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Crystallizing and non-crystallizing polymers have been investigated by Brillouin spectroscopy in the

liquid state. The temperature gradient of the sound velocity of crystallizing polymers shows a discon-
tinuity at ~60— 110K above the melting transition. The non-crystallizing polymers investigated show
no uniform behaviour. We interpret the phase between the melt temperature and the temperature of

the additional transformation as a phase of locally nematic structure. This interpretation is also
supported by a study of density, refractive index, viscosity and hypersonic attenuation.

INTRODUCTION

The temperature gradient of the sound velocity of
n-tetracosane melt has been shown to exhibit an unexpected
discontinuity’. The temperature at this discontinuity agrees
well with that found from a step in the magnetic suscepti-
bility? of the same paraffin sample. Since structural trans-
formations in condensed matter are often connected to an
anomalous elastic behaviour, Brillouin spectroscopy (BS) pro-
vides a sensitive method of studying static and dynamic pro-
perties of the transition®. In the case of polymers it has
been found that the quasistatic glass transition can be iden-
tified precisely through the BS method even in partly crystal-
line systems® and that changes in the microscopic structure
are reflected by the measured frequency shifts.

Here we discuss whether the suspected local ordering of
the paraffin melt is a general property of macromolecular
melts. Such local ordering has been proposed by several
authors®~® and is set out in detail in ref 9. However, up to
this time it has not been clear whether ordering arises spon-
taneously in the sense of a phase transformation or not. We
have studied the hypersonic properties of the following
polymers: n-tetracosane (C24Hsg, TC); low molecular weight
linear polyethylene (PE 6600, M,, = 6600); poly [4-methyl-
pentene-1] (P4MP1)*; poly(trimethylhexamethylene-
terephthalamide) (PA6-3-T)T, and atactic polystyrene (PS).
P4MP1 is a partly crystalline, transparent polymer at room
temperature'®; PA6-3-T is an amorphous transparent poly-
amide!!. With the exception of PA6-3-T all these materials
show a step in the temperature coefficient of the hypersonic
velocity at well-defined temperatures within the investigated
temperature region.

EXPERIMENTAL

The spectrometer system as described elsewhere® was modified
by the automated data acquisition and stabilization system

* Trade name TPX, kindly supplied by Mitsui Petrochemical Inc.
Ltd, Japan

t  Trade name Trogamid T, kindly supplied by Dynamit Nobel AG,
Troisdorf
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DAS-1 from Burleigh Instruments'2. Overloading of the photo-
multiplier tube by strong ‘central’ line elastic scattering was
eliminated by amplitude modulation of the laser light by a
Pockels cell. This cell was driven by logical signals from the
segmented timebase of the DAS-1 system, a high voltage
amplifier and a buffer amplifier, to protect the DAS-1 system.
Thus, the Pockels cell was always perfectly synchronized
with the segmented timebase of the DAS-1 system.

The high temperature measurements (up to 620K) were
performed in an optical thermostat made in our laboratory.
The temperature could be stabilized within an accuracy of
~0.1K, and was measured by calibrated thermocouples.

TC, PE6600 and PAMP1 were poured as powders into a
thinfilm cuvette (Duran, 300 um film thickness) and subse-
quently melted in a helium atmosphere to produce homo-
geneous planar samples. The cuvettes can be filled only with
sufficiently fluid melts. In some cases the desired fluidity
could only be achieved at rather high temperatures where
the polymers began to degrade. This occurred for PE and
therefore the degraded PE was characterized prior to the
Brillouin measurements. Several samples had been prepared
by the same procedure, and one of them was used in g.p.c.
measurements. The resulting molecular weight distribution
is shown in Figure I giving a weight-average molecular
weight M,, = 6600 with M,,/M , = 2. The PAMP] samples
giving curves B and C in Figure 2 were probably also degraded
to some extent. To reduce the filling temperature, samples
of PS and P4MP1 (Figure 2) were prepared by pushing the
melt with a piston into the cuvettef. To minimize errors
introduced by degradation during the Brillouin experiments,
the first measurement was taken at the highest temperature.
The accumulation time at each temperature was about 1 min.
A new temperature was then set and measurements taken
when temperature of the sample had been constant within
0.1K for 3 min. The temperature was measured by thermo-
couples within the melts. In order to control possible degra-
dation and hysteresis effects, at least two temperature runs
were performed for each polymer, except PA6-3-T. No devia-

¥ This filling procedure was performed by Dr. Miinstedt at the
BASF, Ludwigshafen
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Figure 1 Molecular weight distribution of PE6600 as measured by

g.p.c. My, = 6600; My,/M,, = 2

tions exceeding the experimental accuracy were observed.
A complete data set, including measurements at different
wavelengths can be found in ref 1 for a sample of TC.

For the Brillouin-experiments we used the so called 90A
and 90N scattering geometries®. The resulting sound velocities
are given by:

90A va(T)=Fa(T) [ (1

2nasin(45°)}

()

90N »N(T) = fn(T) [m}

where v = sound velocity; T = temperature; f = phonon
frequency; A = wavelength of the laser light in vacuo; n =
refractive index of the sample; and n, = refractive index of
the medium surrounding the sample. (in our experiments
ng=1).

If no dispersion occurs, i.e. vA(T) = vN(T), and n, = 1,
the temperature-dependent refractive index of the sample
can be determined from the frequency shifts, fo and fy, of
the two scattering geometries (equations 1,2) by n(T) =
IN/fa- The 90A-geometry directly yields the sound velocity
at constant phonon wavevector. The absolute accuracy for
the sound frequencies f5 and fy is estimated to be ~1%.

The sound attenuation can be derived from linewidth
measurements. For this purpose we have digitally convoluted
the line profile of a damped harmonic oscillator with the
measured instrumental profile and compared it with the
Brillouin-line profile. The Brillouin-linewidth (full width at
half maximum) Af is related to the hypersonic attenuation
coefficient (spatial intensity decay) by:

a=2nAflv (3)

The damped oscillator model is in good agreement with the
measured line profiles.

For those cases where the data sets can be represented
by two straight intersecting lines of the type:

&) =g(T,) [1 - 8(T - T,)] 4)

we use the following equation:
gl =a-bT*c|T-T,l ()

to obtain a least squares fit. Thus all parameters, including
the intersection temperature, are simultaneously determined.
The discontinuous step in the temperature gradient is given
by 2c.

RESULTS

P4MP]

Figure 2a shows the hypersonic behaviour around the
melt transition. Curve A was taken from a virgin sample.
After subsequent heat treatment (used to fit the sample into
a cuvette) the sample had clearly degraded to some extent
and the sound velocity curve B shifted to lower sound
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Figure 2 (a) Sound velocity of PAMP1 as a function of temperature.

A, Virgin sample; B, C, measured on different runs with cuvettes filled
at different temperatures. 4O, First run; 0, ¥, second run; ®, third run,
{b) Sound velocity v {O, +} and sound attenuation 2f(®) of PAMP1 as
a function of temperature T; T, = transition temperature; +, first run,
O, second run
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Figure 3 Brillouin investigations of PEG600. (a) Brillouin frequency
shifts f in 90N and 90A scattering geometries as a function of tempe-
rature . +, x, First run, O, second run. (b) Sound velocity v versus

velocities and the melting temperature decreased. Further
degradation of the sample yielded curve C. Just below the
maximum melting temperature, PAMP1 becomes completely
opaque, preventing Brillouin measurements in this region.
The origin of this ‘critical opalescence’ is not yet clear, but
was also observed in polyisoprene at the melting point®>.
Well above the maximum melting temperature the sound
velocity curves of samples B and C show kinks at 265° and
285°C, respectively. In order to ascertain the existence of
the kink in the PAMP1 melt we repeated our measurements
improving the spectrometer resolution and avoiding degrada-
tion effects during the sample preparation (see above). The
result is shown in Figure 2b. By the fitting of the experi-
mental data to equation (5) we can derive T, and the tem-
perature coefficient of the sound velocity below and above
T, according to equation (4) (Table 1). Within the accu-
racy of the experiment, hysteresis effects were not observed.
The hypersonic attenuation of P4MP1 was also investigated

622 POLYMER, 1980, Vol 21, June

temperature, T; +, from 90A; O, indirectly from 90N. (c) Temperature
dependent refractive index n = n (7). (d) Temperature dependent
density p = p (T}

(Figure 2b). Within an experimental error of about 10%,
the data could be fitted by equation (5).

PE 6600

The sound frequencies of PE 6600 were determined in
the temperature interval (130°—390°C) for the two scatter-
ing geometries 90A and 90N (see Figure 3a). As discussed
above the sound velocity is determined by the 90A-sound
frequencies (Figure 3b). Asin the case of PAMP1 the data
set can be well fitted to equation (5), (see Table 1). Because
of the good linearity of the frequency curve (Figure 3a, 90A)
above and below T, we conclude that there is no dispersion
in this frequency region. If we assume a linear temperature
dependence of the refractive index below and above T, the
refractive index can be determined from the Brillouin data as
a function of temperature (Figure 3¢) (see above).

According to the Lorentz—Lorenz relation

(2= Dj(n2+2)=rp (6)
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Table 1 Physical properties of the polymers investigated
v{Ty) 51 (1/K) o) (1/K) 81 (1/K) o1
T,°C)  (ms™Y) &) (1/K) p{Ty):tgem=3) o1y (1/K) niTy) By {1/K) 7
PE6600 230 966 2.68 x 1073 0.769 7.40 x 104 1.4189 2.49 x 104 3.62
1.76 x 10-3 9.49 x 10~ 3.20 x 104 1.85
Af(T,) (MH2) up {1/K) E| {kJ mol—1) Egq) tkdmoi-!)
kg (1/K) £}y (kJd mol-1) Eol (kd mol-1)
PAMP1 316 658 3.43 x 103 301 9.59 10-3
1.51 x 10-3 2821073
TC (CaHse) 110 1073 3.02 x 10-3 154 2.74 10-% 16.6 9.8
2.43 x 10-3 3.97 1073 13.7 8.1
T4 (°C) v1{Tg) 8 (1/K) ve Tg) ) (1/K)
{ms—1) &1 (1/K) (ms™1) &1 (1/K)
PS 273 1206 5.30 x 1073 97 2339 1.01 x 1073
3.70 x 1073 2.78 x 1073
PAG-3-T 144.5 2457 9.52 x 10~ 1110 1.430 x 1073
2.76 x 10~3 4.80 x 10-3

@
O

o
© 2
A7 (10°MHz)

y(103ms )

56 100 180 200 250
710C)

20 22 24 26 28

from which the volume expansion coefficient &’ can be
derived (see Table 1). From equation (7) the density of the
amorphous structure at 25°C is found to be 0.886 g cm—3
which should be compared with 0.855 from the literature'»*%.
The difference is well within the range of experimental accu-
racy since the absolute value determined by equation (6)
enhances the absolute value of the error given by the fre-
quency measurement {1%) to about 5%. The relative accu-
racy of the temperature dependence should be better than
1%.

CoqH50(TC) and C36H74(HTC)

Sound velocity data for the TC melt have previously been
reported’. Figure 4a shows the sound velocity together with
the related sound attenuation plotted against temperature
for some of the data. The attenuation depends linearly on
temperature above and below T}, which is found to be

110°C — the same value as found from the sound velocity
22r curve. The viscous behaviour of the TC and HTC melt has
'8 also been studied. An Ubbelohde viscosimeter was used to
= { determine the kinematic viscosity n* (Figure 4b). The
S rab temperature-dependent kinematic viscosity follows an expo-
i nential relationship above and below T,:
- 10f
© n* = Cexp(E/kT) (8)
O6r
ook where E is an activation energy for viscous flow and C'is
L A T . b almost independent of temperature!® (see below). The
200 225 250 275 activation energies below and above T, are different, and
YTk T, = 110°C is in good agreement with the value found in
Figure 4 (a) Sound velocity v {x), left scale, and sound attenuation the Brillouin-measurements. For HTC a value of T, =

Af(®), right scale, of TC as a function of temperature T; T, = transi-
tion temperature. (b) Logarithm of the kinematic viscosity {Inn*) of
TC and C3gHa versus the inverse temperature {1/T); T, = transition
temperature

where # is the refractive index; r is the specific refractivity;
and p is the density, we can also determine the temperature
dependence of the density. The temperature dependence of
the density can be described above and below T, for linear
PE, using a value 7 = 0.3284 cm3 g1 in the equation:

p(T) = o(T,) [1 — /(T — T,,)] (7

123.5°C is found.

PA6-3-T

Temperature-dependent Brillouin data of PA6-3-T are
reported in Figure 5. The glass transition temperature T is
found from the longitudinal as well as from the transverse
phonon to be 144.5°C, which differes only slightly from
T, = 149°C found in literature'’. Up to the highest tempe-
rature reached, ‘the sound velocity—temperature curve shows
no deviation from linear behaviour within an experimental
error of about 1%.

POLYMER, 1980, Vol 21, June 623
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Figure 5 Longitudinal sound velocity vy, transverse sound velocity

v¢ and the sound attenuation coefficient Af of PA6-3-T versus tem-
perature T; Tg = glass transition temperature
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Figure 6 Sound velocity v{O, x), left scale, and sound attenuation,
Af(®), right scale, of PS versus temperature T; Tg = glass transition
temperature; Tp = transition temperature; x, ®, first run; O, second run

PS

PS has previously been investigated by Brillouin scatter-
ing, especially in the vicinity of the glass transition'®!”.
Patterson has measured the sound frequency and the sound
attenuation above the glass transition of PS samples with
different molecular weights'®. The results are similar to
ours, but the data are interpreted as a pure relaxational
process, without any kink in the sound frequency curve.

We find a rather sharp kink at T), = 273°C in the sound
frequency—temperature curve (Figure 6) above the glass
transition temperature. The maximum in the sound attenua-
tion data coincides with the kink in the sound frequency
curve. Figure 7 shows that we were also able to detect
transverse phonons in PS not yet reported in literature.

DISCUSSION

If different physical properties of a system change abruptly
by kinks or discontinuities at the same temperature, this can
be an indication of a cooperative change of structure in the
system. We have found this behaviour for the same physical
properties of different polymer melts. We believe that an
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unexpected spontaneous change of structure appears in the
melt of some polymers at a transition temperature T,,. We
assume the phase above T}, to be isotropic (random coil)
and below T}, to be at least of local nematic structure. Such
local structures have already been discussed in the
literature™2 71926,

Since the idea of a cooperative transformation at T}, is
based on the existence of a kink in the vy(T), Af(T) and
In7*(1/T) curves we will outline the method of data analysis
supporting the choice of equation (5). Besides the usual
criteria (sum of least squares and the correlation matrix) we
used the phase frequency test of Wallis and Moore? with the
same conditions as in ref 24. This test analyses the distribu-
tion of subsequent data points around a given function and
results in the randomness parameter Z. The data series can
be regarded as random if Z < Z ¢ holds with Zg¢ = 1.96%.
Generally for our data sets presented here Z < 1.5. In addi-
tion, the lower bound of the correlation coefficients 72 is
0.95 and in most cases even 72 > 0.99 holds. Thus the
choice of two straight intersecting lines provides a relevant
description of our data sets.

All the partly crystailine polymers investigated (TC,
P4MP1, PE6600) exhibit similar hypersonic properties in
the melt region (Table 1).

(a) They show a kink in the sound velocity at T,, far
above the melt transition temperature.

(b) The sound velocity changes linearly over wide
temperature intervals above and below T},.

(c) As expected, the temperature coefficient of the sound
velocity is negative for both phases, but surprisingly the ab-
solute value is larger in the low temperature phase.

x300

N SO/ WA/ &

R R R

A | G 1

Figure 7 Brillouin spectrum of PS: R, Rayleigh line; L, longitudinal
phonons; T, transverse phonons




(d) The hypersonic attenuation was investigated only in
TC and P4MP1; it exhibits the same features as the sound
velocity with nearly the same transition temperature.

(e) For PE6600, different scattering geometries were used
to deduce the temperature dependence of the density and
of the refractive index; both properties indicate the same
transition temperature found in the sound velocity and
attenuation measurements. The temperature coefficient of
the refractive index and the volume expansion coefficient
show finite discontinuities. The volume expansion coeffi-
cient of the low temperature phase is smaller than that of
the high temperature phase. A simple Grineisen evaluation
with a single Griineisen parameter has been used in literature
to explain the elastic behaviour of PS at the glass transition'®

as well as for the elastic behaviour of the TC melt around 7},":

6= Oll’)’,' (9)

7; is the Griineisen number of the sound wavelength A;.

The subscript i is preserved even though the sound frequency
changes with temperature because the sound wavelength
does not change. & is the temperature coefficient of the
sound velocity. For PE6600 such a simple Griineisen-
evaluation breaks down at 7, and two different Griineisen
parameters can be determined below and above T,:

Y7<T, = 3.62
Yr>T1,=1.85

This may indicate that the molecular interaction forces
change drastically from above to below 7,,.

A transition from an isotropic to a locally nematic state
at 7,, is supported by the ultrasonic behaviour of low mole-
cular weight liquid crystals at the isotropic—nematic transi-
tion?®»?7"?°_ For low frequencies, the sound velocity and the

sound attenuation show relaxational behaviour near 7,. How-

ever, at frequencies higher than 115 MHz for PCB?® and

23 MHz for MBBA?” no relaxational behaviour is found for
the sound velocity which only retains a small discontinuity
at T,. From Figure I of ref 27 it is seen that at high fre-
quencies the slopes of the sound velocity curves above and
below 7 differ in a manner similar to their variation above
and below T,,. In addition, the i.r. sound attentuation
curves (Figures 2 and 3 of ref 27) are similar to ours.

Below T, and at high frequencies the hydrodynamic part
of the sound attenuation increases more strongly with tem-
perature than above T,. The assumption of a damped har-
monic oscillator model for the sound attenuation (equation
3) seems to be reasonable. Brillouin measurements on liquid
crystals near 7, are controversial. Durand®® found a dip in
T, in the sound attenuation of CEC at the isotropic—
cholestric transition. Wang and Huang®' found no anomaly at
all in the data for CP at the isotropic—cholestric transition;
they discussed the possibility of an enhanced sound attenua-
tion in terms of domain scattering losses and extremely weak
coupling between the orientational fluctuations and the
sound wave. Rose and Shen?? discussed the possibility of
sound attenuation by scattering from cholestric domains.
Such scattering would also lead to an exponential decay of
the sound intensity®? as long as the scatterers were
independent.

The specific volume at the nematic—-cholestric transition
of PBLG—EDC?! behaves in the same manner as the specific
volume of PE6600 around 7;,. Specific volume data for

Structural transformations in polymer melts: J. K. Kruger et al.

sufficiently high temperatures were not available in the
literature and thus comparison could not be made with our
data (Figure 3d). However, recent measurements on n-
alkanes support the existence of a rather sharp bend at
high temperatures.

The kinematic viscosity of TC and HTC clearly reflect a
simple activated process above and below T;, thus following
an exponential relationship (Figure 4b). The kinematic vis-
cosity n* is related to the dynamic viscosity n by:

n* =nfp = n{p(T)[1 o (T - T}~ (10)
To a first approximation, the temperature-dependent part

of the density can be neglected, the error introduced by do-
ing this is less than 10% for T < 100K.

ool )]

The viscous behaviour below and above T;, may then be des-
cribed by the following relationships for i = LII [[, (T < T,);
IL(T>T,)]:

(1n

ln(n,-*) =In [ (12)

i El
+ —
p(Ty) kT

Ty = (En ~ £1)/[kIn(By/B11)] (13)
The activation energies £ and Eyp, as well as temperature-
independent pre-exponential terms By and By, are depen-
dent upon molecular weight for a macromolecular system.
If a potential law for £} and £7; holds, we have:

Ei = Eoiﬂﬁ; (14)
The B; are assumed to be of the form B; = B;f(M,,)
with f(M,,) > 0 at least over a limited range of M, '°.
Equation 13 then transforms to:

Ty = M8, (Eor1 — Eo/ [KIn(Bo1/Bor)] (15)

Taking values for T, and M,, of TC and PE6600 the expo-
nent p = 0.09 was determined from equation (14). From
equation (15) and the values of activation energy for TC
(Table 1) the parameters Eq; = 9.81 kJ mol—1 and Eqop =

8.1 kJ mol—? can also be determined. Within the limits of
the simple model described above the transition temperature
T,, and the activation energies for viscous flow have been
determined for high density polyethylene (M, ~ 105) below
and above Tj;:

T, =371°C

E1=27.9 kJ mol~!

E[[= 23.0 kJ mol !

EY is in fairly good agreement with the values of 25 and
27 kJ mol~! found in literature'®. The high value of T, =
371°C explains why such a transition is unlikely to be
found.

The viscous behaviour of C3gH74 also shows a kink in the
In[n*(1/T)] curve (Figure 4b). T, was found to be at

POLYMER, 1980, Vol 21, June 625
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123.5°C. This value is in good agreement with the extrapo-
lated vatue (T, = 124.2°C, equation 15).

The hypersonic behaviour of the amorphous PA6-3-T and
PS is less homogeneous. Above the glass transition PA6-3-T
shows no further kink in the sound velocity—temperature
curve (Figure 5). Should there by any transition, this would
be above 310°C. The sound attenuation has a maximum
about T = 250°C and probably indicates the so-called ‘high
frequency glass transition’.

PS behaves similarly to partly crystalline polymers in
sound velocity experiments, exhibiting a kink at T =
273°C. The hypersonic attenuation, however, behaves
differently.

At this time, therefore, it is not clear whether there is
a fundamental difference between crystallizing and non-
crystallizing polymers with respect to the formation of an
intermediate local nematic phase.

Fischer et al.?® have discussed a hypothetical nematic—
isotropic transition in n-alkanes far below the melt transi-
tion, in an attempt to explain their depolarized Rayleigh
scattering data, magnetic birefringence measurements, etc.
This conflicts with our interpretation of 7;,. The ultrasonic
data discussed above show that Brillouin scattering data
should not mirror such a transition by critical softening or
hardening of a phonon. The elastic behaviour found around
T, is not connected with a transition far below the melting
temperature of paraffins.

Studies using other experimental techniques will be
undertaken using other polymers to elucidate the remaining
questions and problems.
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