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SHORT COMMUNICATION

Transient entanglement behaviour
in a poly(propylene glycole) melt:
A field gradient NMR

self-diffusion study

Abstract We report measurements of
the temperature dependence of the
self-diffusion of a poly(propylene
glycole) in the melt. Two kinds of
magnetic field gradient NMR are
used: pulsed field gradient NMR with
large field gradients and static field
gradient NMR in a specially designed
cryomagnet. The emphasis is put on
large field gradients. The (true) long-
time self-diffusion coefficients are
compared with those calculated from
normal-mode relaxation times in
dielectric spectroscopy using the
Rouse model. They agree very well.
For temperature below about 270K,
a time-dependent self-diffusion
coefficient appears which is an
indication of anomalous diffusion. At
253 K we observe complete transient
entanglement behaviour of the PPG
melt. These results are discussed in
comparison with dielectric and other
experimental data.
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Introduction

In many polymer systems transient entanglement behavior
is observed if network junctions of finite lifetime exist [1].
Specific intramolecular interactions can lead to temporally
network junctions, e.g. hydrogen bonds [2] or the dissolu-
tion of outer blocks of a triblockcopolymer in microemul-
sion droplets, whereas the inner block is dissolved in the
continuous phase [3]. For molecular weights M greater
than the entanglement molecular weight M. entangle-

ments with a finite lifetime act like temporal network
junctions.

The transient entanglement behavior of poly(propy-
lene glycole) (PPG) in the melt was detected by ultrasonic
investigations [2]. Further indications were obtained by
NMR [4], dielectric spectroscopy [5, 6] and pulsed field
gradient NMR [7]. In this work, we report on new field
gradient NMR investigations of the self-diffusion of a
poly(propylene glycole) melt using very large field gradi-
ents produced with a specially designed cryomagnet [8].
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At ambient temperatures, we observe common self-diffu-
sion, whereas at low temperatures, anomalous diffusion is
observed, i.e., a time-dependent apparent self-diffusion co-
efficient. This behaviour is typical for restricted diffusion
and caused by segmental fluctuations of the chains fixed in
the transient network.

The monomeric units of poly(propylene glycole) pos-

sesses in addition to an electric dipole moment which is
perpendicular to the polymer backbone a component of
the dipole moment that is parallel to the chain. These
macromolecules are known as type A polymers [9]. For
such systems the motion of the whole polymer chain,
called normal-mode relaxation, can be studied by dielec-
tric spectroscopy. This process shows up in the dielectric
spectra besides the segmental motion as a discernible re-
laxation peak [10]. Usually, the diclectric normal mode
relaxation is described by the Rouse theory [10] where the
relaxation time of the pth mode is given by [11]
1, = {oN2b?3n%kTp* , (n
where (, is the segmental friction coefficient, b the segment
length and N the number of segments in the chain. kT has
the usual meaning. As discussed by Baur and Stockmayer
[9] and later in Ref. [12], in PPG samples which have two
opposing sequences of parallel dipole components the
major contribution to the dielectric spectrum comes from
the second mode with p = 2.

The self-diffusion coefficient D of the chain corre-
sponds to the zeroth Rouse mode. It is given by

D =kT/(4N . (2)
For the product of 7,D we obtain
1,0 = (R*)/3n°p? 3)

where (R?)> = Nb? is the mean squared end-to-end dis-
tance of the chain. Therefore, one can calculate D from
dielectric data and known (R?).

The goals of this work are (i) to verify Eq. (3), ie., to
compare the dielectric measurements of PPG from Ref.
[13] with self-diffusion measurements and (i) to look for
transient entanglement behaviour of the PPG by the de-
tection of spatially limited fluctuations of the polymer
chain segments. For the latter task field gradient NMR
with a large space resolution, ie., with very high field
gradients, is necessary. To our knowledge, only one paper
has until present been published on this topic in which the
segmental fluctuations in swollen polybutadiene networks
are detected [14].

Experimental

For the pulsed field gradient NMR we refer to the papers
of Kirger et al. [15, 16]. The experiments were carried out

as described e.g. in Ref. [17]. From the echo attenuation
¥ in a stimulated echo experiment with applied pulsed
field gradients the self-diffusion coefficient D is calculated
according to the Tanner—Stejskal equation

¥ = exp( — ¢*Dt), 4

where g = 7dg is the absolute value of a generalized scat-
tering vector [18]. y is the gyromagnetic ratio of the
proton, the nucleus under consideration, é the width and
¢ the magnitude of the field gradient pulses. The diffusion
time ¢ is the distance of the two field gradient pulses
{(t>9). For free diffusion the mean square distance of
a species travelled in the diffusion time t between the two
field gradient pulses is

(225 =2Dt. (5)

If the diffusion becomes restricted, the dependence of {z*)»
on the diffusion time is weaker than with the first power of
t, and for completely restricted diffusion {z*) is indepen-
dent of t. In this case a diffusion coefficient derived from
the experimental echo attenuation curve with Eq. (4) is an
apparent one: D, It depends on the diffusion time as
D,,, ~t~ ! The echo attenuation then characterizes the
barrier distances and not the molecular mobility of the
diffusing species (“dynamic imaging” [19]). The pulsed
field gradient NMR experiments were carried out at two
home-built spectrometers at resonance frequencies of 60
and 400 MHz. The maximum applied field gradients were
23 and 25 T/m, respectively.

The echo attenuation in the static field gradient NMR
experiment additionally contains an echo attenuation due
to transverse nuclear magnetic relaxation since the dis-
tance 7, between the two first 7/2-1f pulses is varied in the
experiment, a time window in which T,-relaxation takes
place. Therefore, in this case the right-hand side of Eq.(4)
must be multiplied by exp( — 21,5/T>), and § is to be
replaced by 1,,. In one experiment T, and D must be
evaluated by a fitting procedure (if T', is not known from
a separate measurement). With decreasing temperature
T ,-relaxation becomes faster and diffusion slower so that
at some instant the echo attenuation becomes dominated
by T,-relaxation and an accurate determination of D is no
longer possible. This is the limiting factor for determining
low self-diffusion coefficients with this method. Neverthe-
less, due to the large field gradients (200 T/m can be reach-
ed [8] as compared with about 50 T/m for pulsed field
gradient NMR [20]) with static field gradient NMR the
lower limit of self-diffusion coefficients can be extended at
least by one order of magnitude.

The measurement and data evaluation of the dielectric
spectroscopy is described in Refs. [13,27]. The PPG with
a nominal molecular weight of 4000 was purchased from
Waters Associates (MA, U.S.A.) and used without further
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treatment. This PPG consists of two chain parts with
opposing sequences of dipole moments.

Results and discussion

We first present the results of the temperature dependence
of the (true) long-range self-diffusion of the PPG in the
melt. In Fig. 1 the values measured with field gradient
NMR and those calculated from dielectric data with
Eq. (3) and p = 2 are presented. The input value for (R*>
has been calculated to (4,8 nm)* from data of Refs.
[22, 23]. The self-diffusion coefficients for T > 293 K were
measured in Leipzig with PFG-NMR, those for
T < 293K were measured in Maniz with static field gradi-
ent NMR. The agreement of both NMR data is very
satisfactory and confirms the reliability of our field gradi-
ent spectrometers. The self-diffusion coefficients measured
by us are also in good agreement with earlier results from
literature [24, 25]. The self-diffusion coefficients calculated
from dielectric data with Eq. (3) are consistent with those
measured by field gradient NMR. A similar resuit was
obtained for polyisoprene [26]. Obviously, the Rouse
model with its simple assumptions describes the dynamics
of our polymer rather well. With increasing temperature,
a difference between the two curves appears. We attribute
this difference to an increasing mean squared end-to-end
distance of the PPG (see Eq. (3)) with decreasing temper-
ature, i.e., the chain becomes stiffer on cooling. Also, a dif-
ferent influence of interchain interactions (hydrogen
bonds) on the p = 0 (diffusion) and higher modes with
decreasing temperature may be a reason for this difference.
The used value for (R*) yields continuously increasing
deviations with decreasing temperature. The same effect is
observed for polyisoprene when comparing PFG-NMR
measurements of D with those calculated from dielectric
data [26], where, however, the two curves deviate at the
high-temperature side.

In Fig. 2 the measured dependence of the apparent
self-diffusion coefficient on the diffusion time is shown for
five temperatures. As the temperature is lowered to below
268K, a time dependence of the measured self-diffusion
coefficient appears. For times larger than a certain value,
which must be interpreted as an entanglement lifetime, we
observe free long-time diffusion. For shorter times, the
apparent self-diffusion coefficient increases with decreas-
ing diffusion time. This is an indication of anomalous,
restricted diffusion. At 253 K, the experimentally accessible
time window, we observe almost totally restricted diffu-
sion: D,,, ~ t~ %% Consequently, the chain segments move
in a spatially limited region. The mean distance of the
spatially restricted chain motion is {z*>'? = (2D, )"

app
We obtain from our experiment 120 nm, nearly indepen-
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Fig. 1 Arrhenius plot of the self-diffusion coefficients measured with
pulsed (@) and static (m) field gradient NMR and calculated from
dielectric relaxation times of the second normal mode with Eq. (3)
and (R*> data from Refs. [22, 23] (o)

dent of the diffusion time. This behaviour is characteristic
for chains fixed between network junctions [14] and dem-
onstrates a transient entanglement behaviour of the PPG
in the melt. The free long-time diffusion crosses over into
the restricted diffusion at that time at which the bend in
the curves appears. This cross-over time can be interpreted
as the lifetime of the entanglements (for 253K we have
extrapolated the curve in Fig. 2 to the long-time-D ex-
trapolated from the curve in Fig. 1 to 253 K, therefore, this
time is not really measured, but the extrapolation fits very
well into the curve of Fig. 3, see below).

Earlier data of transient entanglement lifetimes in PPG
melts with a molecular weight of 2660 are published in
form of a relaxation map by Alig et al. [4]. In Fig. 3 the
part with the experimental points from NMR relaxation
and ultrasonic data is completed with our data. We have
rescaled our data to the molecular weight of 2660 asuming
the relationf ~ M ~3. This dependence was found for PPG
by Schlosser and Schonhals [27] at T = 222K, and this
can be regarded as a further proof of transient entangle-
ment behaviour of PPG in the melt. For really entangled
chains with M«<M,, © ~ 1/f~M*"7 is observed dielec-
trically [10] yielding a slightly larger exponent.

As already mentioned, from the data of Fig. 2 at 253K
the mean squared amplitude (z?> of the chain fluctuations
between the transient network junctions can be calculated.
We obtain (z%2)%° ~ 120 nm. We have to discuss two
questions: at first, which physical process underlies this
length scale of 120 nm, and secondly, what happens at
253K where completely restricted diffusion sets in.
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Fig. 2 Experimental self-diffusion coefficients as function of the dif-
fusion time t for different temperatures. Note the occurrence of
a time-dependent apparent self-diffusion coefficient at small diffusion
times for low temperatures

The value of 120 nm is too large to be interpreted as
resulting from fluctuations of network chains between
adjacent transient entanglements. This is also true if one
takes into account that the large network chains of the
distribution of network chain lengths are strongly
weighted in our experiment (the NMR signal contains the
mass contribution of the individual chain lengths, and the
initial slope of the echo attenuation from which (z2>%% is
derived weights the largest displacements of the spins
[28]). There exists a theoretical work of Donth [29] which
assumes the existence of very mobile tubes and diffusing
entanglements in entangled polymer melts which allow
large amplitudes of chain fluctuations, but nevertheless

transition of PPG [13], we must compare our length of
120 nm with the different length scales which are discussed
in connection with the glass transition [31]. The only
length which seems to play a role in our experiments is the
length &y of clusters or “surviving large structures” [31].
But one has to have in mind that field gradient NMR
measures the single particle correlation function of poly-
mer segments; therefore a direct comparison is difficult at
present.

Investigating the characteristic features of glass
transition, Schonhals and Kremer have intensively studied
the temperature dependence of the dielectric behaviour of
different glass-forming liquids [13]. For PPG they ob-
served at 250 K a characteristic temperature T’y at which
the p-relaxation branches from the a-relaxation, 1.e., at Ty
the cooperative motion of the a-process sets in. This is also
manifested in the temperature dependence of the relax-
ation strength Ae¢, of the a-process. We believe that the
onset of completely transient entangled behaviour of the
PPG melt is strongly correlated with the onset of the
cooperative motion with decreasing temperature which
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favours the formation of the transient network junctions
between the PPG chain ends.

Conclusions

Using field gradient NMR with large static and pulsed
field gradients the self-diffusion of PPG 4000 in the melt
was measured over a broad temperature range. The self-
diffusion coefficients measured by field gradient NMR
agree very well with the self-diffusion coefficients cal-
culated from the dielectric relaxation time of the second
normal mode and the mean-squared end-to-end distance
{R*) of the PPG chain with the Rouse theory. Deviations
exist at lower temperatures where possibly ( R?*) increases
with decreasing temperature. When lowering the temper-

ature the self-diffusion starts at about 270K to become
restricted, and at 253K we observe almost completely
restricted diffusion of the polymer segments in a transient
entanglement network. The amplitude of the fluctuations
of the chains is derived to about 120 nm, a surprisingly
large value. This value cannot be explained with fluctu-
ations of the network chains between adjacent transient
entanglements. We believe that we observe cooperative
fluctuations of the gel-like network. This is considered to
be connected with the onset of cooperative motions of the
g-process detected at a temperature T, ~ 250K in dielec-
tric spectroscopy [13].

Acknowledgments The authors are obliged to Prof. E. Donth,
Universitdt Halle, for fruitful discussions. G.F., M.A. and JK.
thank the Deutsche Forschungsgemeinschaft for financial support
(SFB 294).

References

1. Baxandall LG (1989) Macromolecules 12, Ngai KL, Schonhals A, Schlosser E  21. Kirger J, Bir N-K, Heink W, Pfeifer H,
22:1982 (1992) Macromolecules 25:4915 Seiffert G (1995) Z Naturforsch 50a:186

2. Alig 1, Grigorjev SB, Manucarov YuS, 13. Schonhals A, Kremer F (1994) ] Non- 22, Aharoni SM (1983) Macromolecules
Manucarova SA {1986) Acta Polymerica Cryst Solids 172-174:336 16:1722
37:698 and 733 14. Skirda VD, Doroginizkij MM, Sun-  23. Brandrup J, Immergut EH (1989} Poly-

3. Fleischer G, Stieber F, Hofmeier U, dukov VI, Maklakov Al, Fleischer G, mer Handbook, 3rd ed. Wiley, New
Eicke H-F (1994) Langmuir 10:1780 Hausler KG, Straube E (1988) Mak- York

4. Alig I, Donth E, Schenk W, Horing S, romol Chem Rapid Comm 9:603 24. Smith BA, Samulski ET, Yu Li-Ping,
Wohlfarth Ch (1988) Polymer 29:2081 15. Kaérger J, Pfeifer H, Heink W (1988) Adv Winnik MA (1985) Macromolecules

5. Heinrich G, Alig I, Donth E (1988) Poly- Magn Res 12:1 18:1901
mer 29:1189 16. Karger J, Fleischer G (1994) TrAC  25. Zgadzai OE, Skirda VD, Maklakov Al,

6. Johari GP (1986) Polymer 27:866 13:145 Chalych AE (1987) Dokl Akad Nauk

7. Fleischer G, Helmstedt M, Alig 1 (1990) 17. Appel M, Fleischer G (1993) Macro- SSSR 297:1407
Polymer 31:409 molecules 26:2340 26. Fleischer G, Appel M (1995) Macro-

8. Chang I, Fujara F, Geil B, Hinze B, 18. Hertz HG (1974) In: Lascombe J (ed) molecules 28:7281
Sillescu H, Tolle A (1994) J Non-Cryst Molecular Motion in Liquids. Reidel 27. Schlosser E, Schonhals A (1993) Progr
Solids 172-174:674 Dordrecht and Boston, p 337 Colloid Polymer Sci 91:158

9. Baur ME, Stockmayer WH (1965) 19. Callaghan PT (1991) Principles of Nu-  28. Fleischer G (1985) Makromol Chem
J Chem Phys 43:4319 clear Magnetic Resonance Microscopy. Rapid Comm 6:463

10. Adachi K, Kotaka T (1993) Progr Poly- Clarendon Press, Oxford 29. Donth EJ(1982) Acta Polymerica 33:685
mer Sci 18:58 20. Heink W, Kirger J, Seiffert G, Fleischer ~ 30. Donth EJ, private communication

11. See e.g. Doi M, Edwards SF (1986) The G, Rauchfuf J (1995) J Magn Res A 31. Donth EJ (1992) Relaxation and

Theory of Polymer Dynamics. Claren-
don Press, Oxford, UK

114:101

Thermodynamics in Polymers, Ch 6.8
Akademie Verlag, Berlin



