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Introduction

The folded chain morphology of polyethylene single
crystals formed during crystallization from dilute solution
occupies a unique place in polymer crystallization
theories’, particularly since this structure is widely ascribed
to the lamellae observed in melt crystallization from the
quiescent melt. However, there is much controversy about
the exact chain configuration at the surface of the
lamellae, and the structure of the amorphous inter-
lamellar regions. Flory and Yoon? have recently argued
that the overall topology of the chains in the liquid state
cannot be extensively altered during rapid crystalli-
zations, and the single crystal model of tight adjacent re-
entry folds, as envisaged for the single crystal, cannot be
entertained for melt crystallization. Evidence is similarly
absent for slowly crystallized samples®.

Painter et al.*, using Fourier transform i.r. spectros-
copy, have come to similar conclusions that regular
adjacent re-entry chain folding is not present to any
substantial extent in melt crystallized polyethylene. By
comparison with a cyclic hydrocarbon the gauche-gauche
configuration of the -CH,— groups in the fold was
assigned to the 1348 cm ™! band, and while this band was
also observed in solution grown crystal held in suspension
to prevent distortion, it was absent from the spectra of
melt crystallized material and also of melted and re-
crystallized single crystals.

Using the cyclic hydrocarbons as models for adjacent
re-entry folded crystals, as suggested from the similarity in
the i.r. spectroscopic assignment, we have come to similar
conclusions concerning the chain morphology of the
lamellae from their relative thermodynamic stability.

Models of chain folding and the thermodynamics of
melting. Two extreme models suggest themselves for the
polyethylene lamellae involving (i) an extended chain,
with correspondingly no adjacent re-entry of the chain,
and (ii) regular folding and adjacent re-entry (see Figure I).
These can be applied respectively to the n-alkanes and
the cyclic-alkanes. In the first case, crystallographic
evidence can be cited for the totally extended chain with
the methyl terminal units on the lateral surface’, and in
the second for tight folds and adjacent re-entry®.
However, differences exist in the thermodynamic para-
meters of melting of the two models which have their
derivation in the lateral surface free energy, o,, and the
dependence of the lamellar thickness degree of polymeri-
zation n’.

According to Broadhurst®, the heat of fusion of the
orthorhombic n-alkanes of degree of polymerization, n, at
the equilibrium melting point, T, is

AH,=nAh+Ah,+nAC,AT (1)
in which AT =(T,; — T,)), T,, the observed melting point of
the alkane, Ak and Ah, the heats of fusion of the monomer
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unit and the two terminal units, i.e. — H, and AC, the heat
capacity change between solid and liquid per monomer
unit. This applies accurately to polyethylene oligomers®.
The corresponding relationship for the entropy of fusion
is,

AS,=nAs+2RIn(n)+nAC,AT + As, (1a)
including an additional term corresponding to the en-
tropy of mixing the terminal units with the repeat units on
melting, 2RIn(n).

Equating, T,, =(Ah/As), T,,=(AH,/AS,) and
AG,=Ah,~ T As, =20,
then
T,=T,{1=2RT, In(n)/nAh—20°/nAh—etc.} (2)
Evidence has been given that g, should be less than Ah for

the alkanes and the final terms contribute little to the
reduction of T,2°. Hence,

E,= T,,f{l —2R T,jln(n)/nAh} (2a)
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Figure 1 Molecular chain models. (A) Extended chain—n-alkane
crystals; (B} regular chain folding—cyclic alkane crystals; (C) switch-
board model—polyethylene lamellae; (D) regular adjacent re-entry—
polyethylene single crystals



Table 1 Thermodynamic parameters of meiting

Polymer communications

n-Alkanes

Polyethylene Cyclic-Alkane Single crystal

4201
19.0+5.0
435 + 20

4101
419 =1

Ah{kJ){CH, Mol) 1
Ahg (kJ)(CH, Mol)—1
79, (K)

Ah(KIHCH, Mol) 1
79 (K)

Equation 1

Equation 2a

41041 - 425+ 0.20
21050 - 960 +25
420 20 - -

4.1+ 0.1 58+0.8 6.5 +09
419 1 425 7 6 421 +3

Results and discussion

Application of equation 2a to the melting point-degree
of polymerization dependence of the n- and cyclic alkanes
indicated that they exhibited separate dependences (see
Figure 2). In applying the equation to cyclic alkanes, and
subsequently to the lamellar crystals, allowance was made
for the stem thickness degree of polymerization, n, such
that in the cyclic alkanes the thickness was taken to be half
the molecular length. No allowance was made for the
—CH,— units involved in the fold, but addition of such a
correction would have increased the separation between
the two melting point dependences rather than produced
coincidence. As has been reported earlier'®, the
dependence of the melting point of chain extended
polyethylene exactly parallels that of the orthorhombic
n-alkanes, and identical values of T,, and Ah were obtained
from the intercept and slope to plots of T,, against In(n)/n.
see Figure 2 and Tuble 1.

In the analysis, the melting points of monodisperse low
molecular weight polyethylenes, which crystallized from
the melt as extended chain lamellae and with melting
points which were independent of the crystallization
temperature, and of high pressure melt crystallized chain
extended lamellae, were both included®'°. Each exactly
paralleled the dependence exhibited by the orthorhombic
hydrocarbons. The analysis was also applied to the
melting characteristics of solution grown single crystals,
using the stem length degree of polymerization as measured
by LXAS. However, it has been well established that
during melting single crystals begin to thicken rapidly and
the observed melting points increase with decreasing rate
of heating through the melting range. Fast rates of
heating, in general, are not sufficient to eliminate lamellar
thickening'', and, perhaps more importantly, fast rates
lead to greater uncertainties in the measurement of the
melting point. Bair et al.'? observed that lightly irradiated
single crystals did not thicken during melting, and melting
occurred over a narrow temperature range of 3K. Only
the data listed by Bair et al.'? for the lightly irradiated
single crystals were analysed by equation 2a, since their
data were consistently different from that listed by others
for single crystals prepared under identical conditions.
The data were observed to fit the projected dependence of
the melting points of the cyclic hydrocarbons, rather than
that of the linear hydrocarbons. For similar stem thick-
nesses the melting points of the single crystals were
substantially greater than those of the extended chain
lamellae, and accordingly a clear distinction could be
made between regular folded chain and extended chain
crystals. Accordingly, this procedure was applied to
the melting points listed'* !> for melt crystallized
polyethylene to determine the chain conformation at the
surface of the crystalline-amorphous boundary.

The melting points for which stem thicknesses were
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Figure 2 Meiting point dependence on stem degree of polymer-
ization, n. (a) n-Alkane, (®); polyethylene, (®); cyclic-Alkanes (X);
polyethylene single crystals, (&), (b) Melt crystallized polyethy-
lene, (®); A—A n-alkanes; B—B cyclic-alkanes

available were included in the analysis, provided there
was evidence that lamellar thickening was absent. This
limited the data available to those melt crystallized
lamellae prepared at low degrees of super-cooling and
hence slow crystallization—conditions conducive to the
production of the more regular crystalline structures. All
the samples, so chosen, exhibited the same dependence as
the extended chain model (see Figure 2b) and evidently
were different from the regular folded chain.

The two different melting point dependences were also
reflected in the molar heats of fusion, corrected to the
standard temperature T,,,i.¢. {Ah, —nAC,AT}. The molar
heat of fusion of the single crystals, taking the molecular
weight of the stem, increased linearly with the degree of
polymerization, n, as required by equation (1), but while
closely paralleling that observed for linear hydrocarbons,
the intercept at n=0, corresponding to the molar heat of
mixing of the surface layer Ah,, was substantially lower
(see Table I). Accordingly, although the heat of fusion per
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repeat unit was substantially the same in both cases,
within the standard deviation, i.e. 424 0.5 kJ mol™ !, end
group effects and surface free energy were different. These
alone account for the thermodynamic stability of the
lamellar crystals.

Conclusion

The conclusion must be drawn from these melting
studies that little or no chain folding with regular adjacent
re-entry of the chain, as observed in the crystal structure of
polyethylene single crystals and cyclic hydrocarbons, can
be present in the lamellae produced in slow melt crystalli-
zation of polyethylene. Differences in the thermodynamic
stability of the lamellar crystals arise from the lateral
surface free energy and the stem length.
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Introduction

Optically and structurally isotropic materials can become
birefringent under the influence of an electric field (Kerr
effect). Between the steady state value of the birefringence
An, and the intensity of the electric field E, the relation

An,=B . 1 . E} (1)

almost always holds, where 4 is the wavelength of the used
light and B is the so-called Kerr constant. Theoretically it
can be shown relatively easily, that B contains infor-
mation on molecular electrical parameters such as dipole
moments and anisotropies of electric, optical and hyper-
polarizabilities'. Furthermore, in a system of coupled
molecules the Kerr constant gives hints to orientation
correlations. Therefore, for polymers information on
chain conformation and interactions between the chains
can be obtained?.

The term ‘static Kerr effect measurements’ is used, only
if the steady state value of the birefringence is considered.
This value, however, will be obtained only after a certain
time following a sudden application of the electric field
(Figure 1). For ‘dynamic Kerr effect measurements’, the
corresponding time function Ang(t) as well as the function
An(t) which describes the decay of the birefringence after
switching off the field are additional sources of infor-
mation. The relaxation depends on the character of the
reorientation process (e.g. rotational diffusion or large
angle jumps) and the magnitude of the mobility of the
molecules®. In the case of polymers, conclusions are
possible on the conformational and reorientational dy-
namics of the chain as a whole and its subunits. The curves
Anp(ty and Ang(t) can be calculated for different models of

* Partly presented as paper at EPS-Conference on ‘Structure and
Motion in Polymeric Glasses’; Noordwijkerhout, The Netherlands,
22.4.80-25.4.80
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molecular rearrangement.

Based on these considerations and theoretical calcu-
lations many successful investigations on reorientational
dynamics and molecular electrical parameters were car-
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Figure 1 Schematic diagram of electric field and birefringence
transients



