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ABSTRACT: Spin-lattice relaxation rates and NOE factors were measured in molten polybutadiene sam-
ples by observing protons and '3C nuclei. It is shown that these NMR parameters obey a homogeneity
property with respect to the reduced variable w,/v, where w, is the Larmor frequency and v, is a relax-
ational frequency of segmental motions. Without any specific model, this characteristic parameter is found
to reflect a free volume law dependence upon the temperature, in agreement with previously reported data
derived from mechanical measurements. The basic assumption of homogeneity property is reinforced by
observing the lowering effect of the glass transition temperature induced by a chain microstructure change.

I. Introduction

This work deals with the characterization of segmen-
tal chain motions occurring in a high molecular weight
molten polymer. Properties of these motions were inves-
tigated from measurements of spin-lattice relaxation rates
of protons and '3C nuclei, performed in two polybutadi-
ene samples. The attention was mainly focused upon the
dynamics of these motions, observing the effects induced
by temperature variations. It was not attempted to dis-
close the real nature of these random molecular pro-
cesses. The purpose of the present study was 2-fold:

(i) We first attempted to characterize the collective
dynamics of monomeric units within short segments, with-
out using any specific model. The interpretation of exper-
imental results relied upon a single hypothesis concern-
ing the spin-lattice relaxation rate, T}, a linear func-
tion of the spectral densities associated with diffusional
motions of segments. The expression w,T; ™" (w, is the
Larmor frequency) was supposed to obey a homogeneity
property with respect to the Larmor frequency w, on the
one hand and with respect to the main relaxational fre-
quency v, = 7,7}, characterizing the observed molecular
motions, on the other hand. Starting from

“‘)oTl_1 = f(wo’ur)

the homogeneity property means that the value of the
product w, T, is unchanged by multiplying both w, and
v, by any positive number g. The homogeneity property
is represented by the equality

onl_l(qwoqur) = fwgry) (1

It is easily seen that this property well applies to sim-
ple spectral densities of energy describing diffusional
motions of small molecules.! In these cases, the typical
expression of a spectral density J(w,v,) is

woJ(wo!”r) = ”r_l/(l + ""02/"'1-2)

and w,J(w,v,) obeys the homogeneity property (eq 1).
The homogeneity condition has been already used to
characterize dynamical properties of chain segments in
a polymer solution; the characterization was derived from
the effects induced by variations of the polymer concen-
tration and the Larmor frequency.? In the present work,
both the Larmor frequency and the polymer tempera-
ture were varied to evidence the hypothesis concerning
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the homogeneity property. Larmor frequencies ranged
from 1.6 X 10 to 6.3 X 108 rd 5. Consequently, corre-
lation times, 7, = »,”%, characterized from NMR were not
shorter than about 107'° s. These characteristic times
may be correlated with elementary jumps inducing rota-
tional isomerization processes; we also considered that
motions observed from NMR may be partly averaged along
chain segments; accordingly, they should exhibit a degree
of universality higher than that corresponding to single
elementary jumps. It was the reason why the search for
a homogeneity property associated with spectral densi-
ties describing observed random motions was the main
purpose of this work. This property was found to apply
to the nuclear Overhauser effect, too.

(ii) Then, we attempted to correlate NMR parameters
characterizing the observed dynamical processes with those
derived from viscoelastic measurements performed in sim-
ilar samples, in another laboratory.?

Variations of spin—lattice relaxation rates, observed as
a function of both the temperature and the Larmor fre-
quency have been widely used to characterize local motions
of polymer chains in solution. Properties of the relax-
ation rates have been analyzed from the autocorrelation
function of orientation of vectors joining nuclei located
on a given monomeric unit. Spectral densities of energy,
specific to polymer chains, have been calculated by con-
sidering conformational jumps involving three bonds.*®
A review about models is given in the ref 6.

In the case of molten polymers, the resolution of res-
onance spectra is poor because of the dipolar broaden-
ing mechanism. Also, in the case of protons, dipole-di-
pole interactions established between nuclear spins located
on different chain segments may contribute to the spin-
lattice relaxation process. This contribution is not eas-
ily discriminated from that arising from interactions estab-
lished between nuclear spins located within one given
chain segment. These difficult problems, encountered
in describing the spin-lattice relaxation mechanism in a
melt, have been overcome by using spectral densities, which
characterize an isotropic process of local reorientation
and which are associated with a broad spectrum of relax-
ation times.””® The mean correlation time, 7, deter-
mined from measurements performed in several poly-
mers behaves according to the William-Landel-Ferry
(WLF) law, with respect to temperature variations.’
Recently, it has been proposed to describe the orienta-
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tional diffusion of skeletal bonds from two types of motions:
isotropic rotations and a nonisotropic libration. Three
correlation times were associated with this description
to analyze the spin-lattice relaxation process occurring
in a natural rubber.'® It is now currently considered that
monomeric units undergo nonisotropic rotations in a melt
observed within a time scale shorter than the disentan-
glement relaxation time.!'?> More recently, it has been
proposed to interpret 3C spin-lattice relaxation proper-
ties in polymer chains by using a single model, whether
they are in a melt or in a solution.'® From such a model,
the libration motion of a skeletal bond is associated with
a segmental mobility effect described from the damped
propagation of an isomerization process.’®>'* The auto-
correlation function of orientation calculated to describe
the segmental mobility accounts for results observed from
nonisotropy of decays of fluorescence polarization.!5~*®
It applies to polymer chains in solution or in a melt as
well.1”18 The temperature dependence of the correla-
tion time governing conformational jumps is in agree-
ment with the WLF law.}31%18 However, the absolute
value of the correlation time measured from NMR is about
100 times smaller than that derived from fluorescence
measurements.*®

It is worth emphasizing that these elementary motions
involved in the mechanism of the glass transition can be
characterized from the maximum value of the spin-lat-
tice relaxation rate and also from the relaxation process
in the rotating frame,?*?! in that case, the reference fre-
quency used to characterize the basic relaxational fre-
quency, v,, of segments is not the Larmor frequency, w,
~ 108 rd 57!, anymore but w; ~ 10° rd s}, defined from
the amplitude of the radio-frequency field. This gives a
broad frequency range of investigations. However, it is
difficult to disclose the exact nature of motions involved
in a nuclear magnetic relaxation process although corre-
lation functions associated with transient phenomena can
always be given the reasonable expression of a decaying
function. The present approach relies upon a generali-
zation of the relationship w,/v, = constant observed at
the maximum value of the relaxation rate; it is now sup-
posed to apply to any value of the product w, T, It is
assumed that all relaxational frequencies that may be
involved in segmental motions are proportional to a basic
relaxational frequency, v,, determined in this way.

Finally, the last aspect of this work concerns the char-
acterization of local motions which further govern long-
range fluctuations occurring in entangled polymer
chains.2?® The present data may serve as basic dynam-
ical parameters entering into the description of chain dis-
entanglement. This kinetics of chain disentanglement
can be observed either from relaxation rates measured
in the frame rotating at the Larmor frequency®* or from
the relaxation of the transverse magnetization.?®

II. Experimental Section

I1.1. Samples. Two polybutadiene samples were studied:
they had slightly different chain microstructures. The first sam-
ple, hereafter denoted PB 21, was characterized by the follow-
ing isomeric conformations: cis-1,4 (34%), trans-1,4 (45%), and
1,2-vinyl (21%); the second sample, hereafter denoted PB 8,
contained the following isomeric conformations: cis-1,4 (38%),
trans-1,4 (54%), and 1,2-vinyl (8%). The weight average molec-
ular weight of both samples was M,, = 1.3 X 10° g mol™?, and
the polydispersity index was I = 1.15.

The samples were supplied and characterized by the Manu-
facture des Pneumatiques Michelin (France). Polymer melts
were enclosed in NMR tubes (diameter 8 mm), sealed under a
primary vacuum. Each NMR tube was inserted into a coaxial
tube (diameter 10 mm) filled with a deuterated solvent (tolu-
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ene) to lock the steady magnetic field.

11.2. Measurements. An inversion-recovery sequence (m,
7, w/2) was used to measure spin—lattice relaxation rates. Val-
ues of the relaxation rates were obtained from a three-param-
eter fit, including the amplitude of the magnetization, the spin—
lattice relaxation time, and the value of the inversion angle.
The standard deviation was smaller than 3% for all measure-
ments; values of T; could be obtained within an accuracy of
7% by performing several measurements. The sample temper-
ature was measured at the sample position; it was defined within
an accuracy of 1 deg.

(i) Proton spin-lattice relaxation rates were measured at 60
and 100 MHz, using a CXP Bruker spectrometer, and at 32
MHz, using a home-built spectrometer.

(i1) Bruker spectrometers WP 100, WM 250, and AM 400
operating at 25.15, 62.9, and 100.6 MHz, respectively, were used
to measure relaxation rates of 3C nuclei.

The classical technique of random-noise proton decoupling
was applied during 7T, and also during signal acquisition delays
to measure spin-lattice relaxation rates with a nuclear Over-
hauser enhancement. Nonenhanced spectra were obtained by
only shifting the frequency decoupling during the 77, delays
between acquisition times; the decoupling power was kept con-
stant to avoid temperature fluctuations in the sample. We report
in this paper the NMR properties concerning the most abun-
dant methine and methylene groups on the chain backbone;
triads including 1,2-vinyl groups are not described here.

II1. Homogeneity Property of the Spin-Lattice
Relaxation Rate

It is well-known that the spin-lattice relaxation rate
is determined by the Fourier transform of the autocor-
relation function of spin-spin interactions g(¢,»,); roughly:

YT, R [ gtw)e™ dt m=0-2 (2

w, i8 the Larmor frequency.

We supposed that the dynamics of molecular pro-
cesses observed from NMR is governed by a single basic
relaxational frequency, »,. Accordingly, the autocorrela-
tion function is expressed as

glt,w,) = hitv,)
Then, the spin-lattice relaxation rate has the properties

wo/ Ty = R, § “h(uw,fw)e ™ du 3)
withu = w,t or
0/ Ty = R, § “h(v)e ™" dv 3)

with v = tv.

Therefore, the ratios w,/T; and v,/T; are homoge-
neous functions of the reduced variable w,/v,, in accor-
dance with formula 1.

More precisely, we consider first a given amplitude of
the product on{‘(wo,v,(T)) corresponding to the Lar-
mor frequency, w,, and the temperature, T; if w, is mul-
tiplied by ¢, then the amplitude of the product
gw, T, (qw,,v,(T")) is equal to the amplitude of
w, T, M wy,r, (T)), if and only if v.(T") = qv,(T). This equal-
ity gives a relationship between v,(T) and »,(7"). The
Larmor frequency is thus used as a reference of relax-
ation frequencies, »,. The homogeneity property was sup-
posed to hold over the whole range of temperature explored
in this study. The value of the reduced variable w,/»,
was set equal to 0.6 at the temperature of the maximum
value of the spin-lattice relaxation rate. The principle
of the analysis of the homogeneity property is described
in the Appendix.
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Figure 1. Spin-lattice relaxation rates of protons attached to
methylene groups (&) and to methine groups (®). The Larmor
frequency is 100 MHz (PB 21 sample).
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Figure 2. Normalized relaxation rates, w,/T,, of the whole
proton system observed at 32 MHz (@), 60 MHz (®), and 100
MHz (A) (PB 21 sample).

1V. Proton Relaxation. Temperature-Frequency
Relationship

First of all, Figure 1 shows that relaxation rates of pro-
tons attached to methine or methylene groups, respec-
tively, are about equal to each other. So we considered
that all protons could be characterized by a single relax-
ation time, T,. Normalized relaxation rates w./T; cor-
responding to three difference Larmor frequencies are
reported in Figure 2 as a function of the temperature, It
is noticed that the three maximum values are equal to
one another. Furthermore, a dependence of the spin-
lattice relaxation rate upon the Larmor frequency was
observed over the whole temperature range, i.e., above
and below the temperature corresponding to the maxi-
mum value.

The homogeneity property was applied to the analy-
sis of the normalized spin-lattice relaxation rates, w,/
T,. Molecular motions observed from NMR were sup-
posed to be governed by a single basic correlation time
(7)) = vy (T) obtained through the analysis described
in the Appendix. The temperature dependence of the
correlation time, 74(T), shown in Figure 3, was used to
superpose the three curves shown in Figure 2: the nor-
malized relaxation rates were reported as a function of
the reduced variable, w,74(7T). The result of the super-
position is shown in Figure 4. The value of the correla-
tion time was determined from the relationship w,ry =~
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Figure 3. Correlation time, 7,;(7), represented as a function
of the temperature.
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Figure 4. Normalized relaxation rate of the whole proton sys-
tem represented as a function of the reduced variable, w, ry4(T).

0.6 at the maximum of the spin-lattice relaxation rate:
g =10 s at 281 K and w, = 6.3 X 108 rd s7%,

The value of the apparent activation energy derived
from the slope of the straight line drawn in Figure 3 is
E, = 9.6 kcal mol™. This value is in agreement with that
obtained from the analysis of fluorescence anisotropy
decays concerning similar samples.'® This apparent behav-
ior, analogous to an Arrhenius law, may be considered as
a rough approximation of a free-volume law described
within the temperature range 250-350 K.'® It is worth
emphasizing that the homogeneity property is observed
although all protons interact with one another through
dipole-dipole interactions. In other words, dynamical
properties observed from NMR do not concern only one
monomeric unit within a single chain; they reflect the
behavior of the whole medium defined by the polymer
melt.

Furthermore, the spin-lattice relaxation process of pro-
tons is sensitive enough to detect slight differences induced
by the temperature dependence of the local friction fac-
tor associated with two different microstructures. Fig-
ure 5 illustrates NMR results concerning PB 21 and PB
8 samples, respectively. The shift of the glass transition
temperature is clearly perceived from the shift of the tem-
perature of the maximum relaxation rate. The glass tran-
sition temperatures are 175 and 183 K for the samples
PB 8 and PB 21, respectively.?
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Figure 5. Effect of the chain microstructure upon the proton
relaxation rate observed at 32 MHz (@, PB 21 sample; A, PB 8
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Figure 6. '3C resonance spectrum of PB 21 sample observed
in dilute solution, at room temperature. The Larmor fre-
quency is 25.15 MHz. The labeled resonance lines concern this
present study: methine group in trans (129.9 ppm) and cis con-
formation (129.4 ppm); methylene group in trans (32.7 ppm)
and cis conformation (27.5 ppm).

V. 3C Spin-Lattice Relaxation. Temperature—-
Frequency Relationship

In this section, the attention will be focused upon the
segmental mobility of one chain although it is in physi-
cal interaction with all other neighboring chains. Spin-
lattice relaxation rates and NOE factors of 13C nuclei in
natural abundance were measured as a function of the
temperature, at different Larmor frequencies.

V.l. trans-Methylene Groups. V.l.a. Relaxation
Rates and NOE Factors. The 3C resonance spectrum
of polybutadiene samples in dilute solution is shown in
Figure 6. The attention was first focused on the spin—
lattice relaxation rates measured from nuclei attached
to the center of triads TTT, TTC, and CTC correspond-
ing to trans isomeric conformations. The relaxation rate
of ¥C nuclei corresponding to these methylene groups
exhibits properties similar to those observed from pro-
tons:

(i) It depends upon the Larmon frequency, over the
whole temperature range which was studied in this work.

(ii) The maximum value is a linear function of the inverse
of the Larmor frequency.

(iii) The higher the Larmor frequency, the higher is
the temperature corresponding to the maximum value.

Variations of the ratio w,/2T); are illustrated in Fig-
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Figure 7. Normalized relaxation rate, w,/2T,, of *C nuclei
belonging to methylene groups in a trans isomeric conforma-
tion. Larmor frequencies are 25.15 MHz (&), 62.9 MHz (9),
and 100.6 MHz (&) (PB 21 sample),
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Figure 8. NOE factor measured from '*C nuclei in methylene
groups in a trans conformation. Larmor frequencies are 25.15
MHz (@) and 100.6 MHz (a) (PB 21 sample).

ure 7. Similarly, the NOE factor is a function of both
the temperature and the Larmor frequency. Figure 8
shows that it is a monotonous function of the tempera-
ture. This curve is analogous to that reported in ref 15.
However, like in this reference, the experimental curve
exhibits a slight deviation from the theoretical one, cal-
culated according to the Hall-Helfand model based on a
damped diffusion process along a chain segment. An illus-
tration of this deviation will be given in section V.2.

V.1.b. Homogeneity Property. It was assumed that
all molecular motions perceived from 3C nuclei are gov-
erned by a single basic correlation time, 7.(T). The homo-
geneity property was supposed to fully apply to the fre-
quency-temperature dependence of measured relax-
ation rates reported in Figure 7. The analysis described
in the Appendix was used to derive the variation of 7, as
a function of the temperature (Figure 9). This temper-
ature dependence was compared with the WLF law defined
by parameters obtained from already published mechan-
ical measurements.® The dependence of viscoelastic prop-
erties upon the microstructure of polybutadiene chains
has been carefully determined in the ref 3. The shift
factor, ar, describing the frequency—temperature super-
position property has been shown to obey a single for-
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Figure 9. Correlation time, r (7)), derived from Figure 7 and
compared with the curve drawn using formula 4.
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Figure 10. Normalized relaxation rate, w,/2T);, represented
as a function of the reduced variable, w,r (7). Data corre-
spond to Figure 7; 7 (T) was calculated using formula 4.

mula, whatever the chain microstructure:

_ 5.78(T - Tg - 55)
94.8 + (T - T - 55)

The glass transition temperature, Tg, strongly depends
upon the vinyl content of the chain microstructure. Con-
sidering the PB 21 sample T was set equal to 183 K.
The above formula was used in the present work to cal-
culate 7,(T) = a7 (T,). The value of 7 ,(T,) was deter-
mined from the maximum of the relaxation rate at the
Larmor frequency w,/27 = 100 MHz: 7, = 10°sat T, =
280 K (Table I). Then, the homogeneous function w,/
2T, was drawn as a function of the calculated reduced
variable, w,7(T) (Figure 10). It must be noticed that
the range of variations of times 7y and r overlap.

V.2. cis-Methylene Groups. A homogeneous func-
tion, identical with that reported in Figure 10, was obtained
from measurements of spin-lattice relaxation rates of
13C nuclei associated with methylene groups in a cis iso-
meric conformation. In this case 7,(T) was also calcu-
lated using eq 4 and with 7, = 10®s at T, = 275 K (Table
I). The normalized relaxation rate, w,/27T,, was drawn
as a function of the corresponding reduced variable, w,
7.(T) (Figure 12); it was found to be in coincidence with
the trans-methylene curve.

The property of homogeneity also applies to NOE fac-
tors, defined from a ratio of spectral densities of energy.
Figure 11 illustrates this property observed from *3C nuclei

logar =

(4)
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Figure 11. NOE factor represented as a function of the reduced
variable, w,r.(T). 3C nuclei belong to methylene groups in a
cis conformation. Larmor frequencies are 25.15 MHz (B), 62.9
MH: (®), and 100.6 MHz (A) (PB 21 sample). The continu-
ous curve was calculated using a damped diffusion model (see
text).

belonging to methylene groups, in ¢is isomeric conforma-
tion; the reduced variable, w,7.(T), was again calculated
from formula 4 and 7, = 105 s at T, = 2756 K. This
curve does not exhibit any plateau domain in the range
of the small values of the correlation time, 7. This behav-
ior is contrasted to that of a typical curve calculated using
the spectral densities associated with the Hall and Hel-
fand model, based on a damped diffusion process.'® The
theoretical curve in Figure 11 was calculated by using a
ratio of correlation times, 7p/7, = 100; 7, characterizes
the damping process.

V.3. Methine Groups. Relaxation rates of **C nuclei
belonging to methine groups of polybutadiene chains were
also measured. At low temperature, the spectrum reso-
lution was poor and spin~lattice relaxation times associ-
ated with cis and trans isomeric conformations could not
be distinguished from each other. Normalized relax-
ation rates are reported in Figure 12 as a function of the
reduced variable, w 7.(T); 7.(T) was calculated from for-
mula 4 with 7, = 109 s at T, = 275 K (Table I). Con-
sidering the trans isomeric conformation, it is shown that
the ratio T,(CH)/T,(CH,) keeps the constant value 2,
over the range of temperature going from 285 to 370 K.
The ratio T,(CH)/T,(CH,) was found to be equal to 1.4,
in the case of the cis isomeric conformation. The spe-
cific behavior of cis-methine groups is clearly perceived
from Figure 12; it has been already observed in cis-1,4-
polybutadiene and associated with specific crankshaft
motions of the diene sequences.®!>% Figure 12 also shows
that trans-methine groups behave in a way similar to that
of trans- and cis-methylene groups.

V4. Effect of the Chain Microstructure. The effect
of the chain microstructure on segmental motions occur-
ring in a polybutadiene melt was observed from the relax-
ation rate of ®C nuclei belonging to trans-methylene
groups (Figure 13). The temperature associated with the
maximum value of the relaxation rate is shifted toward
a higher value when the amount of 1,2-vinyl monomeric
units is increased. The temperature dependence of the
correlation time associated with local motions occurring
in the sample PB 8 was determined from formula 4 with
Ts = 175 K. This value of the glass transition temper-
ature, T, was derived from data reported in the ref 3.
Then, the two curves reported in Figure 13 were drawn
by using the reduced variable, w,7.(T) = war7(T,), cal-
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Table I
Minimum Value of the Spin-Lattice Relaxation Time, T, for the '*C Nucleus

Macromolecules, Vol. 23, No. 5, 1990

sample PB 21 sample PB 8
isomeric conformn vy MHz T,(min), ms Ty K T, (min), ms Te, K
trans-methylene carbon 25.15 525215 259 &1 b2x 1 261 £ 1.6
62.9 138+ 3 269 % 1
100.6 226 &1 280 £1
cis=methylene carbon 25,15 56& 1 2661 50+ 1 251+ 1.5
62.9 133 &£ 3 2621
100.6 2161 275 £ 1
methine carbon® (C + T) 26.15 =140 =260 ~81 ~251 %15
62.9 ~230 ~273
100.6 ~ 350 ~275
¢ Poor resolution at low temperature induces the collapse of the two lines at the maximum of the relaxation rate,
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Figure 12, Normalized relaxation rate, w /T, represented as
a function of the reduced variable, w,7_(T5. '*C nuclei belong
to (a) methine groups in a cis conformation (®, 62.9 MHz; a,
100.6 MHz) and (b) methine groups in a trans conformation
(0, 62.9 MHz; A, 100.6 MHz). The continuous curve repre-
sents the w /2T values for methylene groups in cis and transg
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Figure 13. Effect of the chain microstructure on *C relax-
ation rates observed from methylene groups in a-trans confor-
mation; the Larmor frequency is 25.15 MHz: PB 21 sample, @;
PB 8 sample, A.

culated from formula 4 with T = 175 K for sample PB
8 and T = 183 K for sample PB 21; 7 (T,) was set equal
to 4 X 107 s at 251 and 259 K for PB 8 and PB 21 sam-
ples, respectively (Table I). Figure 14 illustrates the super-
position property corresponding to the two different micro-
structures of polybutadiene chains.

It is worth emphasizing that the maximum values of
the relaxation rates occur at temperatures that depend
upon both the chain microstructure and the isomeric con-

Figure 14. Relaxation rates of **C nuclei represented as a func-
tion of the reduced variable, w,7(T). (Data correspond to Fig-
ure 13.) The correlation time, 7 (T), was calculated from for-
mula 4 with T = 175 K for sample PB 8 and T = 183 K for
sample PB 21.

formation of the structural unit that is observed. This
is illustrated in Table I; the maximum values of T, cor-
responding to {rans-methylene '*C nuclei occur at tem-
peratures slightly shifted toward values higher than those
corresponding to cis-methylene 13C nuclei.

V1. Conclusion

It is well-known that spin-lattice relaxation processes
reflect a quasi-resonant exchange of energy between the
observed spin system and the surrounding molecular
medium. Spin-lattice relaxation rates of protons and
13C nuclei measured in polybutadiene present a Larmor
frequency dependence in the low-temperature range and
also in the high-temperature one, as is usual in polymer
systems. This last result necessarily reveals a broad spec-
trum of correlation times associated with segmental chain
motions. Correspondingly, spectral densities of energy
of these random processes must be described by multi-
component functions. Although the thorough descrip-
tion of these segmental motions is quite complex, sev-
eral models have been proposed until now. They rely
upon a few characteristic times. The use of these mod-
els permits us to compare dynamical properties of poly-
mer melts with one another. The approach proposed in
this work is slightly different; it is based upon a temper-
ature-frequency superposition property found to char-
acterize relaxation rates as well as NOE factors. This
result clearly indicates that all motions observed from
NMR are governed by a single basic relaxation process.
In other words, it must be considered that motions
observed over a time interval longer than 107'° s corre-
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spond to a time average occurring along chain segments.
More precisely, the step by step isomerization process of
monomeric units is not perceived from the present mea-
surements, but the average along chain segments leads
to a local universality, which is also perceived from vis-
coelasticity measurements.

Appendix

Frequency-Temperature Superposition Prop-
erty. The frequency-temperature superposition prop-
erty of the product w,T;™" is analyzed according to the
following schematic way.

AB C

Normalized relaxation rates measured at three Larmor
frequencies w,*, w,B, and w,C are represented as a func-
tion of the temperature 6. It is assumed that curves A-
C obey a property of homogeneity with respect to the
Larmor frequency and with respect to the characteristic
relaxational frequency, v(9), too. Then, a given ampli-
tude (w,/T;), of the curve A is assigned to the tempera-
ture 8;. The same amplitude of the curve B is assigned
to the temperature 6,® such that

w0, 08 = w B/v(6B) (A1)

This equality also applies to curve C, defining the tem-
perature §,C. Furthermore, the temperature 6,2 also defines
the amplitude (w,/T)); of the curve A, The homogene-
itg property is now applied from the temperature BjA =
;>

0o 8 = 0 B/0 8P =0 /v 65 (A2)
From eq A1

0,08 = (@,B/w,Mv ()
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and
0 8) = (/g )0, 61)
Also, from eq A.2 and with v,(8,*) = v,(8%)

0,(8B) = (0 ,B/wM (8

and

Ut(ajc) = (woC/wOA) (woB/woA)Ur(HiA)

This analysis applied along the three curves w,* < w,®
< w,C. The reference temperature is determined from
the maximum of the relaxation rate at a given fre-
quency, assuming that the relation w,/v, = 0.6 is valid.
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