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CHAPTER 1 INTRODUCTION:  THE STRULTURE OF POLYMER

MELTS AND 500109

The structure of polymer melts and solids produced from them is
at present a highly controversial field of study. A large number of

experimental technigues have been employed and numerous models of

the structures have been proposed,

The (rdered Melt,

The relatively high densities of molten polymers is taken by some
authors as an indication of a hign degree of chain order., Kobertson
showed that the high densities (shown in Table 1) could be explained
by an almost parsllel alignment of chain segments (1),

From the ratio of the crystalline to amorphous demsities an angle
of divergence @ betuwsen the chains is calculated and found to have &

LD
value of 15

in polyethylene, This value of € is used to compute a
e . . . . -7 % gt s

radius of gyration for polyethylens of 1.56 x 10 e cm, This is

approximately 15 times the value obtained experimentally (2) and the

inconsistency is explained by assuming that the polymer chain can fold

back on itselfl,



Table 1.1

A comparison of amorphous and crystalline densities

' of several polymers,

Polymer Crystalline Amorphous da 0 rReference
density dc density da dc

polyethylene 1.00 0.655 9,855 15° (3)
Polypropylene 0.937 0.854 0.911 5.4 (4)
Isotactic o .

. . . 347 4.8 4
bolystyrens 1.111 1.054 0 (4)
Polyvinyl = 4 . -
Alcohol 1,345 1.269 0.943 5.2 (5)
Wylan 66 (e) 1.220 1.069 0.876 12,4 (6)

Some of the earliest work carried out on the structure of molten
polymers was that of Kargin. from an analysis of electron diffraction
patterns he deduced that parallel cnain molecules were present in molten
polyethyiene (7). Some recent investigations however show no evidence
of tnhis form and attribute the conclusions of Kargin to an inaccurate
interpretation of data (8). A peak which had origipally been assigned
to an intermolecular distance of 5 Angstroms was found to correspond to
a distribution of distances wnen a ceorrection for background scattering
had been suitably performed.

A structural model of the melt phase proposed by Yeh is based on
the appearance of a nodule-like structure of 20-50 Angstroms in dia-
meter in glasses quenched from polymer melts (89). These features resemble
spherulites found in melt crystallised meterials and as in the case of
spherulites they are thought to indicate the presence of ordered chain
packing,

This two-phase structural model shown in figure 1.1 is referred

to as the folded chain micellar model and is also supported by electron

diffraction and microscopic studies of amorphous polymers (10).















From 1945 onwards a feature known as spherulites became recognised
in crystallised polyethylene which could not be readily explained on
the basis of the fringed micelle model (19, 20), These features often
circular in shape displayed the property of binefringence when viewed
under a polarising microscope., It was dedwced that the polymer
had a considerable &nisotropy or a high proportion of molecular
ordering in order to produce such a difference in refractive index along
perpendicular directions, The spherulites appear as a Maltese (Cross
pattern which produces interference effects as the analyser of the
microscope is rotated, In some cases concentric rings are ssen
superimposed on the image of the spherulite,

Sometime later highly crystalline polymers began to appear and to
be investigated., They resulted from the use of ziegler catalysts which
produce polymers of high steric regularity. These polymers displayed
spherulites more clearly and made possiblethe preparation of single
crystals of many polymers, These single crystals were almost simultan-
eously obtained in various laboratories by crystalisation from dilute
solution of polyethylene in xylene (21 - 23), Examination of the
material prepared in this way revealed the existence of thin platelet
of "lamellar" crystals,

These crystals were found to be of roughly 100 Angstroms thickness
and displaying well defined crystallorgraphic facets, Electron
diffraction studies confirmed the single-crystal nature of the lamellae
and showed that the chain orientation was either perpendicular or at
a large angle to the basal surface of the crystal, A chain folded model
illustrated in figure 1.5 was developed to include all these features
and explain how a chain many times longer than the layer thickness could
be confined within the lamellae, The fold length was envisaged as being
fairly uniform so as to give rise to the smooth surface abserved by

electron microscopy.
























the melt and the conclusion resched was that orimary nuclesation involves
folded chain nuclel {48), These authors furthermore maintined that a

truly amorphous state o

cooling conditions,

Although the s:upercooling dependence of the fold length has been
demanstrated in single crystals, this cannot be sald of melt crystallised

materials, Polyethylene which is very raepidly cocoled from the melt

has been found to display & lamellar thickness which is independent of
piay i

function of the melt temperature (53), This
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Raman spectroscopic evidence suggests that chain folding is not predomin-
ant in melt crystallised polyethylene, This present report provides

-

further evidence of this form
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of polyoxymethylene (54).
Similar conclusions have been reached from neutron scattering experiments
on solild polymers, The root mean sguared radius of gyration of polymers
in the melt state and the solid state are found to be similar apd to

vary with molecular weight, The molecular organisation in the melt is

therefore thought to be the same as that in the selid, A4s in the neutron
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scattering powers of perdeuterated and protonated polymers, The

examination of most solid polymers by this technis ffers however from

]
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a serious drawback and particularly so in polyethylene. The melting
points of the protonated and deuterated forms of polyethylene differ by
6°Cy, As @ result there is a tendency for segregation to occur as the
mixture is cooled (55), (56), Ballard et, al, have tried to reduce the
segregation problem by using branched chain protonated polyethylens
together with linear deuterated material so that the crystallisation
temperatures would match., This method was successful in eliminating
clustering in rapidly gquenched samples, In similar experiments with
slowly crystallised samples howsver, the measured molecular weights were

many times the true value thus indicating some segregation between the

two types of polymer molecules. (57), The results obtained on gquenched

)

studies on tie melt state the contrast arises from the different



samples indicate s high deyree of disorder which is incompatible with
the cnain folded model, Further evidence against chain folding is
provided by the work of several suthors on the radial growth of
spherulites as a function of supercooling in polyethylens (58, 59),
It was found that the rate of deposition along the growing lamellae
is about 1D5 - 1D6 sepquences per second,

Measurements of relaxation rate of polyethylens show tnat this is
far too slow to occur during the development of the crystal front (60).
The completion of the relaxation process would be essential for the
deposition of the moleculs in a regularly folded structure,
A new model was introduced in the early 1960%'s in order to describe the
structure of melt crystellised polymers (81-63), This model has more
recently become known as the "solidifaction modél", The polymer chains
are seen Lo traversg crystalline regions and then either to re-enter the

same lemella or to enter the ad

rare svent in this model shown in figure 1,11

B

nolymer crystallisation,



The model Turlhermore suggests that neighbouring lamellae are to &
large degree interconnected by the entanglement of chains in the

amorphous region. This present report offers some evidence for the
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influence on the crystallisation

of polyethylene,
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Polarisability is a measure of the ease with which electrons may be
induced to flow under a stimulus, and this property varies with the
deformation or extension of bonds,

The symmetric vibration does cause a difference in bond extension
and from a plot of the polarisability o against the desplacement co-
ordinate g it can be seen that at g = 0 the change in polarisability
has a non-zero gradient. This mode is therefore Raman active,

The three other vibrational modes also produce changes in
polarisability, but their curves all snhow zero gradient at the equilibrium
positions and are consequently inactive to the Raman effect. Their
dipole moments undergo a reversal in direction in the course of the
bond deformation, thus rendering them infra-red active.

In molecules possessing a centre of symmetry such as the example
considered, the mutual exclusion principle is applicable and states that
no vibrational mode shall give rise to both infra-red and Raman transit-
ions., In less symmetrical molecules this rule can be broken and some
modes show both types of transition.

In the case of polymers a further complication arises in that
although the monomer unit may be centrosymmetric such as in polyethyiene,
the "coincidence" of spectral bands nevertheless occurs as a result of
chain defects or folding,

Another peculiar feature of polymer spectroscopy if the apparent
lack of observed bands,

The number of independent normal modes of vibration is given by
3N - 5 in the case of a linear moleculs and 3N - 6 f£or a non-linear
molecule, where N. is the number of atoms, A normal mode represents
a periodic contortion of the molecule occuring in such a way that all
the atoms traverse the equilibrium configuration together., Ffor
polysthylene of molecular weight 50,000 the value of N is approximately
12,000 from which a possible 36,000 normal modes are expected. 1In
practice however a few classes of vibrations appear to have almost

identical frequencies, thus greatly simplifying the spectrum. This
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The Kaman spectroscopy experiment,

A dipole moment is induced in a sample by means of a beam of
electro-magnetic radiation. In tne case of a laser heam of freguency VY,

the induced dipole P is given by the expression:

P=wak = ob cos (27 v t)
where o = nolarisability of the sample
£ = electric vector of incident radiation
ED = amplitude of tne wave expressed as a vector
Yo = frequency of tne incident laser radiation
t = time

The induced dipole radiates energy, tne effect being known as Rayleign
scattering,
As a result of molecular vibrations and corresponding changes in

polarisability the apove relation is more generally expressed as;

P = 2xEq(cos2mw Vot) + Eq qo %% [cos 27 (Vo* Vi)t + cos ?_n—(vo-vv;a)t]

with g as the vibrational coordinate and Vv. tne frequency of vibration,

ib
Tne scattering wnich occurs at the frequencies (W,tV%B) is termed
inelastic and constitutes the Raman effect., The (V, -V,) inelastic
contribution, is the more intense of the inelastic terms and consequently

spectra are recorded by scanning from tne laser frequency to smaller

frequencies,

The measurement of lamellar tnickness,

Several methods are currently used for tne investigation of lamellae
in polymers:-
(1) Low-angle X-ray diffraction (L.A.X.D.)
(2) Electron microscopy of fracture surfaces, The lamellar tnickness

can be measured directly from the shadow length in electron

micrographs. Tecnniques (1) and (2) are often used in conjunction

2T




































































































































































































































