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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
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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



ried out for low molecular weight substances, oligomers
and polymers in solution. The present work is concerned
with studies of the dynamic Kerr effect of glassy amor-
phous poly(methyl methacrylate), PMMA.

The relaxational behaviour of glassy amorphous
PMMA after mechanical disturbances* 3, in alternating
electric fields® "8 (dielectric relaxation) or in quasielastic
light scattering experiments®!® has already been in-
vestigated in detail (see Table 4). Until now, however, the
knowledge of the dynamics of the corresponding mole-
cular rearrangement processes is relatively limited. The
different dispersion regions and relaxation times observed
can be attributed rather uniquely to certain motions of
certain molecular subunits. Details of these processes,
such as the cooperativity and the specific course of these
motions are essentially unclear. It is to be expected, that
electro-optical investigations yield useful additional and
valuable information.

Experimental

The measuring principle and technique are known from
the literature'. Differing from the usual arrangement we
used an optical compensator in addition to the crossed
polarizers and analysers having an angle of +45 to the
electric field to measure the value and sign of the
birefringence (Figure 2). It gives an additive birefringence
with known sign and is characterized by its optical
retardation angle d,. The birefringence due to the Kerr
effect can then be calculated by

An= _i) S (2)
2n - L

(L =length of the sample) with
d=0,—arccos [1 —(1—cos SHM(E) - I~ 10)] (3)

(I(E) and I{O)=light intensity at the multiplier with and
without electric field respectively). Since almost always, 0
is small this gives approximately

3=3,(1—IE) - 17'0)) (4)

with an error of <1.5%, if 6 <10°. Therefore from the
signal the square root is extracted.

An intermittent high voltage is applied to the Kerr cell
for measurements of the dynamic Kerr effect. At low
frequencies the birefringence signal is recorded on a
multichannel-X-time-recorder together with the high vol-
tage and the temperature. At higher frequencies the
signals are displayed on a double beam oscilloscope, from
which photos are then taken.

As sample material, we used Plexiglas GS 218 (n},
=1.491; absorption coefficient u<1.7 . 10°* mm™';
dielectric loss angle tan §'(50 Hz)=0.06) from Réhm
GmbH, Darmstadt/Germany. This PMMA is especially
developed for optical purposes. The samples must be
absolutely optically homogeneous to avoid stress or
orientation birefringence. To achieve this, the samples
were annealed at 7,4+ 5'C=120°C for 24 h and then
slowly cooled for a few days. The sample (see Table /) has
rectangular shape, an optical path length of 70 mm and
end faces of 2 x 9 mm?. For geometrically optical reasons
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Figure 2 Schematic diagram of electro-optical measuring arrange-
ment

Table 1 Essential properties of experimental arrangement

Length/width/height of sample 70 mm/2 mm/9 mm

Maximal electric field strength (for

liquids or immersed solids) 15MV m—!

Temperature range Room temperature—250° C

Wavelength of light source

{tunable laser) in general 514.5 nm

Smallest reproducible birefringence ~10—9
Range of relaxation times detectable
— oscilloscopic 2ms—5s
(resolution limit : 2 ms)
—byrecorder : >55
error of relaxation times : <10%

these faces must be exactly smooth and parallel. This is
achieved by preparing them with a special micro milling
cutter (Jung GmbH, Germany). The samples were immer-
sed into silicon oil to prevent electric breakdown and to
improve the optical coupling between sample and cell
windows. By monitoring the sample temperature it could
be excluded, that heating effects due to the electric field
and additional birefringence due to temperature gradients
occur. The electrodes are made from stainless steel,
pressed against the sample unprotected against carrier
injection.

Results

The following results all relate to measurements at
room temperature. The relaxation curves An(t) of glassy
amorphous PMMA at two different field strengths are
given in Figure 3. It 1s clear that both rise and decay
transients can be considered as being additively com-
posed of a fast component, taking a few seconds, and a
slow component which approaches its steady state value
on a time scale of hours. In the following, the last
component will be indicated by number three. The shape
of the fast component can be further resolved by the
oscilloscopic technique (Figure 4). It i1s found that this
component can again be split into two parts.

Both transients (rise and decay) of the faster component
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Figure 3 Rise and decay transients of birefringence at room tem-
perature for PMMA at different electric field strengths

o 10 20

Figure 4 Electric field (below) and birefringence (above, display
of /{E) for 83 = 0, see equation 3} transients at room temperature
for PMMA. Ep =9.4 MV m~1, (a) Grid scale = 1.07 s (b) grid
scale 0.027 s

(number one) cannot be resolved with our experimental
arrangement (see Table I). This restriction also holds for
the decay curve of the medium component (number two).
However, the corresponding steady values of the bire-
frigence An, can be estimated as a function of the field
strength for all three components (Figure 5). The observed
linear dependence on the square of the field strength
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indicates that the Kerr law is fulfilled up to field strength
of 10 MVm ™ !. The corresponding Kerr constants as well
as the time constants of all three relaxation components
both for rise (1) and decay (t,,) transients are summarized
in Table 2.

Discussion

The reorientational dynamics of polymer chains or
their subunits has been discussed extensively in the
literature. Various possible mechanisms were proposed
and calculated. The best known models are the multi-side-
model'12 the fluctuation diffusion model® and the
rotational diffusion model*3-!4, In the latter it is assumed
that the orientation distribution function of the molecules
behaves according to the Fick law. The reorientation
proceeds via small angle steps. In the fluctuation diffusion
model it is assumed, that fluctuations in the environment
of a molecule make reorientations possible. If this occurs
the molecule reorients by large angle jumps. In the multi-
side-model the transition probabilities between different
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Figure 5 Kerr plot of steady birefringence for all detectable
relaxation processes. Glassy—amorphous PMMA at room tempera-
ture. The error bars indicated for process three points apply for

ali others too. The question mark (process two} indicates, that this
point was measured with this value, but (compare with the length
of the error bars) it is difficult to separate it from the noise

Table 2 Kerr constants B and time constants 7 {half maximum
values) for the detectable relaxation processes in glassy amorphous
PMMA at room temperature

Process No. TR ™ B{10—15y—2 m)
One <2ms <2ms 2.2
Two 08s <2ms 0.9
Three 6.0 h 13.2 h 8.6




Table 3 Properties of the different reorientation models
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Fluctuation diffusion

Rotational diffusion Multi-side-model

Relation between Ang and
anp

Anplt) = Ang — Anglt)

No analytical relation between
Anp(t) and Anglt)

Relation between 7g and 17p TR=TD

TR Z1TD

Analytical expressions for Different analytical expressions

Depending on the symmetry

Anp(t) = Ang exp(—6 0t) and the multiplicity of the

Anp possible for Anp(t) 8 = rotational diffusion specific model
coefficient
Relation between electro- Te =TD Te¢ =31

optical and dielectric (7¢)
relaxation times

Table 4 Choiced relaxation times of the most important processes in some usual experimental techniques. Glassy amorphous PMMA at room
temperature. |nterpretations given by the corresponding authors. Partially calculated by 7= (2n fM)—1 from maximat damping in the

frequency region {no relation between process here and in Table 2)

Method References Process 1 Process 2 Process 3
Mechanical 5 71ms  Side group Practically measureless
4 20ms  rotation (8- (a-relaxation)
15 10—7 5; CH3—side 36ms  relaxation)
group rotation
Dielectric 7 15ms  Side group rotation Practically measureless
15 6ms  (B-relaxation) a-relaxation

Polarizing current (cf. text: 22
discussion process three)

30 min
Dipole orientation

Quasi-elastic 9 4.5 ms; torsional vibra- 53 ms Free volume
tion of main chains relaxation
Light scattering 10 Ims 59 ms
Kerr effect This work (rise) <2ms (rise) 800 ms (rise) 6.3 h

(decay) <2 ms

(decay) <2 ms {decay) 13.2 h
Dipole orientation by

mean chain motion

equilibrium positions, which are separated by energy
barriers, are considered. The mathematical treatment of
these models leads to specific conditions according to
which the analytical expressions for Ang(t) and Ang(t) as
well as the corresponding relaxation times, must behave
(Table 3). Furthermore, relations can be derived which
relate electro-optical relaxation times to those found by
other experimental techniques, in particular dielectric
relaxation times.

Frequently, the transition curves can be approximated
by an expression An=Angexp (—t1~')? ¢ where fis the
so-called ‘Wilhams—Watts-parameter’. In the case of
rotational diffusion the deviation of § from unity indicates
a distribution of relaxation times.

[t is attempted in the following to discuss the experi-
mental results in terms of these models.

Process three. From theoretical considerations it is
known that for the fluctuation diffusion model, the rise
and decay curves are symmetric® and that in the ro-
tational diffusion model the decay proceeds exponen-
tially!” (Tuble 3). Considering this, our experimental
results for process three coincide best with the predictions
of the rotational diffusion model. This leads to a ro-
tational diffusion constant 6;=(6.3+0.3) . 107> h™".
The analysis can proceed according to an algorithm given

by Nishinari et al.'* provided it is known whether the
relaxation is governed by polarizability or dipole re-
orientation. A polarizability anisotropy of Ax~ 1033
Fm?is obtained, if polarizability reorientation is assumed.
This value differs from those given in the literature by a
factor 10%,'®. This is structurally impossible. The assump-
tion of a dipole reorientation mechanism, however, leads
to dipole moments of 1072° Cm. This is physically
reasonable, although it is larger than that of the monomer
unit (5.3. 1073° Cm,'®) by a factor of about 1500. This
experimental result indicates a large cooperativity of
chain parts reorienting via small angle steps at room
temperature. In the glassy state, it can be interpreted in
terms of a ‘correlation volume’ containing this amount of
monomer units and therefore having a diameter of about
7 nm. The magnitude of this value coincides with that of
the ‘cooperative rearrangement region’ as expected by
Donth?® and Adam ef al.?! in their fluctuation theory of
glass transition and glassy state. According to these
authors, the cooperative rearrangement regions are the
smallest regions in which changes in configuration are
possible without distortion of the surroundings.
Configurational changes can take place if the enthalpy
fluctuations have sufficient magnitude. Glass transitions
can be explained by relating cooling rate T (in general:
measuring time) and the fluctuation frequency W(T) (in
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general: relaxation time). The fluctuation frequency is
determined by the size of the cooperative rearrangement
regions through thermodynamic considerations.

Conclusions on a possible dipolar origin of relaxation
process three can also be drawn from the relatively large
absolute value of the Kerr constant B;. In general, such
values can only be achieved by dipole reorientation.
Furthermore, it can be remarked, that under comparable
conditions the direct current through a PMMA sample,
after an application of an electric field, decays with half life
times comparable to ours for process three. This polariz-
ing current should be governed mainly by dipole orien-
tation®? (Table 4). All these observations, in particular the
magnitude of order of the relaxation times and the
cooperativity of process three suggest a relationship with
the a-relaxation which can be observed by other experi-
mental techniques.

In general, injection of carriers into the sample material
via the electrodes cannot be excluded. However, there has
been no exact knowledge on the extension and velocity of
this process until now and therefore on the inner field in
dependence on time3'. It is possible that the Kerr effect
relaxation behaviour is affected by such carrier injection.
In the present case, however, this seems to be improbable
because of the relatively small d.c. conductivity of PMMA
(<107'* Q™1 cm™!), the identity in the shape of the rise
and decay transients and especially the fulfilment of the
Kerr law.

If one considers the rearrangement region as a particle
which moves in a matrix consisting of the same material,
then from the rotational diffusion constant and the
dimension of the rearrangement region, the viscosity of
PMMA can be calculated'??. The resulting value of
about 10'° Poise coincides relatively well with that of
10'! Poise found by extrapolation of rheometrically
measured melt viscosities to the glass transition
temperature' %8,

Processes one and two. It is rather difficult for various
reasons to comment on the relaxation processes one and
two. In the case of process two it is remarkable that the
rise and decay transient times differ by two magnitudes of
order. Williams?® observed a similar behaviour for oligo-
meric PMMA just above T (he found 7z~ 107,). This
means that, due to the application of the electric field, the
relaxational conditions are greatly changed. Indeed, in the
torsional pendulum experiment, the application of an
electric field of 6 MVm ™! to a sheet-like PMMA sample
causes a shift of the frequency-temperature-curve in the a-
region by about 10°C to higher temperatures compared to
the field-free experiment?®. For our PMMA, this indicates
a shift of glass temperature from 115°C to 125°C. This
could explain a frequency shift by two magnitudes of
order. A possible explanation is a hindrance of the course
of the relaxation by electrostriction and an interference of
electrostriction and free volume?7-2®, Then, however, one
would also expect an influence on relaxation process
three. It is apparent that measurements on dependence of
temperature, or, for instance, measurements of dielectric
behaviour under the influence of a strong electric field in a
wide range of frequencies are required in order to solve
this discrepancy. Such measurements are presently under
progress. Other possible explanations for the difference
between 1z and 7, are heating effects and ion implantation
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and migration?%-28. These causes, however, seem improb-
able since the corresponding relaxation behaviour is too
slow compared with the electro-optical relaxation. This
objection applies to electrostriction also?®.

For most of the possible explanations of the difference
between 1, and 1, it seems, that at the very least the decay
transition time 7, is uniquely related to the Kerr effect.
Unfortunately, only an upper limit of two milli-seconds
can be given for 7, because of the limited resolution power
of our experimental arrangement. Also an analysis of the
slope of the transients one and two is not possible.
Because of the limited information the nature of these
processes can only be open to conjecture. One of them
must surely correspond to the pf-relaxation, that is
rotation of the side groups. The dipoles of the PMMA
monomer units lie in these side groups and make an angle
of about 70° with the axis of rotation?°. Therefore, such a
rotation can be induced by an electric field and must
consequently yield a component in the Kerr effect with
dipolar origin.

Finally, for the sake of comparison, in Table 4, the
relaxation times of different relaxation processes from the
literature are shown. They correspond to room tempera-
ture and are estimated by different experimental methods
available. It is true, they cannot fully agree, e.g. because
some experiments are concerned with rotational move-
ments of chain parts, others with oscillating or rectilinear
movements. In spite of consideration of these restrictions,
it can be seen that the values, including Kerr effect data,
differ quite considerably. Assuming that 7,¥'=2 ms and
remembering that 3t,=1; (see Table 3) it seems, that
relaxation process two corresponds to the S-relaxation.
But only further experimental and theoretical efforts can
confirm this as certain.
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