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Figure 2 Void coalescence mechanism in LDPE: (a) very fine voids at AK = 0.45 MPa m!1/2, scale bar = 20 um; (b) coarse voids at AK =
1.0 MPa m1/2, scale bar = 0.5 mm; (c} centre of coarse void showing texture similar to that shown in {a), scale bar = 30 um. Crack propagation

direction from left to right; frequency, 10 Hz

respectively). It is believed that both of these fracture
surfaces were produced by a void growth mechanism.
Above AK =0.6 MPa m'/2, though, there seems to have
been a dramatic decrease in the nucleation rate of these
voids and an enhanced opportunity for pronounced void
growth. Curiously, these large voids appear to have been
nucleated by local void clusters whose appearance was
quite similar to the smaller voids seen at low AK levels
(Figure 2c). The discontinuity in FCP behaviour
reported by Andrews and Walker also was accompanied
by a change in fracture morphology but was described
differently, based on alternative microscopic techniques.
Nevertheless, the phenomenological similarity of the two
studies is confirmed. Unfortunately, while the correlation
between crack growth rate behaviour and fracture mode
transition in LDPE is striking, the fundamental reason for
this behaviour remains unknown.

It is not clear why LDPE exhibits FCP discontinuities
and high density polyethylene (HDPE) does not?. In the
latter study, fatigue crack growth rates increased con-
tinuously with increasing AK values for several molecular
weights and thermal histories. Additional complexities
become apparent when comparisons are made with

regard to fracture surface markings. For example, ultra-
high molecular weight polyethylene* and HDPE? reveal
various groupings of parallel fatigue fracture surface lines.
Though White and Teh® reported similar features in
LDPE, none were identified in this investigation. Clearly,
much additional research on the fatigue behaviour of
polyethylene is needed.
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Photon-correlation spectroscopy! is now routinely used
to measure diffusion coefficients of macromolecules in
dilute solution since rapid and accurate determinations
can be made. It is usual to measure the diffusion coefficient
D as a function of the solute concentration ¢, principally to
obtain D, the value of D at infinite dilution, from an
extrapolation of the data. Thus, although the main
purpose of these investigations is often to determine D,, it
is also possible to study the concentration dependence,
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and this has been a popular area of investigation in the
study of dilute polymer solutions.

For an ideally monodisperse polymer sample in dilute
solution, D varies linearly with c:

D(Mc)=Dy(M) (1+ky(M)c) (monodisperse) (1)

(The M-dependence has been indicated for completeness.)
The coefficient k, depends on the particular system and is



a function of the polymer molecular weight M and
temperature T

However, the variation of k;, with M often shows
considerably more scatter than one would expect from a
technique capable of high-precision?, and it has been
suggested that the polydispersity of the sample, even for
narrow fractions, has a dominant effect on the value
obtained for k;, when simple data-fitting procedures
appropriate to ideally monodisperse samples are used.

In an attempt to cirumvent this problem, Gulari et al.?
have used their histogram method of data analysis
specifically to test the concentration dependence in a theta
system (polystyrene in cyclohexane). They maintain that
observations at two concentrations on a single polymer
sample are all that is necessary to make a definitive
decision amongst the theories. The purpose of this
communication is to point out a conceptual oversight in
their argument that renders their particular procedure
invalid; as a result, their conclusions may need revising.

The point at issue is what is the appropriate value to use
for kj in a polydisperse sample. Gulari et al. assume that
each molecular-weight species takes on the value of k,, it
would have in a monodisperse solution, but this is
unlikely since it implies that each polymer molecule
behaves as if it were in a monodisperse solution of the
same overall concentration. Their application of equation
1 to each species in a polydisperse solution is in-
appropriate, though it forms a central link in their
argument. We propose to show that in a theta system the
concentration dependence is governed by a collective
coefficient k, which is the same for all species in the
solution.

The theoretical expressions for k, take the form*

kp=02—-2A,M—pv,—v

where 4, is the second virial coefficient of the solution and
v the specific volume of the bulk polymer {=0.92cm?® g~!
for polystyrene). The specific hydrodynamic volume v,
equals (4n/3)R; N/M where N is Avogadro’s number and
R, the hydrodynamic radius. (R, can be found from D,
through the Stokes—Einstein equation, Dy,=kT/6mnR,
where k is Boltzmann’s constant and # the solvent
viscosity). For polystyrene at the theta point v, =0.030 M/
cm® g7, The coefficient A appears only in Yamakawa’s
theory®, where it has a value of 1.345 at the theta point and
decreases slightly for an expanded coil in a good solvent.
The coefficient p is unity in the theories of Yamakawa’®
and Imai® However, Pyun and Fixman’ obtain a value of
7.16 for p in their ‘hard-sphere’ model; in their ‘soft-sphere’
model pis 2.23 at the theta point but increases to the hard-
sphere value as the coil expands.

The present discussion will be restricted to theta
systems (as was the histogram analysis) since the ex-
pression for k;, simplifies considerably on account of 4,
becoming zero: k= — pv, — v. Physically, the reduction of
D with ¢ is a direct result of the polymer molecules
effectively occupying a fraction (k%¢) of the total volume,
with a consequent restriction in their motion. The theories
differ in predicting the exact value of the volume which
becomes inaccessible, but agree that it is proportional to
vy (plus the small vc term).

This physical picture is helpful in determining the
correct value to choose for k% in a polydisperse solution. It
seems clear that in this case the concentration dependence
of D for a particular species M is governed not by k(M),
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the value appropriate to a monodisperse sample of the
species, but by a value k% which is determined by ,, the
aggregate hydrodynamic volume occupied by unit mass
of the polydisperse sample. If f (M) is the molecular-weight
distribution function of the sample and V(M) the hy-
drodynamic volume of a single molecule of species M,
then

By=[f(MINV, dM/[f(M)M dM

= [f(M)Mv, dM/[f(M)M dM

Thus 3,, the weight-average specific hydrodynamic vo-
lume, is the value which determines k3 and governs the
concentration dependence of all the polymer molecules in
the solution, whatever their species:

D(M)=Dy(M)1 + k%) (polydisperse) 2)

and

k',’): —po,—u

One interesting result of the existence of k% is that the
concentration dependence of D for a particular species M
isdifferent in polydisperse and monodisperse solutions. In
a polydisperse system, with a common k%, each species M
suffers the same fractional change in the diffusion coef-
ficient, AD/D,, for a given overall concentration change
Ac. In contrast, for a series of monodisperse solutions, a
given change Ac produces the same absolute change AD,
since in equation 1 ky(M)oc Mz and Dyoc M — 1.

The normalized intensity autocorrelation function
g'*(z) of the light scattered from a dilute polymer solution
is related to the first-order (optical) correlation function
g )(z) through the Siegert relation':

gD =1+Blg(x)?

where f is a factor less than unity which depends on the
optical arrangement. For a perfectly monodisperse
sample of small molecular size,

lg' (@) =exp (~T)

where I'=DK? and K is the scattering vector (=(27/4)
sin(6/2) where 1 is the wavelength of the light in
the solution and 6 the scattering angle). The radius of
gyration R, has to be sufficiently small so that x=K?R}
<0.1, otherwise intramolecular motion will distort g')(t)
in a complicated way?. Except for the highest molecular
weights (M >107) or the broadest distributions with
substantial tails in this region, the condition can be met by
carrying out the experiment at sufficiently low angle.

Even for narrow fractions, |g'Xt)| should be repre-
sented by a distribution of exponentials:

lg (@) =[G(Texp (- T't) dT )

G(I') is a distribution function which depends on the
distribution of molecular weights (M) and some function
of the polarizability of the molecule (M) as well as the
Debye scattering factor P(x) [=(2/x*)}e”*—1+x)]; the
latter can be written as P(K,M) since R,=R(M).
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In the method of Gulari et al. G(I') is approximated by a
histogram and the ordinates evaluated at equal intervals
in I from experimental values of g‘®(z) of extremely high
signal-to-noise ratio. Further progress with the method
depended inherently on the assumption that equation 1
can be applied to a polydisperse system, which is not
appropriate. Their equations 15 and 17 were developed
for monodisperse systems but applied to solutions of
narrow fractions.

The best that might be achieved with the histogram
method is to obtain a measure of k% from the shift in the
maximum of the histogram, but its location is subject to
considerable uncertainty. Thus, despite the considerable
and complex calculations required by the method, and its
demands on high quality data, it offers no advantages
over simpler fitting procedures for investigations of the
concentration dependence and is not as accurate.
Preliminary results® on computer studies of simulated
data for narrow fractions indicate that the simpler direct
procedures, such as the cumulants method or force-fitted
single exponential, give reliable results for k%,

Another way of appreciating the difference between
equations 1 and 2 is to consider the effect on G(I') of a
change in ¢ for each case. G(I') should, more properly, be
written G(I,c), and we shall write G(I',) for G(I",0) where I
=T o(1 + kpc); no distinction is made at this stage between
k8(M) and k%. G(I',c) can be expressed entirely in terms of
the static properties of the system, and can easily be
related to G(I",) by transforming equation 3 into I' space:

lg" (@)l =[G(T

Thus G(NAT = G(T'p)dT,, or G(I')=G(T,)/(dI/dT ).
If equation 1 were applicable, (dI'y/dI')=1 since
k% M)T, is a constant. Thus G(F ) is identical in shape to

G(Ip), but shifted an amount kD(M)Foc from the origin; in
fact the shift is towards the origin since k%(M) is negative.
This clearly presents some difficulties near I' =0.

However, equation 2 results in a compression of
G(I') towards the origin, with a resulting uniform scaling

of G(I'), as c is increased. This follows since (dI'/dT )=
(1+k%c), and thus G(T,c)=G(T )/1 +Khe).

In conclusion, it has to be emphasized that the histog-
ram method in photon-correlation spectroscopy is not a
definitive test of the concentration dependence of the
diffusion coefficient in dilute solution.

o) €xp (=T o(1+kye)t) AT
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Introduction

In the last few years, studies concerning liquid crystal
(LC) polymers have been of increasing interest because of
the development of ultra high strength fibres spun from
nematic solutions of polyamides and polyesters’. The
synthesis of thermotropic LC polymers characterized by
the alternating sequence along the chain of substantially
rigid aromatic groups and flexible segments has already
been reported? . So far, most of the work has focused on
aromatic polyazomethines and polyesters and has been
stimulated by the interest in relating the type and the
thermal stability range of the thermotropic mesophases
exhibited by these polymers to the nature of the meso-
genic moieties contained in the main chain. However,
relatively little work has been devoted to the study of the
physical properties of these polymeric mesophases®™'".

Molecules apt to form a nematic phase are characte-
rized by asymmetrical shape and, for this reason are

* Presented at the International Symposium on Liquid Crystal
Polymers, Leeds, July 16-17, 1980
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expected to have anisotropic magnetic susceptibilities and
a tendency to become aligned when placed in a magnetic
field. Here, we report initial observations concerning
the behaviour, in a magnetic field, of a copolymer which
has been identified as nematic by using the contact
method® and we present results for the magnetic suscepti-
bility ¥ and the anisotropy in this property.

Experimental

The copolymer was prepared in the Centre de
Recherches des Carriéres de Rhone-Poulenc, Saint-Fons,
France by acidolysis reaction from the appropriate
hydroquinone bis-acetates and terephthalic acid:

CH, CH,CO0,  OCOCH,

3
@OCOCH e 6 + Hooc-{ )-coom
I 2CHE00H + +0C<O)-Cot +o—©—o+ o oF

temeroture Z S

CH3COO



