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Abstract

An efficient use of plasticizers in rubber compounds requires an understanding

of their miscibility behavior. Besides the chemical properties of both rubber

and plasticizer, the rigidity of the plasticizer plays an important role for their

miscibility. The miscibility is investigated here using the glass transition mea-

sured by differential scanning calorimetry and broadband dielectric spectros-

copy (BDS). Additionally, the interfacial relaxation and phase separation

measured by BDS are confirmed by transmission electron microscopy. While

the flexible plasticizer, poly-(α-methylstyrene), stays miscible in a silica-filled

polybutadiene rubber compound, the more rigid plasticizer, indene-

coumarone (IC), shows a phase separation at high concentrations. The phase-

separated IC tends to accumulate at the silica surface.
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1 | INTRODUCTION

Elastomers are known as a class of versatile materials. The
possibility of tuning their properties to meet the require-
ments for specific applications has made them an impor-
tant raw material for industrial product. One common
way to tune the properties of elastomers is to develop a
compound composed of miscible components, as typically
practiced for polymer blends in general-purpose elasto-
mers.1,2 In the case of polymers with a short chain length,
or rather oligomers as miscible components, the com-
pound mostly becomes softer, and therefore, these oligo-
mers are called “softeners” or plasticizers. Oils, resins, and

liquid polymers are examples for this category of materials
frequently used in tires compounds to optimize their
processing and final product performance.

Specifically, blending a plasticizer with a polymer is
often required in the rubber industry to achieve the neces-
sary stiffness, good filler dispersion, and enhanced adhesion
quality, often associated with a shift in the glass transition
temperature, and therefore, with the final characteristics of
the product.3,4 The efficiency of these tuning effects
depends on the miscibility between plasticizer and polymer.

In general, a system is miscible if upon mixing
ΔGmix < 0 and ∂2ΔGmix=∂

2φi >0, where φi is the volume
fraction of plasticizer, ΔGmix is the free energy of mixing
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defined as ΔGmix ¼ΔHmix –TΔSmix with the mixing
enthalpy ΔHmix, the mixing entropy ΔSmix and the tem-
perature T.5,6 The entropy contribution ΔSmix decreases
with increasing degree of polymerization, therefore the
enthalpy contribution ΔHmix dominates the free energy of
mixing of polymer blends bearing high molecular weights.6

Plasticizers, however, are small molecules compared to
the polymer matrix. Hence, the entropic contribution to
the miscibility is expected to be essential for the investiga-
tion of the miscibility of low molecular weight plasticizers
in polymers. The term rigidity refers to the flexibility of a
molecule.7 The rigidity of the small molecules might affect
their miscibility, independently of the mechanical soften-
ing effect on the surrounding polymer matrix.

The rigidity of the plasticizers might influence ΔHmix

by altering the interaction sites and ΔSmix by altering the
polymer chain order around the molecules. This
“lipophobic effect” was similarly discussed by Yau et al.8

to explain the location of the stiff tryptophane at the
hydrophilic–hydrophobic interphase of the cell membrane
in membrane proteins and peptides. As found by Giunta
et al.9 using molecular dynamics (MD) simulation, the
rigidity can determine whether the plasticizer is dispersed
in the polymer matrix or forms clusters located at the filler
interphase. Thus, higher plasticizer rigidity can lead to a
heterogenous distribution in the polymer matrix and
increases the dynamic heterogeneity of the compound.3

This article investigates the influence of the rigidity of
two plasticizers, namely poly-(α-methylstyrene) (AMS)
and indene-coumarone (IC), on the glass transition of a
silica-filled polybutadiene rubber (BR) compound. The
plasticizers differ in rigidity9 but are similar in aromatic-
ity and glass transition temperature Tg ≈ 45�C

� �
. First,

the dynamic glass transitions of the pure plasticizers are
investigated. Second, the miscibility of the plasticizers in
a BR compound is studied. The miscibility is usually
determined by analyzing the glass transition or the phase
morphology of the compound as a function of the volume
fraction of the plasticizer. One common way for the anal-
ysis of the glass transition is the conventional differential
scanning calorimetry (DSC).5 For miscible components, a
shift in the glass transition temperature Tg

� �
and a

broadening of the glass transition step in the thermogram
is expected. Here, we additionally use broadband dielec-
tric spectroscopy (BDS) to investigate the frequency
dependence of the dynamic glass transition.

The main relaxation peak in BDS is attributed to the
cooperative rearrangements of polymer chain segments
and called α-relaxation. This relaxation corresponds to
the dynamic glass transition of the polymer.10 All glass-
forming polymers show at least two relaxation pro-
cesses.11 The secondary relaxation process is called
β-relaxation is often related with the dynamic of the side

groups.11,12 However, Johari and Goldstein13 found that
the β-relaxation is a generally feature of the vitrification,
which merges with the α-relaxation at a certain tempera-
ture and frequency. They claimed that only in special
cases the side groups may predominately cause the sec-
ondary relaxation.12,13 For polybutadiene, several investi-
gations show the merging of the α-relaxation and the
β-relaxation, and controversially discuss the molecular
processes behind the relaxation phenomena.11,14–17

It is well-proven that the miscibility of polymer
blends affects the dielectric relaxation processes, and
therefore, can be investigated by BDS.12,18–20 Besides the
evaluation of the glass transition temperature, the dielec-
tric spectroscopy gives deeper insights into the influence
of the plasticizers onto the different relaxation processes,
the α-relaxation and the β-relaxation of BR, and an inter-
facial relaxation process caused by IC molecules expected
to be situated at the polymer–silica interface. The visuali-
zation of both the miscibility behavior and the accumula-
tion of IC at the silica filler surface is performed by
transmission electron microscopy (TEM).

2 | EXPERIMENTAL

2.1 | Materials

The subject of this investigation is a systematic study of
vulcanized, silica-filled BR with varying plasticizer con-
tent according to the formulation in Table 1. The chemi-
cal structures of the plasticizers are shown in Figure 1.

2.1.1 | Mixing and vulcanization

The compounds were mixed in a two-step mixing process
with an 80 ml miniature internal mixer. In the first step,
all ingredients except the vulcanization system (DPG,
CBS, and sulfur) were mixed at around 150�C. After
adding the vulcanization system in the second step, the
compound was mixed at a reduced temperature of
around 80�C to avoid premature crosslinking.

Afterward, samples were vulcanized at 160�C according
to t90, the time for 90% crosslinking, as listed in Table 2.

2.2 | Methods

2.2.1 | Standard differential scanning
calorimetry

Standard DSC measurements were performed at a scan-
ning rate of 10 K/min between �150 and 40�C for the
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rubber compounds and between �50 and 120�C for the
pure plasticizers using a DSC1 (Mettler-Toledo, Greifensee,
Switzerland). The annealing time between the scanning
runs was 10 min.

2.2.2 | Broadband dielectric spectroscopy

The BDS measurements were performed using an
Alpha-A High Performance Frequency Analyzer with

a Novocool cryosystem (Novocontrol Technologies,
Montabaur, Germany). Frequency sweeps in the range
of 0.1–2 � 106 Hz were performed every five degrees at
temperatures between �100 and 100�C for the rubber
compounds and between 25 and 140�C for the pure
plasticizer, respectively. The measurements were car-
ried out in a plate capacitor arrangement with a capaci-
tance of C¼ ε πD2=4d in which the sample has the
diameter D, the thickness d, and the dielectric permittiv-
ity ε. The complex permittivity ε� ωð Þ¼C� ωð Þ=C0 is cal-
culated for the different angular frequencies ω with the
capacity of the empty measurement cell C0. The rubber
samples were prepared as d = 0.1–0.3mm and
D= 30mm. The pure plasticizers were molded in a
heating press P200S (VOGT Labormaschinen, Berlin,
Germany) at 100�C and 5.4 kN for 5min to a thickness
of 0.1mm.

The modeling of the frequency-dependent permittiv-
ity is calculated using the Havriliak–Negami function21

ε� ωð Þ¼ ε0 ωð Þ� iε00 ωð Þ¼ ε∞þ Δε
1þ iωτð Þαð Þβ

, ð1Þ

where ε0 ωð Þ and ε00 ωð Þ are the real and imaginary part of
the permittivity, respectively, i is the imaginary unit, ε∞
is the high-frequency limit of the real part of the permittiv-
ity, Δε is the relaxation strength, τ is the characteristic
relaxation time and α, β are the shape parameters of the
relaxation process. The parameter α characterizes the
slope of the logε00 versus logω peak on the low-frequency
side, while the product αβ defines the slope on the high-
frequency side of the relaxation. If present, the conductivity
contribution is considered as σ ωð Þ¼�iσ0= ε0ωð Þ, where σ0
is the specific DC conductivity and ε0 is the vacuum per-
mittivity. For glass-forming systems, the temperature

TABLE 1 Compound formulations

Substance BR-compounds (phra)

BRb 100

Silica 60

TESPDc 4.3

6PPDd 2.0

Waxe 2.0

Zinc oxide 2.5

Stearic acid 2.5

DPGf 1.0

CBSg 2.0

Sulfur 2.0

AMSh or ICi 0/10/20/30/40/60/80

Abbreviations: AMS, poly-(α-methylstyrene); BR, butadiene rubber; CBS, N-

cyclohexylbenzothiazol-2-sulfenamid; DPG, 1,3-Diphenylguanidine; IC,
indene-coumarone; PPD, N-(1,3-dimethylbutyl)-N0-phenyl-p-
phenylenediamine; TESPD, bis-[3-(triethoxysilyl)-propyl]-disulfid.
aNon-SI Unit, parts per hundred rubber (phr).
bMw = 561 kg/mol, PDI = 2.64, microstructure: 96.1% cis, 0.4% vinyl, 3.5%
trans.
cbis-[3-(triethoxysilyl)-propyl]-disulfid.
dN-(1,3-dimethylbutyl)-N0-phenyl-p-phenylenediamine.
eMixture of refined hydrocarbons and plastics.
f1,3-Diphenylguanidine.
gN-cyclohexylbenzothiazol-2-sulfenamid.
hPoly-(α-methylstyrene), Mw = 1296 g/mol, PDI = 1.78.
iIndene-coumarone (IC), Mw = 1092 g/mol, PDI = 3.07.

FIGURE 1 Left: Chemical structure of poly-(α-methylstyrene)

(AMS). Right: Chemical structure of indene-coumarone (IC). The

plasticizers have an average chain length of n≈ 10≈ xþy. IC has a

proportion of 95% indene and 5% coumarone

TABLE 2 Vulcanization times t90 for the different butadiene

rubber compounds

Amount plasticizer (phr)

t90 (min)

AMS IC

0 9

10 9 9

20 9 9

30 11 9

40 11 9

60 12 12

80 14 12

Abbreviations: AMS, poly-(α-methylstyrene); IC, indene-coumarone.
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dependence of the relaxation time τ follows the Vogel–
Fulcher–Tammann–Hesse equation (VFTH)22–25:

log 1=τð Þ¼A� B
T�TV

, ð2Þ

where A is the logarithm of the pre-exponent factor,
B the curvature parameter and TV the Vogel
temperature.

2.2.3 | Transmission electron microscopy

The TEM investigation was performed on a JEM-1400
(Jeol, Tokyo, Japan) at an acceleration voltage of 100 kV.
Samples of 60 nm thin sections were cut with a cryo-
ultramicrotome Leica EM UC6/EM FC6 (Leica Micro-
systems, Wetzlar, Germany) equipped with a diamond
knife at �140�C.

3 | RESULTS AND DISCUSSION

3.1 | Pure plasticizer

Figure 2a shows the dielectric loss spectra of pure AMS
and IC. The relaxation peak represents the α-relaxation
related to the dynamic glass transition. The
α-relaxation peak is caused by the frequency-dependent
cooperative rearrangement of the polymer chain seg-
ments.26 In case of IC, the α-relaxation process has a
broader distribution of relaxation times as reflected by
a broader relaxation peak in Figure 2a. This distribu-
tion of relaxation times is expected to be caused by a
more heterogenous dynamic of molecular segments.27

Poly-(α-methylstyrene) shows a sharper relaxation
peak, and therefore, it is expected to have a more
homogenous dynamic of segments. The activation plot
in Figure 2b shows the temperature dependence of the
relaxation rate, ωmax ¼ 1=τmax, of the α-relaxations. The
relaxation rate of the DSC measurement at 10K/min usu-
ally corresponds to relaxation times between 100 and
1000 s, which is represented by error bars in the Arrhe-
nius plot.7,28–31 The determination of the glass transition
temperature using DSC is shown in Figure 3. The fit
parameters of the VFTH fit are given in Table 3. The cur-
vature parameter B is related to the fragility index m
defined as m¼BTg Tg –TV

� ��2
where Tg is convention-

ally the glass transition temperature for relaxation times
of 100 s.32–34

As shown in Figure 2b, the temperature dependence
of the relaxation times of AMS shows a higher bending
compared to IC. Hence, AMS is a more fragile glass

former with a higher fragility index m¼ 111ð Þ compared
to the stronger glass former IC m¼ 64ð Þ. This finding can
be explained with the qualitative concept of the relative
flexibility of the side groups and the backbone proposed
by Kunal et al.35 for several polymers. The structure of
AMS shows a flexible backbone with bulky side groups
leading to a high fragility, while the structure of IC has a
rigid backbone with bulky side groups leading to a lower
relative flexibility and a lower fragility. These structural

FIGURE 2 (a) Dielectric loss spectra, ε0 0 at selected
temperatures as function of the frequency for poly-

(α-methylstyrene) (AMS) and indene-coumarone (IC), respectively.

(b) Temperature dependence of the relaxation rate ωmax ¼ 1=τmax

for AMS and IC measured by broadband dielectric spectroscopy

(circles) and differential scanning calorimetry (DSC) (triangles).

The error bars for the DSC measurement at 10K/min consider the

variation of relaxation times typically approximated to relaxation

times between 100 and 1000 s7,28–31 [Color figure can be viewed at

wileyonlinelibrary.com]
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differences of the plasticizers are in agreement with the
atomistic simulations by Giunta et al.9 showing a higher
flexibility for AMS compared to IC.

3.2 | Influence of plasticizers on BR
compounds

Figure 4 shows the DSC heating curves for selected com-
pounds. The crystallization peak at around �20�C
decreases with increasing plasticizer content. At low tem-
peratures, the calorimetric glass transition temperature
can be determined in analogy to Figure 3. Figure 5 shows
the glass transition temperatures determined by DSC for
a non-plasticized BR compound Tg ¼�102:3�C

� �
and BR

compounds containing different amounts of AMS and IC
as plasticizers. As expected from the additive mixing
behavior of the substances with different Tg,

36 the glass
transition temperature increases with increasing plasti-
cizer content, whereat with increasing concentrations,
the effect is more pronounced for AMS compared to

IC. The decreased influence on the glass transition tem-
perature of the compound with IC at high concentrations
indicates a reduced miscibility of the rigid plasticizer in
the polymer matrix.

To gain an insight into the frequency-dependent
behavior of the different plasticizer miscibility, BDS mea-
surements of the above-mentioned samples were

FIGURE 3 DSC heating curves of AMS and IC measured at

10 K/min. The evaluation of the glass transition temperature is

shown. AMS, poly-(α-methylstyrene); IC, indene-coumarone; DSC,

differential scanning calorimetry [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 Vogel–Fulcher–Tammann–Hesse parameters of

fitting Equation (2) and fragility index m of poly-(α-methylstyrene)

(AMS) and indene-coumarone (IC), respectively

Plasticizer A (�) B (K) TV (K) m (�)

AMS 12.0 555 272 111

IC 18.6 2107 213 64

FIGURE 4 DSC heating curves measured at 10 K/min of the

unplasticized compound, the compounds containing 20 and 80 phr

AMS and IC, respectively. AMS, poly-(α-methylstyrene); IC,

indene-coumarone; DSC, differential scanning calorimetry [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Glass transition temperatures as function of the

plasticizer content in butadiene rubber, determined by DSC

measurements. Black: IC, red: AMS. AMS, poly-(α-methylstyrene);

IC, indene-coumarone; DSC, differential scanning calorimetry

[Color figure can be viewed at wileyonlinelibrary.com]
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performed. The dielectric spectra in Figure 6 show the
α-relaxations of the BR compounds overlapped as a low-
frequency shoulder of the corresponding normalized
β-relaxations. The α-relaxations shift with increasing
plasticizer content to lower frequencies, as one would
expect from the shift in the calorimetric glass transition.
The broadening effect of the α-relaxation increases with
increasing content of miscible plasticizer. This is a typical
phenomenon assumed to be originating from thermally
driven concentration fluctuations.37–41 In contrast to the
shift of the α-relaxation peak, the β-relaxation appears
unaffected in the frequency domain by the variation of
the plasticizer. The β-relaxation in polybutadiene is a so-
called Johari–Goldstein β-relaxation, which is not inde-
pendent of the α-relaxation.11,15,16 Hence, it is

noteworthy to mention that the relaxation time of the
β-relaxation, τJG, appears to be independent from the
α-relaxation when the relaxation time of the polymer
chain segments is shifted by plasticizers. This finding is
in agreement with simulation studies of Bedrov and
Smith, in which 1,4-polybutadiene was blended with
1,4-polybutadiene with reduced and eliminated dihedral
barriers as plasticizer that shows a weak effect of the
β-relaxation and a strong shift of the α-relaxation upon
blending.17

The relaxation strength of both, the α-relaxation
Δεαð Þ and the β-relaxation Δεβ

� �
, decreases with increas-

ing plasticizer content due to dilution effects. Casalini
et al.42 found a stronger decrease than expected from the
composition for Δεβ when mineral oil was used as plasti-
cizer and suggested a reduction of the orientability of the
polybutadiene. This might explains the relative change of
relaxation strength for the compounds plasticized with
IC, visible in the normalized dielectric spectra in
Figure 6b. This effect seems to be less pronounced if
AMS is used as plasticizer, Figure 6a.

A quantitative evaluation of the dielectric spectra
would require an unlikely stable fit of the overlapping
processes. As discussed by Ngai et al.,16 the use of empiri-
cal fit functions to quantify the overlapping α-relaxation
and β-relaxation in polybutadiene at ambient pressure
will lead to misinterpretations of the relaxation time τβ.
Hence, this paper omits the quantitative evaluation and
points out the qualitative findings.

Figure 7a shows the dielectric loss at 1 Hz as a func-
tion of the temperature normalized to the peak maxi-
mum of the α-relaxation process. The α-relaxation peaks
of BR are visible as one broad process at around �95�C.
The β-relaxations do not arise in the temperature range
measured. In both cases, adding plasticizer to the com-
pound again shifts the glass transition to higher tempera-
tures. This shift in temperature for high plasticizer
content is more pronounced for AMS than for IC in
accordance with the DSC data presented in Figure 5, and
it supports the finding of better miscibility of AMS in BR.

The broadening of the α-relaxation peak is expected
to be caused by concentration fluctuations between
polybutadiene and the plasticizer as miscible compo-
nents.37–39 These concentration fluctuations increase
with increasing concentration of the plasticizer in case of
miscible blends, while immiscible blends show two sepa-
rated relaxation peaks with less additional broadening
due to less concentration fluctuations.12,37 Hence, the dif-
ferent broadening of the segmental relaxation can be con-
sidered as an additional hint to differences in the
miscibility between the polymer and the two plasticizers.

In Figure 7a, the peaks of the α-relaxation of the two
compounds containing a plasticizer amount of 20 phr

FIGURE 6 Dielectric loss spectra at �70�C for the butadiene

rubber compounds containing different amounts of AMS (a) and IC

(b) normalized to the peak maximum of the β-relaxation. AMS,

poly-(α-methylstyrene); IC, indene-coumarone [Color figure can be

viewed at wileyonlinelibrary.com]
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each show a comparable width in the dielectric spectra.
At a plasticizer content of 80 phr, however, the IC com-
pound shows a narrower α-relaxation peak compared to
the compound plasticized with the more miscible AMS.
Thus, less concentration fluctuations are expected to take
place in the 80 phr IC compound compared to the 80 phr
AMS compound. This reduction in concentration fluctua-
tion might result from a phase separation of IC from
polybutadiene, as the fluctuations take place in a small
environment next to the polymer chain segments.39

The differences in the broadening of the α-relaxation
of the samples containing plasticizers become more obvi-
ous at high frequencies (Figure 7b). In the temperature
dependence of the dielectric loss at 500 kHz, the sample

containing 80 phr IC shows an α-relaxation peak at
�20�C, while the sample containing 80 phr AMS shows a
much broader α-relaxation at slightly higher temperatures.
The high frequency enhances the spatial resolution for
processes taking place on small molecular length scales
of a few nm.43–46 Thus, the concentration fluctuation
responsible for the broadening of the α-relaxation pre-
dominantly takes place on a small length scale. The
strong broadening effect for the sample containing 80 phr
AMS leads to the conclusion that the domain sizes of
AMS in polybutadiene are smaller compared to the
domain sizes of IC in polybutadiene containing the same
amount of plasticizer.

This phase separation of IC is also found to be the
reason for the deviation of the dielectric loss at high tem-
peratures for BR compounds with and without plasti-
cizers by changing the interfacial properties, for example,
at the filler–polymer interface.9 Figure 8 shows the
dielectric loss at 100�C for the pure IC, the BR compound
without plasticizer, and the BR compound containing
80 phr AMS and IC, respectively. All dielectric spectra
show a strong conductivity contribution at low frequen-
cies. These conductivity contributions are likely due to
ionic impurities like water, sodium, or stearic acid. This
type of extrinsic conductivity generally increases with a
decrease in viscosity according to Stokes' law.47 The sam-
ples show a reduced viscosity at high temperatures, and
therefore, the dielectric spectra in Figure 8 show a dis-
tinct conductivity contribution. In addition, the com-
pound containing 80 phr IC clearly shows a relaxation

FIGURE 7 Normalized dielectric loss for selected samples as

function of temperature at 1 Hz (a) and 500 kHz (b). The lines are

plotted to guide the eye. Dielectric loss is normalized to the

maximum of the α-relaxation (a) and the approximated maximum

of the β-relaxation (b) [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Dielectric loss spectra at 100�C of IC, the BR

compounds without plasticizer and containing 80 phr AMS and IC,

respectively. AMS, poly-(α-methylstyrene); BR, butadiene rubber;

IC, indene-coumarone [Color figure can be viewed at

wileyonlinelibrary.com]
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peak at around 3 Hz, which is not visible in the other
two dielectric spectra. The change in the interfacial relax-
ation with IC is in accordance with the expectation, that
with increasing rigidity of plasticizer, the molecules accu-
mulate at the polymer-filler interphase.9

Figure 9 shows the temperature dependence of the
relaxation times for the interfacial relaxation process at
high temperatures and low frequencies for the com-
pounds with 80 phr IC in comparison to the relaxation
processes in pure IC and in the BR compound without
plasticizer. The relaxation times were obtained using
Equation (1) with β¼ 1 (Cole–Cole equation)

superimposed with the above-mentioned conductivity
term as fit function. The solid lines show the VFTH fit
according to Equation (2) for α-relaxations. The interfa-
cial process and the β-relaxation follow the Arrhenius
equation

FIGURE 9 Temperature dependence of the logarithmic

relaxation times for IC, the BR compound without plasticizer, and

the slow interfacial relaxation in the BR compounds plasticized

with 80 phr IC. The solid lines show the VFTH fit for the

α-relaxations or the Arrhenius fit for the β-relaxation and

interfacial relaxation, respectively. BR, butadiene rubber; IC,

indene-coumarone; VFTH, Vogel–Fulcher–Tammann–Hesse

equation

TABLE 4 Parameters for the

temperature dependence of the

relaxation rate

Fit for VFTH behavior A (�) B (K) TV (K) m (�)

α-relaxation IC 15.4 1304 243 74

α-relaxation BR without plasticizer 16.7 1094 112 54

Fit for Arrhenius behavior AA (�) Ea (kJ/mol)

β-relaxation BR without plasticizer 19.0 47.8

Slow, interfacial relaxation 80 phr IC
in BR

8.9 62.2

Note: Above: VFTH parameters obtained by Equation (2), and fragility index m. Below: Parameters for the
Arrhenius behavior obtained by Equation (3).
Abbreviations: BR, butadiene rubber; IC, indene-coumarone; VFTH, Vogel–Fulcher–Tammann–Hesse

equation.

FIGURE 10 TEM images of the compound with 80 phr AMS

in BR (a) and 80 phr IC in BR (b). AMS, poly-(α-methylstyrene);

BR, butadiene rubber; TEM, Transmission electron microscopy
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log 1=τð Þ¼AA�Ealn10
RT

, ð3Þ
where AA is the logarithm of the pre-exponent factor, Ea

the apparent activation energy and R the gas constant.
The fit parameters are given in Table 4.

As shown in Figure 9, the interfacial relaxation aris-
ing for the compounds containing 80 phr IC exhibit
higher relaxation times than the one of pure IC. This
indicates that the interfacial relaxation peak at high tem-
peratures is not only affected by the polymer or plasti-
cizer, but also by additional interactions hindering the
mobility of the dipoles responsible for this relaxation. As
mentioned above, simulation studies show that besides
cluster formation, IC molecules tend to be adsorbed at
the surface of filler particles.9 The slow interfacial relaxa-
tion at high IC content is likely an interfacial relaxation
of IC hindered in mobility due to the adsorption at the
silica surface.

The interpretation that the interfacial relaxation is
due to adsorbed IC on the silica surface can be experi-
mentally confirmed by TEM imaging. Figure 10a,b show
TEM images of the samples with 80 phr AMS and 80 phr
IC, respectively. In the case of AMS as plasticizer
(Figure 10a), the TEM image shows silica filler particles
forming clusters in the polymer matrix. The image show-
ing the sample plasticized with 80 phr IC (Figure 10b)
reveals an additional substance, assumed to be IC, sur-
rounding several filler clusters. The IC plasticizer appears
to be phase-separated at high concentrations creating
domains with a typical size of about 50–100 nm. As
shown in Figure 10b, the IC molecules can agglomerate
at the silica surface and form larger domains.

4 | CONCLUSIONS

The influence of the rigidity of two plasticizers with simi-
lar aromaticity, IC and AMS, on their miscibility in a BR
compound, and the subsequent shift of the glass transi-
tion temperature were investigated using BDS, DSC, and
TEM. The results of the BDS investigation of pure plasti-
cizers show a higher fragility for AMS compared to IC in
accordance with their relative flexibilities.35 The shift of
the calorimetric glass transition and the relaxation rate of
the α-relaxation confirm that the more rigid IC tends to
phase separate at high concentrations. This is in agree-
ment with both TEM imaging and simulation studies9

showing that IC forms clusters and accumulates at the
polymer-filler interphase. The interfacial relaxation of IC
at the silica filler surface is slower than the α-relaxation
of the pure plasticizers or of the polymer matrix. Thus,
the reduced miscibility of BR and IC at high concentra-
tions of 80 phr is expected to lead to the formation of an

interfacial layer with additional hinderance of the dipoles
instead of forming bulk-like phases.

The phase separation becomes more visible in the
high-frequency isochronal dielectric spectra due to the
different broadening of the α-relaxations of the two types
of plasticizers. Thus, the concentration fluctuation
responsible for the broadening of the α-relaxation in the
compound plasticized with AMS is expected to occur at a
smaller length scale. In the same way, the domain sizes
of AMS in BR are considered to be small compared to
those of IC in BR. While the IC domains were visualized
by TEM at high concentrations, AMS seems to be dis-
solved in the BR matrix at a nanometer scale.

The frequency dependence of the β-relaxation
seems to be almost unaffected at an IC content of
80 phr in contrast to the BR compound without plasti-
cizer or plasticized with 80 phr AMS. This leads to the
conclusion that the rigidity of plasticizers not only
affects the miscibility of the plasticizer in BR com-
pounds, but additionally, can change the MDs of the
polymer. Since the Johari–Goldstein β-relaxation in BR
is not independent of the glass transition, one can con-
clude that the mechanism of vitrification might change
depending on the molecular structure of the
plasticizers used.
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