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A B S T R A C T   

Poly(diisopropyl fumarate) (PDiPF) has dynamic mechanical properties different from the relaxation processes of 
conventional vinyl polymers, due to the absence of a methylene spacer in the main chain. In this study, we 
investigated the relaxation behavior of PDiPF using dielectric spectroscopy (DS), differential scanning calorim
etry (DSC), wide angle X-ray scattering (WAXS), and dynamic mechanical analysis (DMA). We have demon
strated that the β relaxation of PDiPF has unusual characteristics originating from the absence of a methylene 
spacer; for example, the β relaxation of PDiPF follows the Vogel–Fulcher–Tammann (VFT) equation, causes a 
clear step in the DSC curve, and enhances the microscopic packing of the polymer chains in the solid state. These 
β relaxation behaviors of PDiPF reflect the enlarged cooperative rearranging region (CRR).   

1. Introduction 

Internal dynamics of polymer chains define their viscoelastic prop
erties [1]. Dynamical behaviors of polymers have been extensively 
investigated using mechanical spectroscopy [2], dielectric spectroscopy 
(DS) [3,4], and NMR spectroscopy [5,6]. In particular, the dynamics of 
polyacrylates and polymethacrylates have been investigated in detail 
[1]. The molecular dynamics of poly(1,2-substituted ethylene) chains is 
fundamentally different from those of vinyl polymers due to the absence 
of a methylene spacer (‒CH2‒) in the main chain [7–10]. In many cases, 
however, the polymerization of 1,2-substituted ethylenes does not pro
ceed because of their extremely slow propagation kinetics. An exception 
is the polymerization of dialkyl fumarates with a bulky ester group 
because steric hindrance from the bulky ester group leads to a slow 
termination rate as well. Only when a subtle balance is achieved be
tween propagation and termination, a high-molecular-weight poly
fumarate is produced [7]. 

In the field of polymer physics, the majority of researches on dy
namics have focused on α relaxation processes [3]. Typically, α relaxa
tion is the strongest relaxation process and governs the glass transition 
[11]. It is empirically known that the dynamics of α relaxation can be 
well fitted with the Vogel–Fulcher–Tammann (VFT) equation [12]. The 

calorimetric analysis captures a glass transition temperature (Tg) [13] 
because the heat capacity changes at Tg. For polymeric materials, α 
relaxation is attributed to the segmental dynamics of the main chain [1]. 
The commonly accepted theoretical and practical importance of the 
glass transition leads to extensive fundamental researches [14,15]. An 
important area of research is a change in Tg in thin films [16–22]. 
Several researches have revealed the fastening of α relaxation when the 
interaction between a thin film and a substrate is not strong [22]. More 
recent researches captured spatial and temporal heterogeneities at the 
vicinity of Tg [23,24]. The domain of heterogeneities is considered to be 
a few nanometers [24]. 

In contrast to α relaxation, less attention has been devoted to β 
relaxation [3]. The length scale correlated with β relaxation is much 
smaller than that of α relaxation. Indeed, β relaxation follows the 
Arrhenius equation indicating that the length and time scales of β 
relaxation are smaller than the spatial and temporal heterogeneities 
[25]. Typically, the intensity of β relaxation determined from mechan
ical spectroscopy is much smaller than that of α relaxation [2]. A simple 
view for polymeric materials is to attribute β relaxation to the dynamics 
of the side chains. While the molecular level understanding of β relax
ation is still limited [3], Johari and Goldstein found β relaxation for 
completely rigid molecules without any flexibility [25,26]. Sometimes, 
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this type of relaxation is referred to as Johari-Goldstein β relaxation, 
which describes the relaxation process of glasses and other disordered 
materials as the universal property. The JG β relaxation is regarded as 
the precursor of α relaxation, and it facilitates viscous flow before the 
occurrence of α relaxation. Multidimensional NMR studies of poly(ethyl 
methacrylate) elucidated the coupling of α and β relaxations [5]. These 
findings imply that some β relaxation is a local step of α relaxation [6]. 

Previous researches depicted unique properties of poly(dialkyl 
fumarate)s [27,28]. The study of poly(diisopropyl fumarate) (PDiPF) 
showed a strong β relaxation [10]. The storage modulus decreased from 
~1 GPa to ~0.1 GPa at the β relaxation temperature. The storage modlus 
decreased from sloid (~1 GPa) to a soft solid (~0.1 GPa) at the β 
relaxation temperature (28 �C) and then from a soft solid (~0.1 GPa) to 
a liquid (below 10 MPa) at the α relaxation temperature (177 �C) [28]. 
When diisopropyl fumarate (DiPF) is randomly copolymerized with an 
acrylate, the secondary relaxation from DiPF and the primary relaxation 
from the acrylate merged as the acrylate composition increases [28]. 
However, in our previous research, the narrow frequency window 
limited the understanding of the dynamics of PDiPF [10]. In this study, 
we investigated the relaxation processes of PDiPF using DS for the 
purpose of deeper consideration of the unique properties of PDiPF and 
an expansion to the fundamental interpretation of α and β relaxations. 
The obtained data by DS are helpful in understanding the experimental 
results of the dynamic mechanical analysis (DMA) and differential 
scanning calorimetry (DSC). Wide angle X-ray scattering also captures 
the unusual characteristics of the PDiPF. 

2. Experimental methods 

2.1. Materials 

DiPF and Diethyl fumarate (DEF) were purchased from Fujifilm 
Wako Pure Chemical Corporation, Tokyo, Japan. The monomer was 
distilled under reduced pressure prior to use. Dimethyl 2,20-azobis(2- 
methylpropionate) (MAIB, Fujifilm Wako Pure Chemical Corporation, 
Tokyo, Japan) was purified via recrystallization in hexane before use. 
PDiPF was prepared by radical polymerization with MAIB and purified 
by reprecipitation in water/methanol mixture. The purified polymer 
was dried at 50 �C for 8 h under vacuum. The weight average molecular 
weight (Mw) of PDiPF was 1:2� 105 g=mol and polydispersity index 
(PDI) was 1.3. Poly(methyl methacrylate) (PMMA) (Mw ¼ 8:2� 104 g=
mol, PDI ¼ 2.4) was purchased from Sigma Aldrich and used without 
purification. The Mw and PDI of PDiPF were 9.1�104 g=mol and 1.2, 
respectively. The Mw and PDI of PDEF were 7.6�104 g=mol and 1.2, 
respectively. 

2.2. Dynamic mechanical analysis (DMA) 

The samples for DMA measurements were prepared by thermal 
welding. Approximately 1.5 g of the polymer was inserted in a rectan
gular mold (5 cm � 1 cm). After the polymer was annealed for 30 min at 
200 �C, the pressure (approximately 1 MPa) was applied for 1 h at the 
same temperature. A rectangular sample with a thickness of 2 mm was 
obtained. The surface was smoothened using a sand paper. DMS 6100 
(Seiko Instruments Inc., Tokyo, Japan) was utilized for the DMA. The 
condition was a dual cantilever mode with a heating rate of 2 �C/min. 
Sinusoidal strains with an amplitude of 10 μm at 10, 5, 2, 1 and 0.5 Hz 
were applied. 

2.3. Dielectric spectroscopy (DS) 

The sample for DS measurements was prepared by solution casting 
from the toluene solution of PDiPF. The film thickness was approxi
mately 25 μm. DS measurements were carried out using an impedance 
analyzer (Novocontrol AKB analyzer) in a temperature range from 0 �C 

to 220 �C with a frequency range from 0.01 Hz to 2 MHz. The complex 
dielectric permittivity ε* ¼ ε’ � iε’’ was obtained as functions of fre
quency and temperature. The empirical equation of Havriliak and 
Negami was used to analyze the α, β, and γ relaxation processes [29,30]. 

ε*ðωÞ¼ ε∞ þ Σ
Δε

½1þ ðiωτÞM�N
(1)  

where ε∞ is the dielectric permittivity at the high frequency limit, Δε is 
the dielectric strength, M and N are the shape parameters, and τ is the 
relaxation time. 

2.4. Wide angle X-ray scattering (WAXS) 

In-situ X-ray scattering measurements were conducted at the BL40B2 
beamline of SPring-8 (Japan Synchrotron Radiation Research Institute, 
Hyogo, Japan). Approximately 3 mg of sample was sealed in a sample 
holder with Capton films (50 μm) for both sides. The sample was 
mounted on a heating stage (Linkam Scientific Instruments Ltd, 
Waterfield, England). The sample was heated from 0 �C to 120 �C and 
then cooled from 120 �C to 0 �C with a scanning rate of 10 �C/min. The 
wavelength (λ) of the synchrotron beam was 1.00 Å. A flat panel de
tector (C9728DK, Hamamatsu Photonics K.K., Shizuoka, Japan) was 
used. The camera distance from the sample was 85.446 mm. During the 
heating, the X-ray was exposed for 1 s every 6 s. The 2D image was 
analyzed using a software Fit2D (ESRF). 

3. Results and discussion 

The structure of PDiPF is shown in Scheme 1. As a comparison, the 
structure of PMMA is also shown. The significant feature of PDiPF is the 
absence of methylene spacer in the main chain. Polymers originating 
from monosubstituted ethylene or 1,1-disubstituted ethylene including 
MMA have methylene spacer in the main chain. With respect to the bond 
length of two carbons, the bulkiness of the side chains of DiPF is 
captured. 

Fig. 1 (a) shows a DMA curve for PDiPF measured at 10, 5, 2, 1, and 
0.5 Hz with a scanning rate of 2 �C/min from room temperature to 250 
�C. As an intense peak was observed at 87 �C at 2 Hz in tan δ, the storage 
modulus (E’) decreased from 1.1 GPa at 40 �C to 0.13 GPa at 120 �C. At a 
higher temperature approximately 220 �C, a small peak is observed. The 
data are in good agreement with literature [10]. The measurement was 
stopped at 250 �C because decomposition starts around the temperature 
[10,28]. As the reference polymer, Fig. 1 (b) displays the DMA curve of 
PMMA measured at the same instrument from � 20 �C to 150 �C. At 114 
�C, a single relaxation process is observed. The storage modulus 
decreased from 1.46 GPa at 80 �C to 2.3 MPa at 140 �C. Above 150 �C, 
the polymer becomes too soft to continue the measurement. The 

Scheme 1. Schematics of PDiPF and PMMA.  
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relaxation process is attributed to the segmental dynamics of the main 
chain (α relaxation process). 

Above the Tg, the storage modulus either simply decrease or shows a 
plateau depending on the molecular weight. The plateau appears when 
the molecular weight is higher than the entanglement molecular weight 
(Me) and is called a rubbery plateau. The storage modulus (E’) of the 
rubbery plateau is calculated from the following equation [31]. 

E’¼
2ð1þ μÞρRT

Me
(2)  

Here, μ is the poisons ratio. Generally, polymers have storage modulus of 
ca. 105 Pa at a rubbery plateau and this is the case for PMMA as well 
[32]. Although there is a β relaxation process that corresponds to the 
side-chain relaxation at a lower temperature [2], the effect on the me
chanical properties is very small. The temperatures of the α and β 
relaxation shift significantly depending on the ester alkyl groups in the 
side chain and in the presence or absence of the α-methyl substituent on 
the main chain [33]. Nevertheless, both polyacrylates and poly
methacrylates have qualitatively similar DMA curves [1]. 

In contrast to the DMA results of PMMA and other poly(meth)acry
lates, the DMA curve of PDiPF is fundamentally different. There is a 
plateau region in between the two relaxations at 71 �C and 220 �C. Given 
that the storage modulus is ca. 0.12 GPa below 180 �C, this is not the 
rubbery plateau. According to the equation (2), the storage modulus of 
most polymers at rubbery plateau are expected to be the order of 105 Pa 
or less depending on the entangle molecular weights [34]. The storage 
modulus of ca. 0.12 GPa means that PDiPF is still a solid rather than a 
polymer melt. In other words, the relaxation process at 71 �C is not the 
segmental dynamics. As is discussed later, we assigned this relaxation 
process as β relaxation, although this process shows unusual behaviors. 
The higher relaxation process is attributed to α relaxation. This assign
ment is supported by the data from PDEF as shown in Fig. 1 (c). PDEF 
shows qualitatively similar DMA behavior. In addition, the α relaxation 
of PDEF is clearly observed. The α relaxation temperature for PDEF was 
lower than that of PDiPF, due to the decrease in the steric bulkiness of 
the ester alkyl group. 

In order to elucidate the relaxation behavior of PDiPF for a broad 
frequency range, dielectric relaxation spectroscopy was applied. 
Selected dielectric loss curves were plotted in Fig. 2. There were three 
distinct processes. The spectra were fitted with the Havriliak-Negami 
function [29,30]. The temperature-frequency plot of these processes is 
summarized in Fig. 3. In most cases, only the α relaxation process follows 
the VFT equation [12]: 

τ¼ τ0exp
�

U
T � T0

�

(3)  

where τ0 is the relaxation time at high temperature limit, U is a constant, 
and T0 is the Vogel temperature. These three processes depicted in Fig. 2 
are assigned as α, β, and γ processes from the slowest process. Here, the γ 
process follows the Arrhenius equation. The activation energy was 25 
kJ/mol. Significantly, the β relaxation process follows the VFT equation 
in the case of PDiPF. As is the same as other polymers, the α relaxation 
process follows the VFT equation as well. 

The glass transition occurs when the size of the cooperative rear
ranging region (CRR) [35,36] is on the order of few nanometers though 
the details are still under debate [11]. In general, the β relaxation pro
cess follows the Arrhenius equation because the CRR is smaller than the 
critical size for the glass transition. The detailed relaxation analysis by 
NMR showed that the molecular origin of the β relaxation process of 
PMMA arose from the side chain flip whose motion was accompanied 
with the main chain rearrangement [6]. This was consistent with the 
view that the β relaxation process was regarded as a local step of the α 
relaxation process [3]. In the case of PDiPF, the constraints of the 
rotational motion due to the bulky side groups may increase the CRR 
region of the β relaxation process. Provided that the α and β relaxation 

Fig. 1. Dynamic mechanical analysis of (a) PDiPF and (b) PMMA, and (c) PDEF 
measured at 10, 5, 2, 1, and 0.5 Hz displayed from darker color to lighter color 
as indicated as an arrow. The storage modulus, the loss modulus, and tan δ are 
shown in black line, green dot line, and blue dash line, respectively. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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are intimately related, it is reasonable to assume that the transition 
processes have the single ideal glass temperature (T0). Using the VFT 
equation, we fit the α and β relaxation with the parameters listed in 
Table 2. The T0 of the α relaxation was fixed. The fit is shown in Fig. 3 
with gray lines. In this fit, it was assumed that α and β relaxations merge 
at a low temperature (glassy state). In other words, they have the same 
Vogel temperature. We let the other parameters free for the fitting. As a 
result, the τ0 of α and β relaxations are different. It is known that in many 

polymers, α and β relaxation merge at a high temperature limit [37]. 
Thus, another scenario is possible. In Fig. S1, we include fitting with 
fixed T0 and τ0. These fitting parameters are summarized in Table S1. 
The fit is not as good as the one presented in Fig. 3. The green stars 
correspond to the DMA data obtained from tan δ. They are in good 
agreement with the DS data. Recently, dielectric spectroscopy analysis 
of unsaturated fatty acid captured three VFT dependent relaxation 
processes. They attribute the unique feature to the inability of side 
groups to pack efficiently [38]. We further analyzed the DS data ac
cording to the methods based on the coupling model with the aim to 
compare the β relxation of PDiPF to the Johari-Goldstein β relxation. The 
coupling model predicts the primitive relaxation time (τ0;CM) as follows. 

τ0;CM ¼ ðτcÞ
n
ðταÞ

1� n (4)  

Here, τc is the crossover time which has the approximate value of 2�
10� 12 ​ s for common polymeric glass-formers [39,40]. The coupling 
parameter (n) can be calculated from the fitting parameter of Havriliak 
and Negami equation by the following relation [41]. 

MN¼ð1 � nÞ1:23 (5) 

Fig. 2. Selected dielectric loss curves of PDiPF measured at (a) 190 �C and (b) 90 �C. The data point (empty square) and fittings (blue) are displayed. The spectra 
were fitted with the Havriliak-Negami function. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 3. Relaxation times at maximum loss corresponding to the α-process (red), 
the β-process (gray), and the γ-process (blue) of PDiPF. Both α- and β-processes 
were fitted with the VFT equation. The circles, squares, and stars indicate the 
data obatined by DS, DSC, and DMA measuremnets, respectively. The black 
crosses indicate the τ0;CM based on coupling model. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
The VFT fitting parameters for the α and β relaxation processes of PDiPF.   

U (K) T0 (K) τ0 (s) 

α process 691.7 276.5 7:65� 10� 9  

β process 788.1 276.5a 9:99� 10� 5   

a The value was fixed. 

Fig. 4. Calorimetric data of PDiPF on heating at a scanning rate of 10 �C/min. 
The first heating (blue) and the second heating (green) are displayed. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Ngai et al. found that the τ0;MCT and the Johari-Goldstein β relaxation 
time are approximately the same. In Fig. 3, we include the τ0;CM as black 
crosses. It seems τ0;CM and β relaxation are different. In addition, the 
temperature dependence of the dielectric strength of β relaxation is 
plotted in Fig. S2. The value TΔεβ is plotted against T. According to the 
Onsager-Kirkwood-Fr€ohlich approach, TΔεβ is constant for the case of 
independent dipoles [42]. Some previous research mentions that the 
intensity of Johari-Goldstein β relaxation increases as the temperature 
increase. However, the strength of β relaxation decreases as the tem
perature increases in the case of PDiPF. This could be due to the local 
packing of PDiPF as we will discuss later with respect to Fig. 6. The 
similar temperature dependence of dielectric strength is also reported in 
other molecules [43]. Based on these properties, it seems the β relaxa
tion of PDiPF cannot be categorized as Johari-Goldstein β relaxation in a 
strict sense. Nevertheless, this point requires further systematic inves
tigation with rigorous fitting. 

Fig. 4 shows the results for the DSC measurements of PDiPF at a 
scanning rate of 10 �C/min. From the first heating, there is an endo
thermic peak at 79 �C and a weak step at 137 �C. The second heating is 
utterly different. A clear step was solely observed at 67 �C. From the 
second heating, there is no indication of the higher temperature relax
ation at least with the experimental resolution. It is known that the DSC 
measurement with a scanning rate of 10 �C/min corresponds to the 
angular frequency of 10� 2 Hz [24]. The high and low temperatures 
obtained from the first heating curve are plotted in Fig. 3. They are 
consistent with the α and β relaxations of PDiPF, respectively. DSC de
tects the stepwise change of heat capacity. In most cases, only the α 
relaxation shows a detectable change of heat capacity. However, the 
precise measurement of heat can detect β relaxation as well [44–46]. 
Both α and β relaxations of PDiPF follow the VFT equation. Heat capacity 
may change at two temperatures corresponding to these two relaxations. 
The first heating reflects the sample history [47], including the purifi
cation process and the annealing conditions. Following the first cooling 
with 10 �C/min, the second heating only shows a clear step corre
sponding to the β relaxation. A better packing after the initial heating 
may be the reason why the heat capacity change at the α process is 
hidden upon second heating. These results indicate that the sample is 
sensitive to thermal history. We measured DSC in the temperature range 
from 2 �C/min to 50 �C/min, but no significant change was observed. A 
faster temperature change is required to affect the thermal properties of 
PDiPF. 

The β relaxation of PDiPF followed the VFT equation and showed a 
step in the DSC measurement. The β relaxation of PDiPF looks like to 
behave as the glass transition at first glance, but it is of completely 
different nature in truth. This strong β relaxation is the unique feature of 
PDiPF. Although it is quite rare, there are some reports which detect β 
relaxation using calorimetry [44,45]. For example, the β relaxation of 
o-terphenyl [45], isopropylbenzene [48], and propylene carbonate [46] 

have been reported by a precise heat capacity measurement using 
adiabatic calorimeters. However, the β relaxation followed the Arrhe
nius equation rather than the VFT equation in the latter cases, unlike the 
case of PDiPF. Another example of double glass transition is from 
polymer blends. When two polymers are immiscible, they show 
distinctly different two Tgs [49,50], which originate from two different 
polymers. It is noted that double Tgs were also observed for homopol
ymers under confinement [49,51,52]. Because the confined environ
ment enhances heterogeneity, two layers with distinctly different Tgs 
appeared. Presumably, these two layers were near the wall and around 
the center [51]. The authors also reported the effect of the heating speed 
and the annealing time on the double Tgs. While two distinct Tgs were 
observed with a slow heating, only a single relaxation was observed with 
a fast heating [51]. This type of double glass transition phenomenon 
may have some similarity with the dynamics of PDiPF. In the case of 
PDiPF, the rotational hindrance may enlarge the length scale of the CRR 
corresponding to the β relaxation. As a result, the β relaxation starts to 
behave like another glass transition. Same as the confined polymers, the 
intensity of the two Tgs depends on the sample history and the heating 
speed. It is emphasized that PDiPF intrinsically has the two VFT 
dependent relaxations in the homopolymer without any confining 
media. 

Wide angle X-ray scattering of PDiPF and PMMA were displayed in 
Fig. 5. Both PDiPF and PMMA are amorphous polymers. At present, the 
structural origin of the vitrification phenomena is still unclear [24]. 
Nevertheless, the WAXS data provides information about the correlation 
length [53,54]. Despite the fact that the structure is amorphous, there is 
a sharp and a narrow peak from PDiPF at q ¼ 5:94 ​ nm� 1(Fig. 5 (a)). 
This is emphasized by comparing the scattering patterns from PMMA 
shown in Fig. 5 (b). The peak position corresponds to a distance of 1.06 
nm. This value is comparable to the cross-sectional diameter of the 
PDiPF chain. Due to the rotational hindrance, the structure of PDiPF is 
rigid [55]. This rigidity could be the origin of the preferred chain 
packing of the PDiPF. A similar low q peak is observed when an organic 
glass is a vapor deposited in an anisotropic structure [56]. Fig. 6 (a) 
depicts the temperature dependence of the WAXS peaks of the PDiPF, 
focusing on the low q peak. The change of the intensity and the q are 
plotted in Fig. 6 (b). As temperature rises, the intensity becomes higher, 
and the q value is decreased. While the change of q range on heating is 
due to the thermal expansion, the change of the intensity reflects the 
rearrangement of the molecules. The increase of the intensity starts at 
around 60 �C, which is around the β relaxation temperature. At this 
temperature, the segmental motion (α relaxation process) is still frozen. 
Because of the unusually strong β relaxation process, the local motion 
promotes the rearrangement into a thermodynamically more stable 
state. In the same plot in Fig. 6 (b), the results on cooling are also 
plotted. While the q values at the peak maximum are almost the same on 
heating and cooling, the intensity stays much higher on cooling. In 

Fig. 5. Wide angle X-ray scattering of (a) PDiPF and (b) PMMA measured at 25 �C. PDiPF shows a sharp amorphous hallo in the low q range.  
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addition, the X-ray profiles at 0 �C before and after the annealing is 
shown in Fig. 6 (c). After annealing the maximum intensity becomes 
higher and the peak width becomes narrower. This indicates that the 
structures before annealing and after annealing are different, in that the 
structure of the latter is more homogeneous in a thermodynamically 
more stable state. This irreversible change of the state upon first 

annealing is consistent with the DSC results. Upon first heating, the 
broad distribution of the thermodynamic state shows clear heat capacity 
changes at both β relaxation and α relaxation temperatures. After the 
first heating, the polymers chains become more thermodynamically 
stable. Consequently, they mainly respond at the β relaxation on DSC 
measurement. 

4. Conclusion 

The molecular dynamics and the structure of PDiPF in the solid state 
were investigated in this study. The absence of a methylene spacer 
fundamentally affects the characteristics of the β relaxation of PDiPF. 
The β relaxation of PDiPF looks like to have some similarity with glass 
transition for common vinyl polymers including PMMA and other poly 
(meth)acrylates. The β relaxation time of PDiPF followed the VFT 
equation rather than the Arrhenius equation. The DSC measurement 
showed a step from the heat flow curve corresponding to the β relaxation 
temperature. On the other hand, there are some differences between the 
β relaxation of PDiPF and conventional glass transition behavior. The 
DMA, DS, and DSC data indicated that there exists another relaxation at 
a higher temperature. Unlike the glass transition behavior, the packing 
structure of the PDiPF chains is more thermodynamically organized 
during annealing at a temperature above the β relaxation. These unique 
features presumably originate from the exceptionally large character
istic length of the β relaxation due to the absence of a methylene spacer 
in addition to the intrinsic rigid chain characteristics of PDiPF. 
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