

terms except the diagonal ones, Corgrs 15 are zero.

a a
X y'yl’ z'z
If arrows are drawn from a common origin in any direction having lemgths

proportional to 1/vo,the heads of the arrows will define a polariza-

bility ellipsoid whose axes x',y',z' are parallel to A rgrs y and

a ¥
y'y

el respectively. For a completely isotropic molecule the polariza-

z'z?

bility will be the same in all directions whereas for a completely

anisotropic molecule v # . F @y, e A Raman spectrum results,

a 1]

y'y
if the polarizability ellipsoid changes in size, shape or orientation
with vibration, rotation or rarely due to an electronic transition in

the molecule.

Depolarization ratio

The polarizability tensor is made up of an isotropic or spherical
part o and the completely anisotropic part B. Depolarization of a

Raman mode is defined in terms of o and B as below,

- 3p7
4502 + 4g2

while the minimum value of p is zero for the totally symmetric vibration
which scatters only polarized radiation (8 = 0), a maximum figure of
g-is obtained when a vibrational mode completely depolarizes  the
incident light(a = 0).

Obviously depolarization ratio can play a significant role in
determining the symmetry of a vibration. As will be seen later it

serves as an additional aid in group frequency analysis.

Selection Yules: Comparison with IR

Although Raman effect basically provides the same kind of inform~

ation as IR i.e. normally on molecular vibrations and rotations, a



number of intrinsic complementary differences exist between Raman and
IR effects arising from basic dissimilarities in the participating
physical processes.,

Raman spectra arise because the polarizability ellipsoid changes
in size, shape or orientation during a vibration or rotation. Quantum
mechanically this is equivalent to having non zero values of the Raman

transition moment integral

M = { by 8 ar b, dv 40

where

wb and w are the upper and lower vibrational state functions

and 2% = o+ Z (

5 q, at any instant of time during the trans-

3
N o]
ition; the subscript o refers to values when the nuclei are at the
equilibrium positions and e is a normal coordinate.

In contrast, a vibrational transition giving rise to IR absorption

takes place when

M= [ wb aq w dv # 0

where

g%— is the dipole moment operator at any instant of time

: N T
during the transition i.e. 55-* o g (aqk 4 -

Since the operators %%-and gq are symmetric and antisymmetric
respectively, they connect the zeroethvibrational states to the upper
states which are also symmetric and antisymmetric respectively. 1In
molecules with high effective symmetry such as those with a centre of

inversion, this selectivity is such that Raman and IR active transitions

are mutually exclusive (Mutual Exclusion Rule). To demonstrate the



latter, take the example of CO2 molecule. CO2 is a linear and centro-

symmetric molecule. It is capable of performing the following vibrations.

%E‘ IR activity %9, Raman activity

q (v cmﬁl) q (Av em™ D)
v, 0 «C =~»0 zZero None Finite 1286
v 0« C+<+«0 Finite 2349 zZero None

+
v, 0 —C M”*'@ Finite 667 zZero None
3
¥ (degenerate)

P 4
FIG. 1.3 Change of the polarizability o b ar
o and the dipole moment u of h*ﬂ///”" ~ N—
a) the symmetric, and b) 0 ; L0 |
the antisymmetric stretching 0 v o >
vibration of the €0, molecule. Ha q q
OF ————— () -///////,
5 N ! .
0
q q
(a) (B)

The polarizability and dipole moment functions are given in Fig. 1.3 from
which it is clear that v, will give rise to a Raman line but that the
other modes have zero values of (%%) (Fig. 1.3a); the reverse is true for
changes in dipole moment function Cg%) in IR absorption (Fig. 1.3b).

This means that vibrations active in the Raman are inactive in the IR
absorption and vice versa or the vibrations in both effects are mutually
exclusive. In some molecules, some of the normal vibrations are forbidden
both in the Raman and IR spectra. There are cases of molecules, however,
where some normal vibrations are active both in the Raman and IR effects.
These molecules usually possess little or no symmetry and are in fact very

common in the realm of organic chemistry.

Raman and IR~complementary teckniques

The Raman and IR techniques which form the major part of vibration
spectroscopy are complementary in nature. A general purview of vibrational

spectroscopy in Table 1.! would facilitate the visualization of this fact.



Table 1.1

A general purview of vibrational spectroscopy

Characteristic features of the Properties of molecules or
Vibrational spectrum unit cells
Number of vibrations : Z Number of atoms: n

Z = 3n~6; 3n~5 (for linear molecules)

Frequencies Mass of atoms, geometry, force
constants
Intensities Changes in properties of the

electron system with changing
position of atoms

In the
IR spectrum Change of dipole moment*
Raman spectrum Change of polarizability*

IR and Raman activities are
dependent upon the symmetry of the
vibration and the molecules or
unit cells.

% The so called "silent" modes which are fortunately rare give rise
to neither change of dipole moment nor polarizability and must,

therefore, be measured by other techniques.

Types of vibrations

Covalently bonded atoms give rise to two types of vibrations
(a) a periodic extension and contraction (stretching) and (b) a
periodic bending or deformation. More complex types of vibrations
also occur involving the simultaneous stretching and bending of several
bonds linked to the same atom. Fig. 1.4 shows various types of vibra-

tions associated with > CH, and --CH3 groups as typical examples.

2



Stretching vibrations

H\C/HH\C/H H\C///ﬁﬁ H\CJ"H
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Bending (deformation) vibrations)
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In-plane Out—~of-plane Qut~of-plane
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+

7 - ﬂH'\ - TH
H\C /\fj\c//H H\C//H\

|

Rocking Symmetric Asymmetric

FIG. 1.4 Various types of vibrations associated with

> CHZ and -CH3 groups .
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1.3 The nature of vibrational group frequencies

Molecular vibrations though complex in nature occur in clearly
defined ways. The frequency of a vibration depends upon the bond
strength or force constant and inversely on the masses of the vectors

involved. In the case of a diatomic molecule (X = Y)

Noes

v = 1303 { k)

M+ My
where Vv = frequency, k = force constant, MX and MY are atomic weights,

Calculations show that C = C group will vibrate at v * 1650 c:m—1 and

C~F,C~Cland C -1 at v = 750 cmfl, v © 550 cm—1 and v * 350 cm,»1
respectivelyzg. For most vibrations of a complex molecule, however,
several bonds or angles are deformed simultaneously. Even in these
cases, it is often possible to assume that a vibration may be localized
in one group of the molecule when the vibrational frequency of this
group taken as an isolated oscillator is different from the frequencies
of the neighbouring groups. This may not hold true in the presence of
severe interactions explained later. In the former case, the frequency
and intensity of the vibration in the Raman and IR spectra, however,
is characteristic for that group i.e. the vibration is independent of
the rest of the molecule and may therefore be useful for the detection
of that group. Whilst a single characteristic frequency is able to
detect a particular molecular group in a compound e.g. a band between
V1650 - 1860 cm“1 will show the presence of a carbonyl group, a collec~
tion of group frequencies may be used to determine the structure of a
molecule e.g. characteristic frequencies of the benzene ring discussed

later.

* The terms "group frequency' and "characteristic frequency' will be
used as synonyms in the subsequent discussions.
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1.3.1 Characteristic frequencies -~ Raman ys IR

The first IR characteristic frequencies were compiled by Coblenz19
in the beginning of this century. Since then IR characteristic frequen-
cies have been deduced for a vast variety of molecular groups20 and are
used as a matter of routine in the analytical laboratories. With the
birth of Raman technique due attention was given to the development of

3,4,5,6 but the eventual decline

similar deductions in the Raman effect
of this technique resulted in diminished activity in this field too.
Though a number of characteristic Raman frequencies have been existing

for a variety of groups as a result of this workgvet most of them have

not been well—-substantiated experimentally. The renaissance of the
technique has again drawn the attention of some laboratories to this
subjethI. A compilation of Raman frequencies from the old work in com~
parison with the IR ones has been published by Szymansky35. Recent
developments in this field have been combined with the old work in a book
by Dollish et 3122. Freemanla has published his own laser Raman work in

a book recently,and a number of papers have appeared from several other
worker523’24’25’26. A compendium of Raman group frequencies was published
by U.S. air force materials laboratory in 1971 and 1973 from an analysis
of ~ 400 compoundSZI. Cataloguesléiving a large variety of spectra have
been compiled and computers are also being applied for this work2 .

The recent activity in the investigation of Raman group frequencies hag
emerged not only because of practical reasons but also because of
theoretical reasons. Some of these reasons may be stated as follows:

a) The Raman spectrum predominently gives information about the
molecular skeleton and the IR about the side groups. Because of the

shape of Y against q (Fig. 1.5) the magnitudes of gﬁ-can vary widely

as a function of the relative value of q* and qeq. Thus vib rations of
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highly polar groups may not necessarily give rise to intense absorption
and different intensities of absorption may occur for similar modes

in a homologous series of molecules. In contrast-%% and o are related
(see Fig. 1.3(a)). The value of-%% for C~C is about O.lnmz, c=C, O.2nm2
and for C---C (in the benzene ring) ~ O.ISlmm2 in wide ranges of mole~-
cules. Thus when such a group is present in a series of molecules, the
intensity of the Raman line assigned to the group will be about the

same for each member of the series e.g. VvC~C spectral modes give rise
to strong Raman bands between 900~1150 c.m._1 in straight chain polymers.
b) The relative activity, intensity and polarization of a vibration

in the Raman and IR spectra depend upon the symmetry of both the molecule

and the vibration concerned. TFor example a molecule AB, may possess

3

either pyramidal or planar structure represented by C or D3h symmetry

3v
groups respective1y30 (Table 1.2).

Table 1.2

The vibrations of an AB, molecule under the D, and C, Groups

3 3h 3v
B
|
D A c.,
3h B/ '\B 3v
B
v, R(P,S) $ R(p) /IR
€ 1w
>
IR R(PY,IR
f/i\\f (P
\)3 -
R(dp),IR T R(dp),IR
DJs [f PJ s
v, {




Nitrogen trichloride which is an AB3 molecule, was found to be pyramidal
by similar consideration536 (Fig. 1.6).

For a vibration involving an X~Y group in a molecule, the stretching
vibration will be stronger in the IR absorption if the X-Y bond is polar,
a bending vibration will be weaker than the stretching vibration and
may be absent in the Raman. The symmetric vibrations or those vibrations
which are associated with bonds having symmetric charge distribution
will generally give rise to stronger bands in the Raman than in the
IR and reverse will hold for the asymmetric vibrations. Due to this
reason S-H, C=5, C-S5, S-S, C=C, C=C, C=N, 0-0, Se-Se and N=N groups
give rise to very intense bands in the Raman but O-H and N-H groups
display weaker bands; the reverse happens in the IR. Because of the covalent
character of these groups an empirical relation has also been suggested
between the Raman intensity (I) to the ionic character (P) and atomic

weight (Z) as follows11
I= CP(ZX + Zy)

where C is a constant and X and Y are atoms forming X-Y bond.
Sometimes, the high symmetry of a vibration e.g. C=C in symmetric
acetylenic compounds would result in complete disappearance of the
corresponding band in the IR, but it would display a strong Raman band.
c) Whereas in the IR some vibrations such as vC-F,v0-H and vC-0 give
rise to very broad and strong bands and thus obscure large parts of

the spectrum, this does not seem to be the case in the Raman.
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1.3.2 Factors influencing vibrations in complex molecules

Although the frequencies are determined primarily by the forces
within the molecule, they are also affected by intermolecular forces.

The spectrum of a substance,for example, will be different in gaseous
liquid and solid states for the same reason.

Similarly the characteristic frequency of a group, though largely it
reflects the vibration of the latter, is influenced by the environments
of the associated molecular structure. Such environments may either
cause the characteristic frequency band vary in intensity or position
or its absence altogether. It is appropriate here to discuss some of
these environments.

Vibrational coupling

The vibration of an X-Y bond would produce a band at a charactéristic
frequency only when the masses X and Y are largely different. If in a
molecule such as X-C-Y, the masses of X, C and Y are close the X-Y and
C-Y vibrations will couple and interact with each other and the resulting
two bands will be displaced from their expected positions. Further
their intensities will also be altered to a degree depending upon the
extent of coupling. Coupling also occurs between two identical groups
in the same molecule even when the groups are separated by several atoms.
Almost all anhydrides giw rise to two carbonyl bands in the v1750-1850
cmm1 region due to coupling between the in phase and out-of-phase
vibrationszo. Inter and intra molecular hydrogen bonding between a
hydroxyl group and a carbonyl group of an acid, also generates symmetric
and asymmetric vibrational bands due to couplingzo.

Conjugation
It has been observed that the intensities of bands associated with

double or triple bonds such as C=C, C=C, C:=N etc. are increased consider-
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ably when conjugated with a system of alternate single and multiple
bonds. This occurs due to the delocalization of electrons within the
bonds concerned33.

Chemical and physical effectszo

The chemical properties affecting intensity arise from variations
in the distribution of the electrons within the system resulting from
replacement by substituents e.g. inductive effects. Physical effects
operate due to changes in the substituent mass and interbond angles
and further from intervibrational coupling.

Inductive effects34

An atom or a group which attracts electrons more strongly than
hydrogen is said to have a negative inductive effect (-I) and any atom
or group which attracts electrons less strongly than hydrogen is said
to have a positive effect (+I). On this basis certain atoms and groups

have been classified as follows:

a) electron attracting (-I): N02 >F >ClL >Br>1n> OCH3 > C6H5 > H

b) electron repelling (+I): H > CH, > CZHS > CH(CH3)2 > C(CH3)3
The influence of above (a) and (b) series of inductive groups on some
mono and disubstituted henzenes has been investigated by some workers.
In general, (~1) effects tend to decrease the intensity of bands result-
ing from ~ vibrations of neighbouring groups,and (+I) effects in con-

trast tend to IMcrease the intensity.

1.3.3 Conclusion
It is clear from the above considerations that Raman technique may

be developed profitably in the field of characteristic group frequencies.
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Though the latter work is being carried out actively in some
laboratories, a considerable effort is needed to fill the gap in this
field created by the steady decline of Raman technique previously.

This work was aimed to deduce characteristic frequencies from
various groups of organic compounds. Over 300 compounds belonging to
a variety of structures were analysed with this purpose in mind. A
list of these compounds has been presented in appendix II. The lack of
space and time, however, has allowed the discussion of only a limited
number of results which were the most substantiated on the basis of

numerical and structural multiplicity of compounds (Chapter 3).

1.4 Organic polymers

1.4.1 Morphology37

Most properties of polymers are determined by their morphology
which may be broadly expressed as their macro and microconformations
in the bulk material.

Macroconformation

The term macroconformation refers to the overall conformation
of a polymer. A number of distinct morphological units belonging to
the macroconformation have been identified during the crystallization
of polymers from the solution as well as melt e.g. single crystals,
dendrites, hedrites, spherulites etc.

Fringedlnicellelnode136

The first attempts to explain the crystallization of a polymer
in the bulk produced a model called fringed micelle model consisting
of ordered or crystalline regions ( ~ 100-200 X) within a continuous
amorphous matrix. The chain was envisaged as meandering throughout
the system entering and leaving several ordered regions embedded

randomly in a continuous amorphous matrix (Fig. 1.7). This concept
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as a function of crystallization or subsequent annealing temperatures,
While opinions vary between kinetic and thermodynamii reasons for this
constancy of fold length, it is suggested that the fold structure allows
the maximum amount of crystallization of the molecule at a length which
produces a free epnergy minimum in the crystal.

Measurement of the enthalpy of fusion of single crystals42 and
nitric acid oxidation studies®3 have shown that a significant amor-
phous content is still associated with each crystal. This must be on
the surface and it has been suggested that it arises from the disordered
folding planes produced by the emergence and reentry of a chain in the
crystal. Various models such as regular adjacent reentry, irregular
adjacent reentry and random switchboard type reentry of folds have been
suggested to describe this (Fig. 1.8)

The inadequacy of the fringe-micelle theory thus becomes obvious
and modern concepts centre on the models described above. A judicious
compromise of the more extreme proposition that a crystalline polymer
is a single phase with defects leads to a reasonable view that this
only applies to very highly crystalline polymers . The less crystalline
polymers are considered to be two phase systems, one ordered, one
disordered, in which the loops and folds on the crystal surface, to-
gether with the defects, contribute to an additional amorphous phase
Hedritesa8

If the concentration of the polymer solution is increased, a
crystalline polyhedral structure emerges composed of lamellae joined
together along a common plane. These have also been detected growing
from a melt which suggests that lamellar growth can take place in the

melt and may be a sub~unit of the spherulite.
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Spherulit3849

Examination of thin sections of semicrystalline polymers has revealed
that the ordered regions or crystallites are not arranged randomly, but
form regular birefringent structures with circular symmetry. These
structures which exhibit a characteristic Maltese cross optical
extinction pattern, are called spherulites.

Each spherulite grows radially from a nucleus formed either by
the density fluctuations which result in the initial chain ordering
process or from an impurity in the system. The number,size and fine
structure depend on the temperature of crystallization which determines
the critical size of the nucleating centre. Thus large fibrous
structures form near Tm, whereas greater numbers of small spherulites
grow at lower temperatures.

A study of the fine structure of a spherulite shows that it is
built up of fibrous sub units, growth takes place by the formation of
fibrils which spread outwards from the nucleus in bundles, into the
surrounding amorphous phase. As this fibrillar growth advances branch-
ing takes place, and at some intermediate stage in the development, the
spherulite often resembles a sheaf of grain (Fig. 1.9). This forms
as the fibrils fan out and begin to create the spherical outline.
Although the fibrils are arranged radially, the molecular chains lie
at right angles to the fibril axis. This has led to the suggestion
that the fine structure is created from a series of lamellar crystals
winding helically along the spherulite radius.

General purview of the macroconformational features of a melt-—

crystallized polymer49

Shayples has proposed a picture of the main morphological features

produced during the crystallization from the melt of a polymer .
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This dis shown schematically in Fig. 1.8 as a spherulite, which he
suggests is the major unit. Growth proceeds from a small crystal nucleus
which develops into a fibril. Low branching and twisting then produces
bundles of diverging and spreading fibrils which eventually fill out

into the characteristic spherical structure. 1In between the branches

of the fibrils are amorphous areas and these, along with the crystal
defects, make up the disordered content of the semicrystalline polymer.

(b) Microconformations

Conformations about the constituent backbone bonds may be termed
as microconformations. Macroconformations come about by sequences of
microconformations (usually trans or gauche) along the polymer chain.

The trans and gauche conformations of a molecule arise as a result
of rotation about a carbon single bond as axis. The Newman and
'Saw Horse' projections of butane in Fig. 1.10(a), for example, show
the trams position with the dihedral angle ¢ = 180°. Rotation about
the C2--C3 bond alters ¢ and moves the methyl groups past the opposing
hydrogen atoms so that an extra repulsive force is experienced when an
eclipsed position (Fig. 1.10(b)) is reached.

These rotations produce 3 potential minima at ¢ = w, /3 and 57/3
called the trans and * gauche states respectively,and the greater depth
of the trams position indicates that this is the position of maximum
stability (Fig.l1.10(c)).Although the gauche states are slightly less
stable, all three minima can be regarded as discrete rotational states.
The maxima correspond to the eclipsed positions and are angles of
maximum instability. These diagrams vary with the type of molecule and
need not be symmetrical, but the butane diagram is very similar to that
for polyethylene, [}CH~CH24] , 1f the ~CH3 groups are replaced by the

n

two sections of the chain adjoining the bond of rotation. The backbone

of this polymer is composed of a chain of tetrahedral carbon atoms
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(a) (b)
Staggered Eclipsed

Newman and ''saw horse' projections for n~butane:
a) .a staggered state with ¢ = =«

b) an eclipsed position
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FIG. 1.10
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covalently bonded to each other so that the molecular can be

. . 5
represented as an extended all trans zig zag chain as shown below: 0

Conformational regularity

The repetition of one microconformation or a sequence of a few
microconformations along a polymer chain gives rise to a regular
macroconformation e.g. planar zig zag chains ~ trans(T) sequences of

) 52,52 .
polyethylene (as shown above) and polyethers with m > 4 ; helical
chains — gauche (G) or a mixture of T and G sequences in the case of

53,54,55

polyethers with m < 3. Various helical conformations of

isotactic vinyl polymers are illustrated in Fig. 1.11.

Configurations

These are part of the chemical state of a polymer chain. In
contrast to a microconformation, a configuration can be transformed
into the other one only by breaking chemical bonds. Examples for the
configurations are the cis or trans structure of ethylene56 or cyclo~-

. . 57
propane derivatives .,

Stereoregularity

This is produced by the repetition of one configuration or a sequence
of a few configurations along a polymer chain. Isotactic polypropylene

and syndiotactic polypropylene provide two such examples.
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1.4.2 Investigation of structure by X-ray diffraction§8

Diffraction occurs when radiation is scattered from centres whose
separation is of the same order as the wavelength of the incident
radiation and arises from the constructive and destructive interfer-
ence of the scattered rays.

Similarly an array of atoms or ions in a crystal will cause a

similar effect when the incident radiation is an X-ray (Fig. 1.12).

ot O

d sin 6

For constructive interference
2d sin 8 = ni
n=1,2,3 =~ = =

FIG. 1.12

X-ray diffraction is the definitive method of determining the
structure of a crystalline material. It enables the crystal class,
the dimensions of the unit cell and the space group to be elucidated.
The latter determines the vibrational selection rules and thus the
observed spectrum can be interpreted or predicted. Low angle X-ray
diffraction can be used to study larger periodicities within a sub-
stance and the crystallite size in polycrystalline material can be
measured by application of the Debye—~Scherrer equation to the band

widths of its wide angle diffraction pattern.
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1.4.3 The structure and vibrational spectra of polymers

Due to the instrumental superiority of the IR technique over the
Raman in pre 1966 era, the former has been mainly applied for the
structural analysis of polymers until recent yearssg“él. However,
there are several reasons which now justify the preferred use of
Raman spectroscopy for this purpose. Apart from the experimental
advantages which laser Raman spectroscopy now offers over the IR,
usually more vibrational modes are active in the Raman effect than in
the IR. Further, in the case of a centrasymmetric molecule only half
of the vibrational modes are active in the IR, the remaining giving rise
to Raman bands. It is, therefore, necessary in most cases to use the
IR technique together with the Raman to achieve satisfactory results.

In a polymer chain, every monomer unit, chain end, chemical irreg-
ularity and chain branch vibrates but the selection rules for the Raman
and IR activity of these vibrations depend upon the associated macro
and microconformational structures.

The following discussion is intended to introduce briefly the
impact of structure on vibrational spectra of polymers with reference
to polyethylene and n—paraffins, because of their simple structure and
relevance in the subsequent discussions.

Polymers in common with all nonlinear, nonpolymeric molecules
have 3N~6 possible vibrational modes where N is the number of atoms in
the molecule. Since a polymer has the general formula (X)n where X
is the structural repeat unit and since n is a large number typically
of the order 103, the expected number of modes will be very large,
becoming infinite for an infinitely long molecular chain. In fact
the observed vibrational spectrum of the simplest polymer i.e. poly-
ethylene, is extremely simple, less complex than that of most n-—

alkanes which are the low molecular weight homologues of polyethylene.
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1.4.3a Chain vibrations of polyethylene and the n-alkanes
57,62

Snyder and Schachtschneider have investigated the vibrational
behaviour of the n-alkanes. They have shown that the multiplicity of
the bands increases as the chain length increases such that whereas C3
has a few bands, higher homologues have a more complex spectrum and
the relative intensities of the components change. For instance, as
the chain length increases, effects due to end groups decrease in
relative importance and features due to skeletal motions increase in
relative importance. In polyethylene this results in a distribution
rather than in distinct bands, which are, however, still relatively

sharp (of the order of ZOcm_l). These effects are shown diagrammatic-

ally in Fig. 1.13.

Ml ol ol e =

FIG. 1.13

Totally in~phase Totally out-of-phase

FIG. 1.14  Symmetric stretching mode of polyethylene



29

For any mode there are an infinite number of possible phase rel~-
ationships between vibrations on adjacent atoms. These can be exemplified
by the two possible extremes as shown in Fig., 1.14 for the C H2 symmetric
stretching mode of polyethylene. The spectrum would thus be expected
to show bands due to these extremes plus those due to all the possible
intermediate phase relationships. Tasumi et a163 have calculated these
frequency-phase curves for a polymethylene chain as shown in Fig. 1.15,
In these curvessonly those modes are optically active which correspond
to 6 = 0 and 6 = m i.e. totally in phase and out-of-phase. n-alkanes,
however, would give rise to bamds corresponding to all possible phase
relationships in the form of band progressions in various spectral
regions due to the finite molecular length. Considering these relation-
ships, Snyder and Schachschnei%é}62 developed a model which successfully

explained the IR spectra of n-alkanes through C In this approximate

30762
analysis, the vibrational mode of each individual CH2 group is replaced
by a harmonic oscillator with the frequency characteristic of the mode
under consideration,and the end groups e.g. CH3 can be regarded as the
fixed ends. The vibrational frequency Vv of a linear array of m ident-
ical oscillators depends upon the phase difference 6 between adjacent

oscillators. The phase difference allowed for the vibration is

expressed by

Assignments of integers k to the observed bands can be made on the
basis of the selection rules which are expressed in terms of the values
of k and the number of methylene groups m for each vibrational mode.
The relation between k and the symmetry species is given in Table 1.3
alongside the frequencies of the limiting modes on the frequency phase

curves of polyethylene shown in Fig. 1.15.
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1]

Frequency [om

FIG. 1.15 Frequency-phase difference curves of polyethylene
(Tasumi et al)
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Table 1.3

The relation between k and symmetry species for n—paraffins

Vibrational mode| modd (G,) | meven (Gp)| M2 Py) _ FelDD)
k odd k ewen k odd k even | 6=0 (cmfl) 8=w(cmﬂ1) :
3

GHZ sym. . Al B] Ag Bu Ag 22848) Bzu(2851) v,
stretching
CH2 asym. B, A, Bg Au BSg(2883> BIU(2919) Ve
stretching
CH, bending A B A B A (1418) B, (1403 v

2 1 1 g u g 211473 2
CH, wagging B] A1 Bu Ag B3u(1175) Blg(1370) Vg
Skeletal (C~C) A B A B A (1131 B, (1061) v
stretching ! ! & b & le 4
Skeletal.(C~C) A1 B1 Ag Bu B3u(Tx)(O) BZu(Ty)(O) v5
deformation
CHZ twisting- A2 B2 Au Bg BBg(R)(1168)B2g(T)(1295 Vg
rocking
CH2 rocking~ B2 A2 Bg Au Au(T)(1053)Bzu(R)(7ZO) v8
twisting
Skel%tal (¢~C) A2 B2 Au Bg B3g<RX)(O) Blu(Tz)(O> vg
torsion

0f the symmetry species in Table A}, BI’ Bz, Au’ Bu, Blu’ B2u and B3u
are IR active, whilst AI’ Az, BI’ B2, Blg’ BZg and BSg are Raman active.
Strictly speaking, polyethylene has a finite molecular chain thus giving
rise to a number of weak bands which apart from the stronger bands
resulting from totally in phase and out~of-phase modes are associated
with intermediate phase relationships. The above analysis, therefore,
has also been useful in the interpretation of these bands.

Although this approach has been extended to model compounds of

138
polymers64’other than polyethylene, the results are fragmentary, because
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of the difficulty in preparing a series of oligomers with increasing
chain length having the same conformation. As will be seen in Chapter
5, polyethers and polythioethers with m > 4 conform to this requirement,
because the length of the methylene sequence between O or S atoms in-
creases as m increases, and hence may be expected to give rise to the
frequency phase curves similar to polymethylene chain.

The total number of vibrations and their activity in Raman and IR
effects is derived from group theoretical considerations. For example,

an isolated chain of polyethylene has the symmetry group d The

2n°

fibre period (CH —CHZ) consists of n = 6 atoms thus giving rise to

2
(3 x 6 - 6) vibrations, of which those symmetric to the centre of

symmetry (gerade) are Raman active and those asymmetric to the centre

of symmetry (ungerade) are IR-active. Details of the vibrational analysis

of both planar zigzag and helical polymers may be seen in reviews by

Koenig et a165 and Tadokoro66

1.4.3(b) The effect of different conformations on molecular vibrations

The simplest example for the influence of different conformation

on molecular vibrations is a polar end group of the type

e

By rotating, the end group around the ultimate C-C bond, 3 potential
minima are reached, two of them having the same energy. These minima
belong to the conformations: X trans to C and X trans to one of the two
H atoms at the penultimate C. Usually, the latter two (identical

conformations have the high energy and are, therefore, "high temperature
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conformations". 1In this situation at least omne vibratién of the end
group, frequently the C-X stretching vibration, is sensitive against the
conformation of the C-X group with respect to the neighbouring units due
to different coupling conditions. Thus instead of one C-X band, two of
them will appear. If C-X is situated somewhere within the chain, it will
be necessary to consider the conformations of the neighbouring groups on

both sides with respect to the%$*X group.

»

IH \ Vs
¢ X
\/

N\
X/ H

Potential minima are reached with the following conformations: XHH

(H trans to X on both sides (XHC and X (identical conformations) and

CH

possible X The latter one has usually a rather high potential energy

cc’
and is therefore a "high temperature conformation'. Considering again
the C-X stretching vibration, splitting into two or three components is
therefore expected. Whilst the bands sensitive to certain conformationg
are called conformational bands, the phenomenon itself is known as
conformational splitting by Hummel67. However, Zerbi calls conformational
bands as "regularity bands".68

In a chain molecule with a certain conformational order, the number
of possible conformations on both sides of any group is very small,
Thus, the conformational splitting of certain bands is well defined
i.e. the bands being characteristic for this long range conformational
order are sharp.

Conformational order in a polymer may be considered as one-dimen-

sional crystallinity. This means that a single chain has reached minima

both in energy and entropy when it has a regular conformation. If a
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polymer chain can assume different regular conformations this is known
as one dimensional polymcrphism67. In a number of cases, these trans-
formations are enantrotropic and take place in a narrow range of
temperatures. A well known example is polytetrafluoroethylene which
forms a (13/1) helix: below 19°C and a (15/1) helix above this temper-
ature69. One dimensional polymorphs always giwe rise to characteristic
vibrational spectra. Even the minor transition of PIFE at I9OC,(13/1) to
(15/1) helix,is accompanied by a shift of the CF2 wagging vibration

from 638-to 625 cm-l. More obvious are spectral changes in the cases of
isotaetic polybuténe*17o and trans 1-4 polyisoprene7l. The (3/1) helix
of the former one is characterised by bands at 921-, 847~ and 797 cmﬁl.

A similar phenomenon has been observed in the case of PES (Chapter
4).

Irregularities in one dimensional crystallinity may assume several
conformations which would give rise to characteristic bands. Since long
range conformational order is usually predominant in contrast to these
irregularities in polymer chains, the bands associated with the latter
are usually weak. These may be recognised by their defiance to selec—
tion rules applicable to long rénge order conformations. Additional

weak bands may also arise due to chemical irregularities.

1.4.3.(c)The effect of crystalline environments on chain vibrations

Three dimensional crystallinity can have several effects on the
vibrational spectrum of a polymer which will depend upon the symmetry
of the crystal as well as the strength of the interchain interactions.
The crystal field may split each band of the isolated chain into a
number of closely spaced components depending upon the number of chains
in the primitive unit cell. Further, bands due to lattice modes may

also appear at low frequencies ( o 150 - 20 cm-l).



35

The experimental observation of these effects, however, is fraught
with several problems. In some cases, the intermolecular forces may be
too weak to sufficiently resolve the components of the split band,
whereas in some other cases, one of the resolved components may be too
weak to be observed. This latter reason was first thought to be the
cause of the failure in observing the expected doublets in the Raman
spectrum of polyethylene72. The selection rules may also prevent the
observation of splitting when one of the components is either active in

the Raman or IR and the other is inactive in either of these effects
e.g. polyvinyl chloride72

Polyethylene crystal

Crystalline polyethylene forms a primitive orthorhombic lattice,

50

space group (Pnma - D;g) with two chains translating the unit cell
The space group is isomorphous to the line group th-
Fig. 1.16 shows polyethylene unit cell with reference to line

and space group axes.

Line group axes Space group ax€s
\ A oA
z y H wH o
!5! He™ ) 5
X Ho /%4 N ~
Hey O

& ° b ‘..
L. AR I

The line group characteristics of this molecule fall into 4 classes of

FIG. 1.16

Raman activity, i.e. ag, b, , b2g and b, and 4 of IR activity i.e. a ,

lg 3g u

b, o b, and b (see Table 1.2). Thus each line group mode can vibrate
lu” "2u 3u

in phase or out~of-phase with its neighbour in the unit cell and would

have a doublet in the crystalline case with the following symmetry pro-

perties:
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Space Line Space
a A + B a A + B
& g lg u u lu
b B + A b B + A
lg 1 g lu lu u
ng BZg * B3g b2u BZu " B3u
b3g B3g * BZg b3u B3u * BZu

The interaction forces between PE chains have been discussed by

74,75,122,151

by several authors and the splittings have been

anticipated at 25°C and -196°C. Table 1.3 gives the observed and

calculated Raman and IR splittings at these temperatures.

Table 1.4

) .o . . . 122
Correlation splitting in the vibrational spectrum of polyethylene75’

25% -196°¢
Species  Mode Calculated Observed Calculated Observed
(v cmmi) (v cmﬂ} (v cm«]) (v cmul)
A §(CH,) 1429 .4 1418 1429 .2 1414
g 1452.9 1441 1455 .5 1442
B, vi{C~C) 1060.4 1066 1061.7 1068
& 1055.7 1056.2 1065
B, T (CH,) 12941 1296 1295.9 1295
& 1299 .4 1301.2 1297
B, R.(CH,) - 720 - 719
u 730 732
B, 8 (CH.,) - 1460 - 1459
u 1470 1472

The correlation effect is enhanced when the temperature is lowered,

since the lowering of temperature among other effects causes the con-
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traction of the unit cell thus bringing the two chains closer together
and resulting in more vigorous interaction.

Another effect which further complicates the consequences of
correlation splitting and occurs in PE and other molecules is known as
Fermi resonance. Fermi resonance occurs when an overtone or combination
vibrational frequency which usually gives rise to a Raman or IR band has
a frequency close to that of a fundamental of appropriate symmetry. In
this case, interaction can occur and uncharacteristically strong features
are observed. In polyethylene, the first overtone of the CHZ rocking
mode near 725 cm“1 has a frequency close to the ag CH2 deformation
near 1440 cm~1. The symmetry characteristics arising as a consequence

. . . . 41
of this situation have been summarized by Hendra  as follows:

Line b rock 725 cmwI
2u
-1 ~1
Space 731 cm 720 cm
BIU BZu
1450 1440 1430 overtones and combinations
" B. A
3g g
Line ag CH2 def 1440
Space 1447 1433
B, . A
3g g

Thus a complex band profile is in fact observed in the Raman spectra
of crystalline PE and other systems between Av1400-1560 cmnI with band
heads in the former case occurring close to Av1455,1440- and 1415 cﬁ“l.
The shape of this band system is very sensitive to crystallinity and

hence can be used as a good indicator of PE~like crystallization.



Some trans planar n-paraffins (m > 20) can be crystallized in two forms.
In the orthorhombic habit they have a PE~type unit cell whilst in the
triclinic form they have a PTHF-type unit cell consisting of one chain
only. In the latter case no correlation splitting can occur and also
complex interactions described above are simplified in the 1450 cm.ﬂ1
region due to these

crystalline forms are quite different from each other as shown be10w75.

region. Consequently the band shapes in the CHZ

2 chain/unit cell 1 chain/unit cell

These band shapes may be used for studying unknown systems.

1.4.4 Low frequency Raman spectra (Longitudinal acoustic vibrations)

In 1967, two papers appeared76-77 describing low frequency Raman
shifts characteristic of an accordion~like vibration of planar zig zag
polymethylenic chains (Fig. 1.17). In the first, Schaufele and
Shimanauchi76 showed that regular sequences of weak bands are observed
for n-paraffins close to the exciting line whose frequencies v are

given by the relation:

i
v = (") E/p)? C e (D)

where m is the order of the mode and has odd integral values for Raman
activity, p is the density of the hydrocarbon, E is Young's elastic

modulus and L is the length of the planar zig zag polymethylene chain.
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For CB6H74’ bands were observed at:
m 1 3 5 7 9
pvem | : 67.4 189 303 403 475

From this the value of E was estimated as (3.58 = 0.25) x 1012

dynes/cmz, which agreed closely to the experimental value along the
fibre axis determined by X~ray diffraction. Whenthis value was later
used to calculate v for a series of n—paraffins upto C%H190 in con-
junction with equation 1, the observed and calculated frequencies were
found in close agreement.

In mechanical terms, this vibration has been considered as one of
a string of beads with antinodes at the chain ends and has been termed as
the longitudinal acoustic mode. (L.A.M.)

Although unlike n-paraffins, the polymers usually crystallize in
chain folded lamellae-like structures, the straight stem segments
between the folds have a close similarity to polymethylemic chains in
n-paraffins (see section 1.4.1). A straight stem segment within a
lamellar unit of polyethylene, for example, will comprise several
monomer units which implies that the observation of a similar vibration
as that in n-paraffins should provide a direct measure of the length of
this segment. The accuracy of such a measurement, however, will depend
upon the effective decoupling of the accordion motion between the
adjacent fold segments.

It is now a well~established fact that the Raman spectrum of
polyethylene contains bands with low frequency shifts which are
characteristic of longitudinal acoustic vibrations of the planar zig
zag segments in the crystalline case. Further, the frequency of the
vibration is sensitive to the length of the planar zig zag system

(Fig. 1.17).
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FIG. 1.17 Longitudinal acoustic mode (LAM) of vibration of a polyethylene

chain (a). Raman spectrum of polyethylene showing low
frequency shifts associated with LAM (b).

Interlam@llar zone f&L%i "Non crystalline fold phase"
A
LR ..I-.-Pnp-n--—- lr
Cryst~-
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core
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FIG. 1.18 Definitions of 'core' and fold zone thicknesses
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The potential of the Raman technique for measuring lamellar
thickness in polymers is vast since unlike other conventional techniques,
as will be seen below, it offers a precise measurement of lamellar
thickness and experimental ease and versatility. The conventional tech-

niques available for determining the structure of lamellae include:

Low angle X-ray diffraction (LAXD)78

In this method the lamellar thickness is determined by the

measurement of long spacings from LAXD patterns.

Electron microscopy (EM)78’79

It provides data on lamellar thickness from replicas of fractured
surfaces by measuring the step height and is normally used to support

LAXD results.

Chemical methods80

Usually these involve oxidative destruction of the chain folds

at the lamellar surface followed by analysis of the molecular fragments.

Wide angle X-ray diffraction (WAXD) >8,81

This method is widely used to identify the repeat structure in
the crystalline lamellar core and for crystallite size determination

through line width measurements.

Vibrational spectroscoszz’sz

This is a much more limited technique and is applicable by

inference only.

Density and thermal dat383’84

These tend to be only vaguely connected to the presence or other—

wise of lamellar features.
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None of these techniques is capable of measuring the magnitude
of LC or Lf within a given lamellar unit as defined in Fig.1.18. The
longgpwacing from LAXD patterns gives LC + 2Lf which when combined
with chemical data can indicate a rough value of LC. The Raman technique,
on the other hand provides a precise value of LC from the measurement
of LAM frequency. This is based upon the assumption that the acoustic
vibration of a planar zig zag polymethylenic segment is restricted by
the first gauche CHZ—"CH2 unit encountered at the interface between the
crystalline and fold phases. It is possible even to calculate the value
of Lf, if Raman data are combined with good LAXD data. Early promise
was, however, not realized since it was observed that the thickness
determined by the Raman method agreed roughly with that from LAXD but
was not strictly comparable with it.

Recently Peterlin and coworkersS%ave contradicted the assumption
regarding the lack of involvement of the fold phase in the acoustic
vibration. They have analysed the problem of the three-zone vibrator
comprising an upper fold phase and have allowed for probable density
differences between the phases (Fig. 1.18). They conclude that the
vibrational antinode assumed to lie at the fold-core interface is
likely to be lying within the fold zone i.e. the length calculated from
the measurement of the acoustic mode may be significantly greater than
L . Recent experimental and theoretical evidence, however, suggests
that the antinode lies close to the fold-core interface. The vibrational
force constant, however, may not be exactly the same as for n-paraffins.
This evidence may be summarized as follows:

(i) LAM frequency in polyethylene is not temperature Sensitivefé’%%e
modulus of elasticity (E) and the density (p) of the fold phase is

expected to be temperature dependent. If this phase contributed signif-
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closer to the exciting line. The LAM frequency remains unaltered on
lowering or raising the temperature until annealing temperatures are
reached.

On heating to annealing temperatures ( XOOOC),the LAM frequency
falls due to lamellar thimckening until near T, the band belonging to
the LA mode disappears in the background scattering.

The frequency of the LAM mode is the function of lamellar thickness
which in turn is the function of annealing temperature i.e. the higher
the annealing temperature, the lower the frequency of the LA.mode.SS’B6
Rolled and drawn polyethylene have also been studied with particular
reference to the breakdown of extended polymethylenic chains of regular
length on passing through the deformation neck or as a function of
extension ratio in rolliné%7 Recently lamellar build up at low temper-
atures has been demonstrated in quenched polyethylene melt using this
technique which resulted in the determination of glass transition
temperature of polyethyleng? Under similar circumstances such an
observation is quite inaccessible to study by other techniques.

Raman bands due to fundamental (i.e. w=1) LA mode in melt crystall-
ized polyethylene is relatively intense but the higher order modes(e. g,
m=3) gives rise to only weak bands. Further, these bands tend to be
broad and it may well be that the intensity and band width data can be
made to yield information on the distribution of lamellar thicknesses
within a specimen.

Finally it may be concluded that the Raman method of measuring
lamellar thickness is now an established tool in polyethylene and

potentially it may prove of significant value in many other synthetic

polymers.
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1.4.5 Conclusion

It has been indicated from the above discussion that the interpre-
tation of vibrational spectra of polymers is closely associated with
molecular structure which includes micro as well as macroconformations.

Microconformations give rise to bands due to long range as well
as short range order in the polymer chain. Whilst the bands associated
with long range order or one dimensional crystallinity, are character-—
istic of predominant symmetry of the molecule, the bands associated
with'short range order i.e. amorphous region, are characterised by
their defiance to the selection rules applicable to the latter. Further,
bands associated with long range order would arise from totally in phase
or out of phase modes if the chain is of considerable length. These
may , however, arise from all possible phase relations if the chain is
short or effectively so.

Bands associated with macroconformations may arise either from three
dimensional crystallinity as in the case of interchain interactions in
a unit cell containing two or more than two chains, or from longitudinal
acoustic vibrations of chain stems within lamellar structures,

Micro as well as macroconformations may vary with temperature or
crystallization conditions e.g. melt, solution annealing or stress.
These variations, therefore, cause corresponding variations in the
observed vibrational spectrum.

The wvibraticnal spectra of a series of polyethers and polythio~
ethers with the general formula {(CHZ) ~Y} (m = 1-6, 10 and Y = 0
or S respectively) have been discussed ?ﬁ C;apters 4, 5 and 6, with
these implications in mind.

In order to substantiate the results, wide angle X-ray diffraction
(WAXD), low angle X-ray diffraction (LAXD), density and D.S.C. derived

melting pint (T) measurements have also been carried out at appropriate

occasions.
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2.1 'Introduction

Although the first Raman experiment was performed using sunlight
as the source and human eye as the detector, extremely poor scattering
which gives rise to Raman effect, has always been a problem in prac—
tice. Ways have been devised over the years to tackle this problem
by developing more and more efficient radiation sources and detecting
devices. Nevertheless, it was not until 1966 that considerable
development in this field could be achieved. Post 1966 era saw the
development of continuous wave laser sources which could emit mono-
chromatic radiation (a basic requirement) at various wavelengths with
high powers, and a wide range of detecting devices with highly effic-
ient electronic and optical systems. Though ideality may still not
be claimed and may never be so in view of the ever increasing demands
of Raman spectroscopy, much has been done to get closer to it. Several
reviews and monographs discussing instrumentation and sampling with
regard to past and present developments are availab1e11’12’13’87.
This chapter describes the instruments, experimental arrangements,

samples used, their preparation, processing and characterization,

and the experimental problems encountered during the experimentation.

2.2 Instruments

2.2,1 Laser Raman spectrometers

Three spectrometers have been used in this work, all manufactur ad
by Cary Instruments Inc. U.S.A. They are the Cary~8IL, Cary-82 and
Cary-83.

The Cary-81 was originally designed for use with the mercury

Toronto arc source but was later modified for use with lasers. The
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Cary-82 is a research instrument being solely designed for use with
lasers. The Cary-83 is a bench top analytical instrument incorporat-
ing a built in laser and has been designed for routine laboratory
work.

The main differences in instrumentation of these spectrometers
are:

a) The wave number and recorder scan of the Cary—-81 is driven
by a 1/20 h.p. squirrel cage a.c. motor at a range of selected con-
stant speeds. The Cary~82 uses a small d.c. motor and a techo-
generator driven from it as a constant speed device. The scanning
speeds on this instrument are continuously variable (0.01 - 100 cﬁbsec)
but the scan rate is not as constant as on the Cary~81.
b) The optical system in the Cary~81 and Cary-83 involves a double
monochromator, whilst Cary-82 incorporates a triple monochromator.
Thus stray light characteristics of the Cary-82 are much better than
those of Cary-81 and -83.
c) The Cary-82 and the Cary-83 incorporate illumination of the sample
at 90° to the viewing direction (Fig. 2.la) whereas the Cary-81 has
an illumination system involving illumination and viewing at 180°
(Fig. 2.1b).
d) The optics (b) and (c) on the Cary-8! and (b) on the Cary-83 sel-
dom allows the recording of spectra below 100-150 cm_l. On the other
hand the spectra may be recorded down to 3 cmm1 on the Cary-82 in
favourable circumstances.
e) The Cary-81 has manually adjustable slits calibrated in cm_1 band
pass at 435.8 nm. When using alternative laser lines, a correction has
to be applied owing to the change of dispersion of the monochromator.

The Cary-82 has a built in correction for dispersion and can be operated
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either at constant mechanical slit width or at constant monochromator
band pass.

f) The resolution on the Cary-82 is generally greater than on the
Cary-81 and ~83.

g) The alignment of the sample in the Cary-~82 is facilitated by
using back illumination of the sample through the monochromator slit.
The alignment in the Cary—8! presents no difficulty whilst it is

much more difficult on the Cary-83. In the Cary=-81, it simply involves
the placing of the sample firmly against the flat surface of the
hemispherical lens. In the Cary~-83, on the other hand, adjustment of
the sample is made by maximising the intensity of a known peak. In
the case of fluorescent samples or where the spectrum is completely
unknown, the whole operation may become highly tedious.

The analytical work involving simpler organic compounds was carried
out exclusively using the Cary-81 and ~83, whereas the polymer work
was done using the Cary-82 only. The use of particular instruments
with regard to the type of work is justified in view of the following
reasons.

(i) Spectral resolution required for simpler organic compounds is
much lower than for polymers.

(ii) Spectral measurements down to the low frequency range are not
required in the case of simpler organic compounds while they are
needed ~ down to the very low frequencies in the case of polymers.
(iii) Simpler organic compounds scatter relatively more in the Raman
than in the Raleigh effect as compared with polymers. Thus greater
discrimination between Raman and Raleigh scattering is required in
the latter case than in the former.

Clearly, the requirements for simpler organic compounds are
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adequately met by the Cary-81 and -83, whereas those for polymers
by the Cary-82,

The spectrometers were calibrated occasionally according to the
method devised by Hendra and Loader?3 For organic compounds, usually
2~ and 4 cm-—I constant double slits were used in the case of solids
and liquids respectively on the Cary-81 and 4-6 cmml on the Cary-83,
For polymers, usually 2 to 1.5 or occasionally less cm—1 slits were
used on the Cary-82 strictly in accordance with Schubert's formula88
i.e.

I Slit Width (em ')

. -
% * Pen period (sec.) Scanning speed (cm = /sec.

2.2.2 Lasers
The lasers used in tandem with the spectrometers are listed below

together with the main wave lengths and power outputs.

Laser Main Wavelengths Powgr
(A /nm) outputs

(~miW)

125 Ne/Ne Spectra physics 632.8, red 70
164 AT L g 488, blue 1000
52B AF Coherent Radiation 514.5, green 1000
165 Kr Spectra physics 568, yellow 100
647, red 700

52 Mixed gas(A;,K;) Coherent Radiation 488, blue 250
514.5, green 250

568, yellow 50

647, red 100

* HExperimental
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They were all continuous wave gas lasers giving coherent polarized
radiation tunable to the above listed wavelengths plus some other
wavelengths with weaker outputs. When tuning to a particular wave-
length spurious plasma lines were also emitted. However, they could
be filtered using an interference filter on the Cary-8! and ~83,
whereas Cary-82 employed a premonochromator to get rid of them.

The He/Ne laser was not as useful as the others because of the
v4 law 1], its low power and poor response of the photomultiplier
tube in the red region (Fig. 2.2). With the ion lasers, the main
problem was stability particularly with the CRL lasers which had a
tendency for the overall power to drop gradually throughout a single
run. This could be as much as 407 over 2-3 hours. Apart from this,
the output tended to vary in the short term also, often producing
choppy spectra. The most useful laser has been the Spectra Physics
164 AT one which maintained a stability both in the short and long
term of approximately better than 27.

Simpler organic compounds were excited mostly with 4880 K and
5145 X , whilst polymers were excited mostly with 5145 X. 6471 2 and
6328 X wavelengths were used for those materials which were either
coloured or absorbed in the 5145 X or 4880 Z wavelength regions. The
optimum power for exciting good spectra of most polymers has been

100—120 mW. Most polymers burnt if the power level was raised beyond

160 mW.

2.2.3 IR spectrometer

Perkin Elmer IR-225 spectrometer equipped with grating optics was
used for standard experiments. This spectrometer scans between

- ) : -1
24000-200 cm : and provides high resolution (v 1 em ).
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2.3 Depolarization ratio

When appropriate,depolarization ratio was measured for simpler
organic compounds because of its analytical value. On the Cary-81,
a half wave plate P was used to rotate the plane of polarization of
the laser beam B and the polarization of the Raman light was then
examined by means of an analyser A in front of the main optics
compartment of the spectrometer (Fig. 2.1b). Two measurements were
made by rotating the half wave plate through 45° and the analyser
through 90°. on the Cary—-83, these measurements were made by simply
rotating the polarizer A through 90° (Fig. 2.1a). Depolarization ratio

(ps) was then obtained as follows:

. Band intensity with polarizer perpendicular to vector

Band intensity with polarizer along vector

[an

A
Iy

2.4 IR dichroism

IR dichroic data for the polymers were obtained by using a gold
wire AgCl polarizer between an oriented polymer film and the entrance
slit. Two measurements were taken in each case with the direction of
draw or fibre axis along the polarizer or the electric vector of the

radiation beam, and perpendicular to it.

2.5 Experimental arrangements

2.5.1 Simpler organic compounds

On the Cary 81, the solids were examined in 0.6 cm soda glass
tubes whilst liquids were presented in a ! cm standard UV~visible

spectroscopic cell, one side of which was aluminized (Fig. 2.lc).
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On the other hand, both solids and liquids were viewed tramsversely

in glass capillaries on the Cary 83.

The use of aluminized UV cell on the Cary 8l

Although the sensitivity of the spectrometer while using a
capillary is 6~8 times that when using the UV-visible cell, the
multiple reflections involved in enhancing the instrument sensitivity
in the former case destroy the polarization characteristics of the
scattered radiation. Thus depolarization data obtained by using a
capillary will not be reliable. On the other hand, no such problem
is encountered in the case of a UV-visible cell. Further, the
aluminized side of the UV-visible cell allows more scattered light
to go to the entrance slit thus enhancing the sensitivity of the

instrument.

2.5.2 Polymers
Raman

Room temperature measurements were made using a holder with a
kinematic mount.

Low temperature measurements were made using a cell shown in
Fig. 2.3 . This cell has been designed to avoid evacuation necess-—
ary in a conventional cell. Although early low temperature experiments
were carried out using a conventional low temperature cell, later ex-
periments were made exclusively with this cell because of the ease
with which the sample is fitted and cooled down to ~180°¢C by convection
currents.

High temperature measurements were made using a furnace of the

type shown in Fig. 2.4 . A heating rate of 5°C/min was employed
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and a period of 5 minutes was allowed to elapse before the spectrum
was measured at a particular temperature, A transitrol device was
used in order to control and guarantee the reliable measurement of

temperature.

EE

Low and high temperature IR measurements were made using the cell
shown in Fig. 2.5. When using the high temperature device, a heating
rate of 5°C/min between 25 and 200°C and 3°C/min between 200 and 220°C

was maintained. A period of 5 minutes was allowed to elapse before

the spectrum was recorded at a particular temperature.

2.6 Materials

2.6.1 Availability and synthesis

Simpler organic compounds

The majority of the samples were supplied by BDH, the remainder
being supplied mainly by Kotchlight and William and Hopkins Chemical
organizations. They were mostly of reagent grade and less commonly
of analytical grade. No further purification was carried out before

use.

Polymers

Polymer samples were obtained either from commercial or academic
sources, or synthesised when required.

The details are as follows:
Polyethers

Polyoxymethylene: This was supplied by Du Pont Co. Ltd. U.K. in
the form of Delgxin 500. Single crystals were prepared according to

Geil by dissolving 0.27 of this material in phenol at ~ 100°C and then
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allowing to crystallize at 60°C.

Perdeutero paraformalde?ﬁ%g kindly supplied by Mark, Sharp and
Dhome of Canada as a gift.

Orthorhowbic polyoxymethylene:

The orthorhombic form of POM is metastable and transforms into
the hexagonal form on heating to 70--800(3.125 This transformation has
been considered to be irreversible. Preedy et a1133 however, claimed
in 1972 that the transformation of POMHex to POMOrth could be affected
by rolling the former at subambient temperatures. When a sample prepared
in this way was examined by comparing its Raman spectrum with the reported
onelBO, it failed to show any such transformation. It was thought
that failure could be due to a very low degree of transformation which
was not detectable spectroscopically.

In this study the transformation of the ordinary material i.e.
POMHex to POMorth was affected by the application of pressure in view of
the mechanism of transformation proposed by Preedy et al. A hydraulic
press was used to press several samples of the single crystal material
of POMHex in a metal die (13 mm. dia.) at 25°C as well as -180°C. The
pressure was varied and the samples thus prepared were examined for
transformation to POMOrth by means of Raman spectroscopy. The intensi-
ties of the bands near Av 598~ and 624 cmmI 130 were calibrated against
per cent transformation. The results are plotted in Fig. 2.6. It is
clear that maximum transformation does not exceed 407 against optimum
pressures (10 to 15 K bars). These results have been recently supported

. . . . . . 134
from an independent inquiry in which a diamond anvil cell was used .
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Polyethylene oxide: A high molecular weight (600,000) specimen
was purchased from BDH and was subsequently annealed at 60°C for 18
hours to increase the degree of crystallinity. Tm:66OC, Degree of
crystallinity:—~ ~ 707.

Polyoxacyclobutane: A sample of this polymer was kindly supplied
by Professor H. Suga of Osaka University, Japan. This was purified
by repeated precipitation from methanolic solution with water and then

3

drying at high vacuum (1077 mm). The three structural modifications

were prepared as follows:55

Purified material

Melt quenched in liquid NZ’ Kept in HZO for 2 weeks

then stretched

Modification II Modification I

Since modifications I and II obtained in this manner were not
amenable to Raman studies owing to high absorption characteristics,
they were not investigated any further. The purified sample was
identified as modification IIT from its IR spectrum and was used for
Raman studies: Tm: 37°C.

Polytetrahydrofuran: A sample of this polymer was supplied by
Mr. Fielding Russel of Loughborough University but was found to be
highly fluorescent.

A second sample was provided by Dr. G.V. Frazer of Bristol Univer-

sity. It had a low Tm (" 41°C) but was quite amenable to Raman
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The identities of these polymers were established by comparing

their IR spectra with the reported ones.52

Polythioethers

PolythioMethylene: A sample was provided by Professor M. Mammi
of Italy. Tm: 252°C,

Polyethylene sulphide: Melt quenched and stabilized samples
of polyethylene sulphide were supplied by Dr. R.H. Gobran of
Thiokol Chemical Corporation, U.S.A. and Dr. P.R. Sewell of Dunlop

Co. Ltd., U.K. and had the following specifications.

Supplier Designation Stabilizer Molecular Weight

Dr. R.H. Gobran XP 6469 Polyamine 235,00 (by melt index)

Dr. P.R. Sewell Thiolon M-180 Polyamine Probably the same

These behaved similarly with regard to spectroscopic measurements.

Synthesis

Another sample of this material was synthesized for studying in
the "as prepared"” form as follows:

The synthesis was carried out in two steps i.e. the preparation
of the monomer (ethylene sulphide) and its polyﬁerization.

The monomer was prepared by heating equimolar quantities of dry
KSCN and ethylene carbonate in a flask equipped with a thermometer
and connected to a receiver through a water cooled condenser .

The product was obtained in high yield through following reaction.

H,C == 0
2
KSCN + ‘ ::::;c = 0 ——
H,C ——0

H.C
\\\s + KoeN + ¢0,1
2

o

H

N e N3
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The IR spectrum of the product showed a very strong band near
v1800 c:m—1 indicating the absorbed carbonate material as the main
source of impurity. Refluxing over CaH2 for § hour and subsequent
distillation twice, resulted in complete removal of this material.

The monomer was then polymerised in methanolic NaOH ( ~ 1%). The
mixture was kept at -10°% overnight but no appreciable polymerization
occurred. When the temperature was subsequently raised to 2500, a
hyper explosion took place and the whole mixture was converted into
a white powder in a few seconds evolving a considerable amount of heat.
Later, spectroscopic analysis showed it to be highly pure and crystall-
ine. Yield: ~ 100%, Tm: 202°cC.

In view of the high Tm, the material is believed to be of very
high molecular weight.

Ethylene carbonate (reagent grade) and KSCN (Analar) were purchased
from BDH.

Polytrimethylene sulphide: A number of French concerns supplied

specimens of this material. The details are as follows.

Supplier Designation Particulars

Dr. J.P. Machon . P49A2 Catalyst: Sodium Naphthalenide
(Ethylene Plastique) Mn: 120,000
[n]: 1.75 di/g

Tm: 61-62°C

P49B Catalyst: Sodium Naphthalenide
Mn: 30,000
[n]: 0.70 d1/g
Tm: 60-62°C

Dr. Y. Eitienne } Catalyst: Sodium Naphthalenide

Dr. R. Paulet Mn: 100,000

Dr. S. Boileau - Not provided
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Synthesis

Another sample was prepared as follows:
Trimethylene sulphide purchased from Ralph N. Emanuel Co. was

purified by distilling from CaH 5 g of the purified material was

9"
then heated with 0.2 g of sodium metal at 80°C under N2 atmosphere

for 5 minutes.go The product was purified by repeated precipitation
with methanol from dichloromethane solution. Yield: ~ 807, Tm: 60°c.

All samples behaved similarly on spectroscopic examination and

were found to be 65 to 70% crystalline.

Synthesis of polythioethers with m > 4

Polythioethers with m = 4, 5, 6 and 10 were synthesised by conden-
sation polymerization of the disodium salt of a dimercaptan with a
corresponding polymethylene dibromide in absolute alcohol-dry benzene

medium according to the procedure of Marvel and Kotch.91

+ - - 4 -
nNa§g - (CHZ) ~S Na + n Brv(CHz) ~BY =)
v m m

L (CH,) -S + 2nNaBr
t (cH,) -s}
m 2n

Absolute alcohol was prepared by refluxing a mixture of ordinary

absolute alcohol and Mg turnings for } hour in the presence of a
trace of 12 and then distilling in dry atmosphere. Dry benzene was
prepared simply by introducing Na wire in Analar benzene and subse-
quently storing for a few days. 1,4 tetramethylene dibromide and 1,5
pentamethylene dibromide were purchased from BDH; 1,6 hexamethylene
dibromide and 1,6 hexane dithiol were purchased from Kotchlight Co.;
1,4 butane dithiol and 1,5 pentane dithiol were purchased from Fluka

Co.; 1,10 decane dithiol and 1,10 decamethylene dibromide were purchased
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from Rolph N. Emanuel Co., The purity of these materials as indicated
by the suppliers ranged between 97.5 to 99%. They were used without
further purification.

A general procedure followed for the synthesis of polytetra-
methylene sulphide, polypentamethylene sulphide, polyhexamethylene
sulphide and polydecamethylene sulphide may be described typically for
polytetramethylene sulphide as follows:

The apparatus used was similar to that shown in Fig. 2.7 with the
exception of Dean Stark tube. It was repeatedly evacuated and filled'
with dry N2 before the start of experiment to ensure an oxygen and
moisture~free atmosphere. 60 ml of‘absolute alcohol were then added
into the flask with 0.84 g of Na under a constant flow of dry NZ' Na
was dissolved by stirring and then heating to 60°c. After cooling to
room temperature, 4.9 g of tetramethylene dithiol was added which pro-
duced disodium salt of the dithiol. The mixture was boiled to complete
the reaction and diluted with 100 ml of dry benzene. After cooling to
room temperature 8.6 g of tetramethylene dibromide were added. Immed—
iately a vigorous reaction started with effervescence. When the
reaction subsided, the reaction mixture was diluted with an additional
100 ml of benzene and refluxed overnight with continued stirring.
The fraction insoluble in the reaction medium was separated by filtra-
tion and the filtrate was diluted with methanol to precipitate another
fraction soluble in the medium. Both fractions were washed with distilled
water repeatedly to free from NaBr and then with methanol. Finally,
they were crystallized from benzene solution and dried under high
vacuum (IO”3 mm.) . Yield ~ 607%.

Solution crystallized materials had crystallinities greater than

907 (90-95%).



69

The insoluble fraction is considered to have a higher molecular
weight than the soluble one89. Nevertheless they behaved similarly
spectroscopically and had almost the same melting points.

The identity of polypentamethylene sulphide was determined by
comparing its IR spectrum with the reported one92. The identities of
polytetramethylene sulphide, polyhexamethylene sulphide and poly-
decamethylene sulphide were, however, established by microanalysis
for carbon, hydrogen and sulphur contents, since no spectral data have
been reported for these materials. The results of microanalysis are

as follows:

Table 2.1

Microanalysis of polythioethers

Polythioether Element Calculated Found
(m) (%) (%)

4 H 9.09 9.04
C 54.55 53.87
36.4 37.32
6 H 10.30 10.21
C 62 61.27
27.60 26.90
10 H 11.63 11.49
C 69.76 69.54

18.60 17.95

Although these data are derived from microanalysis of. the soluble
fractions, the insoluble or high molecular weight fractioms may be
assumed to give almost the same results in view of the following

factsy
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(i) Vibrational spectra of both fractions are similar
(ii) Microanalysis of both fractions of polyhexamethylene

sulphide have yielded similar results.

2.6.2 Processing

Raman: The samples used in Raman experiments were either solution
crystallized or as prepared or melt quenched, which were annealed
below Tm when required.

Melt crystallization or melt quenching was conducted using a
hydraulic press as follows:

A mould was made by cutting a hole of the required shape and size
in a stainless steel disc. The mould was placed between two sheets of
aluminium with the sample in the mould and the whole assembly was put
between two thick metal sheets in order to avoid damage to the platens
of the press. This assembly was placed between electrically heated
platens of the press. The sample was melted by controlling the temper-
ature, pressed into shape and then slowly cooled or quenched. Quenching
was carried out either by rushing cold water into the platens or by
plunging the assembly into an ice-water mixture, liquid N, etc.

When powder samples had to be examined in their original form,
they were lightly pressed into pellets.

Annealing at various temperatures was carried out using a thermo-
statically heated furnace under conditions of forced convection. The
temperature was controlled (within * 1°0) using a thermometer in con~
junction with a Sunvic EA4M electronic relay.? The samples were sealed
in glass ampoules under N, and placed in the vicinity of thermometer

bulb.
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IR: IR experiments were carried out on (25 = 50 p thick) films of
polymers made either by evaporating the solution or by pressing a mixture
(polymer + K Br) or molten material. Oriented films were, however,
prepared as follows:

Polyethylene sulphide: A small specimen was heated very close to
Tm until it was soft and drawn rapidly.

Other polymers were oriented by rolling at room temperature using

a hand driven roller.

2.6.3 Characterisation

Differential Scanning Calorimetry (D.S.C)

The melting points (Tm) for the polymer samples were measured using
a Perkin Elmer D.S.C. model-2 instrument. This instrument
allows a programming of the initial temperature, the heating or cooling
rate (0.312 to 320 degrees/min) and the final temperature. The sensit—
ivity varies from 0.1 to 20 M cals/sec. and the temperature is controlled
and displayed within 4 digits to a tenth of a degree. Only a few mg
of sample are required.

N2 gas is used to purge the holders and to prevent the oxidation
of thé sample. The normal temperature range is 323 to 1000°K. Calibra-
tion is carried out using standard transitions.

In a D.5.C. instrument, a thermal transition e.g. melting, boiling
or crystallization, is displayed as a peak on a recorder and results
from the change in power required to maintain a sample in a holder and
a reference holder at the same temperature. The area under the curve
indicates the energy supplied to or removed from the sample.

Crystalline melting point (Tm) is a first order transition. The
temperature of the sample does not change during a first order transi-

tion- hence Tm may be determined as shown below:
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FIC. 2.8
In the usual experiments, a sample weighing ~10 mg was pressed

into a small aluminium holder and placed in the sample compartment of

the instrument. The heating rate was 5°C/min and the sensitivity

5-10 M cals/sec. Tm was measured as shown in¥Fig.2.8,by joining the

slope and base of the endothermic peak.

Density
The densities of various samples were measured by the floatation

method usually in aqueous Na28203 solution at 25°C.

X-ray diffraction patterns and degree of crystallinity

Wide angle X-ray diffraction patterns were recorded on a Phillips
diffractometer using Ni filtered Cu&u radiation (A = 1.54 Z). Low
angle X-ray measurements were made by Dr. G.V. Frazer on the author's
request.

The degree of crystallinity is a function not only of the sample
treatment but also of the technique used for its measurement.g4
Presently, however, this parameter for various samples was measured from
wide angle X-ray diffraction patterns as the relative per cent crystall-
inity >,

A crystalline but unoriented polymer specimen gives a typical
X-ray pattern as shown in Fig. 2.9. In this pattern sharp peaks are

considered to arise from crystalline regions and the broad diffused

area under the peaks from the amorphous regions.



FIG. 2.0
The degree of crystallinity is defined as the ratio of

the intensity of X-rays.diffracted by the crystalline regions to

that diffracted by the material as a whole: The relative

per cent crystallinity is obtained by multiplying the product by 100.

The accuracy of the results thus obtained is sometimes not good

because of the uncertain base line and nonsymmetrical peaks.

Since

high accuracy is not required inthis work, such results are quite

acceptable.

2.7 TFluorescence

The most troublesome problem encountered in Raman spectroscopy of

polymers is the background emission which sometimes overlaps the whole

spectrum, and is believed to arise mainly from fluorescence.

It takes

the form of a very broad background spectrum which reaches a maximum

height at a cm_1 shift which is dependent on the wavelength of the

exciting line (Table 2.2). A typical background spectrum (Stokes—

Anti Stokes) is shown in Fig. 2.10 from which it can be seen that this

phenomenon occurs mainly to the red side of the exciting line.

Dependence of Fluorescence Background on the

Exciting Line

Exciting Line Fluorescence Maximum
(cm™1) (o)
20945 17850
20430 17690
19490 17370
17600 16270

15800 15200

Shift
(Aem™ 1)
3095
2740
2120
1330
600
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The main reason for the occurrence of this phenomenon appears to
be the presence of impurities e.g. trace amounts of foreign materials.
Some impurities seem to be particularly destructive e.g. silicon
grease.

A number of methods have been devised to combat this problem. No
method seems, however, universally applicable.

In the present work following methods were employed to remove

fluorescence.

Removal by exposure to the laser beam

Usually it decays when the sample is exposed to the laser beam for
some time before recording the spectrum and does not return even if
the laser is temporarily extinguished provided the sample remains firmly
in position. The extent of removal varies not only with a particular
sample but also wavelength, power and period of exposure. The reason
for this behaviour seems to be the oxidation of impurities as indicated
by a bleached spot at the focus of the laser beam.

Though this method proved to be particularly useful for polyethylene
sulphide, polytrimethylene sulphide and polydecamethylene oxide, it

brought about no improvement in the case of polyphenylene oxide.

Removal by | §oxholet extraction

If the impurities and the polymer have different solubilities, the
most convenient method to remove them consists of Soxholet extraction
using a suitable solvent. This method was employed to polyphenylene
oxide and high molecular weight polytetrahydrofuran but no improvement

was indicated.

Removal by E.D.T.A,

. . . 95 .
In a private communication Atalla proposed that spurious metal
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ions might cause fluorescence in view of the fact that the spectra of
some cellulose materials containing trace amounts of Fe, Ni and Co
ions showed considerable improvement after treating with aqueous solu~
tion of E.D.T.A. Therefore, a small specimen of polyphenylene oxide
known to consist of trace amounts of Cu and Na ions was mixed with
aqueous solution of E.D.T.A. and after storing for two days washed
several times with deionised water. The sample was then dried under
high vacuum and examined. No improvement in the spectrum was, however,

observed.

Removal by the addition of quenching materials

It has been suggested that the addition of trace amounts of some
. . . 96
chemicals e.g. dinitrobenzene can quench fluorescence” . No success
could, however, be achieved even with this method in the case of

polyphenylene oxide.

Removal by activated charcoal

This method consists in shaking a polymer solution with activated
charcoal followed by filtration and seems to be valuable for many
purposes. The polymer is recovered from the filtrate by precipitation
and dried under high vacuum.

Sometimes a difficult situation may arise when fine particles of
charcoal pass to the filtrate and become an additional source of
impurity. This may be avoided either by using several layers of filter
paper and repeating the filtration or by centrifuging the filtrate
before precipitation. Very great care is needed to wash the containers
before subsequent filtration since fine charcoal particles may remain
stuck to the walls and may not be visible with naked eye.

This method was successfully applied to a number of polythi¢thers.
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This too, however, failed to give any good results in the case of
polyphenylene oxide. The failure in the latter case may be assumed
to have resulted from the solubility of polyphenylene oxide at
elevated temperatures only ( 80°C) in certain solvents at which
temperatures the absorption characteristics of activated charcoal
might be less effective.

Thus it is clear that none of these methods is universally
applicable. Polyphenylene oxide did not show any spectrum in spite of
the concerted efforts described above. Nevertheless, considerable

evidence has emerged that fluorescence is caused mainly by impurities.
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3.1 Substituted benzenes

Upon substitution of the benzene molecule, the symmetry is in
most cases lowered and the degenerate vibrations are split into their
components (See Varaanyi}GS for normal coordinate analysis of benzene
and its derivatives). The symmetry of each of the various types of
monoatomic substituted benzenes is given in Fig. 3.1.

Characteristic vibrations in substituted benzenes are those in
which the carbon atom(s) linking the benzene ring with the substituent(s)
and the atom(s) of the substituent(s) undergo insignificant displace-
ments during the vibration. The vibration itself is localized on the
atoms of the benzene ring that are removed from the point(s) of substi-
tution. Nonspecific vibrations are those that are essentially localized
on the bond joining the ring with the substituent(s) and on the angles
nearest to it, all of which undergo comsiderable displacements. See
Bogomolovmg”173 for a classification of the characteristic vibrations
of mono, ortho, meta, para and 1,2,3 trisubstituted benzenes.

Nevertheless, it is a collection of characteristic frequencies
rather than a single one which determines the type of substitution.

Despite the fact that Raman frequencies are more useful than the

IR ones for skeletal characterization, they have been investigated less

extensively in the case of substituted benzenes.

3.1.1 Review of literature:

Raman

Several authors including Hibben3, Kohlrausch et al4 and Jones and
Sandorfy5 have reviewed moderately extensive series of substituted
benzenes mostly with alkyl substituents at mono, 1,2; 1,3 and 1,4

positions. Their results may be summarized as follows;
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Table 3.1

Classical Raman group frequencies for mono and disubstituted

benzenes
Type of substitution A v c:*m”I Mode
Mono 620 = 3(W) Ring deformation
1000 + 3 (8) Ring breathing

Higher in some molecules
e.g. toluene (1022 cm— 1)

1027 + 2(W) BE-H),1n plane c-H
deformation
1155 + 5(V) v (c-m), out-0f- FL&n?
c- deformatio
1195 + 15(V)
1,2 711 ~ 736 y(C-H) .
1030 * &4 - g(Cc-1)
1,3 711 - 736 y (C~H)
1000 + 3 Ring breathing
1,4 796 - 824 B(C-H)
In the late sixties Green et a1174~188 reported a series of

fifteen papers on the vibrational spectra of various benzene
. . 97 . 22
derivatives. Very recently, Schrader et al” ', Dollish et al and
14 . . .o

Freeman  have reported their conclusions specifically on the charac~
teristic Raman frequencies of substituted benzenes. Although these
latter sets of conclusions are based upon larger number of compounds,
it is felt that various substituent groups are still not wepresented

or insufficiently represented in their derivations.

IR

On the other hand, although IR group frequencies exist for

almost all substituted benzenes they are subject to different sorts
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of limitations. The most characteristic band patterns in the IR
spectra of substituted benzenes occur in the frequency ranges of 700
.189,99,107,189 _,100

to 850 ecm = and 1650 to 2000 cm =~ (Fig. 3.2), and arise from the out-
of-plane CH deformations and their overtones respectively. The bands
arising from polar groups in the frequency range of 650 to 1900 cm"},
however, tend to deform or overlap them thus making the identification
of the substitution type difficult and sometimes impossiblezo

Due to these facts, Raman characteristic frequencies have been
deduced in the present work from an analysis of“>200 substituted ben-

zenes with substituents belonging to a large variety of molecular

groups.

3.2 Monosubstituted benzenes

3.2.1 Results

The Raman correlations derived from more than 70 spectra have been
given in table 3.2 together with the IR ones. The latter correlations
have been adopted from Bellamyzo. Fig. 3.3 represents typical Raman

and IR spectra of monosubstituted benzene.

3.2.2 Discussion

Evidently the present correlations do not differ much from the
already existing ones. However, these suggest more relaxed and meaning-
ful spectral ranges for the characteristic bands but cast doubts on
the diagnostic validity of some characteristic bands referred to above.
The depolarized band nearavy 620 c:m"I classically recognised as a parti-

- 3 .
cularly characteristic band 2455 can not be recommended firstly because of

its too low intensity in certain cases and secondly because of a coincident

4
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medium intensity band due to the NO2 bend. Its narrow range, however,
suggests its validity particularly for liquids where polarization
measurements are possible. The intensity of this band increases with
electron withdrawing groups.

The low intensity of the Raman bands betweengv 650-850 cmm1 is a
remarkable characteristic of monosubstituted benzenes. Despite their
low intensity they eventually give some useful information about the
related molecular features. The molecules associated with heavy sub-
stituents like halogens, metals and metalloids give rise to an X~
sensitive band betweengv 650~720 cmfl. The frequency of this band
appears to decrease with increase in the weight of M-¢ (M = atom of X
attached to ¢) and its intensity appears to decrease with increase in
the electronegativity of M. Almost all alkyl or partially alkyl
substituted compounds show W~MW polarized band betweendv 720-790 cmwl.
Very electronegative substituents drive the frequency of this band upto

4v 850 cmnl.

The pair of polarized bands betweenav1000-1030 cmfl, are the
most spectacular bands in the spectra of monosubstituted benzenes.
The band nearsv 1000 cmwl is the strongest in the whole spectrum apart
from those due to the conjugated functional groups. It also occurs in
spectra of M-disubstituted and 1,3,5 trisubstituted benzenes wherefrom
it can be easily distinguished by the occurrence of the weaker com—
panion band neardv 1028 cmnl. Abnormally high frequencies of this
band for alkyl benzenes as referred to in the 1iterature3, were mnot
observed. However, slight variations in the frequency of this band are
very difficult to interpret., These are perhaps connected with both
electronegative and steric effects of the substituent. A more recent

15 . . . . .
proposal that oxygen and nitrogen containing substituents cause this

band to appear below aboutgv 1000 cm“I while others drive it to slightly
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higher frequencies, is not correct in view of the present investiga~
tion. The variations in the frequency and the intensity of the band
nearav 1028 cmﬁl, seem to be induced by the X-sensitive mode occurring
close to it in frequency, in an analogous manner to the corresponding
IR banlel’IOZ.
The classical proposallo3 that the bands nearav 1150 cm."I and

1195 cm“1 have some analytical value is incorrect because of the
occurrence of similar bands in other types of substituted benzenes.

The depolarized vC=C band nearav 1600 cmm1 is usually weak but its
intensity increases considerably if the substituent is capable of
becoming involved in delocalization with the ring. Monophenyl alkyl
benzenes and di and polyphenyl monosubstituted benzenes show more than
one band in this region, of which one nearav 1600 cm»l, is usually
the strongest. Heavy substituents like halogens, metals or metalloids
cause downward shifts in frequency. The increased intensities of these
97
(C6H5)ZSO, (C6H5)3As, (C6H5)3P can be attributed to the donating of

bands in the case of some di and triphenyl compounds like (C6H5)ZSO

the ring electrons into the vacant P or d orbitals of the substituents
which causes delocalization of the ring electrons.

The C-H stretching bands @ 3050-3080 cmﬂl) are only slightly
polarized probably because of the coincidence of A and B class funda—
mentals. Monophenyl alkyl benzenes and di and polyphenyl compounds show
more than one band in this region; that at a moderately high frequency
being the strongest.

In the IR absorption, the bands given in table 3.2 can be regarded
as characteristic for monosubstitution. The band near Y740 cm,ﬁ1 also
occurs in O-disubstituted benzenes and can be distinguished by noting
the absence of that near700 cmm1 in the latter type of compounds.

Like other substituted benzenes, monosubstituted benzenes show a
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characteristic pattern of bands between VvV 1650-2000 cmfl (see Fig. 3.2).
The number and intensity of these bands are very characteristic of the
type of substitutionlOO.

While no exception to the Raman correlations has been noted in
more than 70 compounds examined, the IR correlations can be regarded
as holding good in a limited number of cases only. The lower frequency
bands undergo considerable anomalous shifts and the band pattern between
v 1650-2000 cmn is overlapped or deformed in the case of nitro and
carboxylic compounds (see Fig. 3.4). However, it is clear that the use
of both of these correlations together can yield an unambiguous

analysis of the substituted benzenes.

3.3 Disubstituted benzenes

3.3.1 Results

Tables 3.3, 3.4 and 3.5 give Raman correlations derived from an
analysis of more than 70 disubstituted aromatics together with the IR
ones. The latter refer to Bellamy. Figs 3.5, 3.6 and 3.7 show typical
Raman and IR spectra of ortho—, meta— and para disubstituted benzenes

respectively.

3.3.2 Discussion
The tables 3.3, 3.4 and 3.5 reveal that the classical Raman corre-—

lations (Table 3.1) are limited in application to alkyl benzenes only
i.e. the source of their derivation. The present correlations extend
over larger spectral ranges representing progressive changes in the
regions:av 700~-900 cm”1 andav 1000-1100 cm"1 subject to the type of
disubstitution (see Tables 3.6, 3.7 and Fig. 3.8). The latter region
is particularly significant for recognizing the type of substitution.

~1 . .
The strong polarized band nearav 1000 cm = due to symmetric ripg
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breathing mode (see Table 3.5, Fig. 3.5) is given by all monosubstituted,
M-disubstituted and 1,3,5Vtrisubstituted phenyl compounds as stated
before, but that given by M-disubstituted compounds can be distinghished
from others as follows: Like monosubstituted benzenes no similar band
is given by M-compounds nearav 1030 cm.m1 and 1,3,5 trisubstituted
aromatics show no comparable band nearav 1095 cmf} as given by the
M—-compounds. This band can be further characterised for M—compounds

only by noting the absence of any medium to strong intensity band in

the out—of-plane C~H deformation region i.e.av 700-800 cm—1 in the
spectra of mono and 1,3,5 trisubstituted aromatics.

The identification of O-substitution is exceedingly simple. The
strong polarized band nearav 1040 cm.”I (see Table 3.3, Fig. 3.5) is
unique in position and strongly points towards O-disubstitution. This
band sometimes splits into two as observed in the case of alkyl or
partially alkyl substituted benzenes. This is perhaps due to inter—
action with the aliphatic C-H deformation mode of the substituents.

No intense band is given by the P-disubstituted benzenes in the
region betweenav 1000-1070 cm“1 (see Table 3.5, Fig. 3.7). Nevertheless,

in contrast to other types of substitution the GAP represented by this

region in the spectra of P-substituted aromatics, hints towards P-
subgtitution.

The characteristic bands in theav 700-900 cm.”1 region (YC~H)
(see Tables 3.3, 3.4, 3.5, and Fig. 3.5, 3.6, 3.7) further support the
above conclusions especially in the case of P-substituted benzenes
where these bands are not likely to be confused with those in other
compounds because of their occurrence at sufficiently elevated
positions.

The identification of P-substitution is further facilitated by two
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Table 3.6

Progressive changes in the YC~H region ay 700~900 cmhI

XCGH, Y
X Y 0- M~ P~
av cm— av cmﬂ E AV cm—
o COOH 775 S 760 MS 843 MS
853 MS
oH oH 780 S 750 M 860 S
c1 c1 756 VW 2 750 S
CH, oH 838 S 749 S ?
oH CO-H 775 S 788 S 850 M
CH,,0 CH,0 762 S ? 824 S
c1 NH, 840 M 700 M ?
Table 3.7

Progressive changes in the region between v 1000-1100 cm“I

XC6H4Y
X Y 0- M~ P
av CIII- av cmﬁ :AY cmn
C1 Cl 1040 S 999 s
1068 W -~
Cc1 NH2 1028 S 1003 S
1087 W ?
OH OH 1048 M 1006 W
1092 W -
OH COOH 1035 8 1000 S
1079 VW -
On CO~H 1034 8 1000 S
1120 VW 1050 W

? = Not investigated.
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other features i.e. bands between (i)dav 625-640 cmﬁ1 (1i1)av 1070-1300
cm~1 (see Table 3.5). Despite the weakness of the bands between
AV 625~640 cm—1 they seem to have great utility in the diagnostic
analysis because of their recurrence within a narrow range.
The depolarized weak band nearav 1600 cmm] is usually accompanied
by 1-2 weaker bands in its vicinity in the spectra of all disubstituted
benzenes (see Tables 3.3, 3.4, 3.5). This band undergoes slight varia-—

tions in frequency depending upon the type of substitution as below:
0 -<M=-<P -

The intensity of this band increases considerably when the substituent
is conjugated with the ring. Hydroxy, ester, amino and alkyl groups

cause upward frequency shifts of this band as follows:

Hydroxy > Amino> Ester > Alkyl

On the contrary, the groups such as halogens, NOZ’ COOH, CO-H and CHBO
cause downward frequency shifts in the following order:

Halogens < N02 < CH3O < CO=-H < COOH

Most of these conclusions are consistent with the results of
prior studies on ethylenic compound5104’105’106.

The C-H stretching vibrations give rise to a pattern of one to
four partially resolved bands betweensv 3060-3110 cmﬁl, the strongest
being betweengv 3070-3095 cmyl. (See Tables 3.3, 3.4, 3.5). These
bands are only slightly polarized probably because of the coincidence
of the A and B class fundamentals. Unless the presence of the ring is

confirmed by other features, the precise assignment of these bands may

not be diagnostic because of the coincident bands due to vC-H and
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v = C-H in the case of aliphatic molecular groups. Slight

variation in the frequency of these bands follow this -order

according to the type of substitution:

P->0->Mn~-

Alkyl and halogen substituents cause downward frequency shifts. Fermi
interaction with the summation tones and overtones of vC = C, sometimes
seem to cause an immense increase in the intensity of these bands.

In the infra red absorption the bands between (i) v 700-900 cm_l
(ii) v 1500-1610 em | (iii) v 3040-3100 cm ' and (iv) the character-
istic pattern of bands between v 1650-2000 cm—1 (Tables 3.3, 3.4,3.4,
and Figs 3.5, 3.6, 3.7) represent the counterparts of the characteristic
bands in the Raman discussed presently.

The out—of-plane C-H deformation ranges in the IR suffer from the
same shortcomings as discussed before. Therefore only the joint use

of Raman and the IR characteristics can yield the best results.

3.4 Trisubstituted benzenes

3.4.1 Results

The characteristic Raman frequencies for various types of tri-
substitution are given in Table 3.8 together with some IR results.
The latter refer to Bellamyzo. Typical Raman and IR spectra are shown

in Figs 3.9, 3.10 and 3.11.

3.4.2 Discussion

It is clear from Table 3.8 and Figs 3.9, 3.10 and 3.11 that the
identification of 1,3,5 trisubstitution is relatively more easy than
other types of trisubstitution because of the recurrence of a very
strong feature near 1000 cmfl. The latter also forms the basis for
the identificafion of mono and meta substitution. The distinction of

1,3,5 substitution from mono and meta substitution may, however, be












Substitution Molecule
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made by noting the absence of characteristic features which appear
only in the spectra of mono and meta substituted compounds (Table
3.2 and 3.4).

The distinction between 1,2,3 and 1,2,4 trisubstitution may be
made by the characteristic bands betweenyv 650-850 cmml. The number,
intensity and frequency of these bands seem to be highly characteristic
of 1,2,3 and 1,2,4 trisubstitution. This may be seen more clearly
from the details of the prominent features in some of the analysed
compounds belonging to the two classes of trisubstituted benzenes as

below.

Characteristic Frequencies

Avcmn]

CH
') >3 0H 708(S), 824(MS), 1081(M), 420(W)
CH,
NO,,
NH, 600(S), 817(S), 1110(M), 410(W)
No,
o
oH 600(S), 820(M), 1110(M), 400(W)
NO,
c1
@ oH 600(S) 830(W) 1060(M) 450 (M)
clL
CH,
<i::::::> COOH 630(S),730(S),845(W), 1080()  430(W)
OH
COOH
NO, 790(S) - 1070 (M)
COOH
OCH,
OCH, 700(8) 802(W), 1095(MS), 370(W)
OCH

(O8]
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710(S) 824 (W) 1062(M), 450(W)

500(8), 800(W) 1080(M), 400(W)

710(S), 820(MS) 1080(M), 370(W)

730(VS), 1026(W), 308(MW)

741(VW), 1085(M), 282-302(M)

7631VS) 1036 (VW) ,  274(MW)

774(M) 1020(VW), 290(VW)

771(MS) 1050(W), 298(MW)

721(VS),776(MS), 988(VW), 288(W)

774(8),782(S), 1075(MW), 240(S)

792(W) ,834(8), 1073(VW), 342(VW)

834(s), 1104(VW) 304(VW)
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Although IR characteristic frequencies exist for different
types of trisubstituted benzenes (Table 3.8) they are far less reliable
than those belonging to mono and disubstituted benzeneszo.

The characteristic Raman frequencies in contrast to the IR onmes,
are though relatively less reliable than those of mono and disubstitu~
ted benzenes, can play an important role for the characterization of

trisubstituted benzenes.

3.5 Tetra, penta and hexa substituted benzenes

3.5.1 Results

The characteristic frequencies for various types of tetra
substitution and penta and hexa substitution are listed in Table 3.8.
The IR results are also given from references 98 and 99. Typical
Raman and IR spectra are presented in Figs. 3.12, 3.13, 3.14, 3.15 and

3.16.

3.5.2 Discussion

Tetrasubstitution

The characteristic frequencies for tetrasubstitution seem to be
far less conclusive than even those for trisubstitution:. Their utility
may, however, be enhanced if the following qualifications pertaining
to them are considered:

Whilst 1-2-4~5 tetra substituted benzenes give rise to a strong

to very strong band betweengv 740-800 mel, [-2~4~6 tetra substituted

benzenes rarely give rise to any strong band betweenav 700-790 cmfl.
[a very strong band occurs in this case betweenav 830~845 cmmlif"atuleast
one of the substituents is a halggen or a NO2 group].

On the other hand, the frequency range 700-800 cm”} is not

characteristic for 1-2-3~4 tetrasubstitution since strong or weak

bands may occur randomly in this range.
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Penta and hexa substitution

Although only a few new compounds of these classes could be
analysed because of the scarcity of these compounds, it may be con-
cluded that the band patterns occurring in the spectra of various
compounds do not show any common features. However, the vanishing of
the bands associated with C~H stretching betweenav 3030~3100:cm~] in
the case of hexasubstituted benzenes, and their weakness in the case
of pentasubstituted benzenes may serve as a useful clue for the identi-
fication of hexa and penta substitution.

Unfortunately, the IR characteristic band patterns are also
unrealiable in the case of tetra, penta and hexa substitution because
of their complication with increasing substitution. Therefore, it may
be suggested that the joint use of Raman and IR results especially in
these cases may yield more useful information thait the use of any single

set of results.

3.6 Aromatic carbonyl groups

The aromatic carbonyl groups give rise to bands of variable
intensity betweenav 1630~-1870 cmﬂ1 due to vC = 0 and betweenav 1200~
1300 cm.—1 due to VvC~0 in both the Raman and IR, The frequency and
intensity of these bands varies in almost the same way as of those due
to vC=C. The electronegative groups on other positions also modify
their frequency or intensity due to induction. The bands are almost

always polarized.

3.6.1 Aromatic acids

Aromatic acids exist in two forms! associated and unassociated.

The associated acids almost always occur as dimers and possess a centre

of symmetrylog’}og. The symmetric band occurs nearpv 1650 cm.—1 in the



Table 3.8

Characteristic frequencies of tri, tetra, penta

substituted benzenes.

and hexa

IR correlationsb

Type of Vibrational Raman correlations®
substitution mode (A -1 -1
vem ) (vem )
Trisubstitu-
ted benzene
1,2,3 370450 (W-M)
600-710 (S),p 780~760
v (CH) 800~840 (W-M)dp 745-705
8 (CH) 1060-1100 (M)
1260~1300 (V)
1,2,4 270~310 (V)
825~805
vy (C~H) 765-775 (M8-8),P 885-870
B8(CH) 1020~1050 (W)
1,3,5 Ring breathing 1000 = 5
Weaker bands characteristic
of mono and meta disubstitu—
tion absent
850830
700~-680
Tetrasubs~
tituted
benzenes
1,2,3,4 (i) 350-390 (W~8)
v (C~H) (ii) 740-~800 (8),P 870~855
1,2,4,6 No strong band between Av
700-900 cm™! except when
the substituents are either 850~840
halogens or N02 groups
1,2,3~4 No characteristic band 810~800
patterns (By inference
onlyI )
Penta No characteristic band
patterns. The C-H stretch-— 870
ing bandﬁ between 3050~
3100 cm ' are weak
Haxa No characteristic band
patterns. The C-H stretch~ None

ing bands between 3050~
3100 cm”! are absent.

a: Bands between 1540-~1610 cm”1
b: Most characteristic bands

and 3040-3100 cm |

are not given:


















Raman which on dilution shifts tosgv 1730 c:mrq1 and is assigned to the
unassociated molecule. The asymmetric band occurs nearav 1720 cm,”1
in the IR and does not vary much for the unassociated molecule. Halogen
groups on other positions of the ring elevate vC=0 whilst nitro and
hydroxy groups cause downward shifts. The complementary nature of the
Raman and the IR correlations is evident from the various frequencies
of the carbonyl bands. The symmetric and the asymmetric frequencies
which indicate the association or nonassociation of an acid, can be
known only by the simultaneous use of two techniques. Further, some~
times it is very difficult to identify an acid or carbonyl group
because of the just coincidence of the carbonyl band with the¥C=C band
in the Raman [é.g, Hippuric acid: v1602 cmusl.

Apart from the carbonyl stretching vibrations several other
characteristic vibrations occur which are strong pointers towards the

presence of an acidic group. (Table 3.9)

3.6.2 Aromatic aldehydes

The aldehydes have been investigated in detail by Kohlrausch and
Kopplello. They have noted the changes in the carbonyl shift occurring
due to substitution with other groups on various positions of the

112

111 . . .
molecule. Thompson et al. ° have investigated the IR characteristics

of the aldehydes.

The present findings in general agree with the previous results.
The aldehydes generally give rise to two carbonyl bands: one near
av 1650 cm_”1 and the other betweenav 1670-1700 cmﬂl. The duplicity of
the carbonyl bands can be attributed to the interaction of the C-H
deformation summation tone with vC=0 . The weak maxima between
av -2720-2840 cm“1 due to vC-H of the aldehyde group further confirms the

presence of this group. (Table 3.9)
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3.6.3 Aromatic esters

The Raman spectra of esters have been reported by Cheng113 and

the IR ones by several othersll4’}}5.

The aliphatic esters show

higher carbonyl shifts than the aromatic ones. The carbonyl frequencies
in the esters are uniquely placed as compared to the acid, aldehyde

and the Ketonic carbonyl groups. (Table 3.10). R and X greatly modify
the overall frequency (see below). In general, the frequency

decreases with X as follows:

COOR

‘—Ester > COOH > NO, > Halogens > NH, > OH

2 2

X (or O- or M~ )
The O-substituted esters show slightly higher carbonyl frequencies
than the corresponding M and P-substituted ones. The inductive effect

of R seems to inhibit the conjugation effect on the intensity of

these bands.

3.6.4 Aromatic anhydrides

The anhydrides have been only slightly investigated in the Raman

s0 far}]6. The IR carbonyl frequencies of these compounds have been

reported by Kartritzky and Jonesll7’118,
The occurrence of the carbonyl bands [more than one] at uniquely

elevated positions, 49 1720-1880 cm.__1 strongly indicate the presence of

an anhydric group (Table 3.10).
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3.7 Aromatic methyl and fluoride groups

It has been observed in a large number of cases that when
Methyl or Fluoride groups occur at 1,3 positions on the benzene ring
such that the substituents on the adjacent neighbouring positions are
different, they give rise to a very strong polarized band between
Av 560~ and 580 me! (Table 3.11)., The frequency and often the intensity of
this band, however, decreases abnormally when the substituents on the
adjacent neighbouring positions are similar. (Table 3.11)  This band
will, therefore, be characteristic in the (a) case and not in the (b)

as shown below:
Y
X ’@/X
or €] or
>(’//, \\j( Z?/ I N\\\/; )(/" - \jK \(/’ \\A{
X

The frequency range in the (a) case is so tight and the intensity and

polarization is so unmistakable that this band may be regarded as one

of the most important group frequency correlations in the Raman effect.
Although Methyl and Fluorxide groups give rise to similar features

in other spectral parts also, distinction between them may be made by

a careful study of some minor differences. Both groups give rise to the

follewing characteristic bands, apart from the one betweenav 560~ and

580 cmfl.

(i) av 1370-1385 em”! (symmetric deformation)
(i1i) av 2550~-2740 cm~1 (overtone of symmetric CG-H deformation)
In addition they cause an upward shift in the frequency of the

band near 1600 cm.n1 (vC=C).
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3.8 Conclusion

It is obvious that the substituted benzenes give rise to
characteristic Raman bands in the frequency ranges of 600 to 900 cmm1
and 100~-1040 cmfl. Further, every substituted benzene gives rise
to characteristic bands in the frequency ranges of 1540 to 1610 cm~1
and 3040 to 3100 cmfl, except hexasubstituted ones which give rise to
Av 1540 to 1610 cm—1 bands only. The use of the latter bands together
with the former is essential since while the former bands may arise
in the spectra of organic compounds other than substituted benzenes
also, the latter are observed in the spectra of substituted benzenes
only. Whilst the characteristic bands of mono di and tri substituted
benzenes are very reliable, those of tetra, penta and hexa substituted
benzenes may only be used as hints.

Highly polar groups e.g. N02 and halogens have the effect to
disturb or widen the frequency ranges for the characteristic bands
whilst other polar groups e.g. carbonyl groups, NHZ’ OH etc. seem to
cause no such disturbances. 1In a particular set of correlations the

frequency seems to decrease in the following order

NO, < carbonyl groups < OH < OCH, < alkyl < halogens

2 3
Generally, Raman frequencies seem to be more characteristic than IR
ones. However, the joint use of both Raman and IR techniques is expected
to yield more reliable results than from a single techmique.

The molecular groups attached to the benzene ring also give rise
to highly characteristic frequencies. Apart from the carbonyl groups,
Methyl and Fluoride groups at 1,3 positions have been observed to produce

one of the most important characteristic frequencies in the Raman

effect.



These findings constitute a large fraction of the results
obtained under this project. Their versatility and usefulness may
be realized from the list of compounds given in appendix I from

which they were derived.
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4,1 Introduction

Polyethers and polythicethers are members of the polymer series
with general formula {}CHZ%;i}n where Y = 0 or S respectively. This
series gives polyethylene as the limiting case when m becomes infinity.
It has been shown that these polymers undergo remarkable variations in
physical properties as m increase589 (Fig. 4.1 and Table 4.1).

These variations in physical properties do not occur simply because
of different chemical structures of these polymers viz one by one
increase of methylene units between O or § atoms, since these are not

steady and regular. In fact, X-ray analysis of polyethers (m = I"IZ)SXMSS

-121,92
H19-120, ¢ shown that the cause of

and polythicethers(m = 1-3,5)
variation in physical properties is rooted in different molecular and
crystal structures of these polymers. This may be conveniently seen
from Table 4.1, which also gives a summary of their structures. Since
variations in the structural order may cause corresponding variations
in the associated physical properties, it is important to determine the
former by some convenient means, in order to follow the latter.

Since vibrational spectrum of a polymer fingerprints its molecular
and erystal structures, vibrational spectroscopy offers such a means.

The purpose of this study has been to investigate the effect of

various conditions on the structures of the above series of polymers,

(with m = 1-6,10), using vibrational spectroscopy,

This work
The discussion in this chapter is concerned with lower members of
the series i.e. m = 1-3. There are a number of reasons which justify

this work as follows:
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FIG. 4.1 MELTING POINTS OF POLYETHERS AND POLYTHIOETHERS
PLOTTED AGAINST THE NUMBER m
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(i) Combined Raman and IR studies have been reported on polyethersIZém

}37,138,1409141 With m = 1""‘2 Only- Further,

: and polythicethers

the previous Raman measurements have lacked resolution and detail.
This precluded not only the observation of a number of predicted bands
in the high frequency region ( ~ Av 100~3000 cmﬂg) » but also provided
no information on the modes occurring at lower frequencies.
(ii) No Raman spectrum of polyoxacylobutane, EKCHZ) "é} , hés been
reported. ’ :
(iii) Neither Raman nor IR spectra of polytrimethylene sulphide have
been reported.
(iv) The vibrational analysis has so far been mostly confined to the
features arising from an isolated chain. The effects of thermal treat—
ment, cooling or heating or interchain interactions have been scarcely
investigated.

Features arising from disordered structures have been occasionally
explored,

Thus detailed Raman and where required IR vibrational analysis
is needed either to supplement the already existing results or to con~

tribute towards not-yet-investigated structural aspects of these

polymers.

4.2 Polyoxymethylene (POM); {kCHz) Q}
n

POM has two crystal modifications; hexagonal and orthorhombic
(Table 4.1). Both modifications are helical but the helix of the hex~
agonal form is more tightly coiled than that of the orthorhombic one.
Further, hexagonal POM has only one molecular chain per unit cell,
whereas orthorhombic POM has two chains per unit cell. These structural

differences cause significant variations in their vibrational spectra.
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4.2.1 Hexagonal polyoxymethylene - POMHey

The fundamental vibrations of POMHex may be treated under the
factor group isomorphous to the point group D10 /9.123 This gives
5A1,5A2, HE1 and 12E2 symmetry species, of which A1 and Ez are Raman
active only, A2 are IR active only whilst EI species are both Raman

and IR active.
The Raman and IR spectra of POMHex have been measured and analysed
125-131 . 130 . .
by a number of authors . Zerbi and Hendra published the first
laser-Raman spectrum with the assignments based upon normal coordinate
analysis. Their assignments were later revised by SugetaiBl, The
previous Raman studies however lacked detail and resolution which pre-

cluded the observation of a number of predicted vibrational modes, and

features associated with amorphous and extraneous structures.

Results and Discussion

. The results of the present study have been presented in Fig. 4.2
which shows Raman spectrum of the solution crystallized (single crystals)
POM at 25°C and -180°C 3 and that of POM-d, at 25°C. A number

of new bands have been cobserved in these spectra. These occur between

Av 10-80- and at 553-, 1020~, 1119- 1325~ 01336~ and between 2800-3000cm |

the spectrum of POM; and between AVI0~130- and at 616~, 987-, 1158~ and
between 2100~2350 cmx”1 in the spectrum of POMde. The resolution secems
to be more pronounced at -180°C due to a considerable decrease in the
band widths which also results in shifting the band heads to higher
frequencies by 1~4 mel‘ In view of the present data, the revised
assignments for POM are collected in Table 4,2 together with the calcu-
lated and observed frequencies from reference 130, A few of the sugges-

tions require justification as follows:

in
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Table 4.2

Raman spectrum of POMHeX

(A revised assignment)

Present study Zerbi and HendralBO Calculated Species  Assignment

(Av cmﬁl) (Av cmwl) (v cm_I)
2924~29 - 2910 A v(CH.)
2°g
1491 1492 1491 §(CH,)
1336 1338 1324 T(CH,)
919 923 962 v(COC)S+6(OCO)
539 539 499 5(coc)s+a(coc)
2997 - 2979 E, v(CHz)
2929 - 2919 v(caz)
S
1472 - 1486 6(CH2)
1439 1434 1418 W(CH,)
1293 1295 1303 T(CHZ)
- - 1224 R(CH2)+6(COC)+
v(COC)S
1091 (1095) 1106 1077 v(COC)a+6(OCO)
934 936 916 v(COC)S
633 635 649 §(0C0)
- - 466 S(COC)+R(CH2)
27 - 26 (CoC)
2990 - 2972 E, V(CHZ)S
2952 - 2929 v(CHZ)
S
1491 1492 1490 S(CHZ)
1389 - 1419 W(CH,)
1325 - 1321 T(CHZ)
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Table 4.2 (Contd)

1119 - 1137 R(CH,)+v(COC) |
1020 946 956 v(COC) 4 +R(CE,) )+
§(0C0) 4
946 - 931 v(Coc)
553 - 552 5(COC) +6 (0C0)
- 190" 191 §(0C0)+8(COC)
- 180" 175 (COC)
60-66 - 57 T (COC)

* Spurious bands arising from the exciting line

Nongenuine bands

Av 979-, 1002~, 1311-, 1420~, 1452-, 1574- and 1600 cm .
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The frequencies of the observed Raman bands in the low frequency
region of POM [ﬁ5~(,S),27"(S),40~(W),50«(W),60*66 cmﬁl (MX] are very
different from those of the predicted ones [?6—(E1), 57*(E2), 175~(E2),
191 cmf](Ezi]. The observed bands at Av27- and 60-66 cm..1 may,
however, be assigned to the calculated ones at 26~(E1) and 57 cmfl(Ez)
respectively. Nevertheless the assignment of the other observed bands
is not possible, not only because their frequencies are widely different
from the calculated ones but alsc they are more numerous than the
predicted ones.

A band near Av 1020 cm.”1 seems to arise from a fundamental mode
since its intensity does not seem to vary appreciably with specimens of
various crystallinity e.g. crystallized from solution, quenched from
the melt and annealed close to Tp. This band may not be assigned to any
mode but the nearest one of Ez species calculated at Av 956 cmﬁl.

The band resolved near Av 1336 cm—1 at -180%¢ finds no explana-
tion on the basis of the calculated data.

The predicted bands near Av 466—(E1) and 1224 cmﬁI(El) have not been
observed in spite of the much greater resoclution achieved in this study.
These observations clearly point out to the fact that considerable dis-
crepancies exist in the normal coordinate analysis. This conclusion
is in full agreement with a previous assessment94 which indicated that
neither Urey Bradley force field nor valence force field seemédd to explain

the observed vibrational spectrum of POM.

Non genuine bands

In order to study the effect of crystallinity on Raman spectrum, 3
various samples of POMﬁex have been examined. From a comparison of the
spectra of "'as supplied' (Delyin 500), melt quenched and annealed
samples, it has been concluded that although bands generally broaden on

melt quenching and sharpen again on annealing close to T,» no band could
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be associated with the so called crystallinity or regularity bands.

A number of bands having considerable intensities, however, have
been observed in the spectrum of the 'as supplied' sample which could
not be assigned to any predicted vibrational modes. These bands (bottom
of Table 4.2 and Fig. 4.2) persisted even in the spectra of melt-
quenched and annealed samples. To clarify the situation, these spectra
were compared with that of the single crystal material. Since the latter
spectrum shows no such bands, they may be regarded as arising from
impurities e.g. additives et¢. Probably, these were the bands which

. 130 . .
Zerbi and Hendra thought as arising from irregular structures.

4.2.2 Orthorhombic polyoxymethylene - POMorth

Since POMOr has two chains per unit cell structure; every line

th

group mode is expected to split into a doublet under the factor group of

the space group isomorphous to the point group D Correlation splitting

9
for a number of IR bands has been observedIZS. No Raman band, however
has shown splitting in a previous studylso.

POM was prepared in this study by a novel method (see section

orth
2.6.1) to reexamine the expected correlation splitting in the Raman
spectrum. The Raman spectrum of the transformed sample of POMorth’
however, failed to show any splitting probably because it was not poss-~

ible in many cases to distinguish between the spectral features belong-

ing to either POM or POMH due to the low content of the former.
orth ex

4.,2.3 Conclusion

Several new bands have been observed in the Raman spectrum of
POMHex' Since a number of them may not be reconciled with the predict-
ions, a reassessment of the normal coordinate analysis is required. A

number of bands observed in the Raman spectrum of Delrin-500 may be
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attributed to the additives etc.
. . . . 129 . .
In view of the predicted interchain forces s correlation splitt-

ing in the Raman spectra of POMO is worth investigating using a

rth
sample having a high content of the latter.

4.3 Polythiomethylene - PTM, {bﬁzﬂé}
n

The molecular and crystal structure of PTM is given in Table 4.1.

The IR spectrum of PTM has been measured by a number of authorsl35’136.

Hendra et 31137 have reported laser Raman and IR spectra and tentatively

suggested some assignments of the observed bands. Recently Masaru

1 . . .
Ohsaku 38 has carried out a normal coordinate analysis of PTM and the
3 (n = 1-3). Since

the predicted vibrational modes were assigned on the basis of the IR

related simple molecules of the type CHBS(CHZS) CH
n

spectrum measured by these authors and incomplete Raman data from
Hendra et al, the measurement of a detailed Raman spectrum is required
to complete these assignments. Further, it would be interesting to
investigate the variations in Raman spectrum as a result of degradation
which seems to occur in this polymer even on ageing. Mass spectroscopic
study139 has shown that thermal degradation involves homolytic cleavage
of the C-S~C bonds evolving C82 and HZCS. A similar degradative mech~
anism for ageing would result in the accumulation of various chain
lengths on the surface of an aged specimen. Since the symmetry of the
resulting short molecular chains will beylowered, optically inactive

vibrational modes (degenerate vibrations) may become active, thus giving

rise to extra features in the spectrum.



4,3.1 Results and Discussion

The spectroscopically active vibrations of this molecule fall into

4 symmetry species i.e. A_, AZ’ E. and Eos of which A, and E, are Raman

1 1 2

active only, A2 are IR active only and E} are active both in the Raman

as well as IR spectrum. Fig. 4.3 shows Raman spectra at (a) 25°C and
(b) ~180°C. A few new bands are resolved in the (b) spectrum which may

be attributed to the decreased half band widths on cooling. The revised

assignments are given in Table 4.3 together with the previousl3z’138

ones and the calculated results. A few comments regarding the justific~—
ation of some of these are as follows:

The assignments to A1 and E., species have been made on the basis

1

of calculated results and spectroscopic activity. Since no calculations
exist for E2 species, the corresponding assignments have been made on
different basis. Whilst spectroscopic activity is the main consideration
for these assignments, it has also been checked that the concernmed bands
do not arise from the vibrations of amorphous structures. The calculated

frequencies of A1 (v 1406~, 1129~ and 331 cmﬁi) and E, species (v 1406~,

1

1129~ and 343 cm&l) fall close to the strong features near Av 1375-,

1177- and 354 cmﬁl. Since the observed bands are relatively broader than
the other bands in the spectrum and calculated frequencies due to the
above A1 and E} species are almost coincident, these bands may be assigned

to A1 as well as E1 species. This view will receive indirect support

from the discussion in the next section,

4 bands are predicted in the low frequency region Av 100-0 cmmlz

(A) 2 —, 78 cm )

1 Torsion

() 27 ~—, 90 em !

The calculations in this region seem to be rather misleading since the

observed bands are far too removed from the calculated frequencies as
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Table 4.3

Raman spectrum of PTM

Present study Hendra et 31139 Masaru Ohsaku}BS Species Mode
(v cmf]) (Av cm”l) (v‘cmﬁl)(calculated)
1375 1373 - (1406) A G(CHZ)
1177 1180 - (1129) T(CHZ)
649 648 - ( 614) v(CSC), §(SCS)
354 355 - ( 331) §(CSC),8(8C8)
47 - - (78) 1(CSC)
14.5 - - (2) §(SCS),8(CSC)
1375 - 1368 (1406)  E, 5 (CH,)
1166 - T173  (1187) W(CH,))
1177 - T1s5 (1129 T(CH,)
876 - 882 (821 R(CH,)
709 711 ?OS (723) v(CSC)
673 674 671 (624) v (CSC) , §(SCS)
354 - 355 (343) §(CSC) , 6(SCS)
206 - - (177) §(SC8), 8 (CSC)
68 - - (90) T(CSC)
21 - - (27) T (C8C)
295 - - - E2 §(CSC)
717 - - - v(C8C)
736 739 - - v(CSC)
745 748 - - v(CSC)
* IR results The bands arising from vibrations of amosphous structures

Av 420-, 590-, 585~, 876~  1124~, 1200~, 1229-, 1279-, 1318-,
14604-, 1420~, 1440-, 1450~, 1468 cm™!.
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shown below:

15 eml(s), 21 em (S, (Sh)), 47 em | (M), 68 cm | (W)

Since E2 modes are inherently too weak to be observed usually, the above
bands may be assigned to A, and El species considering their relative
intensities and frequencies. The bands belonging to A species are
expected to be stronger than those associated with E1 species. Thus

Av 15~ and 47 cmm1 bands probably belong to A] and those occurring at

Av 21— and 68 cmfl, to E, species.

1
On the whole, a considerable disagreement between the calculated
and the observed frequencies reveals the inadequacy of the normal

coordinate treatment (see Table 4.3) as observed in the case of POM

(see section 4.2.1).

Probing the origin of some spurious bands

The dotted bands in spectra (a) and (b) (Fig. 4.3), arise when
an aged specimen (3 years) was examined. These bands disappeared on
solvent extraction of the latter specimen. Annealing at 140°C for 2
hours caused the same effect. These bands which occur at Av 284-, 379-,
1184~ and 1355 mel’ are stronger and sharper than the neighbouring
bands at Av 296-, 354~, 1177- and 1375 cm“l. Since they disappear on
solvent extraction of the specimen or on its annealing, they seem to
arise from degradation products crystallized on the surface of the sample.
These degradation products, probably polymer fragments of various chain
lengths, are expected to cause a breakdown of the selection rules applic-
able to the established structure of the polymer. As a result, degeneracy

of the E1 or E, species will be lifted and the corresponding bands would

2
split into doublets. Thus the band pairs: (&v 296-, 284 cmﬁl), (Av 354~,

379 cmfl), (Av 1177-, 1184 cm”]) and (Av 375~, 1355 cmwl) may be regarded
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as resulting from the lifting of degeneracy in the case of Av 296 cmml(Ez),
pv 354 em | (A¥E)), Av 1177 cm | (A+E,) and av 1375 cm | (A+E)) bands.
This would also seem to support the assignment of the latter bands to
their respective species. Further these bands may be regarded as
"regularity bands' since these are the only bands which split on ageing.

It may also be concluded that ageing may be cured by either solvent
extraction or annealing at elevated temperatures. Whilst in the former
case, the oxidation products would go into solution, in the latter case
they would volatilize.

Annealing the specimen within 5°C of Tm'or melting seems to degrade
the polymer to an irrepairable extent since in this case not only the
scission of the polymer chain but also the breakdown of the whole chem~
ical structure seems to take place. A partial spectrum of a melt

quenched specimen is shown in Fig. 4.3(c).

Bands originating from amorphous structures

A number of bands have been observed which may not be reasonably
assigned to fundamental modes. They are weak and appear in the reported
IR spectrum as well. Many of these may be attributed to chemical faults
of the molecular chain e.g. bands near Av 420~, 509-, and 585 cm“} seem
to arise from structures like -£ 8~ and S-8~S, whereas bands near
Av

1404~, 1420-, 1440 and 1450 cm”I may originate from structures like

E(CHZ) ~S} where m > 3.
il

4.3.2 Conclusion

The measurement of the detailed Raman spectrum has resulted in the
following observations:

(i) Raman spectrum has been fully assigned on the basis of the
recently calculated frequencies. As observed in the case of POM, a con-

siderable disagreement exists between the calculated and the observed
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frequencies thus indicating the inadequacy of the force field used in
calculations.

(ii) Regularity bands have been identified which are highly
sensitive to chain conformation.

(iii) Some bands arising from amorphous structures have been

observed.

4,4 Polyethylene oxide -~ PEO, ijHZ)wq}n

The structural parameters of PEQ are given in Table 4.1. It has
been established by means of X-ray diffraction and vibrational analysis
that the line group of PEO is isomorphous to the point group D(4w/7)142’143.
The unit cell is translated by 4 molecular chains but their exact packing
symmetry within the cell i.e. space group is not known.

The vibrational spectrum of PEO has been analysed by several groups
under a number of condition5142~148. The Raman spectrum which is of
interest in the present study has also been measured using laser sources

147,148 \1though all but a few bands belonging to Raman-active

recently
Ai and EI species have now been observed and assigned to the predicted
modes, the bands belonging to E2 species have been scarcely detected
probably because of their inherent weakmess. The vibrational analysis

s0 far has tended to be based only upon line group symmetry. Neverthe~
less it has successfully interpreted the observed features at ambient
temperatures The present study, however, has resulted in the observation
of a number of bands at ambient as well as at cryogenic temperature

which may not be explained in terms of line group symmetry i.e. they may
not be reasonably assigned to the Raman active species AI’ El or E2 or

to vibrations originating from amorphous structures. These features

may, however, be explained if the space symmetry is considered.
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The purpose of the present study is to make detailed Raman
measurements at ambient as well as cryogenic temperatures. The results
thus obtained will be analysed in view of the previous assignments
made for the vibrations of an isolated molecular chain and also con~
sidering the interchain interactions. It is hoped that the latter would be
helpful in the prediction of the crystal symmetry (space group) and

the magnitude of interchain forces tentatively.

4.,4,1 Results and discussion

Raman spectra measured at 25°¢ (a) and -180°¢C (b) are shown in
Fig. 4.4 and for comparison the spectrum reported by Koenig et al (c)148
is also included.

It is clear that several new Raman bands have been observed which may
originate from molecular vibrations in one of the following situations.

Isolated chain -~ regular structure

Isolated chain ~ amorphous structures

Interchain -~ correlation splitting

4,4.1(a) 1Isolated chain —~ regular structure

In this connection the previous assignments have been assumed to
be reliable with the exception of a few ones which need some comments
in view of the present evidence. The new bands appear close to the

calculated frequencies of the Al and E, species and have been assigned

1

correspondingly. The assignments to the E_, species have been made by

2
. . . . . . 14

considering the frequency-phase relations given in Fig. 4.3. > The

revised line group assigmment of the Raman spectrum from present study

is given in Table 4.4 together with the calculated and observed results

from references 148 and 146,
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4.,4,1(b) Amorphous structures

The band at Av314 cm.—1 may not be assigned to the AI,EI or E2
species. It may, however, be attributed to an amorphous structure or
to some combination mode. Since no IR band has been observed
near this frequency which would have suggested its assignment to a
vibration of an amosphous structure, it may be assumed to arise from
some combination like Av 84 cmf}(s) + 233 cmﬁl(W) = 317 cmml.

The spectral region between Av 810 - 950 c:mwI shows seven bands
near 812~,833—, 84k-, 929~, 936~ and 947 cm . (Fig. 4.4(a)). However,
only those near 944-, 863— and 947 cmml, may be assigned to the
r A1 and E] species respectively. The remaining omes do

not shift on cooling and hence they might not have arisen from correl-

predicted E

ation splitting. The calculations predict two IR bands in this region

both belonging to E1 species. These were observed near 846~ and 946 cmﬂl.
54

at room temperature, and showed splitting at -130°C. The total number

of split bands as well as their frequencies are comparable to the

above Raman bands as shown below:

Raman - Av 812, 833, 846, 863, 929, 936, 947 cmm1
o
at 25°C

IR - v 821, 837, 846, 860, 0929, 935, 946 cm '

at ~130°¢

54
Tadokoro et al attributed the splitting of IR spectral bands at low

temperature to correlation splitting. Since the Raman and IR spectral
bands are nearly coincident (as shown above) and further the Raman
bands show no temperature dependence, the unmpredicted bands occurring
in the region between v 810~ and 965 mel both in the Raman and IR

spectra may not be ascribed to correlation splitting. Instead, they



‘Table 4.4

Raman spectrum of crystalline PEO

(a revised assignment)

Present study Koenig et 31148 Calculated146 Species Mode
(Av cmfl) {(Av cm”l) (v em™ 1)
2941 - 2940 A, v(CHZ)a
2845 - 2874 v(CH,)
28
1487 1486 1479 § (CH,)
1397 1396 1423 W(CH2)+v(CC)
1232 1232 1252 T(CHI)
1144 1142 1142 v(CO)+R(CH2)
1127 1125 1137 R(CH2)+v(CO)
1074 1073 1073 v{(CO)+v(CC)
863 860 866 v(CO)+R(CH2)
280 281 274 8§(CCO)+1(CC)Y+6(COC)
233 231 218 §(COC)+1(CO)
I TRy T T T ﬁ; v(CH,)
2948 (Broad) a 2940 . v(CHZ>a
2888 - 2883 V(CHZ)
s
2838 - 2873 v(CH,)
2’'s
1471 1471 1476 G(CHZ)
1449 1448 1471 5(CH2)
1416 - 1401 W(CH,)
1363 1376 1353 W(CH,)
1282 1283 1286 T(CHZ)
1239 1237 1234 T(CH,)
1112 - 1112 v{(CO)+v (CC)
1065 1065 1060 v(CO)+R(CH,)+v(CC)
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Table 4.4 (Contd)

948 947 941 R(CH2)+v(CC)+v(CO)
846 846 847 R(CH,)+V(CO)

537 537 524 § (CCO)+8 (COC) +R (CH,)
365 364 366 5(CCO)+8 (COC)

216 - 216 8(CCO)+T (CC)+8(COC)
163 - 164 ) T(CCY+T (CO)+§(CCO)
1480 1481 - E,  6(CHy)

1376 - - W(CH,)

1351 - - W(CH,)

1087 - - R(CHZ)+v(CO)+v(CC)
584 - - §{coc)

Bands arising from amorphous structures

AY812-, 833-, 929- and 936 cm .
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Similarly, the EI mode calculated at v 1353 mel was previously
associated with an IR band observed at v 1364 cmmI and a Raman band
observed at Av 1376 cmﬂl. Since a Raman band has been observed in this
study at Av 1363 mel’ the calculated E1 mode may now be associated
with the latter band rather than that observed at Av 1376 cmml. The
Av 1376 c:m—‘I band may instead be assigned to an E2 species from fre~

quency-phase relations (Fig. 4.5).

4.4, 1(d) Correlation splitting

As mentioned already, the unit cell of PEO is translated by 4
molecular chains but their exact packing geometry is not known. Since
each line group mode can be in-phase and out-of~phase with identical
modes of the neighbouring chains, it may split into a quadruplet.
Whilst the number of split components observed in the Raman or IR
spectrum would depend upon the optical activity of the space group
modes, the magnitude of splitting between the components would depend
upon interchain forces.

Fig. 4.4 shows the Raman spectrum measured at 25°C (a) and -180°C
(b). The details of the results are listed in Table 4.5 with reference
to the line group modes. It may be seen that a number of bands split
into doublets and a few band pairs show increased separation at -180°¢.
The splitting thus observed may be attributed to correlation splitting
since only one of the components in each doublet can be associated
with a line group mode.

It may be noted that no Raman band splits into more than two bands.
Although the IR spectrum was not measured in this study, it has been
reported that the IR band occurring near v 1282 cm~I (El) splits into
a doublet (v 1282~ 1285 cmfl) at liquid N, temperature148. Since the

. -1
corresponding Raman band occurs at the same frequency (Av 1282 cm )
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at 25°C |Fig. 4.4 (a)| and splits into a doublet (Av 1279.5 + 1283.5
cmwi) at -180°¢. [Fig. 44() , also see Table 4.5], it may be con-
cluded that out of the 4 space group modes resulting from a line group
mode two are Raman active only whilst the other twe are IR active only.
Comparison between the crystal structures of PEO and that of isotactic
polypropylene may be useful in deducing the observed optical activity
of the space group modes of PEO. Isotactic polypropylene like PEO,

has 4 molecular chains per unit cell and the unit cell is of symmetry
PZI/C(SC2h> i.e. one in which two of the chains are in the "up" dir-
ection and two in the "'down'" directionlSO. The factor group of the

space group in this case, is isomorphous to the point group C If

2h’

the same space symmetry is assumed in the case of PEO, the line group

modes would transform as follows:

Line group Space group
D(4n/7) C2h
A1+A2+EI+E2 4(Ag+Bg+AU+Bu)

Raman IR
active active

Thus the Raman bands observed as doublets in the present study,
belong to Ag and Bg species whilst those appearing in the IR spectrum
would be ascribed to Au and Bu species.

As seen in Table 4.5, the magnitude of splitting between the
components of correlation doublets varies between Av 3-6 cmm1 on the
average. This magnitude is comparable to that observed in the case
of polyethylene. Also like polyethylene, all the bands do not split
at liquid N, temperature. Thus it may be concluded that interchain

forces in PEO are almost as strong as in polyethylene.
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" Table 4.5

Correlation band splittings in the Raman spectrum

of PEOC
Line group mode  Species 250¢ "180?§ Magnitude of
(Av em™ 1) (Av em ) splitting
(bv em™ 1)
(Lattice)

- mode(?) 84 80+90 10
§{(CCOY+8(COC) E2 584 584+587 3
R(CH2)+v(CO) El 846 843+848 5
R(CH2)+V(CO) A1 1127 112341128 5
V(CO)+R(CH2) EI 1144-48 1144+1150 6
T(CHZ) E1 1232 1231.5+1235 3.5
T(CHZ) Al 1239 1239+1242 3

T(CHZ) E1 1282 1278.5+1283.5 5



151

Lattice modes

A number of bands associated with lattice modes are expected in’
the vibrational spectrum because of the crystal structure of this
polymer.

The bands associated with lattice modes are expected to increase

in frequency on coolinngI. The low frequency Raman spectrum in Fig.

!

4.4 (a) shows a number of bands below Av100 cm (21=, 34=-, 64~ and

- -1
84 cm.l) which shift to higher frequencies by 3-6 cm = at -180°C.

: (250C) is the strongest in this

The band occurring at 84 cm
region which not only shifts but also splits into a doublet at ~180%

(av 80-90 cmml) [See Fig. 4., and Table 4.5| . In view of  low
frequencies of these bands and shifting to higher frequenciés on cooling,
they may be assigned to the lattice modes. Although the lowest
frequency calculated for a line group mode i.e. CO intermal rotation

(EI) falls near v 92 cmnl, the band at Av 84 cmmI may not be assigned

to this mode due to the following reason. The predicted E} mode ig

both Raman as well as IR active. Since no IR band has been observed
near the calculated frequency, corresponding Raman band may not be com-
parable in intensity to that observed at Av 84 cm"}.

A Raman band observed by Schaufele at Av 126 cm”1 and later tenta-

tively assigned to a lattice mode has not been observed in this studyi

4.4,2 Conclusion
A number of new Raman bands have been resolved in this study at 25°¢.
These have been assigned to the line group species AI’ E1 or E2 or to
vibrations of the amorphous structures.
Several bands showed doublet splitting at ~180°C, This phenomenon

has been attributed to correlation splitting. On the basis of an
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analogy between the crystal structures of PEO and isotactic polypropylene,
the space group of the former has been assumed to be similar to that
of the latter i.e. CZh'

-1 .
The low frequency bands between Av 20-90 cm = have been tentatively

assigned to lattice modes.

4.5 Polyethylene sulphide -~ PES, EKCHZ)Zmi}n

The crystal structure of PES was determined by Tadokoro et alIZO,

using X-ray diffraction and IR vibrational analysis and is shown in
Table 4.1. Angood and Koenigléo measured its vibrational spectrum
and concluded that the molecule has a centre of symmetry by applying
the mutual exclusion rule, which supported the structural results of
Tadokoro et al. They also made tentative assignments of the observed
bands. Recently Tadokoro et allél have carried out normal coordinate
analysis and assigned the observed vibrational bands on the basis of
calculated frequencies and their sensitivity to thermal treatment,
When the latter report was published, the present work was in progress.-
The findings from this work supported a number of conclusions drawn
by Tadokoro et al but it was felt that a more detailed study was still
required to investigate some of the structural characteristics of this
polymer left unattended in the previous studies. This polymer is of
great interest for a number of reasons i.e. 2 chains per unit cell,
high degree of crystallinity (> 85%), high T, > 200°¢C) etc.

The factor group analysis on the basis of line, site and space
groups is given in Table 4.6, Provided that the interchain forces are
quite strong (at least as strong as in polyethylene)74’75 the observa-
tion of correlation doublets predicted under the space group symmetry

seems very likely due to a high degree of crystallinity. Further the



high melting point of this polymer affords a convenient study of the
features e.g. "regularity or conformational bands", bands arising
from disordered structures, LA modes etc. over a wide range of
temperature. Whilst LA modes have been discussed in Chapter 6, other

features will be considered in the following sections.

Table 4.6

Factor group analysis of PES141

Line (CZh) Space <D2h)

Site (CZh)

a ///,Ag(lo)
Ag(lO) 5 Ag <L
Blg(zo)
b o By (11
Bg(10+RX ) > Bg <
B3g<11)
e d - A 10y d)
8,0+ ) (L) + Ay <
B, (10+T ) (D)
e s ,/’BZu 10+Ta (L)
Bu(9+TX)( i, u \\\

By, 10+T_ dh

a - Number of symmetry species; b -~ Rotation about x axis;
¢ - Translation along v axis; d - perpendicularly polarized;

e - polarized in parallel direction.

4.,5,1 Results and discussion

4.,5.1(a) Factor group analysis

Line group modes

Fig. 4.6 shows Raman spectrum (a) and polarized IR spectrum (¢)

of PES measured at 25°C. These spectra closely resemble those reported
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141 . . . .
by Tadokoro et al except in theilr greater resolution and detail

by comparison. Tadokoro et al did not observe a number of bands pre-~

dicted in the Raman spectrum including those at

872~ and 152 cm .

Whilst v 1111~ and 1106 cm |

v 1427-, 1111-, 1106~

bands have not been

observed even now probably because of their extremely weak intensity,

the other predicted bands have resolved themselves near the calculated

frequencies and may be assigned

accordingly as follows:

Observed Calculated Assignment
(Av cmf}) (v cmml) (Species) (Mode)
1419,M,8h 1427 B §(CH,) -W(CH,)
g 2 2
a a
850,W 872 Bg r(CHz)
a
175 152 B 7(C8)
g a

IR doublet near 671 c:m—.l

-~ Correlation splitting?

An IR doublet with bands at v 669~ and 671 cmml

seems to arise from correlation

a single band in this spectral region near v 680 cmﬂl.

(see Fig. 4.8},
splitting since calculations1 : predict

The latter band

belongs to Au symmetry species of the line group which splits into

Au + Bvu under the factor group

1

optically inactive and only Blu

v 680 cnfl band is not expected
It has been observed that bands

modes may appear simultaneously

of the space group. Since Au is
is active in the latter case, the
to split into a correlation doublet,

associated with line and space group

in the spectrum; the band associated

with the forbidden mode, however, appears with diminished intensity

[éee section 5.3.1(a), PTHﬁ] .

The bands at v 669~ and 671 cmn}

sity at 25°C. The intensity of

appear with almost equal inten~

the v 669 cmw1 band, however, decreases
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considerably at ~180°C relative to that of v 671 cmm1 band, whilst

the separation between the two increases by 2-3 cmnl. Further, splitt~
ing between the two decreases on increasing the temperature so that
near 180°C there remains a single band with the maximum near v 671 Cm_x
(Fig. 4.8). Thus the doublet may be attributed to correlation splitt~

ing but only with some reservation because of the predicted spectral

behaviour in this region.

Lattice modes

Apart from correlation splitting, several lattice vibrational
modes are to be expected, as a result of two chain per unit cell
structure of PES, Tadokoro et al}41 observed two Raman bands near
Av 36— and 65 cm—1 and tentatively assigned them to lattice modes.
Whilst the band near A V36 cm~1 is not observed in the present study,
the band near Av 60 cmm} (Fig. 6.6 ) is thought to have its origin
in this type of motion and thus to involve the movement as an entity
of one chain with respect to its neighbour within the unit cell.

This hypothesis is confirmed by cooling the specimen to ~180°C when

the band at Av 62 cmm1 shifts to Av 67 cmﬂl. On the other hand, when
the specimen is heated to 18OOC,the Av 62 cm.”I band falls in frequency
to Av 52 cmml. In this experiment, cooling causes the lattice to
contract, stiffening the force field and hence forcing up the frequency

of the lattice type vibrations; the reverse happens on heating.

. 0
4.5.1(b) Vibrational studies over the temperature range:=-180 to +200°C

The present study has resulted in the observation of a number
of bands in the Raman spectrum whose frequencies show temperature-
dependence (Fig. 4.7). These bands occur as doublets with the component

. o s . -1
bands varying in intensity and separated from each other by ~ 10 em
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"~ Table 4.7

Temperature~dependent frequencies of some Raman bands

over the range: ~180 to +180°C.

Spe- -180%  25%  120%  160%  180°c Cverall
cies Assignment (Avcmml) (Avcmf}) (Avcm”l) (Avcmﬁl) (Avcmﬁl) (Avcm_l)
A (CH,)+W(CH,) 1431,VS 1429 1427 1423.5 1422 9
- - 1419,Sh 1418 - - ~
Ay W(CH,)~8(CH,) 1301,V8 1298 1296 1293 1292 9
- - 1290, MW 1288 - - -
Bg W(CH,)~8(CH,) ?272.5,vs 1272 1271 1271 1271 1-2
1267 ,MW 1264 - - -
1260.5,MH 1260 - - -
B, (c-C) 1031,MS 1029 1028 1027 1026 5
1021,W 1020 1019 - -
A (CSC)+ (SCC) 732,VS 730 or 728 726 725 10
& or 735 732
727,5h 724 724 - -

* Since the frequency of this band is not temperature dependent, it

may not be assigned to regularity or conformational band.
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This view is further supported from the Raman spectrum of a highly
annealed specimen (Fig. 4.6()), and the IR spectrum of the melt (Fig.
4,8), Whereas the intensities of these bands seem to be little
affected by annealing, they increase considerably by melting as
expected from their association with the disorder of one dimensional
crystallinity. Since the frequencies of these bands are close to those
of A bands, they may be considered as associated with the same type
of vibrational modes as the latter.

Thus it seems that the origin of AB doublets lies in the conform-—
ational disorder of the molecular chain rather than in correlation
splitting. Nevertheless, this explanation does not offer any inter-
pretation of the temperature dependence of frequencies of these bands.
In order to establish the origin of this behaviour, therefore, it is
still imperative to comsider correlation splitting among one of the

following possible causes:

The cause of variation in the frequency of A and B bands with temperature

(i) Hot bands

Cooling or heating may cause slight increase or decrease
regspectively, in the frequency of A and B bands due to the decreased
or increased intensity of hot bands. Therefore, slightly increased
frequencies of both bands at low temperature may be attributed to the
suppression of the hot band intensities. However, large decreases in
the frequencies of A bands at elevated temperatureé may not be
ascribed to the increased intensities of hot bands alone. This is
firstly because the frequency decreases occur only in the case of A
bands whilst B bands are hardly affected and secondly the magnitude

of splitting (510 mel) is too large to be due to this effect.
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(i1) Correlation splitting

It has been shown in the last section that AB doublets may not
be ascribed to correlation splitting predicted under the factor group
analysis, since B bands arise from short range order amorphous
structures. Nevertheless, it is interesting to see whether correlation
splitting offers some explanation of the large downward shifts of A
bands on heating. It may be assumed that each A band represents one
of the components of a correlation doublet whose other component is
too weak to be observed. In this case, the separation between A and

the imaginary component of a correlation doublet would be over 10 cmﬁI

. . -1
at room temperature, since A bands show downward shifts of around 10 cm
on heating. This is rather inconceivable since it implies very strong
interchain forces. 1In the presence of such forces other spectral bands

are also expected to show some frequency variations with temperature.

Such variations, however, do not occur.

(iii) Variation in the molecular conformations

It seems that large downward shifts of A bands may be adequately
explained if it is assumed that heating causes variation in the
molecular conformation i.e. one dimensional polymorphism. There are
a number of reasons which substantiate this assumption.

The frequencies of A bands measured at the highest temperature
i.e. 185°C approach those of B bands. It appears that had the temper-
ature been allowed to rise above 18500, A bands would have overlapped
B ones thus arriving at virtually the same frequencies as those of the
latter. Although high background scattering above 185°¢ prevented

such measurements to be made, extrapolation of the observed results

predicts a similar deduction near 200°¢ (Tm)° Further the frequencies
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view of their considerably decreased frequencies as well as intensit-

ies (Fig. 4.9).

4.5.1(c) Raman spectrum as a function of the degree of crystallinity

Whilst the half band width of all Raman bands decreases te some extent
as a function of annealing i.e. as a result of the increasing degree of
crystallinity, the behaviour of the AB doublet neara®723 =~ 732 cmm] is
particularly interesting.

Fig. 4.9 shows variation in the frequency and the shape of
the doublet as a function of annealing temperature (Tann>'

Fig. 4.10 shows the plot of density against the half band
width of the doublet in various spectra of Fig. 4.9 .

It may be seen that whilst the frequency of the Av 732 c:mm1 band
increases on melt quenching and decreases on annealing, the frequency
of the Av 723 cmm1 shoulder remains relatively unaffected under similar
conditions. The intensity of the latter, however, decreases character—
istically as a function of annealing temperature.

Clearly these characteristic changes are brought about by variations
in the degree of crystallinity with varying thermal treatments.

Thus it is possible to use the half band width of the doublet:
Av 723 -~ 732 cm*l,as a measure of the degree of crystallinity in PES,

after calibration with some standard measurement.

4.5,2 Conclusion

A number of new bands resolved in this study have been assigned
to the previously predicted line group modes.

An IR doublet near v 671-669 cmm} seems to arise from correlation

splitting. A Raman band near 62 cmm1 has been assigned to a lattice

mode .,
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Whilst interchain interactions seem to be very weak, intra-
chain interactions are considerably strong. As a result of conform-
ational splitting "regularity" bands have been recognised. The
temperature—~dependence of the frequencies of these bands resultsfrom
one dimensional polymorphism at elevated temperatures.

The band shape, frequency, and } band width of a Raman doublet
near Av732 - 723 cmal is highly characteristic of the degree of

crystallinity.

4.6 Polyoxacyclobutane -~ POCB, {KCH2)3“Q}H

POCB is the third member of polyether series with m=3. It
exists in three crystalline forms usually known as modificatioms I, II
and III respectively.55 The preparative procedure for these modifi-
cations has been given in the experimental chapter and their crystal
parameters in Table 4.1. Tadokoro et a1153 measured the IR spectra
of all three modifications and assigned the observed bands by carrying
out normal coordinate analysis. However, no Raman spectrum of any
of these modifications has yet been reported.

It has been the purpose of this study to measure detailed Raman
spectra of these modifications and to complete the vibrational assign-
ments which were previously made solely on the basis of IR results.

Owing to the insurmountable problem of fluorescence and absorptionm,
however, it has not been possible to make such measurements on all
except modification III which is the most stable one.

The molecular vibrations of POCB III may be treated under the factor
group D,.. In this case, the 14 vibrations of A species are Raman

2

B. and B. are both Raman and

active only whereas 14 of each of Bl’ 9 3

IR active.153
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4.6,1Results and Discussion

The Raman spectrum from present study and the reported IR
spectrumls3 are shown in Fig. 4.11, and assignments of the observed
Raman bands are given in Table 4.8 together with the calculated fre-
quencies and the previocus IR assignments. In the normal coordinate
treatment giving the calculated frequencies in Table 4.8, the methy~
lene groups contained in one chemical unit 0(~CH,-CH,—CH,-0~} were

2 72 72

M__ and M regpectively., M. and MI

1o Mo 111 I are adjacent

denoted as M II
to the oxygen atoms while MII has methylene groups on both sides.

Owing to similar local symmetry of M, and M they were treated

111}

as MI while M_. was treated differently.

IT
It appears [éee Table 4.%] that the observed Raman bands fit

well against the calculated results. Since no calculations exist

for the A species, the assignments in this case, have been made

tentatively. For this prupose, it has been assumed that corresponding

bands would be absent in the IR spectrum and stronger than those

asgociated with B}, BZ or B3 species in the Raman spectrum. The

assignments to the vibrational modes were then made using group fre~

quency correlations.

Some explanations concerning various spectral regions are as

follows:

CH. stretching region (v 3000-2800 cm ')

2

While making assignments of the observed IR spectra of POCB,
. . . . 154 . .
Tadoloro et al applied vibrational analysis of PTHF as a guideline.
The latter had shown that both symmetric and asymmetric vibrations

associated with MII have higher frequencies than similar vibrations

of MI’

Since the observed Raman bands in this region are fewer than the






Table 4.8

Vibrational spectrum of crystalline POCB IIT

(Assignment of the Raman bands)

Raman

IR

* x
(Present data) (Reported data*) Calculated Species Mode
(Av cmnl) (v cmﬁl) (v cmml)
2951,M 2951,VS 2946 B véCHZ) (98)
1T
2930,VS 2928 VS 2913 “a<CHz) (98)
1
2868,W 2863 VVS 2858 vS(CHZ) (99)
I
1494 ,W, Sh e 1492 G(CHz) (93)
I
— 1375,VS 1415 W(CHZ) (63)+W(CH,) (27)
I 211
e e 1341(11),8 1321 W(CHZ) (45)~(CH2) (23)~
II I
v(CC) (20)
1245,VW, Sh 1244(11),8 1249 T(CHZ) (84)
1
1120 ,MW 1116,VS 1121 v(CO) (49)-v (CC) (40)
1064 1070(11),VS 1057 v(CC)(35)+R(CH2) (23)
II
+v (C0) (22>
980,W 983(11),M 983 R(CH,) (50)-v(CO)(23)+
1
R(CH,) (14)
1
819,W ——— 816 R(CHZ) (45)~R(CH2) (36)
II 1
e 431(11) ,M 430 §(CCO) (74)
e 186(11) ,M 187 1(CC) (79)
105 ,MW 105,VW 103 1(C0) (88)
2930,WS 2928,VS 2915 B v, (CH,) (97)
I
2886,S 2879,VVs 2888 vs(CHZ) (84)
1I
2801 ,MW 2803,8 2854 vS(CHZ) (86)
I
1494,W,Sh 1495(d) ,M 1494 6(CH2) 92)
I
1461 ,MW 1458 (L) M 1463 §(CH,) (94)

1T
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Table 4.8 (Contd)

1405, VW 1405,Sh 1386 W(CH,) (79)
I
1290,W,S1 1297 (L)M 1253 T(CHZ) (94)
I
1215,W,S1 1221(L) ,W 1201 T(CH,) (84)
11
1100,VW 1090,S 1094 v(CO) (38)~v(CC) (24)~
R(CH,) (20)
I
1047, VW 1053(L),s 1002 v(CO)(44)+R(CHZ) (31)
I
868,MW e e 876 v(cc)(53)~R(CH2) (35)
I
549 ,W 551(4),M 561 §(CCO) (56)-8(CCC) (32)
267,VW 264(L) M 245 §(CCC) (49)+86(CCO) (41)
158MW 153(1) ,M 162 1(CC) (55)+1(CO) (44)
(Broad)
2951,MS 2951,VS 2946 B, v_(CH,) (98)
a 2 IT
2930,VVS 2928,VS 2913 va(CHz) (98)
I
2868,VS 2863,VVS 2859 VS(CHZ) (99)
I
1494 ,W,Sh 1495(L) M 1494 6(CH2) (93)
I
1424 ,W 1416 (L) ,M 1434 W(CH,) (78)
I
o e 1343 W(CHZ) (56)~v(CC)(29)
11
1227 ,M 1234 (L) ,w 1223 T(CH,) (88)
I
1132,M 1132,8h 1155 v(CO) (28)~8(CCO) (18) -
§(COC) (15)
1120 ,MW 1116,VVSs 1120 v(CC) (51)~v(CO) (35)
929,M 929 (1) ,M 942 R(CH,) (55)-v(C0)(19)
I
741 ,MW 743(L),M 789 R(CHZ) (55)~R(CHZ) (28)
II I
459 ,MW 461(4),W 454 8COC (60)+v(CC), (19)
284 ,W 289(L) ,W 281 T(CC) (36) -8 (CCO) (35)
158 ,W 153(]) ,M 165 T(CO) (41)~8(CCO) (31)~

T(CC) (19)
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Table 4.8 (Contd)

Suggested assignment)

1485,VS F ' - A § (CH,)
1441 ,W F - §(CH,)

I
1429 ,MW F - W(CH,)

1
1419,M F - W(CH,)

11
1305,VS F - T(CHZ)

I
1232,8 F - T(CHz)

11
1124 ,M F - v(CO) v(CC)
950,W F Coen R(CH,)

21

918 F 913 R(caz)

I
502 F - 8(CCO), 8(CCC)
293 F - t(CC),(CCO)

* Reference 153
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the predicted ones, it has not been possible to assign any band to

the A species.

-1
Spectral region between v 1500-700 cm .

The bands in this region arise from CH2 bending, wagging,
twisting, CC and CO stretching and CH2 rocking vibrations. In con-
trast to CH2 stretching vibrations, the PTHF results for this region

showed that vibrations associated with (CHZ) give rise to higher
I

frequencies than those belonging to MII'

The calculated frequencies for bending vibrations of Bl’ Bz and
B3 species associated with (CHZ)I fall close to v 1490 cmni. There
are two Raman bands near Av 1483~(VS) and 1494 cmfl(MW). Since the
latter band occurs near the calculated frequencies and is weaker than
the former, it has been assigned to bending vibrations of the B
species whilst the former to that of the A.

The bands belonging to CH, wagging and twisting vibrations seem

2
to be very weak in the Raman spectrum and perhaps due to this reason
some of them have not been observed. Those of the A species are,
however, strong enough to justify their assignment.

Calculations predict 3 bands between v 1120 and 1155 cm“1 which
belong mainly to coupled CO and CC stretching vibrations of B1 and B2
species. IR spectrum showed a strong band near v 1116 cmf] with a
shoulder near v 1132 cmﬁl. In contrast, Raman spectrum has shown
three well resolved bands near Av 1120~-, 1124~ and 1133 cmﬁl. Thus
the bands at Av 1120~ and 1133 c:m“I have been assigned to the same
vibrational modes as the corresponding IR omes. The Av 1124 cmml band,

however, has been assigned to the A species, since it is stronger than

the neighbouring bands and does not occur in the IR spectrum.
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The frequency region between v 1060~ and 750 cm‘I mainly
belongs to CH2 rocking modes with some mixing of skeletal modes in
the high frequency region. It was shown by Tadokoro et al. on the
basis of their IR results (Table 4.8) that frequencies of rocking
vibrations associated with adjacent CH, units are similar to those

2

of a simply coupled oscillator model of CH2 units. The frequency-
phase relation curve thus obtained approximated to vg curve of

polyethylene (See Fig. 1.15).

Conclusion

The above analysis indicates that normal coordinate treatment
developed by Tadokoro et al. offers reasonable interpretation of the
observed Raman spectrum of POCB TIT. The bands attributed to the A

species, however, need further explanation on more rigorous basis.

4,7 Polytri methylene sulphide ~ PTxMS, {KCHZ) -g}
3 n

PTrMS is the counterpart of POCB in the polythioether series
E(CHZ) ~§} i The molecular and crystal structure has been given in
Table 2.1.n The latter was determined by Tadokoro et al using the
X~ray diffraction method and mentioned without details in the pro-
ceedings of a conferencelZI. Neither Raman nor IR spectrum of this
polymer has yet been published.

This polymer has a number of characteristics e.g. all gauche
molecular conformation, 2 chains per unit cell, high molecular weight,
moderate melting point ( ~ 630C), moderate crystallinity(z 75%),
which form an interesting basis for the study of its vibrational
spectrum,

In view of this, detailed Raman and IR spectra have been measured



175

and analysed using the factor group analytical approach.
¢, ()

Fig. 4.12 The symmetry elements of the molecular chain

of PTrMS.
e = S; o=2¢C

The polymer chain is of G4 type which has a C2 rotation axis
as the only symmetry element apart from the trivial identity opera-
tion as shown in Fig. 4.12. Thus molecular vibrations of PTrMS
may be treated under the factor group isomorphism to the point
group CZ' The details of the factor group analysis are given in

Table 4.9.
Table 4.9

Factor group analysis of PTrMS under the group C

Cza Nb IRC Ramanc

A 16 - Ry AL A

B 14-R_,R INU D) A
x Z

Molecular group; b = Number of symmetry species

o]
]

Optical activity.

(e
1]
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Table 4.10

The vibrational spectrum of PT¥MS

(A tentative assignment)

Raman IR Species Mode
(Avcmwl) ( vcmfl)
2869 ,M 2867,8, |, | A vs(cﬁz)II
2847 M 2842,8,1 .1 v_(CH,)
s 2 I
1455,VS 1455,W, Sh,}| S(CHZ)
1
1442,8 1445 M, 11 8 (CH,)
II
1409,8 1408,S,L » W(CH,)
I
1310,VS 1308 ,MW,| W(CH,)
11
1262,VS 1266,W,Sh, | T(CH,)
I
1170,M 1167,M8,] T(CHZ)II
1062,M 1060,W,L v (€CC)
986 ,W 980,W,1 R(CHZ)I
846,5 841,8,.L R(CH,)
II
652,VS 651,MS,1
v (€sC)
662,M 662 ,MW,1
2955,M 2952,M,1, || B \ra(cazz)I
I
2910 2908
H
2920 75 2920 Vst v (CHy)
1430,MS,5h 1430,5,1, 1 §(CH,)
I
1416,8 1418,5,8h,] »ii 6(CH2)II
1340 ,MW 1336,MS, {} w(CHZ)I
1294, MW 1295,W,11 W(CHz)H
1250 ,MW 1244,5,11 T(CH,)
1
1151,VW 1146,W,4) v (CC)
1050 ,MW 1050,M,} ]| v (CC)



179

Table 4.10 (Contd)

942,M 936,MS, i B R(CHZ)
I

751,M 752,8, i \)(CSC)+R(CH2)
11

Bands arising from amorphous structures

v 1200-, 1187-, 1127-, 990-, 958~, 917~, 890-, 851-, 821-, 790-,

785-, 725-, 676 em
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CH, wagging (v1410-1280 em ), CH

rocking (v1000-750 cmf}).

twisting (v1280-1150 cm"}), CH

2 2

Each pair of bands would consist of components belonging to A and B
species which would have reciprocal intensities in Raman and IR
spectra.

vi) Correlation splitting would be indicated, if a band splits
into a doublet or the separation between two bands increases at ~180°C.
The observed Raman and IR spectra seem to be in good agreement

with these expectations. A few points concerning various spectral

regions, however, need further comments as follows:

CH, stretching (v3000-2800 em D)

Tentatively 4 bands are expected in this region i.e. 2 each for
symmetric and asymmetric stretching vibrations according to the
following scheme:

Asymmetric (va): v3000~-2880 cm*l) (8)

Symmetric (vs): v2880~2800 cm.*1 W)

Five prominent bands have been actually observed. The doublet
(v 2910~, 2920 cmfl), however, may be treated as associated with a
single vibrational mode since the component bands are very close to
each other and seem to arise from Fermi interaction. Such doublets
have also been observed in the case of POCB against the calculated
frequencies of single vibrational modes.

Since IR dichroic data is ambiguous in this case, bands assigned
to symmetric vibrations have been considered to be of the A species,

whereas those assigned to asymmetric omes to be of the B species.

Spectral region between v1500-1150 cmwl.

The bands in this region arise from CH2 bending, wagging and

. s . . 1
twisting modes in an analogy with the case of POCB 53, but the fre-
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quencies seem to be rather lower than the similar vibrations of
POCB. This may be due to the different characteristics of ether
and thioether linkages or of the molecular conformations associated
with POCB and PTrMS. This view is supported from the fact that

130,131 142,146

similar vibrations of POM and PEC occur at higher

frequencies than those of their counterparts in polythioether series
. 138 141 . .
i.e. PIM and PES respectively (see sections 4.2-4.6).
The bands of B species are typically weak and some of them seem
to be too weak to be resolved. As in the case of CH2 stretching
region, the IR dichroic data for the CH2 bending region is not decisive.

Thus corresponding assignments have been made on the basis of band

intensities.

Spectral region between v 1150 and 640 cmf}.

This region shows the bands arising from C-C stretching, CH2
rocking and C~S stretching vibrations. If the feequency-phase rela-
tion of CHZ rocking modes observed in the case of POCB}53 (see section
4,6) is assumed to apply to PTrMS, CHZ rocking modes would fall between
~v o 750~ and 1000 cmf]. Similarly C-C stretching frequencies are
expected to occur between 1000-1150 cmﬂl. Since the local symmetry
of C~-S-C linkages is analogous in PTM and PTrMS, (See Table 4.1)
the associated vibrations of PTM would be comparable to those of
PTrMS with respect to symmetry, frequency and intensity. The activity
of these vibrations, however, would be different in these two cases
because of different selection rules. PIM gives rise to two bands
near Av 647- add 734 cm—1 in the Raman spectrum and two near v 708~ and
734 c:m”1 in the IR spectrum which are associated with C-S5-C stretching
vibrations of AI’ Ei’ E and A2 species respectively (see Table 4.3
section 4.3). On the other hand, PT¥MS gives rise to two bands near

v 651- and 751 cmm1 in both Raman and IR spectra. Obviously, the
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latter bands are comparable to the Raman and IR spectral bands of
PTM at Av647 cm“} and V734 cmMI respectively. Since IR dichroism
and relative intensities of these bands also support this view, they
may be assigned to the A and B species respectively. It is to be
noted that the Av 751 cm__1 band has already been assigned to a CH2

rocking mode. Thus it seems that this band arises from coupling

between CH2 rocking and C-S~C stretching vibrations.

Bands below v 650 cmfl.

It is difficult to assign a medium intensity Raman band near
Av 486 cm."1 which falls within the frequency range for S-S stretching
vibrations i.e. Av 450 - 550 cm“1 (Author's own results)
It may be assumed that it originates from chemical faults of the
molecular chain such as S-S linkages. It, however, does not seem
to be the case, since the intensity of this band does not vary with
specimens of different origins and molecular weights.

The far IR spectra of polyethers with m > 4 have shown a number
of bands in the region between ~150- to 600 mel’ which have been
identified as frequency-phase modulated progressions arising from
skeletal bending and torsional modeslss. Similar bands also seem to
arise in Raman spectra of polyethers as well as Raman and IR spectraof
polythioethers with m > 4 (see Chapter 5). In view of this, the
Av 486 cm”1 Raman band together with other Raman and IR bands observed
down to Av 200 cm«1 , may be assigned to skeletal bending and torsional
modes. Since IR dichroism was not measured in this region, assign-—
ment of these bands to the A and B species may not be made. Neverthe-
less the bands at Av 486~ and 435 cm”1 seem to belong to the A and B
species respectively since they appear with recirpocal intensities in

the Raman and IR spectra.
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4,7,.1(b) Correlation splitting

As indicated in Table 4.1, the unit cell of PTrMS is translated
by 2 molecular chains. The factor group of the space group is iso-
morphous to the point group CS and may be correlated with site (Cl)

and line (C2) groups as follows:

C2 Cl Cs
A Al
”\~\\\\\ A //,,//”

B / \ AY

Thus each line group mode is expected to be split into 2 space group
modes and a doublet would appear for every single band associated
with A or B species. The split components would be both Raman and
IR active.

Generally, it has been observed that when IR and Raman spectra
were measured at ~18000, the half band widths decreased enormously.
Typical half band width decreases in the IR spectrum were upto 8 cmml.
Nevertheless only the band near v 1408 cmfl (See Table 4.10 and Fig.
4.13) splits into a doublet under these conditions giving rise to
component bands near v 1402 and v 1411 cmm1 in both Raman and IR
spectra.

The band near v 660 cmm1 in both Raman and IR spectra Wwas sus-—
pected to arise from correlation splitting of the 651 cm."1 band. The
components of the doublet (v 1651-, 660 cmml) , however, showed neg-

. . . . 0 . e . . . .
ligible increase 1in separation at ~180°C , thus indicating 1ts origin

from some other phenomenon e.g. Fermi interaction.
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Lattice mode

. -1 .
The Raman band occurring near Av 46 cm  at 25°C seems to arise
from a lattice mode because of its low frequency and the fact that

it shifts to a higher frequency by v 9 c:m”I at -180°C.

Bands arising from amorphous structures

A number of broad, ill defined, weak bands have been observed in
both the Raman and IR spectra at almost the same frequencies. These
have been listed at the bottom of table 4.13. Since their intensities
showed dependence on thermal treatment, they may be attributed to
amorphous structures. Their exact nature however, may be clarified

only by carrying out more rigorous vibrational analysis.

4.7.2 Conclusion
The vibrational spectrum of polytrimethylene sulphide finds
reasonable interpretation on the basis of G4 model having a C2 rotation
axis and 2 chains per unit cell. A rigorous assignment of the
observed bands, however, needs complete vibrational analysis.
Correlation splitting has been observed in Raman as well as IR

spectrum but the interchain interactions seem to be very weak.

4.8 General Conclusion

A number of newly resolved bands in the Raman spectra of POM,
PEC and PES have been assigned to the previously calculated frequencies,
whilst Raman spectra of PTM and POCB, and Raman and IR spectra of
PTtMS have been fully assigned. It has emerged that while the previous
normal coordinate treatments can satisfactorily explain the observed
vibrational features of PEO, PES and POCB, they are not satisfactorily

compatible with the observed spectrum of POM and PTM. Further, the
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vibrational spectrum of PTrMS finds reasonable explanation on the
basis of factor group analysis.

Both PIM and PES give rise to highly characteristic conformation
sensitive'regularity" bands. PES, in addition, shows one dimensional
polymorphism at elevated temperatures. These observations suggest
strong intrachain interactions in these molecules.

Correlation splitting has been observed in the case of
PEO, PES and PTrMS. Nevertheless interchain interactions seem to be

sufficiently strong in the case of PEOC. only.
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CHAPTER V

STRUCTURAL STUDIES OF
POLYETHERS AND POLYTHIOETHERS

WITH m > 4
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5.1 Introduction

The X-ray diffraction analysis of the higher members of
polyether series EKGHZ) ~Q} (m = 4,6,8~10,12) has shown that these
molecules take essenti;?ly zxtended planar zig zag conformation and
that there are two types of molecular packings: the monoclinic PTHF-
type and the orthorhombic PE*typesz (Table 4.1). 1In Fig. 5.1 are shown
the molecular packings (¢ projection) of (a) PTHF-type and (b) PEmtypegz
Van der Waal's radii of the chain atoms are indicated by circles. In
these two types, two essentially planar zig gag chains pass through the
centre and the corner of the unit cell. The molecular arrangement is,
however, different in each type; the zig zag planes of the molecular
chains are parallel to the bc plane in the PTHF type whilst the zig zag
planes make an angle of about 41° with be plane in the PE type. The

PTHF type is generally more stable in the case of the lower m members

4,6 and 8) and the PE~type is stable in the higher m members (m =

o~
=]
#

8-10 and 12), though the occurrence of the crystal modifications depends
upon the preparation conditions. The relationships between the prepara-
tion conditions and occurrence of crystal modifications are summarized

in Table 5.1.
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Table 5.1

The relationship between preparation conditions and the occurrence

of crystal modifications of polyethers {KCHZ) —Q} . (m= 6~12)
m n

From solution From melt
PTHF type (+ PE type) PTHF type
PE type (+ PTHF type) PTHF type

PE type PE type

-y

PE type (+ PTHF type) PE type (+ PTHF type)

NOO W oo o lF

o

PE type . PE type




187

(b)

FIG. 5.1 MOLECULAR PACKING (C-axis projections) OF (a) PTHF-TYPE
(b) PE~TYPE AND (c¢) PPMS UNIT CELLS. VAN DER WAALS RADII
OF THE CHAIN ATOMS ARE INDICATED BY CIRCLES

A

N

Nt
Vs ;:‘ 4
E H
£ hY
£ e L4

(a)

s
FIG. 5.2 ARRANGEMENTS OF THE CBAIN
ATOMS AND THE DIRECTIONS
OF THE DIPOLE MOMENTS
a=m= odd
b =m= even
e s

I.___ (b)
O-==- Oxygen or sulphur atom ‘

."" =~ Carbon atom

FIG. 5.3 SYMMETRY ELEMENTS OF AN EXTENDED PLANAR 721G ZAG MOLECULBR
CHAIN (a) m = even (b) m = odd
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The stability of these crystal structures is generally attributed to
the electrostatic and Van der Waal's interactions., Thus, it has been
proposedszaat the crystal structures of these polyethers are produced
by the stronger effects of the dipole~dipole interactions between

the C~0~C groups with the PTHF type and the Van der Waal's interactions
between the methylene sequences in the PE type.

The molecular and crystal structure of the polythiocether series
{(CHZ) -8} with m > 4 has not been determined as yet, with the exception
of polgpenzamethylene sulphici;;g2 " (PPMS), m = 5 (Table 4.1). The latter
has 4 molecular chains per unit cell which take essentially planar zig
zag conformation. The molecular packing in the lattice is, however,
different from both PTHF~ and PE~types, belonging to the polyether séries.
In this case two neighbouring molecular chains are arranged in parallel
to each other like those of the PTHF type due to the dipole-dipole inter-—
actions of C-S-C bonds, and are packed as a whole like the PE~type
due to the Van der Waal's interactions (Fig. 5.1c). This difference
arises from the fact that PPMS has m = odd. The polyethers mentioned
above have m = even, in which the oxygen atoms in the molecular chains
are located alternately on both sides of the zig zag chain. Thus,
antiparallel array of the C-0~C dipole moments contributes to the stabi~
lization of the planar zig zag conformation (Fig. 5.2a). On the other
hand, in PPMS all the sulphur atoms are located on one side of the zig
zag chain because of m = odd and the C-$~C dipole moments are set in a
parallel array to each other (Fig. 5.2b). Therefore, the planar zig zag
conformation of PPMS may be unstable in an isolated molecular chain,
but stabilized as a whole by the arrangement of the two molecular chains

whereby the zig zag planes are parallel and the dipole moments are anti-

parallel to each other.
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From these considerations, it is clear that whilst the molecular con-
formation of polythicethers with m = 4, 6 and 10 is expected to be
similar to that of polyethers and PPMS, i.e. planar zig zag, the crystal
structure is likely to be similar to that of polyethers (referred
above) because of m = even i.e. PE~ or PTHF~type.

The purpose of this study is to deduce the molecular and crystal
structures of polythicethers (with m = 4, 6 and 10) by a comparative
study of their vibrational spectra and those of polyethers in general
and PTHF and PDMO in particular under various conditions. This study
would also reveal the crystallization behaviour of polyethers and poly-

thiocethers.

5.2 Molecular structure

5.2.1 Introduction

An infinitely extended planar zig zag chain of a polyether or a
polythioether would have symmetry elements as shown in Fig. 5.3(a) and
(b) depending upon m = even or odd respectively. The fibre period has
been assumed to be 1 and 2 . repeat units for model (a3) and (b) after
the molecular stmuctures of PPMS92 and PDMOSZrespectively. The factor
group of the molecular group would, therefore, be isomorphous to the
point group Coy for m = odd and to d2h for m = even. In Table 5.2 are
given the symmetry species number of normal modes (N) and selection

rules '[éctivity in the IR and Raman effects i.e. A (active), F (for-

bidden):] obtained from the factor group analysis.
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Table 5.2

Factor group analysis under the molecular groups

d and c¢

2h 2v
Group | Symmetry
species N IR Raman
1
th ag 1 (5mt+2) F A
1
blg 1 (5m+2) F A
ng 2m F A
ng 2m+1(RX) F A
a 2m F F
u
blu 2m+1(Tz) ACD F
1
b2u 2(5m+2)(Ty) ACL F
1
by, §(5m+2) (T,) ACI) | ¥
H
czv AI 5(5m+3)(Ty) ACL A
A2 2m~1 F A
B1 %(5m+1)(Tx) ACLD) A
1 -
B2 3 (5m 1)(TZ,RZ) AD A

5.2.2 Results and discussion

The Raman and polarized IR spectra of polythiocethers with m = 4~6
and 10 are shown in Fig. 5.4(a) and (b) respectively. On the other
hand, the Raman spectra of polyethers with m = 4 and 10 are shown in
'Fig. 5.5(a) and the IR spectra of polyethers with m = 4,6~10,12 in
Fig. 5.5(b). The latter IR spectra refer to Tadokoro et a152. For

comparison, the Raman and IR spectra of polyethylene are presented in

Fig. 5.6
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Tt is clear from Fig. 5.4(a) and (b), that the band profiles
appearing in various spectral regions of one polymer are comparable
to those appearing in the spectra of other polymers in terms of frequency,
intensity and IR dichroism. Further, the major bands in the spectrum of
one polythioether are close in frequency not only to similar bands in
the spectra of other polythioethers, but also to the major bands in the
spectra of polyethers Fig. 5.5(a) and (b), (with the exception of certain
bands probably arising from localized modes e.g. vC-S-C, vC~0-C).

These major bands in the spectra of polythioethers and polyethers also
seem to correspond to the vibrational bands of polyethylene (Fig. 5.6)
i.e. those associated with the 1imi£ing frequencies of the (CHZ) sequence
[?ee Table 1.2 ] . .

Thus the spectral features of polythiocethers with m = 4, 6 and 10,
clearly indicate that these molecules take the same molecular conforma-
tion as associated with polythioether with m = 5, polyethers with m =
4, 6-10, 12 and polyethylene i.e. the planar zig zag one.

Further support to this fact may be obtained from a rather detailed
analysis of the spectral features as given below.

It may be seen from Fig. 5.4 (a),(b) and 5.5 (a),(b) that apart
from prominent bands observed in various regions of the spectra of each
polymer as mentioned above, a series of weaker bands also appear in
these spectral regions. The number of spectral bands in each region of
these polymers, however, depends upon the number m. Thus, these series
of bands may be regarded as arising from the frequency-phase relations
of the adjacent methylene groups in the (CHZ) sequences similar to the
case of planar zig zag n~alkanes62, and may s?milarly be called as

"srogression bands'. The correspondence of the spectral regions in which

these bands appear, to similar spectral regions of n-—alkanes suggests the
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following frequency ranges for them,[See Table 1.2] .

C~C  bending: 200 - 600 c:mmI
CH, rocking: 700 - 1050 cm."1
C~C stretching: 950 - 1150 cmm1

CH, twisting: 1170 - 1300 cm |

CH2 wagging: 1300 - 1420 cmﬁI

CH, deformation: 1420 = 1500 cem” !

CH2 stretching: 2800 - 3000 cm—-1

CH2 rocking and C-C stretching modes

These progression modes have been found to be very sensitive to
molecular structure62. Tadokoro et al have analysed the bands arising
from IR-active CHZ rocking modes of polythiocethers with m = 5, on the
basis of simply coupled oscillator modelg . It was shown that the
frequencies of these bands corresponded approximately to points on the
dispersion curve for CH2 rocking modes of the planar zig zag polymethylene
chain calculated by Tasumi et a163 (see Fig. 1.15). A similar approach
to the progression bands arising from CH2 rocking and C~C stretching
modes of polythioethers with m = 4,6 and 10, and polyethers with m = 4
and 10, is worth considering.

+
Molecules with m = even and m = odd give rise to %‘and EEL IR

62,158

active CH, rocking modes respectively On the other hand, these

2
molecules give rise to a total of n~1 Raman and IR active C-C stretching

modes62,158

. The k values may be assigned to the observed bands approx-
imately by counting their number in the appropriate spectral regions

with regard to their intensity and IR dichroism, and taking into account

the selection rules described in Table 1.2. A plot of the frequencies
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of IR-active CH, rocking modes, and Raman and IR active C~C stretching

. 8 . .
modes against == has been presented in Fig, 5.7(a) and (b) respect-

el
ively. The k values assigned to the concerned bands, have been shown by
numbers 1, 2, 3, etc. in Fig. 5.4(a) and (b). It is clear that analogous
to the case of polythioether with m = 5, the progression bands in the
CH2 rocking and C-C stretching spectral regions of polythioethers with

m =4, 6 and 10 and polyethers with m = 4 and 10, correspond approxim-
ately to points on the frequency-phase curves (v8 and vy respectively)

of the polymethylene chain {Eig. 1.15].

It may be remarked that in the case of lower members, the inter—
acting effect of § or O atoms seem to perturb the frequency-phase rela~
tions. This is reflected by the difficulty of assigning k values to
the observed bands in these cases. This behaviour is, however, expected

since the lower members of n-paraffins have been found to behave

similar1y62.

C-C bending and torsional modes

The C~C bending and torsional modes are forbidden in the Raman
spectrum of an infinite polymethylene chain whilst in the IR absorption
they have zero frequencies63. Since polyethers and polythioethers have
finite methylene sequences, the features due to these modes would appear
both in their Raman and IR spectra.

Todokoro et al have analysed the IR active C~C bending and torsional
modes of polyethers with m = 4, 6, 810, and 12, using the simply
coupled oscillator modellss. According to their results, the band pro-
gressions between v550 - 300 cm,m1 and v250 - 150 cm,h1 arise from C-C
bending and C-C torsional modes respectively and correspond to Ve and Vg
branches of the polymethylene chain calculated by Tasumi et a163. [éee

Fig. 1.15].
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Raman spectra of polyethers with m = 4 and 10, and polythiocethers
withm = 4, 5, 6 and 10, also show progressions of bands in the above
frequency ranges and may be regarded as arising from similar modes [?ig.

5.4(a),(b) and 5.5(a),(bjj.

Localized modes

The behaviour of the modes associated with C~0-C bonds in polyethers
and C-S~C ones in polythioethers, also reflects the molecular structure.

The stretching modes associated with these bonds cannot couple with
CH2 rocking modes when the conformation is planar zig zag154. Further,
the C~0~C bond is more polar than the C~8~C bond. Thus the former would
have a greater change in the transition moment than the latter and would
give rise to stronger features in the IR spectrum. On the contrary
the C-8-C bond would have a greater change in polarizability during the
vibration than the C-0-C one, and would give rise to stronger feature
in Raman spectrum. [éee Section 1.3.1]

It seems, however, that molecular conformation does not perturb the

frequency of the C-0-C stretching mode appreciably e.g. PTHFISA, POCBIS3,

PE0142—146’ POM124"131

, [See Sections 4.2 - 4.4 and 4.6 alsé] but it
causes a considerable change in the frequency of C-5-C stretching modes
as indicated in Sections 4.3, 4.5 and 4.7. {Eee reference 152 alsé}

A comparison of the frequencies of concerned modes is given below

for the sake of convenience.
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Molecule Av/v cm,"’1 Species " Mode
PTi G 648 A, vCSC, 8SCS
735 A, vCSC
708 E vCSC
671 E vCSC, 6§SCS
PES (TGG) 731 Ag v(csc)s—a(CCS)s
760 B, v(CSC) ~8(CCs)
672 A v(CSC) +R(CH.)
u s 2°s
723 B, v(CSC) +R(CH,)
695 B, R(CHZ)a+v(CSC)a
PTrMS(Gé) 651 A] vCSC
752 B, vCSC, RCH,

Since the frequencies of C-S-C stretching modes of PES are higher than
the frequencies of similar modes of PTM and PTyMS, it may be suggested
that as the chain conformation straightens, the frequencies of these
modes increase.

Polythicethers with m = 4,5,6 and 10, show strong and medium
intensity doublets respectively in the following frequency ranges as

shown in Fig. 5.4(a) and (b).

Raman: Av775 - 755 cm |

IR + v785 —~ 745 cmﬁl

The intensity, IR dichroism and the frequency ranges of both of these
sets of bands indicate that they arise from C-5-C stretching modes.

As usual the lower frequency band in each case may be assigned to the
symmetric and higher frequency ome to the asymmetric stretching mode1

This is also supported by the decreased parallel dichroism of the latter.
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A considerable increase in the frequencies of both Raman and IR
active C-$~C stretching modes indicate that the associated molecular

conformation is probably planar zig zag.

The overall effect:.of C~0-C and C-8~C stretching modes on the spectra of

polyethers and polythicethers respectively.

At this point it would be worth considering the cause of detailed
differences in the spectra of corresponding members of polyether and
polythiocether series.

Although the spectra of both polyethers and polythicethers resemble
more closely to that of polyethylene as m increases, Raman spectra of
polyethers tend to be so more than those of polythiocethers [:See Fig.
5.4(a),(b) and 5.5(3),(b)t]. Thus the Raman spectrum of polydecamethylene
oxide seems to be a close copy of polyethylene. This difference arises
basically from the electrical behaviour of C-0-C and C~S—~C groups as
mentioned above. Further, since the mass and potential of oxygen
and carbon atom is similar, strong coupling between methylene sequences
and oxygen atoms takes place and the polyether chain behaves like the
polymethylene chain during vibrationlss. On the other hand, the mass
and potential of the sulphur atom is widely different from that of the
carbon atom which results in strictly frequency-phase modulated vibra-
tions of the (CHZ) sequences in polythioethers. Consequently the band
progressions are h?ghly developed even in higher polythicethers such as
polydecamethylene sulphide, whereas these are weak or absent in the case
of polydecamethylene oxide.

Finally it may be concluded from the above analysis that polythio-
ethers with m = 4, 6 and 10 take planar zig zag conformations similar to

the zig zag structures of polyethers with m > 4 and polypentamethylene

sulphide.
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Further, as m increases, the Raman spectra of polythiocethers and

polyethers with m > 4 become closer and closer to that of polyethylene.

This is especially so in the latter case i.e. polyethers.

Molecular group associated with the polythioether chain

As indicated earlier, the symmetry elements of planar zig zag poly~

ether and polythicether chain would be those belonging to th or ¢

symnetry groups, according to whether m =

2v

even or odd, respectively.

Thus it should be possible to reasonably explain the Raman and IR spectra

of corresponding molecules on the basis of factor group analysis.

As expected, Raman and IR spectra of polythiocether with m = 5, show

several coincidences and the spectral features may be assigned to the

symmetry species of the ¢

2

intensities and IR dichroism (Table 5.3).

, Broup, by considering coincidences, relative

The rule of mutual exclusion, however, should apply to Raman and IR

spectra of polythioethers with m = 4, 6 and 10, since in this case, the

molecular group is expected to be d

spectra also show some coincidences.

2h’

Contrary to the expectation these

Apart from some coincidences of

weak bands which may be attributed to irregular structures those due to

more prominent ones are as follows:

PTMS PHMS PDMS
Raman (chmfl) IR(vcm—l) Raman (Avcmwl) IR(vcmﬁl) Raman (AVCm"I) IR(vcmﬂl)
1238,W 1261(11)M 1111,V8 1113(¢ W)mw
1291,M( 1)
1305,VS 1304 (11)VS | 1304,M 1299 ( 11)MW| 1300,VS 1302,107, 5h (1
1422 .M 1425(11)S | 1438-42,VS 1439 1)MS| 1422,M 1425(1)s
1455,VS 1452(L)vs | 136, VS 1455(1)VS | 1464,S 1466 (11, L)VS

These coincidences may be regarded as accidental since these are few in

number and the frequencies of the concerned bands in Raman and IR progress-—

ions may be too close to be differentiated except by carrying out normal
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A proposed assignment of the prominent vibrational

features of polypentamethylene sulphide

Raman

1 IR _ Species Approx. Mode
(Av em ) (v em )
717,W 723,85, L B, R(CH,)
734, W 728,8, L B, R(CH,)
754,VS 751,W, | A v, (C-5)
768,58 765,MW, || B, v, (C-S)
g;g gg 827, MW, L B, R(CH,))
1032,M - A, R(CH,), v(C-C)
1054,M 1042~48, MW, L B, R(CH,), v(C-C)
1075-82,VS 1077,w, L A v(C-C)
1239-43,M 1236-1241,8, 1 B, T(CHZ)
1278,W 1278 vs, 1 B, T(CHz)
1303,V8 1300 Mw, 1l A, T(CH,)
1337,W - A, W(CH,)
1347 MW 1346 MW, L B, W(CH,)
1363~67 ,MW 1362 W, i B2 W(CHZ)
1422 ,M 1419 mw, I B, W(CHZ) or 6<CH2)
1436 ,MS 1433,8, 1} B, 8 (CH,)
1445,VS 1642,M8, | A, 8 (CH,)
1458 ,MW 1457,V8 | B, §(CH,)
1465,M 1464 VS, | B 8 (CH,)
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Table 5.4

A proposed assignment of the prominent vibrational features arising

from (CHZ) sequences of polythiocethers with m = 4,6 and 10 and polyether

" with m = 10,
PTMS PHMS PDMS PDMO PE52’6%£¥1— Mode
m =4 m =6 m=10 m=10 m = ies
(Av/vcmﬁl) (Av/vcmml) (Av/vcmﬁl) (Av/vcmﬁl) (Av/vcmﬁi) |
2907 ,48 2893,VS 2886,VS 2886,VS 2883(285@) v_ (CH,)
2866 ,M 2860, S 2863,5 2864,8 2848(2845) v, (CH,)
1422 ,M 1421,W,Sh 1422,M,Sh 1419,M 1418(1437) A, 8(cHy)

~ ~ 1139,W 1169,W 1168(1164) T(CH,)
1074,V8 1091,VS 1111,VS 1138,VS 1131(1127) Skeletal
1359,M 1370,W 1366 ,MW 1373,W 1370(1408) W(CH,)
1305,VS 1304 ,MS 1300,$ 1300,5 1295 (1308) B, W(CHy)
1046 ,MS 1059,8 1065,5 1064 ,MS 1061(1051) Skeletal
1359,MW 1370,W 1372,MW 1373,W 1370 (1413) W (CH,)
1288,W 1292,M 1300-12,V8 1286 ,M 1295 (1303) Bog T(CH,)
1046 ,M8 1059, 8 1065,5 1074 ,M8 1061(1051) Skeletal
2907,VS 2893,VS 2886,VS 2886,VS 2883(2904) v (CHy)
2854 ,M 2850,MS 2854,5 2853,8 2848(2838) . v (c8,)
iigf:is iiig Vs 1446,VS ;Zg?:gs 1641(1455) B 6 (i)

- - 1139,W 1169,W (1168) (1164) R(CH,)
1074,VS 1091,VS 1111,8 1138,5 1131(1127) Skeletal
2924,V8,1  2933,VS, 1 2924,VS, ]  2921,VS,L 2929(2919) v _(CH,)
2838,Vs,.  2851,vs, L 2844,vs,)  2855,Vs,| 2851(2874) B, v _(CH))
1460,VS, 1 1462,VS, 4 1466,VS, 1  1485,8, 1 1473(1489) § (CH,)

728,VS,4 725-27,VS,.  733,M, L 730,M8,4+ 731 (749) R(CH21~

2910,VS,1 2918,VS, 1 2912,vs, L 2920,vs, Ll 2929(2917) v _(CH))
2848,VS, | 2851,VS, 1 2844,vs, L  2855,vs, L 2851(2877) v ((CH,)
1455,Vs,]  1455,vs, ] 1457,5 5 L 1462-66,vs L 1463(1479) B, 6 (CH,)
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Table 5.4 (Contd)

728,VS,l  725-27,vS,0  719,vs, L 719,VS,L 720 (737) R(CH,)
1278,5, I '
1304,U8, 11 1262,Vs, g1 1226,5, #3000 y 1175175 . W(CH,)

3u

1181,s, 1| 1178,s, u 1i79,m, M 1193w, 11 1050(1059) T(CH,)

* Calculated
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coordinate analysis. This is further supported from the fact that

such coincidences also exist in Raman and IR spectra of polydecamethylene
oxide whose molecular group is known to be th from X-ray diffraction
analysissz. Nevertheless, it is not possible to make detailed assign-

ments of the observed bands since only b, species have unique IR

3u
dichroism and the spectral behaviour of Raman bands is not predictable
on the basis of the present data. However, since the molecular group of
PE is also th, the assignments of Raman and IR bands of PE may be
correlated with the corresponding bands of these molecules, with regard
to relative intensities and IR dichroism. A "close fit" of this type has
been presented in Table 5.4. This indicates that the molecular group
associated with polythiocethers having m = 4, 6 and 10 is very likely to
be isomorphous to the point group th.

Further, it is clear that vibrational spectrum of PDMO also finds
explanation on the basis of the factor group analysis under the molecular
group th.

5.3 Crystal structure and correlation band splitting

5.3.1 Introduction

As already stated, polyethers with m > 4 assume two types of packings
of two molecular chains i.e. PTHF~ or PE-type, depending upon the number
m and the modes of preparation (see Table 5.1). Since in the PTHF~type
lattice, two chains become equivalent by a simple tranmslation, the
Bravais unit cell or the spectroscopic unit cell is half the size of
crystallographic unit cell thus containing only a single molecular chain.
On the other hand, the spectroscopic unit cell is identical with the
crystallographic unit cell in the case of the PE~type polyether. The

space and line groups in both of these cases are related as follows:
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PTHF—-type PTHF~ and PE-type PE-type
Space (CZh) Line (d2h) (Space (DZh)
a A
& blg Blg
: bz%::::::::><:::::::leg
g
b3g B3g
a A
: "
1
blu Blu
? b>< =
u
b3u BBu

Consequently the spectral changes caused by the intermolecular
interactions (correlation band splitting and appearance of the bands due
to lattice vibrations) should be expected only in the polyethers of the
PE type lattice. In fact, in the spectra of polyethers with m = 8,9,10
and 12 (PE-type), the doublet splittings of the IR-active CH2 rocking
modes have been observed at almost the same positions as in polyethylene52
Further, the IR active skeletal torsional modes of these molecules
between v200~-100 cmml , have also showed splitting. On the contrary,
in the spectra of polyethers with m = 4,6 and 8 (PTHF-type), the band
splitting has not been observed. The magnitude of splitting has been
found to increase gradually with the number m (about 7 and 11 cmm1 in
polyethers with m = 8 and 12 respectively).

The correlation effects in other parts of the vibrational spectra
of polyethers have not been investigated as yet. These are expected to
be similar to those observed in the case of polyethylene and n-paraffins

because of the structural similarity of polyethers to the latter molecules.
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As explained in the introductory chapter [Section 1.4.3é], the band
shape in the CH2 deformation region of Raman spectra of n—paraffins and
polyethylene is of special significance, since it reflects ! chain or

2 chains per unit cell structure.

Polythioethers with m > 4 have similar chemical and molecular
structure as polyethers with m > 4. It is, therefore, to be expected
[;s argued in section 5.{] that the molecular packing of the former
would also be similar to that of the latter i.e. PE~ or PTHF-type.

So far, molecular packing of the polythiocether with m = 5 only
has been determined, which as already mentioned, is different from
both the PE~ and PTHF*typegz . In the spectroscopic sense, however,
it is also a 2 chain per unit cell structure, and would, therefore, show
similar correlation effects as a PE-type polyether or polyethylene.
This has been confirmed by the splitting of IR bands arising fromCH2

rocking modes into doublets92

. Like polyethers, correlation splitting
in the Raman spectrum of this molecule, however, has not yet been
investigated.

Thus it may be concluded that if polythicethers with m = 4,6 and
10 (even) give rise to correlation band splitting, they would have
similar crystal structure as polyethers with m > 4 (even) having 2 chains
per unit cell i.e. PE~type. On the contrary, the absence of correlation

splitting in their spectra would be indicative of a single chain per unit

cell structure i.e. PTHF-type.

5.3.2 Results

PTHF and PDMO (polyethers): The CH, deformation and stretching

2

regions of the Raman spectra of PTHF and PDMO are shown in Fig. 5.8(a)

and (b) respectively at 25°C and -180°C.
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PTMS, PPMS, PHMS and PDMS (polythioethers): Various regions
of the Raman spectra and CH2 rocking regions of the IR spectra of PTMS,
PPMS, PHMS and PDMS are shown in Fig. 5.9(a),(b),(c) and (d) respect~
ively at 25°C and ~180°C. The corresponding data are collected in
Table 5.5.

It is clear from Fig. 5.8(a) and (b), and Fig. 5.9(a), (b),(c) and
(d), and Table 5.5 that either band splitting occurs or separation
between the components of some doublets increases at —-180°C in a number
of cases in the spectra of all molecules except PTHF, As a result, a
band near 1420 cm‘1 occurs only in the spectra of PDMO, PIMS, PPMS,
PHMS and PDMS. The vibrational behaviour of PTHF is peculiar under the
influence of temperature, since the relative intensities of the bands

near Av1454—,1491-:and. 2869 c:mm1 vary with temperatiure.

5.3.3 Discussion

PTHF and PDMO: The occurrence of a band near Av1420 cm,”I in the
spectrum of PDMO and its absence in that of PTHF in Fig. 5.8(a) and (b)
indicates that correlation splitting occurs only in the case of PDMO.
This view is furgher supported by the fact that separation between
M 1418 and 1442 cm” ! bands in the case of PDMO [?ig. 5.8(a):]
increases at -180°C. Since doublet splitting has already been observed

52

in the case of the IR-active CH2 rocking modes of PDMO™ ", the vibrational

behaviour of this molecule seems to be connected with the factor group

analysis of the space group D [éection 5.3.1]

2h
As expected, no band splitting has been observed in the case of

PTHF because of the | chain per unit cell structure. Nevertheless, the
. . .. -1

relative intensities of the bands near Av1454~,1493~ and 2869 cm = vary

. -1, .
as a function of temperature and the band near Av1493 cm = increases in

frequency by 3 cm_'1 at -180°C. This behaviour may be explained on the
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basis of the factor group analysis as follows:

The relationship between the line and space groups has been given
in section 5.3.1. The line group symmetry is likely to be predominant
at 25°C. Therefore, the bands at Av1454- and 1493 cm,w1 may be assumed
to be of ag and b2g species respectively in view of their relative
intensities. On the other hand, the space group symmetry is likely to
be predominant at -180°C. In this case, the line group species ag+b2g
will transform to the space group species Ag thus giving rise to a strong
band at Av1496 cm~ and weakening the intensities of the bands near

Av1454~ and 1493 cmﬂl. The decreased relative intensity of the strong

band near Av2869 cm.”I and its increased } band width from 13~ to 16 cm"1
at ~180°C also seems to reflect the same effect.

It is worth noting that the band shapes of the CH, deformation spectral

2

regions of PDMO and’ PTHF resemble closely to those of the corres-

ponding spectral regions of n~paraffins and polyethylene having 2 and

1 chain per unit cell structures respectively [Eee section 1.4.35].
PTMS, PPMS, PHMS and PDMS: The band splitting observed in the case

of these molecules [@ig. 5.9(a),(b),(c) and (d) and Table 5.5] may be

attributed to interchain interactions and not to the increased resolu-

tion produced by cooling since:

(i) the components of some doublets show increased separation at

-180°¢ e.g. skeletal stretching in PPMS and CH, rocking in PPMS

2
and PHMS Eiable 5.5 1.

(ii) the relative half band widths of those bands which split increases
considerably at ~180°C. On the other hand, the relative } band

widths of those bands which do not split decreases at +180°¢

[Table 5.5].
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ces ! . . . .
(iii) A band near Ay 1420 cm occurs in all cases which 1s characteristic

of correlation splitting in the CH, deformation regions of this type

2
of molecule . Further band splitting in this region becomes
increasingly complex at mISOOC, due to the joint effect of Fermi
resonance and correlation splitting.

The observed correlation splitting may be explained on the
basis of factor group analysis of the space group D2h in the case of

PTMS, PHMS and PDMS (m = even) and C,. in the case of PPMS (m = odd)

2h
[éection 5.3.1 and Ref. 92:]. According to this analysis, every line
group mode should split into a doublet in the space group. Although

band splitting in the CH, deformation regions seems to be rather complex

2
due to the joint effect of Fermi resonance and correlation splitting,
no band splits into more than two components in other spectral regions.

The correlation effects in the case of these molecules, however,
seem to be somewhat different from those observed in the case of PDMO
and other PE-type polyethers, and polyethylene as follows:

(1) The splitting of CH, rocking modes of polyethers and polyethy-

2
lene has been observed even at 2500, whereas corresponding splitting of
polythioethers has been observed mostly at -180°¢. Nevertheless, the
magnitude of splitting is about the same as in polyethers and poly-
ethylene i.e. ~ 10 cm .

(ii) Similar to polyethers band splittings are fewer than in the
case of polyethylene.

Among other similarities in the spectra of polythiocethers, and
polyethers, e.g. PDMO [?ig. 5.9(a~d) and Fig. 5.8(a) respectiveli], the

band  shapes in the CH, deformation regions are worth noting. The

similarity of these band shapes together with the occurrence of a common
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-1, . . .
feature near Av1420 cm = is also suggestive of the 2 chain per unit

cell structure

5.4 Polymorphism in polyethers and polythiocethers with m > 4.

5.4,1 Introduction

Tadokoro et a152 studied the polymorphism in polyethers with m > 4
i.e. partial transformation of the PTHF type structure to PE type and
vice versa under the conditions of melt and solution crystallization
given in Table 5.1,using X-ray diffraction patterns and IR spectra.
As the transformation proceeded both the X-ray diffraction patterns
and IR spectra showed characteristic variations.

It is worth investigating if annealing would have a similar effect
on the transformation of crystal structure in polyethers.

Like polyethers, polythiocethers e.g. PIMS, PHMS and PDMS may also

show structural transformation or polymorphism under similar conditions.

5.4.2 Results
PDMO: - The CH2 rocking and deformation regions of the IR spectrum,

and CH2 deformation and stretching regions of the Raman spectrum of

PDMO are shown in Fig. 5.10(a) and (b) respectively as a function of
annealing temperature (Tann)'

Further, the X-ray counter curves at similar annealing temperatures
are presented in Fig. 5.10(c).

PTMS, PHMS and PDMS: Fig. 5.11 shows CH, deformation regions of

2
the Raman spectra and CH2 rocking and deformation regions of the IR
spectra of these molecules as a function of crystallization from solu-

tion and annealing close to Tm.
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Further, the X-ray counter curves listed below are presented in Fig.
5.12 for a comparative study.
(a) PIMS, PHMS and PDMS
(i) Crystallized from solution
(ii) Annealed close to Tm
. 50 . . s . 160
(b) (i) Polyethylene” and orthorhombic and monoclinic n—paraffins
(2 chains per unit cell structures)
. s 51 s s s . 160 . .
(ii) PTHF" and a triclinic n-paraffin (1 chain per unit cell
structures)
The data from Fig. 5.12(a) and (b) are summarized in Table 5.6.
Since no variation occurs in the vibrational spectrum or X~-ray

diffraction curve of PPMS under similar conditions, corresponding data

for this polymer have not been included.

5.4.3 Discussion
PDNO

It is clear from Fig. 5.10 (a) and (b), that the correlation
doublets observed in various spectral regions merge into singlets as
the temperature of annealing increases. A similar effect seems to occur
on rolling as well, though a rather detailed study is required in this
case. Further, annealing close to Tm i.e. 75°C results in a complete
disappearance of the correlation effects as indicated by the complete
loss of the 1418 cm“I band in Raman spectrum and simplification of
the CH2 rocking and deformation regions of IR spectrum. Thus it may
be concluded that the PE-type structure of PDMO gradually transforms to
the PTHF~type as Tann increases and a complete transformation to the
latter type occurs on annealing very close to Tm. This is supported from

the characteristic variations in the X-ray counter curve which finally

resembles that of PTHF-type [;ee Fig. 10(?{]-
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‘Table 5.6
(a) Main X-ray peaks for polythicethers i.e. PIMS, PHMS and PDMS
crystallized from solution and annealed close to Tm.
(b) Crystallographic data and main X-ray peaks for polyethylene, n-

paraffins and PTHF.

(a)

Molecule Crystallized from Solution Annealed
(20) (26)

PTMS 19.4(8), 21.8(W),24.2(M8) 19.4(M),21.9(MW),23.4(8),24.2(M)
PHMS 194, (W) ,21 MW) ,23.2(W) ,~25 (VW) 19.4(W),21.2(MW),23.3(S) ,n25VW
PDMS 194.(8),22.9(MS) ,A25 (W) 19.4(W) ,23.2(8), n25 (W)

()
Molecule Crystal type and space group Chains/ 28

unit cell
PE Orthorhombic - D2h 2 21.8(S8),23.9(M)
021H44 Orthorhombic ~ D2h 2 21.5(M),23.8(8)
C,.H Moncclinic -~ C 2 19.6(VW),21.4(8),
4286 2h 23.9 (MW) , 24,2 ()

PTHF Monoclinic - CZh 1 19.4(8),23.9(M)
CZOH42 Triclinic - C2 or C, 1 19.3(8),23.4),

24.,9(M)
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Recently Balt Kaleja et a1159 have carried out similar studies
on PDMO using the X-ray diffraction method. Their findings partly

support the present conclusions.

PTMS, PHMS and PDMS

It is clear from Fig. 5.11 that the spectral regions which show
correlation splitting at ~180°¢ [See Fig. 5.9 (a~d) and Table 5.5] s
also show splittings on annealing close to Tm. The splittings in the
latter case are, however, fewer than in the former. Melt crystalliza-
tion and rolling also seem to cause similar effect. Further, correla-
tion splitting appears to decrease as m increases e.g. in the case of
PDMS. This tendency reflects a decreasing content of the 2 chain per
unit cell structure in higher polythicethers as m increases.

These results are further supported from an empirical assessment
of the X-ray counter curves shown in Fig. 5.12(a).

A comparison of the X-ray counter curves [Fig. 5.12 (b)] and
corresponding crystallographic data in Table 5.6(b) for polytheylene
n-paraffins and PTHF indicates that characteristic modes of crystalliza-

tion in these molecules give rise to the following unique peaks:

Crystal Type Chains/unit cell 26
Orthorhombic or PE~type 2 21,6 (S=M) 024 (M=K
(1 peak)
Monoclinic 2 n21.6(S-M) ,v24 (M-W
(2 peaks)
PTHF ~type 1 v19.4(S)
Triclinic 1 v19.4(8) ,nv25(W)

When these results are compared with the X~ray counter curves of
PTMS, PHMS and PDMS and corresponding data in Table 5.6 (a), the follow-

ing conclusions may be drawn:
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PTMS PHMS S PDMS
(Solution PE~ + PTHF-type PE~ +Triclinic- Triclinic~
crystallized) type type
(Annealed or PE~ + PTHF-
melt crystallized) + Triclinic-type PE~ + Triclinic—~ Triclinic~ +
type PE~type

These observations indicate a reverse crystallization behaviour
of polythioethers in comparison with polyethers. Whilst the former seem
to crystallize preferably into a Z chain per unit cell structure on
annealing or melt crystallization, the latter crystallize preferably

into a 1 chain per unit cell under similar conditions. Further the

2 chains per unit cell
1 chain per unit cell

ratio: seems to decrease with m in poly-

~thioethers whilst it increases with m in polyethers.

5.5 Final conclusion

Polythioethers with m = 4, 6 and 10 i.e. PTMS, PPMS and PDMS,
assume planar zig zag conformation which belongs to the symmetry group
th.

They seem to show polymorphism having 2 or more types of coexisting
crystal structures. The contents of the coexisting structures seem to
vary with m as well as with the conditions of crystallization e.g.
solution and melt crystallizing, annealing and rolling. Generally 2
chain per unit cell structure is predominant for the lower members
whereas 1 chain per unit structure predominates in the case of higher
members. The factor group of the space group seemgto be isomorphous
to the point group DZh in the case of 2 chain per unit cell structures.

The transformation of the PE~type structure into the PTHF-type

in PDMO may be controlled by annealing at various temperatures below Ty s

and a complete transformation from the PE~ to the PTHF~type structure
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may be affected by annealing at or very close to Tm. Rolling also
causes the transformation of the PE~type structure into the PTHF~type.

PPMS does not show polymorphism.

The vibrational spectra of polythioethers with m = 4~6, and 10
and polyethers with m = 4 and 10 find reasonable explanation on the
basis of the factor group analysis. The correlation splitting in
polythioethers with m = 4,6 and 10 becomes prominent only at cryogenic

temperature thereby reflecting weak interchain interactions.
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CHAPTER VI

INVESTIGATTION OF CRYSTALLINE
LAMELTLAR STRUCTURE IN POLYETHERS
AND POLYTHIOETHETRS (m = 1 -10) USING

LOW FREQUENCY RAMAN SPECTRA
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6.1 Introduction

In the last two chapters, the so called internal and external
modes of polyethers and polythioethers with m = 1-6, 10, were considered
whilst little attention was paid to longitudinal acoustic modes of
their crystalline lamellar structures. The study of LA vibrations of
these polymers is significant not only to demonstrate the potentiality
of Raman technique for such measurements but also because lamellar
structures of these polymers are unknown in most cases.

In the introductory chapter, LAM frequencies of n-paraffins and
polyethylene were discussed to show how these could be related to the
chain length in the case of n~paraffins and to the chain stem length
between the folds in the case of polyethylene using equation 1. The
relation between the chain stem length thus derived and the LAXD long .
spacing was also discussed briefly.

When passing on to other polymers different from polyethylene
chemically as well as conformationally, it should be realized that low
frequency Raman bands can appear due to a variety of reasons. The
present discussion is, however, concerned with those bands only which
are associated with the physical parameters of the crystal thickness and
not with the chemical nature of the molecule or with the crystal lattice
intrinsically. 1In the search for a suitable material, equation ! should
be of guidance. In order to have a v value as large as possible to
facilitate its detection for the L values in the range of the usual
crystal lamellae, E the Young's modulus should be large. Polyethylene
is one of the most favourable materials in this respect; because of the
planar zig zag conformation of the chain within the crystal coupled with
a low value of p, it should give a high frequency per unit chain length
easily detectable with the present technique. Conditions are expected

to be less favourable for polymers with lower chain moduli such as.
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pertain to helical conformations where correspondingly lower frequencies
are expected for identical L values.lgO
Owing to these reasons, the existing reports on the observation of

LA modes in polymers other than polyethylene were very scarce at the
start of this work. Calculations exist for the o helix of poly*lnalaniigjlél
but no experimental confirmation has been quoted. O01f and coworkers78
reported their failure to observe LA modes in several polymers. Keller
et a186 have recently obtained some results on a low melting polyester-
polydecamethylene sebacate. On the other hand, a low frequency band
has been observed at low temperatures in cis 1-4 polybutadiene at
Av3-5 cmfl, depending upon the sample treatment.l62

Polyethers and polythicethers of the series £(CH2) —Y} may
be viewed as suitable and promising materials for this studymbec:use of
their chemical resemblance to polyethylene. Lower members of these
series (m < 3), however, have helical conformations and high densities
(see Table 4.1), and are, therefore, not likely to conform to the re~
quirements of equation 1. On the other hand, higher members with m > 4
are close to polyethylene chemically as well as structurally. Since
their crystal structures and the densities resemble that of polythylene
(see Chapter 5 and Table 4.1), the LAM frequencies associated with the

straight stems of lamellae should not be substantially different from

those pertaining for polyethylene of identical stem lengths.

6.1.1 The influence of specific chemical nature on the fold length value

Since planar zig zag polyethers and polythioethers are chemically
different from polyethylene, it is possible that their chemical nature

would have a marked influence on the fold length values. Keller et a1163

have shown in a series of recent studies that chain folding in polyamides
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crystallized in solution can be influenced by the specific chemical
groups situated along the chains thus giving rise to characteristic fold
length values. Nevertheless, only those fold length values would be
permitted which are compatible with the crystal structurel64. The
specific chemical nature of the end groups can also strongly affect

the folded crystal structure in short chain mcleculeslés. For example,
polar groups tend to build up associations of regularly arranged chain
ends inducing a sharply folded structure whereas bulky end groups which
are not capable of forming chemical associations are rejected as cilia
from the crystalline lamellae giving rise to rather disordered layer
surfaces.

The planar zig zag polyethers and polythioethers exist as follows

due to their method of preparation [see section 2.6.1]:

]

0 or 5)

X fr-(cuy ¥ ¥x (¥
m n H or Na)

X

(a)

The fractions of (a) with various number average molecular weights (Mn)
offer the double feature of a model with (i) an n distribution of chains
of varying lengths with two YX end groups and (ii) a specific regular
distribution of chemical groups (O or S atoms) situated along the main
chain. Thus the effects associated with short chains having end groups
and specific chemical nature may be reflected in the fold length values
of these polymers. As regards the effect of crystal structure, (a) cry-
stallizes in 1| or 2 chains per unit cell structures [?ee Table 5.1 and
Section 5.3.1 j. Since the value of the fibre period is the same for
both crystal structuressz, the influence of crystal structure on the
value of fold length is likely to be similar in both cases.

Recently the chain folded structure of PDMO has been investigated
using the LAXD method with the above implications in mindl66. Four

fractions of PDMO having molecular weights M. = 1358, 1503, 2906 and 4074
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were examined. All the fractions exhibited various coexisting character—
istic values of LX which were independent of the crystallization tempera—
ture and the molecular weight. The conspicuous intensity changes with
the crystallization or annealing temperature and eventual disappearance
of certain diffraction peaks, however, indicated that the population of
crystals with larger fold length values gradually increased at the
expense of the population of crystals having smaller fold length values,
as a function of crystallization or annealing temperature.

The characteristic long period (LX) was explained on the basis of a
model involving a regular chain folded structure, which preserved the
unit cell. (Fig. 6.1) According to this model, the LX in (X) fits
with the assumption LX = 13.75 x n (Lc) + 8(2Lf) [see Section 1.4 for the
definitions of LC and 2Lf ] where n represents the number of monomeric
units across the crystal, 13.75 X is the length of one repeating unit
and 82 is the contribution of the interlamellar gap plus fold. The
packing of stems according to this model, has an alternate sequence of
n and n-1 extended monomeric units yielding a layer thickness equal to
the length of n monomers. This packing mode excludes the oxygen atoms
from the folds and assumes a well defined 3-dimensional superstructure
of these atoms within the lattice. Further, the chain ends are not ex-
cluded from the crystal lattice.

In view of the chemical and structural similarity of PDMO to planar
zig zag polyethers and polythiocethers, they are expected to have a

similar chain folded structure.

6.1.2 This study

The chemical and structural implications discussed above, form an

interesting basis for the study of lamellar structures of polyethers and
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polythioethers. Thus crystallization in polyethers and polythiocethers
with m = 1-6, 10, which include both helical and planar zig zag molecules
has been investigated in this study using the Raman technique.

Solution crystallized and in some cases melt quenched specimens
were annealed for 3 hour—~durations unless stated otherwise. The fre-
quency of LA mode in the case of planar zig zag molecules has been
correlated to the chain stem length using equation 1 with a Young's
modulus value similar to that of n—~paraffins and polyethylene i.e.
3.58 + 0.25 x 1012 dynes/cmz. The chain lengths thus computed henceforth
called Raman lengths (LR) * have been compared with those derived from
LAXD long spacing (LX) wherever possible.

An increase in lamellar thickness is usually accompanied with a
subsequent increase in the degree of crystallinity thus causing a simult-
aneous increase in demsity and T as well. The Variafions achieved in
lamellar thickness as a function of annealing temperature (Tann) have,
therefore, been further substantiated from the measurement of density
and D.S.C. derived melting points (Tm).

The results have been discussed under the following main titles:

1 Polyethers with m = 1-4,6,10

2  Polythicethers with m = 1-6,10

6.2 Results and discussion

6.2.1 Polyethers with m = 1-~4,6,10

6.2,1a m= 1-3
Polyethers with m = 1-3 give rise to a number of low frequency bands,
nonetheless they are not attributable to LA modes because of their

indifference towards thermal treatment (see Chapter 4).

* OL o= LC {(see Section 1.4)
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The low frequency Raman spectra of PTHF, PHMC and PDMO have been

shown in Fig. 6.2, 6.3 and 6.4 respectively and the corresponding data

have been summarized in Tables 6.1, 6.2 and 6.3.

e 6.1

Tabl

Low frequency Raman data of PTHF

-1 *
Sample Tann oAv cm _ gR gx
(°c) 25°C | ~180°C (a) (L)
Solution crystallized - 29,M | 29.5 M 113 164
Bulk material - 20,VS | 20.5,VS 154 235
56,W,B | v60,W,B
96,W,B | ~100,W,B
" 38 No change -
M@lt.quenched in _ 30 _ 106 _
liquid N2
it
25 (for 7 95 _ 123
days)
% Please see Chapter 2 (section 2.8)
Table 6.2
Low frequency Raman data .of PHMO
Sample Av cm LR Lx
ann p 5 o
°c) 25°¢ | ~180°C &) (A)
Solution crystallized - 32 32.5 97 100
" 48, for 20 - 156 168

24 hours
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Table 6.3
Low frequency Raman data of PDMO
-1
S &
ample ann . Av ?m. - %R gx y
(°c) 25°c -180° (A) (A) n
 Solution §
crystallized 21,W,5h f 153

32,8,B | "33 98 102 7
| 11
59, ~59 54 65 4
78,0 79 41 47 3

" 57 17,W,Sh |~ 188 -
29,8 - 110 118 8
14
62,W - 52 65 4
75, - 42 47 3
" 64 15.5,8 - 206 - 15
25,M - 128 - 9
48,W - 67 - 5
64,0 - 50 65 4
" 68 ~v15,8 - 213 - 15
n24 W - 134 - 10
saiwo - 78 90 6
" 75 12,5, - 265 - 19
23,0 - 139 - 10
52, - 62 65 4

%

n = number of repeating units.
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Polytetrahydrofuran

The bulk specimen of this polymer gave rise to a very strong Raman
-1 . . . . s .
band near Av20 cm ~ which was invariant in position as a function of
. . ~1
temperature or Tann' This, however, shifted to “Av 30 ecm = when the

specimen was melt quenched in liquid N, or crystallized from solution

2
[Fig. 6.2 and Table 6.1}. Since this polymer has a low Tm (v 40°C) its
annealing should be possible at a very low temperature. This view was
supported from the fact that the Raman band of the melt quenched specimen
fell from Av 30- to 25 mmfl when examined after 7 days, during which it
was kept at v 25°C. Thus low frequency of the Raman band of bulk specimen
may be ascribed to its anmealing at the ambient temperature. These
observations ‘clearly indicate that Av 20 cmﬁl band of the bulk specimen
and ~Av 30 band of the solution crystallized or melt quenched specimens
have their origin in the LA modes.

In addition to the Av 20 cm."»1 band of the bulk specimen, two weak
and broad bands have also been observed near Av 60~ and 100 cm.m1 which
show slight variations in frequency at ~180°C (see Table 6.1). The
factors (Av 20 cmfl) x 3 = Av 60 cm_n1 and (Av 20 cmﬁl) x 5 = Av 100 cm”1
suggest the association of the latter bands with 3rd and 5th order LA
modes.

A considerably large difference between the calculated Raman lengths

(LR) and LAXD long spacings (LX) reveals that Young's modulus of PTHF

should be substantially different from that of polyethylene.

Poly Hexamethylene oxide

PHMO is a highly crystalline and brittle material with a T, close
to 52°C and a density 1.04 g/cmB. The specimen, however, happened to be
somewhat fluorescent thus allowing a rather limited study of its low
frequency Raman spectrum. The LAXD data has been adopted from Tadokoro

52 . . .
et al with the assumption that these would compare with the present



236

results since the specimens have been prepared in a similar manner as
reported by the latter authors. The band near Av 32 cmmI in the solution
crystallized specimen is clearly associated with an LAM because of its
behaviour towards temperature and thermal treatment [See Table 6.2,

Fig. 6.3j]. The comparison between L_ and LX seems to be quite agreeable

R
thus indicating that Young's modulus in this case would be close to that

of polyethylene.

Polydecamethylene oxide

PDMO is a highly crystalline, slightly grevish substance which melts
near 76°C. The calculated and the observed demsities 1.025 g/cm3 and
1.03 g/cm3 respectively, are close to that of polyethylene.

Fig. 6.4 and Table 6.3 show a number of low frequency bands between
Av 80~ and 10 cmm1 in the Raman spectra of both solution crystallized
as well as subsequently annealed specimens whose frequency as well as
intensity vary as a function of Tann’ The solution crystallized specimen
gives rise to the strongest band near Av 32 cmf} which is accompanied
by a weak shoulder near Av 21 cmml. Both Av 32 cmn1 band and the
shoulder near Av 21 cm”1 gradually fall in frequency but reciprocate in
intensity as a function of increasing Tann until at 75°C, these bands
occur near VAVZ23—- and 12 cm.ﬂ1 respectively with completely reversed in-
tensities. The half band widths of these bands also decrease during
this process. Further, the higher frequency wéaker bands also behave
gimilarly. The thermal behaviour of these bands clearly indicate
their association with the LA modes of warious chaiq stem lengths. This
implies that the lamellar structure of PDMO involves various coexisting
stem lengths (LC). As the annealing temperature is increased, the
population of lamellar structures having lower stem length values

decreases at the expense of the population of those having higher stem
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length values. Further, annealing close to Tm brings about a consider—
able increase in the lamellar core thickness when stem lengths in the
vicinity of 267 K or 19n predominate [;ee Table 6.@].

These conclusions furnish further support to those derived from
the LAXD resu1t3166 mentioned previously. A rigorous comparison between
the LAXD results given in Fig. 6.5 and the Raman features given in Fig.
6.4 and Table 6.3, however, indicate a number of differences as follows:

The LX values near 47 X are associated with strong peaks whereas
corresponding values of LR are associated with weak Raman features. On
the contrary, the LX values of 90 Z , 102 Z and 118 Z are associated with
relatively weak LAXD peaks, whereas corresponding LR values are associa-
ted with the strong Raman features near Av30 cmﬁl. Further very high
values of stem lengths e.g. 139 X , 267 X [éee Table 6;3] are detected
by the Raman technique only.

Whereas the difference in the population of certain lamellar
structures as determined from the two techniques may be attributed to
different origins of the samples used, the detection of extra number of
coexisting lamellar structures using Raman technique, may be ascribed
to the better resolution offered by the latter.

It is significant to note a common feature in the low frequency
Raman spectra of PTHF, PHMO and PDMO i.e. the frequency of‘the strongest
band associated with LAM occurs near Av 30 cmfl thus reflecting the

similarity of crystal structure.,

6.2.2 Polythiocethers with m = 1=6 and 10
6.2.2a m= 1-3

Like the first three members of polyether series E%ee Section 6.2.1%3,

the first member of polythiocether series i.e. PIM, gives rise to a number
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of low frequency Raman bands which are invariant in frequency with
thermal treatment. The second and third members of this series i.e.
PES and PT¥MS, however, give rise to well defined low frequency bands
whose frequencies vary as a function of annealing temperature. There-

fore, these latter molecules will be considered in detail.

Polyethylene sulphide

PES is known to solidify with a high degree of crystallinity ( > 85%)
and has one of the highest Tm in the polythioether series. The morphol-
ogical structure of the!as preparedtpolymer has been investigated using
the EM techniquel67_ Tt has been observed that PES obtained by anionic
polymerization in THF assumes the shapes of platelets (lamellae),
microhedrites, microspherulites or particles of irregular structure
depending upon the molecular weight. At low molecular weights (500-1000) ,
the lamellar form is observed whose thickness varies considerably over
a range of 50-300 Z. Further, at higher molecular weights (1500-5600),
microhedrites and microspherulites are observed whilst at a molecular
weight of 14,280, particles of irregular structure are formed and
lamellae appear rarely.

The crystallization mode of the melt quenched material, however,
has not yet been investigated. In this study, the structure of high
molecular weight melt quenched material will, therefore, be investigated
using the Raman technique. The significance of this investigation
centres on the fact that repeated attempts to apply LAXD technique in
several laboratories to this material have failed to produce viable
patterns.

The Raman spectra at low energies of various specimens of PES have
" been shown in Fig. 6.6 (a), (b), (c) and (d). The bands of interest are
those which change from spectrum to spectrum i.e. those lying between AV

1

5- and 25 cm . The relevant data have been summarized in Table 6.4.
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Table 6.4

Low frequency Raman data of PES

Sample Tann Av cm
(oc) 25°¢ (1w) ~-180% l100°% |120°% | 180°%
A (Melt~-
quenched in - 6.6,196 (7) 7,20 vi9 ~v17 -
H,0)

" 120 15.5,17 (6.5) - - - -

" 150 -, 15(5.5) - - - -
" 170 |~ ,12.5(4) - - - -
" 190 -, 10(4,5) - - - -
Slowly cooled - ~ ,16(6) - - - -
from the melt
" 190 |~ ,10(4) - - - -
Melt quenched - 6,18 - - - -
in H,O
As prepared - nv15-35 25 - - -

Fig. 6.6 (a) shows the spectrum of a melt quenched specimen, hereafter
called specimen A, as a function of Tann: 120-, 150~, 170~ and 190 ¢,
1t is clear that a strong band near Av 20 cm”l falls gradually in
frequency as a function of annealing temperature until at 190%¢ it
shifts to 10 cm.”I . Another strong and sharp band occurs near Av 7 em
in the first stages but disappears in the background at high annealing
temperatures. Fig. 6.6(b) shows the spectrum of specimen A for step by
step treatments involving (i) slow cooling fromAthe melt (ii) then
annealing at 190°C (iii) then remelting and quenching in HZO’ It is
shown that the frequencies of the Av 20- and 7 cm.M1 bands are lowered
or raised by varying the conditions of crystallization. Fig. 6.6(c)

shows the spectrum of specimen A at -180-, 100-, 120~ and 180°C indicat-
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ing that frequencies of the Av 20- and 7 cm"1 bands are invariant with
temperature until the annealing temperature is reached i.e. near 120°C.
Fig. 6.6(d) shows the spectrum of the as prepared specimen having a weak
broad feature which extends over the range Av 15-35 cmﬂl, with the
maximum near Av25 cmfl. The position of the maximum is invariant with
temperature i.e. on cooling to *ISOOC, but falls as a funcﬁion of Tann'
These observations point convincingly to the fact that the bands
below Av 25 cmfl originate from L.A. vibrations. The relative positions
of the bands in Fig. 6.6(a), (b) and (c) further suggest that the lowest
frequency band arises from the first order LAM and the highest frequency
one from the third order LAM. These assignments are, however, tentative.
It is quite possible that these bands might have originated from two
coexisting lamellar structures with different stem length values. As
such both would be associated with the first order LAM.
The weak and broad feature near A\)2ScmmI in Fig.6.6(d) reflects
poorly developed lamellar structures with a wide range of stem lengths
in the as prepared specimen, thus supporting the results from EM stud-
ies . The strong intensities and narrow half band widths of the bands
in Fig. 6.6(a), (b) and (c¢), however, indicate highly developed lamellar
structures with a narrow range of stem length distribution, in the melt crys-
tallized specimen.
The relationship between frequency (v) and stem length in the case
of this polymer is difficult to establish because of the non planar back-
bone, but it can be concluded with confidence that annealing causes a
gradual increase in lamellar thickness as a function of Tann until at 19000,
the original thickness has doubled.
1f one assumes that Young's modulus for the isolated chain in PES

is close to that in PE, the Raman data would indicate a lamellar core
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o
thickness (LR) in the specimen A of ~ 400 A, Tt is far more likely,

however, that the modulus is lower than this wvalue by a factor of two or
more since the backbone is non planar. It is, therefore, assumed that
(LR) and hence approximately (LX) in the specimen A lies in the range
100 to 300 Z.

The plot of density against the third order LAM (see Fig. 6.7), and
the increase of D.S.C. derived Tm‘within the range 202 to 217 °C as a
function of annealing, provide further evidence for the existence of
lamellar structures and their thickening.

Thus it may be given as a conclusion that Raman data provide novel
evidence for the existence of lamellar structures in the melt crystallized
as well as the "as prepared" specimens of PES. Whereas the lamellar
structures are highly developed in the former case, they seem to be only
poorly so in the latter case. Whilst the latter result is in accordance
with the EM studies, the existence of lamellae in the melt crystallized PES
has been indicated for the first time. The lamellar structures in both

. . . o
thicken on annealing at temperatures 1m excess of 1207C.

Polytrimethylene sulphide

Polytrimethylene sulphide is an elastomer having a moderately high
degree of crystallinity ( > 657). The crystallization mode of this
polymer has not yet been investigated. In view of its helical structure
(GA)’ it is interesting to note that a Raman band near Av 16 cm.“1 shows
sensitivity to thermal treatment. Tts low frequency Raman spectrum
is presented in Fig. 6.8 and the relevant data are summarized in Table

6.5.
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Table 6.5

Low frequency Raman data of PTrMS

Sample T Av cm Density T

ann o o] 3 o™

(°C) 25°C ~180°C (g/em™) C)

As supplied - 16 16.5 1.250 62

@elt quenched _ 13 13.5 _ _
in H,0
2

" 61 10 - 1.125 70

Clearly, the band near Av 16 cm‘ml in Pig. 6.8 falls in frequency
as a function of thermal treatment, thus indicating a gradual increase in
lamellar thickness (LR). Since a considerably low value of Young's
modulus is postulated in the case of this polymer due to helical conform~
ation, a correspondingly low frequency was expected for the LA mode.
Thus the sensitivity of the observed band to thermal treatment (which
occurs at higher than the expected frequency) was thought to have resulted
from a structural transformation and not from variations in lamellar
thickness. The lowered density [éee Table 6.%] of the material after
annealing treatment furnished support to this view. Nevertheless, high
frequency vibrational spectra as well as X-ray diffraction counter curves
for the annealed and unannealed specimens were found to be similar, thus
revealing that no such transformation had occurred. It may, therefore, be
concluded that the Av 16 cm.—1 band originates in LA vibrations of the
lamellar segments. The lowering of density due to thermal treatment may
be attributed to degradation of the specimen at high temperatures. The
increased Tm_under similar conditions [}ee Table 6.5i], in contrast re-

flects increased crystallinity due to lamellar thickening.
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As in the case of PES, no relationship between v and LR may be
established, since neither Young's modulus, nor such information as

LAXD long spacing is available.

6.2.2 b Polythioethers with m = 4,5,6 and 10

The method of preparation yielded two fractions of each of these
polymers i.e. a low molecular weight fraction (soluble in the reaction
medium of dry benzene-ethanol mixture) and a high molecular weight one
(insoluble in the reaction medium, see Chapter 2). Both fractions had
similar characteristics of Tm and crystallinity and were obtained as
highly crystalline powders melting between 64 - 92°C.

In contrast to PTMS, PPMS and PHMS the high molecular weight fraction
of PDMS, was only slightly soluble in common solvents e.g. CHClB, CH2C12.

Since spectral features of both low and high molecular weight
fractions are similar, the results will not be discriminated against
molecular weights. The low frequency Raman spectra of PIMS, PPMS, PHMS
and PDMS, are shown in Figs.6.9, 6.10, 6.11 and 6.12,and the correspond-—

ing results are summarized in Tables 6.6, 6.7, 6.8 and 6.9 respectively.

Table 6.6

Low frequency Raman data of PTMS

Sample Av cm L Density Tm
gnn o o of 3 o
r'c) 25°C |-180°C (a) (g/em™) )
Solution cry- ~ 36 36.5 84 1.090 64
stallized
¥e1t~quenched N 32 - 94 - -
in H,0
2
Solution cry~— 57 29 - 104 - 66
stallized
?glg guenched 62 27 - 111 - 68
2
" 64 25 - 121 1.125 70
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(see section 6.1.1). In contrast, the frequency of L.AM.1 in non
planar molecules i.e. PES and PTrMS is relatively lower (v Av 20 cmfl)
indicating the influence of molecular conformation.

Half band widths and relative intenmsities of these features seem to
reflect the distribution of various lamellar thicknesses in a particular
specimen.

Higher members of the polyether and polythioether series i.e. PDMO
and PDMS crystallize into various coexisting lamellar structures with
characteristic stem length values thus indicating a similar model of
chain folding in these polymers. The evidence for the occurrence of
various co-existing lamellar structures in lower members is less
prominent.

The failure to observe LA modes in helical polymers i.e. POM,

PEO, POCB and PTM indicates that using present technique, lamellar
crystallization can be detected only in those polymers which give rise

to LAM frequencies down tOAv 5 cmfl.



259264

CHAPTER VII

CONCLUSIONS












262

. B2 and B3 species but also to A ones which are Raman active

only. The latter assignments, however, have been made on a tentative

only to B

basis. On the whole, calculated and observed frequencies show good
agreement.

Neither Raman nor IR spectrum of PTrMS has yet been reported.
The present study has resulted in a tentative assignment of both Raman
and IR spectra on the basis of C2 factor group. The vibrational
spectrum of this molecule then confirms that it has a C2 rotation axis

as suggested by Tadokoro.

PDMO, PTMS, PPMS, PHMS, PDMS. (Partial assignment)

Neither Raman nor IR spectra of these molecules have been reported
except the IR spectra of PDMO and PPMS.
The molecular group of PDMO is similar to that of polyethylene

i.e. d Assuming that the molecular group of PTMS, PHMS and PDMS is

2n°

also d a comparison of the vibrational spectra of these molecules

2h?
with those of PDMO and polyethylene has resulted in a tentative assign-
ment of prominent spectral features.

The symmetry group associated with the molecular chain of PPMS
is, however, different i.e. Chos which offers a reasonable explanation
of the vibrational spectrum.

As a part of this project, vibrational spectra have also been studied

with regard to various circumstances and have yielded the following

results:

Conformational regularity

The effect of ageing on the spectrum of PTM and of elevated tempera-

tures on the spectrum of PES has revealed that these polymers give rise
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to highly conformation-sensitive bands. These bands which are termed

as regularity bands by Zerbi arise from the so called conformational
splitting. Further, PES shows one dimensional polymorphism at elevated
temperatures. The polymorphs seem to be transitory in nature and normal
conformation returns as soon as the ambient temperature is reached.

Melt quenching does not seem to affect the molecular conformation
except in the case of PTM. In the latter case the molecular conformation
seems to have broken down to an irrepairable extent.

Further polyethers and polythioethers with m = 1-3 give rise to a
number of weak features in the vibrational spectrum which can not be
assigned to fundamental modes thus indicating their origin from

amorphous structures or short range order molecular conformation.

Molecular structure of PTMS, PHMS and PDMS

The structure of these molecules has not yet been reported. An
analysis of the vibrational spectra of these molecules based upon analo-
gies to other molecules of known structure has revealed that they take
planar zig zag conformation. As mentioned above, the symmetry group

associated with their molecular chain seems to be isomorphous with the

point group th.

Intermolecular vibrations

Correlation splitting

Polyethers and polythioethers having more than 1 chain per unit
cell i.e. PEO, PDMO and PPMS, and those having unknown crystal structures
i.e. PTMS, PHMS and PDMS give rise to distinet band splitting either at
cryogenic or both at cryogenic and ambient temperature. The band splitting

has been tentatively ascribed to interchain interactionms with the follow~
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APPENDTIX I

NOTATIONS



v (cm

EM

LAXD

WAXD

POM
PEC
POCB
PTHF
PHMO
PDMO
PIM
PES
PT¥MS
PTMS

PPMS
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Frequency in wavenumbers
Electron microscopy
Differential scanning calorimetry
Fibre axis

Intensity

Infra Red

Longitudinal acoustic mode
Low angle X-ray diffraction
Wide anlge X-ray diffraction
Raman length

LAXD long spacing

Mass spectroscopy

Nuclear magnetic resonance spectroscopy
Density

Meta

Ortho

Para

Polyoxymethylene
Polyethylene oxide
Polyoxacyclobutane
Polytetrahydrofuran
Polyhexamethylene oxide
Polydecamethylene oxide
Polythiomethylene
Polyethylene sulphide
Polytrimethylene sulphide
Polytetramethylene sulphide

Polypentamethylene sulphide



PHMS

PDMS

PE

Vs

E =

=

]
Sh
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Polyhexamethylene sulphide
Polydecamethylene sulphide
Polyethylene
Polarized
Depolarized

Melting temperature
Annealing temperature
Symmetric stretching
Asymmetric stretching
Deformation

Wagging

Twisting

Rocking

Torsion

Very strong

Strong

Medium

Medium weak

Weak

Very weak

Variable

Phenyl

Pependicular

Parallel

Shoulder
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List of organic compounds analysed for deductions
described in Chapter III. The compounds are arranged

under the titles of their characteristic groups.

Monosubstituted Benzenes

Anisole 33  Diphenyl sulphone
Aniline 34  Diphenyl sulphoxide
Acetanilide 35 Diphenyl ether
Azcbenzene 36 Dibenzyl ether
Benzoic acid 37 Diphenyl acetylene
Benzoin 38 Diphenyl amine
Benzil 39 Diphenyl disulphide
Benzoic anhydride 40  Sym. Diphenyl thiourea
Bromobenzene 41 Ethyl benzene
Benzylidine chloride 42  N-Ethyl aniline
Benzene sulphonamide 43  Ethyl benzoate
Benzyl amine 44  Fluorobenzene
Benzamide 45  Hippuric acid
Benzanilide 46  P-Hydroxy azobenzene
Benzpinacol 47  Iscothiocyanatobenzene
Tert. Butyl benzene 48  TIsobutylbenzene
Benzaldehyde 49  Mendelic acid
Benzonitrile 50 Methyl phenyl acetylene
Benzyl alcochol 51 4~Methoxyazobenzene
Benzhydrol 52  Nitrobenzene
Benzyl acetate 53 P-Nitrodiazoamine azobenzene
Benzoyl chloride 54  4-Nitronaphthalene diazoamine
Benzophenone azobenzene

55  Phenol

Cumene (Isopropyl benzene)

Cinnamaldehyde 56 Toluene

57 Triphenyl arsenic dibromide
58 O-Triphenyl

Cinnamic acid

Chlorobenzene

Dibenzyl 59  Triphenyl ammonia
) O T L 1 -

Diphenyl 6 riphenyl amine

. 6 i i
Diphenyl acetylene 1 Triphenyl arsine

p-Diphenyl benzene 62  Triphenyl antimony

' Tri .
Diphenyl mercury 63 riphenyl phosphine

64  Triphenyl phosphoxide
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Thiocacetanilide
Tetraphenyl boron
Tetraphenyl tin

0-Iodobenzoic acid
2-Mercaptobenzothiazol
0-Nitrobenzoic acid
Phthalic acid

Phthalic anhydride
Potassium hydrogen phthalate
Salicylic acid
Salicyldehyde
O~Triphenyl

0-Toluene thiol
Thiomersal

Salicyl sulphonic acid

Thiophenol
Thicanisol
S—Benzene
Thiouranium chloride
Disubstituted Benzenes
(0~ ) 1-2
Acetyl salicylic acid 13
O~Anisidine 14
O~Bromobenzoic acid 15
O-Catechol 16
0-Chloroaniline 17
0~Chloronitrobenzene 18
0—-Chlorophenon 19
0-Cresol 20
O-Dichlorobenzene 21
0-Dimethoxybenzene 22
Diethyl phthalate 23
Guiacol (O-methoxyphenol) 24
M- 1-3
M~Amino phenol 11
M-Bromonitrobenzene 12
M-tert. Butyl phenol 13
M~-Chloroaniline 14
M~Chloronitrobenzene 15
M-Chloroperbenzoic acid 16
M~-Cresol 17
M~Difluorobenzene 18
M-Dinitrobenzene 19
M-Dimethoxy benzene 20
21

Ethyl M~nitrobenzoate
M-Fluorotoluene
M~Hydroxybenzaldehyde
M-Hydroxybenzoic acid
M~Nitrotoluene

M-Nitrobenzoie acid
M-Nitrobenzene sulphonyl chloride
Resorcinol

M-Toluene thiol

M-Toluic acid

M~Toluidine
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
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(P~ ) 1-4

Acet-P-bromoanilide

P-Aminosalicylic acid
sodium salt

Anisoin (4:4" Dimethoxy benzoin)
Anisic acid
P~Bromochlorobenzene

P~-Bromobenzene sulphonic acid
sod. salt

P-Bromoacetophenone
P~Bormophenacyl bromide

P~Carboxybenzosulphone dichloramide
(Halozone)

P-Dichlorobenzene
P-Dimethoxy benzene
P-Dimethyl aminobenzaldehyde
P-Diphenyl benzene

P-Hydroxy benzaldehyde
P-Hydroxy benzoic acid
P-Hydroxy azcobenzene
P-Methoxy azobenzene
P-Methoxy phenyl acetic acid
P-Nitrobenzyl alcohol
0-Nitrophenyl hydrazine
P-Nitrobenzoic acid
P-Nitrobenzene diazoaminoazobenzene
Metol

Quinol

Sulphaguanidine

P-Thiocresol

P-Dimethyl benzene
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Trisubstituted Benzenes

2~6 Dimethoxy phenocl 8
2-6 Dinitroaniline 9
2-3 Dichlorophenol 10
2~6 Dinitrophenol i1
2-6 Diethyl aniline 12
2-Hydroxy~M~-toluic acid 13

3-Nitrophthalic acid

3-5 Dichlorophenol 5
3~5 Dinitrobenzoic acid 6
3~5 Dinitrobenzoyl chloride 7

1-3-5 Trifluorobenzene

1, 2, 4,

1-2-4 Benzene tricarboxylic acid

1-Bromo 3-4 dimethoxy benzene
4-Bromo-M~Xylene

1-Chloro 2~4 dinitrobenzene
4-Chloro 2-nitroaniline

Bromo 2-4 dinitrobenzene

2~4 Dinitroaniline

2~4 Dibromophenol

2~4 Dinitrodiphenyl amine

3-4  Dimethoxy benzaldehyde

3-4 Dimethoxy phenyl acetic acid

2-5 Dichloronitrobenzene
2-4 Dinitrophenyl hydrazine
2~4 Dinitroanisole

2~4 Dinitrotoluene

1, 2, 3

Pyrogallol

Salicyl sulphonic acid

1-2-3, Trimethoxy benzene

3~-Nitrophthalic anhydride

1-2-3 Tricarboxylic acid

1-2-3 Trichloro benzene

1~3~5 Trinitrobenzene

Phloroglucinol

Mesitylene

16 0-Nitro P-toluidine

17 Orecinol (5-Methylresorcinol)
18  4~Nitrophthalamide

19 Safrole

20 Thymol

21 3=4 Xylidine

22  2-4 Xylidine

23 O-tert. Butyl catechol

24  Vaniline

25  4-Alkyl 1,2 dimethoxy benzene
26 -2 Tri fluorobenzene
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Tetrasubstituted Benzenes

1=2=3~4

3-6 Dihydroxy phthalonitrile
[~2~3~4 Tetrafluorobenzene

1-2~3-~4 Tetramethyl benzene

1235

4 Chloro—-3-5 xylenol

2-6 Dibromo-4-nitrophenol 8
Picryl chloride

}-2=3-5 Tetrafluorobenzene 10
2-4~6 Tribromoaniline 11

2~4=~6 Tribromophenol

1 -2~4-5

2-5 Dichloro-P~quinone 4
2-5 ditert. Butyl quinone
1-2-4-5 Tetracarboxylic acid 6

3~4~5 Trihydroxy benzoic acid
2~4=~6 Trimethyl phenol

2-4-~6 Trinitrobenzoic acid
3-4~5 Trimethoxy benzoic acid

2-4-6 Trimethyl benzoic acid

1~-2~4~5 Tetrachlorobenzene
1=2~4~5 Tetrafluorobenzene

1=2~4~5 Tetramethyl benzene

Pyridyl Compounds

2-Amino pyridine 10
3~Acetyl pyridine 11
4-Benzoyl pyridine ‘ 12
2-4~6 Collidine 13
2-2 Diphridyl 14
4~Ethyl pyridine 15
3-Hydroxy pyridine 16
3-Methyl pyridine 17

4-Nitropyridine-N-oxide

2-Benzoyl pyridine
2-3 Lutidine
a~Picoline

g~Picoline

v=-Picoline

Pyridine

3-Pyridyl acetic acid

Pyridinium chloride
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Pentasubstituted Benzenes

Pentachlorobenzene 3  Benzene pentacarboxylic acid

Pentafluorobenzene 4  Pentamethyl bemzene

Bexasubstituted Benzenes

Chloranil (Tertrchloroquinone) 4 Pentafluorochlorobenzaene

Hexafluorobenzene 5 2,4,6 Trinitro 3-5 dimethyl tert.

Hexamethyl benzene butyl benzene

Naphthalenes
Acet—1-naphthyl amide 12 2-Naphthoylchloride
1-Bromonaphthalene 13  4~Nitromaphthalene diazoamino-—

2-Bromonaphthalene azobenzene

1~Chloro-4-naphthol 14 6-Bromo—2-naphthalene

I-Chloronaphthalene 15 2-Nitre-l-naphthol

2-Tsocyanatonaphthalene 16 Octafluoronaphthalene
17 2-Isocyanatonaphthalene
18 Nitroso R*salt(GIOHABH(SO3Na)ZNO)

19 1-Chloro~2-naphthol

2-Hydroxy—-3-naphthoic acid
2-Hydroxy 1-4 naphthoquinone

Naphthalene

|-Naphthol 20 1-4 Naphthoquinone

2-Naphthol 21 1-Nitroso—Z-naphthol
Cyclic and Open Chain Compounds

tert. Butyl amine 9 n-Heptane

sec. Butyl amine 10 n-Octane

Cyclopentanone i1 n-Dodecane

Cyclohexanone 12 Octyl iodide

Cycloheptanone 13 Octaldehyde

Cyclohexane 14  N-Butyramide

n—Hexane 15 I-Bromooctane

n-Pentane 16  N:N Diethylcyclohexyl amine
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Sulphur Compounds

Di and pelysulphide and carbon—sulphide linkages

Allyl thiourea

L-Cystiene

L~Cystine

Ethyl potassium xanthate
N:N ethylene thiourea
S-Benzylthiouranium chloride
Dimethyl sulphoxide
Methionine

Polyethylene monosulphide
Polyethylene disulphide
Polyethylene trisulphide
Polyethylene tetrasulphide
Sod.dithiodiethyl carbamate

18
19
20
21
22
23
24
25
26
27
28
29
30

Thicacetamide
Thiocacetanilide
Thiocanisole
Thiccaprolactam
Thiomersal
Thioglycollic acid
Thiodiglycollic acid
Thiophene

Thiocurea
Thioformaldehyde
Sym. Diphenyl thiourea
Diphenyl sulphoxide
Diphenyl disulphide

Sulphaguanidine 31 Dimethviene sulphoxide
Sulpholane -

32 Isothiocyanato benzene
3-Sulpholene (plaas already listed compounds)
Thianthrene

Thiol linkages
P-Thiocresol 7  2-Mercaptobenzothiazole
M~-Toluene thiol 8 Mercaptoethanol
O~-Toluene thiol ) Cystiene

Thiophenol
Thioglycollic acid

(plus already listed)

Anhzdrides

Maleic anhydride
Succinic anhydride
Dichloromaleic anhydride
Benzoic anhydride

Phthalic anhydride

6 2-Nitro phthalic anhydride

7 Acetic anhydride

8 Propioanhydride

9 Butyranhydride

10 Pyromellictic dianhydride
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