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Melts of diverse fractions of linear polyethylene have been investigated by longitudinal and transverse
proton relaxation. A three-component model of moiecular fluctuations allows to describe the longitu-
dinal relaxation times in the frequency range of our experiments {104 to 108 Hz). The components
are ‘anisotropic segment reorientation’, ‘reptation’ and the ‘conformational fluctuation of the
surrounding tube’. The molecular weight dependences of the corresponding time parameters are

7, ~M°, 1, ~M" and 7, ~ M3, respectively. These quantities also permit us to explain the molecular
weight dependence of the transverse relaxation curves which have been described by the aid of the
Anderson—Weiss theory. [t is shown that the influence of the molecular weight distribution is not
negligible. Rather it is the reason for non-exponential relaxation decays. The free induction decays
have been found to decrease essentially faster than the relaxation decays even if the inhomogeneity

of the magnet was negligible. As an explanation, internal inhomogeneities caused by microscopic
voids have been assumed. An estimate of this effect is given. In addition to the pure fractions we
have also studied a mixture of short chains in a matrix of long deuterated chains. It turns out that the
fluctuation of the local network depends on both molecular weights and the ratio of mixture.

INTRODUCTION

The molecular weight dependence of the nuclear mag-
netic relaxation of polymer melts has been studied various
times' ~?. It was found that this dependence is different at
different frequencies. The strongest effect was observed at
the low-frequency T, plateau? and for transverse
relaxation’.

A description of the molecular weight dependent -

relaxation behaviour was suggested* with the three-
component model. Starting from the thermal excitation of
elementary processes (segment re-arrangements caused
virtually by defect displacements), two secondary pro-
cesses are relevant, namely longitudinal chain diffusion or
reptation® and the fluctuation of the local conformation
of the surrounding tube (7Tuble 1). Segment re-orientation
is anisotropic so that the corresponding n.m.r. corre-
lation function is reduced only to a certain residual
correlation. The final decrease to zero is caused by the
secondary processes. Reptation leads to a loss of the
correlation to the local chain orientation as a consequence
of the diffusion around conformational bends’. The
conformational fluctuation causes a decrease of the
correlation of local rube orientation*. Thus we use the
following picture: segment reorientation is caused by
defect diffusion, which leads, on the other hand, to the
reptation processes. Conformational fluctuation of the
surrounding tube is finally a consequence of the reptation
of the entangled chains defining the local network.
The effective formulae for the n.m.r. correlation and
intensity functions are in the case of exponential orien-
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G(r)= [aoexp< — %) + a,exp( - ;) + az}
0 s

exp( —%) xexp{t/2t;} (1 ~erf\/r7§?,) (N

with G(0)=1 and G(o0)=0
2
Hw)= 3 a;x
j=0

j P32, —1j2 L2
2151)_{_1-?) 1, / (1 +Ku>) /

. = - ST - . .
K(J)z“f'j‘fg”’f; IK(J)_,_T?)I 2.[1 1/2[(1 +KU))1/2+(1)‘L'£”(KU)— 1)1/2]

2)

respectively (compare Table 1).
The abbreviations are
KU= \/Wi
V=1,
tMar,

(2) —
=1,

POLYMER, 1980, Vol 21, September 1009



Molecular fluctuations in polyethylene melts: H. Koch et al.

Table 1 Components of molecular fluctuations in polymer melts

Characteris- Molecular Individual
tic time Relative weight correlation
Component constant{s) amplitude(s) dependence function(s)

Anisotropic

segment re- T, T ag, a1 ~M0 exp(—r/7g g)
orientation

Longitudinal explr/27)) x
chain diffu- 7 ay ~Mm1 {1-

sion e
{reptation) erf\/7/27) }
Conforma-

tional flue- 7, az ~m3 expl—7/7,)
tuation of

the ‘tube’

(ap+a;) and a, are the fractions of the normalized
correlation function due to anisotropic segment re-
orientation and the two secondary processes, respectively.
The anisotropic segment re-orientation has been assumed
for simplicity to be composed of two contributions only
instead of a multicomponent distribution*®. They arise
from motions faster than our highest frequency (so that
always wt, < 1)and from those which are accessible in our
frequency range (so that the condition wt,~1 can be
achieved). The fractions are a, and a,, respectively.

This formalism has been applied to poly(ethylene
oxide)® and polyethylene® melts. While the T, dispersion
in a broad frequency range (10° to 10® Hz) could be
described satisfactorily, there remained certain difficulties
with the transverse relaxation. Non-exponential rela-
xation decays!’ 2 1° have been observed and the motional
narrowing limit'! is no more valid for chain lengths
exceeding a certain value. Thus relaxation theories of the
BPP - type'! are not suitable for the description of the
transverse relaxation®.

A more appropriate approach is the Anderson—Weiss
formula'? for the normalized envelope curve of the free
induction decay:

t

g(t)=€Xp< - M; J (t—1) G,(7) df) 3)
0

% is the second moment of the rigid lattice line (in
square circular frequency units), G(t) is the correlation
function of the local resonance frequency. This formula is
valid for a Gaussian distribution of the resonance
frequencies at all times. Below, G (1) will be equated with
the correlation function G(r) relevant for the spin lattice
relaxation, so that longitudinal and transverse relaxation
data can be simultaneously compared with the model. As
the transverse relaxation is especially sensitive to all
frequencies below 10* Hz, we have thus effectively an
extension of the T, frequency range. (The limits of the so-
called field-cycling technique which stands behind this
range are discussed in ref. 13.)

The consideration of all these experimental data is
essential for an unambiguous test of the model and the
reliable determination of the parameters (Table 1). These
quantities allow certain conclusions concerning the mic-
rostructure in melts. We have discussed”-® a procedure to
estimate the correlation length of the conformation by
combining data of the diffusion coefficient with relaxation
parameters.
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EXPERIMENTAL

Above 20 MHz, a conventional pulse spectrometer
(Bruker SXP 4 - 100) with a shimmed high-resolution
magnet (B - E 38) has been used. For the low-frequency
range (10* to 2x107 Hz), a special field-cycling
spectrometer has been constructed!*. A cross-section of the
high-temperature probehead of this apparatus is shown in
Figure 1. The sample volume was about 1 ¢cm3,

In the case of the field-cycling measurements, the
signals were rectified by diodes. The linearity of the whole
receiver system was tested to ensure that no essential
deviations have affected our results. All transverse re-
laxation decays have been measured by phase sensitive
signal detection. The measuring errors were for the pure
samples less than 10%; and for the mixtures less than 30%
at the lowest [requencies, i.e. in the worst case.

Table 2 characterizes the fractions of linear po-
lyethylene (PE or PEH) and perdeuterated polyethylene
(PED) used in this paper. The molecular weight distri-
butions (Figure 2) have been measured by gel permeation
chromatography. All samples have been evacuated for
hours before the first melting, and all investigations have
been carried out in the evacuated state (107° mm Hg).

The mixtures have been prepared by thoroughly mixing
the powders. After degassing the samples, they were
annealed in the molten state for several hours. This
procedure turned out to be preferable to mixing the

|
Figure 1 Cross-section through the high-temperature probehead of
our field-cycling apparatus. 1, evacuable glass tube; 2, thin-walled
brass tube fixed in the glass tube by the aid of a metal/glass grinding;
3, poly(vinyi chloride)} tube including the tuning rod of the capacitor.
4, capacitor; 5, and 6, vacuum seals; 7, bushings; 8, O-rings; 9, glass
fibre rod; 10, sample holder; 11, RF-coil; 12, heater with ceramic
coating; 13, temperature sensor; 14, cover of the heated volume
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Table 2 Characterization of the samples used in this study

Sample M, My, /My Supplier
Polymer Laboratories (RAPRA)
1 2200 m Shrewsbury, UK
2 5000 1.44 gift from Hiuls AG, Marl, FRG
fractionated from Lupolen
3 9600 1.38 6011 L
supplied by Knauer, West-
4 84 000 1.10 Berlin
fractionated from Lupolen
5 100 000 1.25 6011 L
6 180 000 24 Merck AG, Darmstadt, FRG

PE,2200 PE,5000 PE,960Q0 PE,180 000 PE,LIOCOOO

e \ Ve a
7/ g ‘

M- FiM)

]

Figure 2 Gei permeation chromatography (g.p.c.) curves of the
samples investigated in this work. The proper distribution function
of the molecular weights is f(M)

polymers in solutions. In that case, a phase separation
occurred due to the different solubilities for different chain
lengths. The homogeneity of the mixtures could be con-
trolled by the exponential decay of the longitudinal
relaxation curve. The perdeuterated polyethylene (PED)
yielded no detectable proton signal under the measuring
conditions of our experiments.

LONGITUDINAL RELAXATION

The T, dispersion data of four different polyethylene
fractions are given in Figures 3 and 4. Although the
different molecular weight dependences and the different
time scales of the three components would allow the
theoretical curves to fit these data, it was desirable to have
a direct access to the individual components.

Two of the components, namely the anisotropic seg-
ment re-orientation and the longitudinal chain diffusion
are governed by intramolecular kinetics. The confor-
mational fluctuation, however, is an intermolecular effect,
so that this component can be influenced by the choice of
the sample constitution'®. The observation of the proton
relaxation of chains with a molecular weight M, in a
matrix of deuterated chains with a molecular weight M,
leads to a longitudinal chain diffusion component de-
termined by t,=7(M,) and to tube fluctuations de-
termined by t,=1,(c, M,, M,). ¢ is the ratio of mixture.

Figures 5 and 6 show the result of this experiment.
Clearly the predictions of the three-component model are

fulfilled in the sense that the tube fluctuation of the short
chains is now modified according to the large molecular
weight of the matrix. In other words, the low-frequency
plateau of the mixture is shifted outside the accessible
frequency range.

The solid lines in Figures 3 to 6 are fitted by a least
squares procedure with a single set of parameters given in
Table 3. The activation energy of the elementary process is
given by that of the y-process in amorphous polyethylene,
i.e. by 27.8 kJ/mol'*.

For the mixtures we had to assume that the 7, values are
at least 70 times the 7, value of the pure short chain
material in order to describe the low-frequency de-
pendence of T,. The molecular weight distributions
(Figure 2) have also been taken into account. It turned out
that they have no essential influence on T, in the
frequency range investigated in this paper. Merely in the
region w7, ~ 1 the curves are expected to be affected by
these distributions. A stronger effect of the molecular
weight distribution is observed in the case of the trans-
verse relaxation as shown in the next section.

10}
3:=423K
10°
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PE 9 600
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10‘2 L i . Ly . L “
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Figure 3 T dispersion of different PE fractions at 423 K. The
solid lines are theoretical curves calculated with the parameters given
in Table 3
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Figure 4 T, dispersion of different PE fractions at 473 K. The
solid lines are theoretical curves calculated with the parameters given
in Table 3
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Figure 5 Comparison of the 7, dispersion at 423 K of PEH 2200
with that of a mixture 10% by weight PEH 2200 in PED 180 000.
The solid lines are calculated with the parameters given in Table 3
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Figure 6 Comparison of the T dispersion at 473 K of PEH 2200
with that of a mixture 10% by weight PEH 2200 in PED 180 000.
The solid lines are calculated with the parameters given in Table 3

Table 3 Parameters fitted to the experimental data. All theoretical
curves have been calculated on the basis of this set

200°C 150°C
7 [sl 6.4 x 1010+ 20%
77 [s] 23 x 1013 x M+ 30% 2.3 x 75,1, (200°C)
7 [s) 3.5x 1018 x M+ 40%
ay: a1 5.8 x 10—2 + 20%
ag: ai 6.1+ 5%

TRANSVERSE RELAXATION

Experimental Results

Transverse relaxation is of special interest with respect
to the slow components of molecular motion. It will be
shown that the time parameters of the secondary pro-
cesses (1; and especially t,) determine the transverse
relaxation behaviour. Thus we have a complementary
method to the 7T, dispersion measurements, which is
sensitive to the frequency range below 10* Hz.

We have investigated both the shape of the free
induction decay (FID) and the transverse relaxation
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decay measured by the aid of the Carr—Purcell-Gill-
Meiboom (CPGM) method'®. The frequency was 90
MHz, the temperature 423 K. The samples were the same
as used for the T, experiments (Table 2).

The experimental data are shown in Figures 7 and 8.
Increasing molecular weights lead to faster decays both of
the free induction signals and of the transverse relaxation
curves. Moreover, short chains dissolved in a matrix of
long (deuterated) chains show faster decays than in the
bulk material. This means that transverse relaxation can
be expected to be sensitive to the three components of
molecular motion.

The experiments revealed two remarkable facts: (1) the
relaxation curves obtained by the CPGM - sequence
decay essentially slower than the FID, although the
decay times should be comparable if the inhomogeneity of
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Figure 7 CPGM decays of various PE fractions at 423 K and

90 MHz. The solid lines are calculated with the parameters given in
Table 3 and the molecular weight distributions {Figure 2) by the aid
of the Anderson—Weiss formula (equation 3). The broken lines
indicate the range covered by the theoretical curve if an inaccuracy
of 5% in M, is assumed
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Figure 8 Free induction decays of various PE fractions at 423 K
and 90 MHz, The FID of distilled water at 300 K is also shown in
order to characterize the decay time of the spectrometer. The solid
lines have been calculated with the parameters given in Table 3 by
the aid of the Anderson—Weiss formula (equation 3) and by setting
ag = 0. Instead of the molecular weight distributions {Figure 2} we
have used merely the M,, values. The deviation for PEH 9600 is
already a consequence of the decay time intrinsic for the spectro-
meter
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the magnet is negligible. This was at least the case for the
PE fractions M, >10* The conclusion will be that an
internal field inhomogeneity is produced in the samples;
(2) the PE fractions of higher molecular weights (PE 5000,
9600 and 100 000) showed a non-exponential CPGM
decay in contrast to the fraction of PE 2200 and the
mixture of PE 2200 with PED 180 000. It will be shown
that this is a consequence of the molecular weight
distribution. (The longitudinal relaxation curves were
exponential throughout. This can be understood as a
consequence of spin diffusion!!))

Field inhomogeneity in PE melts

The fact that the free induction signal decays essentially
faster than the proper relaxation curve even when the
inhomogeneity of the magnet was negligible, cannot be
explained by dipolar broadening. In that case no echoes
would occur with the CPGM-sequence (compare ref. 17).
Therefore we have to discuss any type of internal field
inhomogeneity, whose influence is reversibly inverted by
the CPGM - sequence. The perturbation of the external
magnetic field could have its origin in the macroscopic
non-¢llipsoidal shape of the sample, in molecular anisot-
ropies such as the chemical shift and the susceptibility,
and in microscopic inhomogeneities of the density caused
by invisible voids.

The first possibility has been checked by annealing the
samples at 150°C up to three weeks. (Longer annealing
periods led to a strong influence of chain cracking.) All
samples showed thereafter a cylindric, i.e. approximately
an ellipsoidal shape. Nevertheless, no approach of the free
induction and relaxation decays could be observed. Thus
this argument is ruled out.

The anisotropy of the chemical shift covers a range of
about 10° Hz for protons!®. In other words, the motional
narrowing is even more effective for the chemical shift
distribution than for dipolar broadening, so that this
explanation is already excluded by the argument, that
dipolar broadening is not responsible for the discrepancy
between free induction and relaxation decay.

The remaining type of field inhomogeneity is connected
with an inhomogeneity in the density of the material and
therefore in the susceptibility. We conclude that there are
microscopic voids within the material causing differences
in the magnetic susceptibility of about Ay~10~°. Such
voids have also been detected by neutron scattering'®
The field inhomogeneity caused by these voids depends
on the shape. An estimation can be carried out for spheres
(see Appendix). It turned out that the order of magnitude
is insufficient for a complete explanation of this effect by
spherical voids, but is expected to be sufficient for other
shapes of the voids.

The dependence of the time scale of the free induction
decay on the molecular weight is similar to that of the
relaxation decay. The conclusion is that the field in-
homogeneity is more or less averaged out depending on
the speed of the diffusion of the voids. The diffusion of the
voids, however, depends on the rate of the environmental
rearrangement, i.e. on the parameter t, which is pro-
portional to M? (Table 1). Thus it is plausible that both
types of transverse signal decays depend in the same
manner on the molecular weight.

Theoretical description of the transverse relaxation decay
The calculations are based on equation (3), where we

have equated the correlation function G,(r) with G(1)
(equation 1).

The time constants defined in equation (1) for G(t) are
expected to be also relevant for G(r), because both
correlation functions depend on the same fluctuations,
namely those of the dipolar interaction. There might be,
however, certain differences in the distribution of the
amplitudes a; of the individual components because
different terms of the dipolar Hamiltonian are responsible
for the longitudinal and transverse relaxation, respec-
tively!!. As transverse relaxation is dominated by the
slowest components, we conclude that the use of identical
amplitudes is nevertheless a good approximation.

For the second moment we have used M%=7? 1.93
x 10~ 7 T* which corresponds to the rigid lattice value for
an isolated chain. (y is the magnetogyric ratio of protons.)
The neglect of the intermolecular contribution is plausible
because of the volume expansion at the melt transition
and is necessary because no exact value for melts is
available.

The numerical evaluation of equation (3) in com-
bination with equation (1) leads to some difficulties: (1
—erf x)is less than 10~ 1% for x > 18.5 while our computer
works only in the range of 10~ 13% to 10* 1%, We therefore

calculated the function e*(1—erf \/x by the series
expansion?’

1" H=1)'T(k+05) 1
x(l—erff ‘“——kfos_ ) ——R, (4)

T

where
IR |< ['(n+0.5)

"l |x|n+0.5

and I'( ) is the gamma-function. For large values of x this
series converges very quickly so that only a few terms are
needed.

The experiments could not be described satisfactorily
without taking into account the distributions of molecular
weight. Better results can be obtained by considering the
distributions shown in Figure 2. For a numerical treat-
ment we have approximated the distribution function by a
step function with about 30 discrete values. This means
that we have to deal now with a mixture of 30 different
portions of different molecular weight. We calculated the
transverse relaxation decay for each molecular weight and
took the average of them by the aid of the weighting
factors given by the step distribution function. Figure 9
shows the influence of the molecular weight distribution.

It should be noted that this procedure is a rough
approximation as we supposed, that there are different
parts of the sample with the same molecular weight. In
reality the relaxation of a reference chain is influenced
both by long and short neighbouring chains.
Nevertheless, this approximation describes quite success-
fully the experimental data and experimental confir-
mation of this can aiso be found in ref 23. The shape of the
distribution of M can reliably be determined by the aid of
gel permeation chromatography in contrast to the ab-
solute value of M,, which can only be gauged within
+ 10%,. The experimental curves in Figure 7 are therefore
completely described within these limits. The relaxation
curves of the mixture PEH 2200 in the deuterated matrix
PED 180000 are also compatible with the 7, values used
for the descripticn of the T, dispersion. Table 4 shows the
comparison between theory and experiment. Altogether
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Figure 9 CPGM decays calculated for a molecular weight M, = 9600.

In order to show the influence of the molecular weight distribution,
we have artificially varied the width {i.e. M,/Mp} of the measured

distribution given in Figure 2 for PE 9600. The shape of the distribu-

tion remained unaffected. It is shown that the deviation from an
exponential decay depends strongly on My,/Mp,

we can state that the transverse relaxation behaviour is
strongly affected by the fluctuation of the tube characte-
rized by the parameter 7,.

Theoretical description of the free induction decay

As outlined above, there should be a magnetic field
inhomogeneity caused by voids in the material. This
inhomogeneity effect dominates the free induction decay
for large molecular weights. The diffusion of the voids is
then slow enough, so that this broadening effect is not
averaged out. The diffusion of the voids is a consequence
of the network dynamics. Thus it is plausible that 7, is
again the most important parameter. As the diffusion of
voids is simultaneously influenced by many chains, the
molecular weight distribution is no more relevant and the
number-average molecular weight, M, should be used in
the calculations. It is then no bad approximation to use
equation (1) for the effective correlation function by
simply assuming a,=0. Figure 8 shows the comparison
with the experiments. The coincidence is satisfactory
except for M,<9600 where the influence of the in-
homogeneity of the external magnetic ficld becomes
relevant.

The fact that the influence of the deuterated matrix on
the free induction decay is very different from that on the
CPGM - decay (Table 4), indicates that these curves show
a different dependence on the network dynamics: The FID
of the mixture could only be described by taking into
account the 1, value corresponding directly to M,
=180 000 instead of the value fitted to the T, dispersion
and the CPGM - decay.

DISCUSSION OF RELEVANT NETWORK

PROPERTIES

We have shown that molecular fluctuations in polymer
melts can be described by three components so far they
concern the upper frequency range which is accessible by
longitudinal relaxation and very low frequencies relevant
for transverse relaxation. The molecular weight de-
pendence of the measured quantities could be related to
that of microscopic parameters. The coincidence of theory
and experiments is satisfactory at least in the light of the
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diverse simplifications in the theoretical treatment and of
the imponderabilities connected with the different po-
lyethylene samples®!. One point needs, however, tho-
rough discussion: in which way do the network
dynamics determine the local conformation of the
surrounding tube?

Mixtures of different chain lengths show a correlation
time of the local tube fluctuation 7, =1,{c, M|, M,), where
M, and M, are the molecular weights of the two
constituents and c is the ratio of mixture. The dependence
on both molecular weights and on the ratio of mixture
became clear, at least for M <M_;, where M, cor-
responds to the so-called entanglement length.

An estimation® suggests that the local tube confor-
mation is determined by at least three chains. Thus it is
plausible that both chain lengths of a mixture are relevant
for the tube fluctuation. On the other hand, it can be
imagined that the tube conformation is altered even in a
rigid network when the reference chain is threaded
around different netpoints while diffusing forth and
back?2. One could therefore expect that merely the
molecular weight of the observed chains is relevant for the
tube fluctuation especially if the matrix consists of very
long chains.

The 7, value of PEH 2200 dissolved in a PED 180 000
matrix, however, was found to be influenced by the (quasi-
rigid) matrix. So we have to assume that the tube
conformation can already be altered before the chain is
completely threaded around other netpoints at least for M
< Mcrit'

The problem is now to find a quantitative treatment of
the influence of the long-chain matrix on the tube
fluctuation of the short chains. The solution requires more
detailed informations concerning the functional relation-
ship 7, =1,(c, M|, M), which are not yet available. For the
moment therefore we want to try a simple consideration.

We assume that the correlation time t, of the tube
fluctuation is proportional to the mean lifetime 7, of one of
the chain contacts relevant for the local conformation of
the reference tube. This means that the netpoint does not
necessarily involve the reference chain. A netpoint links
two chains for a certain time, so that there are two limiting
cases. The mean lifetime 7, might be given either by the
mean diffusion time which only one chain needs to leave
the chain contact via reptation, or by the time required
until both chains have diffused out of the netpoint
environment, so that any recombination at this place
becomes improbable immediately afterwards.

Table 4 Comparison of the experimental and calculated decay times
to Myrans (0}/e both for the CPGM—decay and the F/D

Decay time to 1/e Myrang(0) in {ms)

CPGM FID
Sample
Exp. Calc. Exp. Calc.
PE 2200 540 + 5% 330 44
PE 5000 200 = 5% 218 14
PE 9600 36+ 10% 44 2.16 + 10%* 4.33
PE 100 000 35+ 10% 2 0.3+ 10% 0.3

10% PEH 2200 260+ 10% 68T

in PED 180 000

0.76 £ 10% 0.96

* Infiuenced by the decay time of the apparatus
T Calculated without taking into account the distributions of
molecular weights
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In the first limit we have an average disentanglement
rate of a chain contact (calculated by assuming Poisson
statistics for simplicity):

1 B 2 42
T’m—l’nT (MT) P12 .

n rep

1 N 1
(M)

2

(5)

where the index m refers to mixture and p,,=p,,. p;; is
the probability that a definite netpoint consists of two
chains with the molecular weights M; and M. 7,, (M) is
the mean reptation time the whole chain with the
molecular weights M, needs to leave the contact regions.
For M,> M, we have:

1 1
%T~(21711+2P12) m (6)

compared with a disentanglement rate in the pure melt:

1 2
&5 M) "

n rep
where the index p refers to pure melt. In the experiment
discussed above, the ratio of mxiture was ¢=10%,:90%, or
Py, =0.01, and p,,=0.09. Consequently 7;/75=10.

The second limit where both entangled chains have to
diffuse away can be treated by writing down the probability
W, (t) that a netpoint consisting of two chains with
molecular weights M; and M ; has been disentangled in the
period O0... ¢

W) =(1 —e ety | — gl ®)
where we have again assumed Poisson statistics for
simplicity. The probabilities that the netpoints will be
disentangled between t and t +dt are then WU dt, so that
we have a mean lifetime of the contacts:

j tW e
0

The average disentanglement rate is then for the mixture:

R P : 7/77_2[’324*_7 P2
Ty '
fz’W“(r’) dr' jt’le(t’) dt’ Jt’Wn(t') de
0 0] 0
2 1 2 1

=3P M) +§Pzzae—p(1\725+

rep

2py,
MZ)—{I,L,I,(Ml)'l—I-r

M)+t

Trep( rep( rep(

+p ,
rep(M2)> errep(MZ)

For M, > M, or 1,,,(M,)>7,,,(M,) we have:

1 2 1
;7,,’*51711%')' (10)

n

Compared with a disentanglement rate in the pure melt

1 2 1
0 (M) b

For the conditions of our experiments this means a ratio:

/th= E =100

P11

The reality should li¢ between these limits so that we
have to discuss the range:

10< /12 <100 (12)
for the present example, i.e. with 7,~1,
10< /1P <100 (13)

In other words, the value 70 for this ratio which has been
used above for the description of the T, dispersion and the
transverse relaxation turns out to be quite reasonable.

It is also plausible that the free induction decay of the
mixture could only be described by a 7, value correspond-
ing to the molecular weight of the deuterated matrix alone,
while the transverse relaxation measured with the CPGM
- sequence is again compatible with an increase of 7, by a
factor ~70. The reason is that void diffusion requires the
simultaneous disentanglement of several net-points while
tube fluctuation is initiated by the loosening of one out of
several relevant chain contacts.

A second point we should mention is the inhomo-
geneity effect which we have tried to explain by the
occurrence of voids. The question is whether we have to
deal with an equilibrium property or not. Although there
are several hints that this effect can be observed also with
other polymers and with different preparation methods,
we are not able to give a final answer. More detailed
investigations will be necessary for a classification of this
situation. Furthermore the influence of M_; has to be
discussed and a preliminary investigation will be pub-
lished elsewhere®*.
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APPENDIX
Magnetic field inhomogeneity caused by microscopic voids:

We have calculated the inhomogeneity caused by a
spherical void (radius b) in a medium of relative per-

1016 POLYMER, 1980, Vol 21, September

meability u(Figure 10). The starting point for these
considerations are the Maxwell equations for the mag-
netic flux densityﬁ and the magnetic field strength H div
B,=0 and rot H,=0 in absence of any currents. This
means that the flux density By=pu,uH, can be derived
from a magnetic potential ¢, which satisfies Laplace’s
equation:

Ap=0 or ﬁozuou grad o (14)
For the potential ¢ in an external flux density I§0 =(0,0,B,)
we make the following relation which automatically
satisfies Laplace’s equation (compare Figure 10):

r>b: @,=—Byrcosf+ Y ’%'—lp,(cos 0) (15a3)
=0
r<b: @;=7) Byr'pfcos 0) (15b)
=0

p:(cos 6) are the Legendre polynomials. The coefficients a,
and f, can by calculated by the aid of the boundary
conditions for HO and B,. This leads to:

1 u—-1
¢,= — Byr cos O—r—smb3 Bgr cos 0 (16a)

Qo;=— Byr cos 0 (16b)

3u
2u+1
and correspondingly to:

1 322
B..=hBo+s +1b3 (3—75) (17a)

3u
. = — 17b
1,2 2#+IBO ( )

The maximum difference of the magnetic field in z-
direction outside of the sphere is then given by (Figure 10)

AB,=B/(r,)—B(r

(18)

+1

with =1+ y. Typical values are By~2T and y~ —10~°
so that AB~2x107® T. The difference in the proton
Larmor frequency is then Aw=2n-80 Hz. These values
show that although the influence of spherical voids is not
negligible, it is not able to explain the observed in-
homogeneity effect in its full extent.



