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a b s t r a c t

Residual second moment of dipolar interactions eM2 and correlation time segmental dynamics distribu-
tions were measured by Hahn-echo decays in combination with inverse Laplace transform for a series
of unfilled and filled EPDM samples as functions of carbon-black N683 filler content. The fillers–polymer
chain interactions which dramatically restrict the mobility of bound rubber modify the dynamics of
mobile chains. These changes depend on the filler content and can be evaluated from distributions ofeM2. A dipolar filter was applied to eliminate the contribution of bound rubber. In the first approach
the Hahn-echo decays were fitted with a theoretical relationship to obtain the average values of the
1H residual second moment h eM2i and correlation time hsci. For the mobile EPDM segments the power-
law distribution of correlation function was compared to the exponential correlation function and found
inadequate in the long-time regime. In the second approach a log-Gauss distribution for the correlation
time was assumed. Furthermore, using an averaged value of the correlation time, the distributions of the
residual second moment were determined using an inverse Laplace transform for the entire series of
measured samples. The unfilled EPDM sample shows a bimodal distribution of residual second moments,
which can be associated to the mobile polymer sub-chains ( eM2 ffi 6:1 rad2 s�2) and the second one asso-
ciated to the dangling chains eM2 ffi 5:4 rad2 s�2). By restraining the mobility of bound rubber, the carbon-
black fillers induce diversity in the segmental dynamics like the apparition of a distinct mobile compo-
nent and changes in the distribution of mobile and free-end polymer segments.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Local diversity plays an essential role in the development of
new materials with improved properties. In particular, the nano-
composite elastomers are important materials extensively used
in the rubber industry. Due to their demanding applications, such
materials must fulfill many requirements. Usually, these elasto-
mers are characterized by high elasticity even at large deformation,
high resistance to swelling in solvents, high resistance to corrosion,
and long service life [1]. The presence of nano–filler particles in
rubbery materials enhances the mechanical properties [1–4]. The
main contribution is due to filler volume and surface effects, fil-
ler–filler and filler–polymer matrix interactions. The physical
interactions of the rubber chains with the filler surface can provide
quasi-permanent junctions in the rubber matrix, which are not
ll rights reserved.
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removed even after extensive solvent extraction. Due to this chain
adsorption in the direct vicinity of filler particles, the rubber chain
mobility is physically constrained [1–9]. For polymer matrices with
higher molecular weight, the greater filler reinforcement is due to
filler particle association through chain adsorption and bridging
[9]. Therefore the mobile polymer segment dynamics play an
important role in the final product properties. The properties of
mobile rubber are influenced by the filler–polymer interaction
which depends on the filler type and filler content.

The distribution of the chain lengths between crosslink junc-
tions of polymer networks was discussed in the past by Sandakov
et al. [10]. The method is based on the relation between the high-
temperature free-induction decay and the assumption of Gauss
distribution for the residual dipolar couplings. Moreover, the
molecular weight distribution function of the network was not
generated by the inverse Laplace transform.

The heterogeneities of filler–filler interactions and polymer
chain dynamics of filled and unfilled EPDM samples were recently
discussed in Ref. [11]. Hereby the heterogeneous effects of rein-
forcing nano-particles were characterized by the Payne effect that
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Table 1
The characteristics of N683 carbon-black filler. STSA represents the statistical
thickness of the surface area, BET denotes the nitrogen adsorption methods, and
CTAB is the cethyl-trimethyl-ammonium bromide adsorption method. The percola-
tion threshold was measured by the electrical resistance method.

Filler
type

Average particle size
(nm)

Surface area (m2/g) Percolation
threshold (phr)

STSA BET CTAB

N683 73 34 36 40 60–70

Fig. 1. The Hahn-echo pulse sequence with the dipolar filter which acts during the
time interval shown by the vertical dashed line. It is used to measure the residual
second moment eM2 and distribution of correlation time sc.

Fig. 2. Normalized Hahn-echo decays for the EPDM sample reinforced with the
N683 filler as a function of the filler content from 20 phr to 70 phr. The vertical
dashed line represents the duration of the dipolar filter.
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was observed as decay curves of the storage modulus as a function
of the shear–strain amplitude. The full decay of these curves was
analyzed by one-dimensional Laplace-like inversion to obtain the
distribution of filler–filler interactions. These distributions reveal
the existence of week, medium, and strong filler–filler interactions,
which were associated to the direct and indirect matrix-mediated
filler–filler interactions [11].

Various NMR methods have been implemented to describe the
polymer segmental dynamics which are usually correlated with
the elastomers macroscopic properties [7,8,11–30]. These are
based on the measurement of 1H and 13C longitudinal (T1), trans-
verse (T2) and longitudinal in rotating frame (T1q) relaxation times
[7,8,11–20], multiple-quantum NMR [21–25], cross-polarization
and 1H magnetization exchange [20], Hahn echo [7,12,27], solid-
echo [17,28], and magic echo [29,30] decays were used to extract
parameters that describe the segmental dynamics. The heteroge-
neity of the segmental dynamics was characterized for the filled
EPDM samples by 1H low-field NMR T1, T2, and T1q relaxation time
distributions [11]. The second van Vleck moment M2 and the cor-
relation time sc are preferred parameters for describing the seg-
mental dynamics [17,18,21,25–30]. Proton NMR Hahn-echo
relaxation was used to study the adsorption of polymer chains to
the surface of carbon-black fillers for EPDM/carbon black networks
in cured and uncured conditions [7]. They showed that a continu-
ous EPDM/carbon black physical network is formed in the bound
rubber and polymer chain bridges are connect to the carbon-black
aggregates. Along these polymer chains, the segmental dynamics
can be characterized by correlation times, which are the times of
reorientation of functional groups in the repeat units. Therefore,
the bound rubber is characterized by correlation times, with sev-
eral orders of magnitude higher than those of mobile segments.

The aim of this work is to study the polymer network dynamics
for a series of EPDM rubber samples filled with N683 carbon black
nano-particles of various contents from 20 phr to 70 phr. By apply-
ing a dipolar filter to the Hahn-echo pulse sequence, only the signal
arising from mobile polymer segments is measured. Finally, the
distributions of eM2 are used to describe the dynamics heterogene-
ities of polymer segments in filled EPDM samples.

2. Experimental

2.1. Samples

A series of EPDM samples with different carbon-black (N683)
filler concentrations of 20, 40, 60 and 70 phr (parts of filler per
hundred parts of polymer by weight) was prepared at Degusa
(Evonik), Germany. The samples have been not cross-linked. We
mixed the EPDM polymer (KELTAN 512) with the filler in an inter-
nal mixer and draw out a rubber sheet on a mill. The value of Tg of
KELTAN 512 is in the range of �55 �C. For comparison, an unfilled
reference EPDM sample was also tested in the same way as the
filled samples. A summary of carbon-black N683 filler properties
can be found in Table 1.

2.2. NMR experiments

The proton Hahn-echo decay was measured using an mq20
Bruker NMR time–domain spectrometer working at homogeneous
magnetic fields with a proton frequency of 19.88 MHz. During all
measurement the temperature of the permanent magnet and the
sample was kept constant at 35 ± 0.1 �C. The Hahn-echo pulse se-
quence with a simple dipolar filter is presented in Fig. 1. The length
of the 90x tipping pulse was found between 4.6 and 5.4 ls depend-
ing on filler type and content. The 180y refocusing pulse was set to
the same amplitude and double the time as the tipping pulse. Since
the longitudinal relaxation time T1 for this series of samples was
around 50 ms, recycle delays of 0.4 s assure full remagnetization
for all samples [11]. A total of 256 scans were recorded in each
measurement. The dashed vertical line in Fig. 1 marks the dipolar
filter of duration sf = 200 ls which eliminates the signal contribu-
tions of bound rubber which are associated with a short transverse
relaxation decay. This delay moves the fast decaying NMR signal
from bound rubber out of the acquisition window. For all samples
the echo time starts at 200 ls and was increased in 32 unequal
steps up to 2 ms (Fig. 2). In order to be compared, all curves are
normalized to the amplitude of the first measured point. Differ-
ences between the 1H Hahn-echo decays for the N683 filled EPDM
sample with different filler contents (from 20 phr to 70 phr) are
shown in Fig. 2.

3. Results and discussion

3.1. Hahn-echo decay

The normalized Hahn-echo (HE) signal for a spin-½ pair can be
written as [27,28]:

SHEð2sÞ
SHEð0Þ

¼ cosð2 �xDsÞh i exp �2

ffiffiffi
3
2

r eM2s2
c ðe�s=sc � 1þ s=scÞ

" #*

� exp �
ffiffiffi
3
2

r eM2s2
c ð1� 2e�s=sc þ e�2s=sc Þ

" #+
; ð1Þ

where �xD is the residual dipolar. The symbol hð. . .Þi � hhi~Rib repre-
sents the average over the statistical ensemble which includes
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two separate averages, one over the length of the reduced end-to-
end vector~R, denoted by hð. . .Þi~R and the other over the azimuthally
angle b denoted by h(. . .)ib [29].

In the derivation of Eq. (1), the correlation function of the dipo-
lar fluctuation, C(t) is considered to be of the exponential form
[15,17,28,29], i.e.,

CðtÞ ¼ hDxDðtÞDxDð0Þi ¼ hDx2
Dð0Þi expf�t=scg

¼ eM2 expf�t=scg; ð2Þ
where the residual dipolar coupling is denoted by eM2 � hDx2

Dð0Þi,
and sc is the correlation time of the segmental motions. Moreover,
a second assumption made in Eq. (1) is that the Hahn-echo signal
can be written as a product of averaged (av) and fluctuating (fl) con-
tributions, i.e.,
SHEð2sÞ
SHEð0Þ

¼ hSavð �xD; sÞihSflð eM2; sc; sÞi; ð3Þ

where the average (or solid-like) contribution is given by,
Savð �xD; sÞ ¼ cosð2 �xDsÞ; ð4Þ

and the fluctuating (or liquid-like) contribution is given by,

Sflð eM2; sc; sÞ ¼ exp �
ffiffiffi
3
2

r eM2s2
c e�2s=sc þ 2s=sc � 1
� �" #

: ð5Þ
3.2. The contribution of the mobile polymer segments to the Hahn-
echo decay

Three dynamic components of polymer chains in filled elasto-
mers can be considered (Fig. 3). They are (i) the bound rubber,
(ii) the interface between bound rubber and mobile chains, and
(iii) the mobile chains, with one end connected via an interface
to the bound rubber while the second end can be free or, as in
the majority of cases, connected to another filler cluster. One can
consider that the bound polymer chains are characterized by mo-
tions strongly restricted compared to these in the interface and
of the mobile chain segments.

The full NMR signal can be written as a sum of signals arising
from the bound (b) and mobile (m) contributions,
Fig. 3. Schematic drawing of polymer chains at the interface between the EPDM
rubber chains and clustered nanofiller-particles. The chain dynamics of the bond
rubber is restricted by the strong direct interaction of fillers particles and polymer
segments. This interaction influences also the dynamics of the intermediate chain
segments.
SHEð2sÞ
SHEð0Þ

¼ Sb
av �xb

D; s
� �D E

Sfl
eMb

2; s
b
c ; s

� �D E
þ Sm

av �xm
D ; s

� �� �
Sfl

eMm
2 ; s

m
c ; s

� �D E
; ð6Þ

Since the motion of the bound rubber segments is restricted, the
residual dipolar coupling constant is larger than the residual dipo-
lar coupling constant of the mobile chain segments, �xb

D � �xm
D and

sm
c � sb

c .
The above arguments justify the assumption that, the NMR sig-

nal arising from the bound chain segments is filtered out and only
the normalized Hahn-echo decay which arises from mobile chain
segments is measured,

SHEð2sÞ
SHEð0Þ

¼ Sm
avð �xm

D ; sÞ
� �

Sflð eMm
2 ; s

m
c ; sÞ

D E
: ð7Þ

In the presence of an efficient dipolar filter the final relationship
that expresses the normalized Hahn-echo decay is given by,

SHEð2sÞ
SHEð0Þ

¼ Sfl
eMm

2 ; s
m
c ; s

� �D E
¼ exp �

ffiffiffi
3
2

r eM2s2
c e�2s=sc þ 2s=sc � 1
� �" #* +

; ð8Þ

where eM2 represents the residual second moment of the mobile
chain segments and sc the associated correlation time.

3.3. Average 1H residual second moment and correlation time
approximation

The normalized Hahn-echo decay for the EPDM sample with 20
phr N683 filler, is presented in Fig. 4. We consider that the average
over the statistical ensemble can be introduced in the exponential
function in Eq. (8). This can be shown to be valid for small values of
s=sc . Then, we can write,

SHEcð2sÞ
SHEcð0Þ

¼ exp �
ffiffiffi
3
2

r
h eM2ihsci2 e�2s=hsci þ 2s=hsci � 1

� �" #
; ð9Þ

where we have introduced the averaged residual second moment
h eM2i and the averaged value of correlation time hsci. In order to
evaluate the h eM2i and hsci quantities, a program based on the
Levenberg–Marquardt procedure was written in C++ that fits the
Fig. 4. Normalized Hahn-echo decay for the EPDM filled with 20 phr N683 (open
circles). The continue line represents the best fit (v2 = 48.5 � 10�5) using an
exponential correlation function (Eq. (2)) with h eM2i ¼ 5:7� 106 rad2 s�2 and
sc ¼ 115 ls. The dashed line represents the best fit (v2 = 137 � 10�5) using the
power-law correlation function to describe the Hahn-echo decay (Eq. (11)) with
averaged values of the residual second moment eM2 ¼ 2:1� 106 rad2 s�2,
s0 ¼ 0:21 ms, and j = 3.6. The short dashed line represent the best fit
(v2 = 175 � 10�5) of the Hahn-echo decay using the power-law correlation function
with a fixed value for j = 1.5 and eM2 ¼ 2:4� 106 rad2 s�2, s0 ¼ 1 ms .
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experimental data using Eq. (9). The best-fit curve characterized by
the averages h eM2i ¼ 5:7� 106 rad2 s�2 and hsci = 115.1 ls is pre-
sented in Fig. 4 (continue line) for the 20 phr N683 sample. The ini-
tial time regime is well approximated but a small deviation from
experimental data is observed at larger echo time values.

The best fit parameters h eM2i and hsci for the unfilled and N689
filled EPDM samples with 20 phr up to 70 phr filler content are pre-
sented in Table 2.

3.4. The power-law correlation function

Often, the polymer chain dynamics is described by power-law
correlation functions [16,31]. Kimmich and coworkers [16] have
used such power-law function to fit a dipolar correlation quotients
for the short component of the stimulated and primary echoes
measured for cross-linked SBR samples. In the following we will
investigate if the power-law correlation function is suitable to de-
scribe the dynamics of mobile EPDM segments in carbon-black
filled samples for the Hahn-echo decay in the time domain inves-
tigated. For that we will consider the power-law correlation func-
tion discussed in Ref. [16],

CðtÞ ¼
eM2 for jtj < s0eM2

s0
jtj

� �j
for jtjP s0

8<: ; ð10Þ

where the time constant s0 describes the onset of the decay.
Using the above correlation function the decay of the Hahn ech-

oes function of echo time is given by,

SHEcð2sÞ
SHEcð0Þ

/

exp �
ffiffi
3
2

q
h eM2i 2s � hs0i� hs0i2

2

h in o
for 2s< hs0i

exp �
ffiffi
3
2

q
h eM2i

2s � hs0i� hs0i2
2

þ 2s�hs0i 21�js1�jhs0ij�1þj�2ð Þþhs0i2ð1�jÞ
ð2�jÞð1�jÞ

24 358<:
9=;

for 2s P hs0i

8>>>>>>>>><>>>>>>>>>:
;

ð11Þ

where j – 1, 2.
The best fit using Eq. (11) of the Hahn-echo decay for the mobile

EPDM chains filled with N683 carbon black nano-particles is
shown in Fig. 4 with dashed line. The value of residual second mo-
ment h eM2i ¼ 2:05� 106 rad2 s�2 obtained from fit is approxi-
mately 2–3 times smallest then the value obtained from the fit of
the same experimental data with Eq. (9). Nevertheless, compared
to the best fit using the exponential correlation function, character-
ized by a reduced value for the merit function v2 = 48.5 � 10�5

(continuous line in Fig. 4), the approximation of the experimental
data using the power-law distribution function can describe only
the initial decay and deviate substantially from these data at longer
echo times. Therefore, the merit function for the full decay is larger
(v2 = 137 � 10�5) then, in the case of the exponential correlation
function. Moreover, the value of power-law exponent j = 3.6 was
found larger than those reported in Refs. [16,31]. Another test
Table 2
Averaged residual second moment h eM2i, the center of gravity sc,0, and width of decimal l

Samples Filler content (phr) Averaged values

h eM2i (106 rad2/s2)

Unfilled 0 2.45
N683 20 5.66
N683 40 3.44
N683 60 2.78
N683 70 2.19

*Fit errors were smaller than 5%.
was performed for j = 1.5 and hs0i ¼ 1 ms fixed parameters as gi-
ven in Ref. [16] and shown in Fig. 4 with short dashed line. In this
case the residual second moment of h eM2i ¼ 2:4� 106 rad2 s�2 was
obtained and the merits function is v2 = 175 � 10�5. This quantity
is even larger than before and the deviation form experimental
data is observed earlier. In conclusion, it is clear that the exponen-
tial correlation function describes more realistic the segmental
dynamics of filled EPDM samples in the investigated time regime.

3.5. Distribution of the correlation time

The local dynamics and structural heterogeneity in filled net-
works suggest to consider distributions of the 1H residual second
moments eM2 and/or correlation times sc. Such data analysis in-
volves Laplace inversion of the measured Hahn-echo decay as a
function of the echo time in order to extract the residual second
moment and/or correlation time distributions. We consider in
the following the average over parameter distributions in the
equation of the Hahn-echo decay function. This could be repre-
sented as an integral over the exponential function weighted by
the distribution function f ð eM2; scÞ, i.e.,

SHEcð2sÞ
SHEcð0Þ

¼
Z 1

0

Z 1

0
f eM2; sc

� �
� exp �

ffiffiffi
3
2

r eM2s2
c e�2s=sc þ 2s=sc � 1
� �" #

d eM2dsc: ð12Þ

The distribution function f ð eM2; scÞ can be obtained from Eq. (12) by
inverse Laplace-like transformation [32–34]. The inverse Laplace
transformation is an ill-conditioned problem that requires special
care. A small change in the input data may lead to large changes
in the result. This problem was nicely addressed by implementing
a regularisation procedure in a fast inversion algorithm [34].

As the normalized Hahn-echo decays are measured in one–
dimension we cannot perform a transformation to receive a two–
dimensional distribution function of eM2 and sc. Therefore, in the
following, we consider only the distributions of the correlation
time sc for the averaged values of residual second moment h eM2i
obtained in the previous section, i.e.,

SHEcð2sÞ
SHEcð0Þ

¼
Z 1

0
f ðscÞ exp �

ffiffiffi
3
2

r
h eM2is2

c e�2s=sc þ 2s=sc � 1
� �" #

dsc:

ð13Þ

The normalized distribution of the correlation time sc for the
EPDM sample with 70 phr N683 filler obtained by one-dimensional
Laplace inversion using Eq. (13) with an average value of the resid-
ual second moment of h eM2i ¼ 1:76� 106 rad2 s�2 is shown in
Fig. 5a. A main peak centered at a 	360 ls appears but also a small
peak is observed at lower correlation time. This could be an indica-
tion of the existence of fast-mobile segments where the reorienta-
tion occurs on the timescale of dangling chains.

We shall consider in the following a log-Gauss distribution for
the correlation time [35], i.e.,
ogarithm Dsc of unfilled and filled EPDM composites.

Distribution of correlation time

hsci (ls) h eM2i (106 rad2/s2) sc0 (ls) Dsc

230 1.76 341 0.24
115 2.70 256 0.23
181 2.25 294 0.23
220 2.01 321 0.22
280 1.76 369 0.21
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f ðscÞ ¼ GlnðscÞ ¼
1

Dsc

ffiffiffiffiffiffiffi
2p
p exp � ln2ðsc=sc;0Þ

2Ds2
c

( )
; ð14Þ

where the D is the width of the Gaussian function on the logarith-
mic scale and the sc,0 is the center of the logarithmic distribution.
Finally, the Hahn-echo decay is given by,

SHEð2sÞ
SHEð0Þ

¼ 1
Dsc

ffiffiffiffiffiffiffi
2p
p

Z 1

0
exp � ln2ðsc=sc;0Þ

2Ds2
c

( )

� exp �
ffiffiffi
3
2

r
h eM2is2

c e�2s=sc þ 2s=sc � 1
� �" #

dsc: ð15Þ

A fit program based on the Levenberg–Marquardt algorithm
was written in C++ to extract h eM2i, the center of gravity sc,0, and
the width Dsc of the distribution. Such distribution of correlation
times describes the polymer chain dynamics more realistically
and produces a much better fit of experimental data as one can ob-
serve in Fig. 5b where the continuous line passes through all
points. In this sense the merit function obtained from the fit with
Eq. (15) of the Hahn-echo decay for the EPDM filled with 20 phr
N683 filler was found to be v2 = 9.3 � 10�5. The overall results
are summarized in Table 2.

3.6. Distribution of the 1H residual second moment

If the experimental data are fitted with a function that depends
on a product of eM2, and sc, then the results are characterized by a
high degree of uncertainty. This problem can be partially be solved
Fig. 5. (a) Normalized probability distribution of correlation times sc obtained by
Laplace inversion of Eq. (13) for the averaged value of the residual second moment
h eM2i ¼ 1:7� 106 rad2 s�2. The EPDM sample reinforced with 70 phr N683 carbon-
black fillers was considered. (b) The best fit (v2 = 9.3 � 10�5) of the Hahn-echo
decay for 20 phr N683 fillers in EPDM with the exponential correlation function and
a log-Gauss distribution of correlation time characterized by the center of gravity at
sc;0 ¼ 256 ls and the width on log scale of Dsc = 0.23. The averaged residual second
moment is h eM2i ¼ 2:7� 106 rad2 s�2 .
by considering a new approximation of an averaged correlation
time �sc to describe the segmental dynamics regardless of the filler
type. For the value of �sc we have used the previous results of cen-
ters sc,0 given in Table 2.

When the fast Laplace inversion algorithm [34] is applied to the
experimental data to determine the distribution f ð eM2Þ of the resid-
ual second moment than the Hahn-echo decay has to be
considered,

SHEð2sÞ
SHEð0Þ

¼
XN

i¼1

f ð eM2;iÞexp �
ffiffiffi
3
2

r eM2;i�s2
c e�2s=sc þ2s=�sc �1
� �" #

d½log10ð eM2Þ
:

ð16Þ

Due to the discrete nature of experimental data the integral
from Eq. (8) is transformed into a Darboux sum over a number N
of distributed points which can be chosen large enough to have a
smooth distribution. The distribution of eM2 will be obtained on a
logarithmic scale. While analyzing the data obtained from an algo-
rithm based on the inverse Laplace transformation, which applies
to an ill-conditioned problem, we have to be careful in the inter-
pretation since artefacts like the pearling effects, can occur [36]. Of-
ten, these effects are related to bad choices of the distribution
domain or the regularization parameter a [34,36]. This kind of a
problem can be identified by instability of the distribution to
changes in parameters of the algorithm. Although in this work
the stability test was performed, a small degree of incertitude re-
mains since the regularization parameter a was kept constant.
The main reason was that the peak widths dependent on a and
we would like to be able to compare all samples for which the
experimental data were measured using the same processing
conditions.

The normalized distributions of 1H residual second momentseM2 are presented in Fig. 6 for the EPDM elastomers reinforced with
N683 carbon-black fillers. The distributions were obtained by
applying the inversion Laplace procedure using Eq. (16) where
the average correlation time was taken to be �sc ¼ 316 ls. In order
to be compared directly, all distributions are normalized; i.e., the
integral area under the distribution is unity on the logarithmic
scale. For comparison the distribution of unfilled EPDM rubber is
presented in Fig. 6 together with the eM2 distributions of filled sam-
ples. The eM2 distributions of unfilled EPDM samples are character-
ized by two distinct peaks. The main peak is centered ateM2 	 2:1� 106 rad2 s�2 but one can observe also a smaller peak
at a lower value of eM2 that could be related to the more mobile
segments.

The interaction between N683 carbon-black filler clusters and
polymer chains, at low filler content values (20 phr), leads to the
Fig. 6. Normalized probability distribution of the residual second moment eM2 for
the EPDM samples filled with carbon-black filler N683 for 20, 40, 60 and 70 phr
filler contents. The normalized probability distribution for unfilled EPDM is also
shown.



Fig. 7. The width at half height of filled N683/EPDM samples normalized to the
same quantity of unfilled EPDM D eM ðmÞ

2; filled=D
eM ðmÞ

2;unfilled of the main peaks of mobile
polymer segments from distributions of Fig. 6 shown as a function of filler content.
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apparition of peaks from the interface chains and a broad mobile
main peak. With the increase of the N683 content (40 phr), the
peak located at high eM2 value, which correspond to the interface
chains, is shifted towards larger values. For larger N683 filler con-
tents the strong filler–polymer chain interactions constrain the
mobility of chain segments, therefore the interface peaks are no
longer observed for 60 and 70 phr concentration.

The main mobile peak width at half height of filled samples nor-
malized to the same quantity of unfilled sample D eM ðmÞ

2; filled=D
eM ðmÞ

2;unfilled

function of filler content is shown in Fig. 7. The increase of filler
clusters sizes leads to an increased filler surface to which the poly-
mer chains can be confined, therefore the distribution of mobile
polymer chain segments characterized by the residual second mo-
ment is reduced. A linear decay of the normalized peak width
D eM ðmÞ

2;filled=D
eM ðmÞ

2;unfilled function of filler content was observed for
N683/EPDM samples (Fig. 7).
4. Conclusions

The dynamic heterogeneities of polymer chains has been stud-
ied systematically for a series of EPDM elastomers with carbon-
black N683 filler contents varying from 20 phr to 70 phr. Proton
Hahn-echo decays were measured with an acquisition delay that
plays the role of a dipolar filter and removes the signal contribu-
tion from the bound polymer chains. The Hahn-echo decay was
considered which is weighted only by the fluctuating part of the
polymer chains. An exponential correlation function was consid-
ered in the derivation of the functional form for the Hahn-echo de-
cay. The power-law correlation function was found to be
inadequate to describe the Hahn-echo decay of mobile EPDM seg-
ments for carbon-black filled samples in the investigated time
domain.

The distributions of residual second moment eM2 and the corre-
lation time sc were included in functions that describe the Hahn-
echo decays. Due to the mathematical complexity of the problem
when distributions are used for both quantities two limiting cases
were treated: (i) an average value of h eM2i and a log-Gauss distribu-
tion for the correlation times; and (ii) an average value for �sc and a
distribution of eM2 values. In the second case a fast inverse Laplace
transformation was used to obtain the eM2 distributions for all
samples.

The effects of fillers on the heterogeneity of the segmental
dynamics are observed by: (i) the large distribution of mobile
peaks and (ii) the apparition at low filler content of a third peak
in addition to those two of unfilled EPDM. The peaks are located
at higher eM2 values indicating a reduced mobility which is associ-
ated with interface segments between mobile chain segments and
bound rubber. For the EPDM reinforced with N683 carbon-black
the mechanism of chain adsorption by an increased surface of filler
clusters seems to be based on the adsorption of mobile segments
during the increase of filler content which are transformed in
bound rubber. This assumption is supported by the observed decay
of the peaks distribution that corresponds to the mobile polymer
segment while increasing the filler content.
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