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A B S T R A C T   

Dynamical behavior and glass transitions in copolymers of diisopropyl fumarate (DiPF) with 1-adamantyl 
acrylate (AdA) or n-butyl acrylate (nBA) are investigated by dielectric relaxation spectroscopy (DRS) to eluci
date the effect of structural constraint due to the absence of a CH2 spacer on the dynamics. DRS measurements 
revealed that the two copolymers exhibit three dynamical processes: α-, β-, and γ-processes. The relaxation time 
of the β-process can be described by the Vogel-Fulcher-Tammann (VFT) law in addition to the α-process. Hence, 
two glass transition temperatures, Tg, can be evaluated from α- and β-processes. The AdA and nBA fraction 
dependence of Tgs is consistent with that obtained by dynamical mechanical analysis. The Vogel temperature of 
the α-process is nearly equal to that of the β-process for the PDiPF homopolymer. With the increase in the AdA 
fraction, the difference in the Vogel temperature between the α- and β-processes increases. This result suggested 
that there is an intrinsic correlation between the α- and β-processes for PDiPF, and the correlation changes with 
the AdA fraction. From the nBA fraction dependence of the β-process, the β-process of PDiPF can be related to the 
segmental motion of the main chain. Nevertheless, PDiPF exhibits a solid-like property up to the Tg, which is 
related to the α-process. The physical origins of other processes also were discussed.   

1. Introduction 

Polymeric materials exhibit characteristic dynamical properties 
depending on the spatial and temporal scales, that is, hierarchical 
structure of the dynamics [1,2]. There are several dynamical processes 
that are related to specific structural details, e.g., α-, β-, and γ-processes. 
Glass transition is one of the most important dynamical phenomena in 
amorphous materials, where the isotropic liquid state changes into the 
glassy state without crystalline order [3,4]. The slowing down of the 
α-process is regarded as the physical origin of the glass transition, and 
the characteristic time of the α-process increases anomalously on 
approaching the glass transition temperature, Tg, which is described by 
the Vogel-Fulcher-Tammann (VFT) law [5–8]. In polymeric systems, 
segmental motion is the microscopic origin of the α-process. In addition 
to the α-process, the β-process is typically observed in amorphous ma
terials, which is located at regions where the frequency is higher than 
that at regions for the α-process at a given temperature. Depending on 
polymeric systems, side-chain motion [1], local-mode relaxation [9,10], 
and Johari-Goldstein process [11–14] are possible candidates for the 
origin of the β-process. 

Locations of dynamical processes for polymeric material are plotted 
in a dispersion map, that is, a plot of frequency vs. the inverse of tem
perature. If two dynamical processes are located on different places in 
the dispersion map, they might be regarded as independent dynamical 
processes in some cases. Nevertheless, several studies on possible cor
relations between different processes, for example, the α- and β-pro
cesses of poly(alkyl methacrylate) have been reported [15,16]. The 
mechanism elucidation of such correlations between the α- and β-pro
cesses is expected to be crucial to understand the nature of the glass 
transition in amorphous materials. 

Dynamical properties of polymeric systems are expected to be 
controlled by the structure or architecture of polymer chains and by the 
imposed geometrical constraint [17,18]. Owing to their industrial 
importance, the dynamics of polyacrylates, belonging to poly(mono
substituted ethylene) with a general formula of (-CH2CHR-)n, have been 
investigated widely by many experimental techniques [19–23]. On the 
other hand, dynamical properties of poly(1,2-disubstituted ethylene) 
with a general formula of (-CHR-CHR-)n, including poly(dialkyl fuma
rate), have not been investigated completely yet, because this polymer 
has been synthesized efficiently only by the radical polymerization of 

* Corresponding author. 
E-mail address: kfukao@se.ritsumei.ac.jp (K. Fukao).  

Contents lists available at ScienceDirect 

Polymer 

journal homepage: www.elsevier.com/locate/polymer 

https://doi.org/10.1016/j.polymer.2022.124671 
Received 10 November 2021; Received in revised form 16 February 2022; Accepted 18 February 2022   

mailto:kfukao@se.ritsumei.ac.jp
www.sciencedirect.com/science/journal/00323861
https://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2022.124671
https://doi.org/10.1016/j.polymer.2022.124671
https://doi.org/10.1016/j.polymer.2022.124671
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2022.124671&domain=pdf


Polymer 245 (2022) 124671

2

some dialkyl fumarate [24–27]. The key structural property of this 
polymer is the absence of methylene spacer (-CH2-) in the backbone 
chain (See Fig. 1). Owing to this structural constraint, poly(1, 
2-disubstituted ethylene) is expected to form a rigid chain structure 
with large potential energy barrier against the rotation around the 
backbone chain [28,29] and to induce a dynamical anomaly compared 
with the dynamics of vinyl polymers. 

In our previous studies, dynamics and structure of poly(diisopropyl 
fumarate) (PDiPF), which is a typical example of poly(1,2-disubstituted 
ethylene), and its copolymers with acrylate segments have been inves
tigated by various experimental techniques [30,31]. For PDiPF, various 
dynamical processes, i.e., the α-, β-, and γ-processes, have been reported 
to be observed by dynamical mechanical measurements [32]. Our pre
liminary dielectric relaxation spectroscopy (DRS) measurement 
revealed that the temperature dependence of the relaxation time of the 
β-process can be described by the VFT law in the same way as that 
observed for the α-process [31]. This “unusual” property of the β-process 
might originate from the steric constraint induced by the absence of a 
methylene spacer. Moreover, a strong correlation between the α- and 
β-processes is expected, because both processes are described by the VFT 
law. Details of the correlation should be clarified to investigate the 
origin of the hierarchical structure of the dynamics of polymeric sys
tems. Furthermore, the relation between the γ-process and other pro
cesses still needs to be clarified. 

It should be noted here that in the literatures on PDiPF, the three 
dynamical processes are called α-, β-, and γ-processes in order from high 
temperature to low temperature. Hence, the same notation is used also 
in this paper to avoid possible confusion. The physical origin of the 
processes will be discussed later. 

In this study, a series of random copolymers of diisopropyl fumarate 
(DiPF) and 1-adamantyl acrylate (AdA) or n-butyl acrylate (nBA) with 
various fractions are prepared. Here, PDiPF is classified as poly(1,2- 
disubstituted ethylene), and PAdA and PnBA are classified as poly 
(monosubstituted ethylene). Dynamical properties are investigated by 
DRS, in addition to structural investigation by X-ray scattering, to 
elucidate changes in the dynamics and structure of PDiPF with the in
crease in the fraction of acrylate segments. This study is expected to 
clarify how a steric constraint induced by the absence of a methylene 
spacer affects the dynamical behavior of polymers. 

Sec. 2 provides experimental details, such as sample preparation, X- 
ray scattering and DRS measurements. Sec. 3 shows the experimental 
results obtained from X-ray scattering and DRS, as well as discussions on 
dynamical properties of the three processes using the VFT law, glass 
transition temperature, Vogel temperature, and the fragility index. 
Finally, possible origins for these processes are discussed. 

2. Experimentals 

2.1. Sample preparations 

DiPF (Fujifilm Wako Pure Chemical Corporation, Tokyo, Japan) and 
nBA (Tokyo Chemical Industry Corporation, Ltd, Tokyo, Japan) were 
distilled under reduced pressure prior to use. AdA was provided from 
Osaka Organic Chemical Industry Ltd, Osaka, Japan and was purified by 
recrystallization in n-hexane before use. The procedures of the synthesis 
of random copolymers of DiPF and AdA and characteristics of the syn
thesized polymers are provided in Ref. [30]. Table 1 summarizes the 
molecular weights and molecular-weight distributions of the co
polymers used herein. Fig. 1 shows the chemical structures of PDiPF, 
PAdA, and PnBA. The copolymers used in this study are random 
copolymers. 

2.2. X-ray scattering measurements 

X-ray scattering measurements were performed at BL40B2 of SPring- 
8 to investigate the structural order in copolymers P(DiPF/AdA) and P 
(DiPF/nBA). Simultaneous measurements of small-angle X-ray scat
tering (SAXS) and wide-angle X-ray scattering (WAXS) were performed, 
with the camera lengths of 2301 mm and 98.0 mm, respectively, and the 
X-ray wavelength was 0.09 nm. A Pilatus3S 2 M detector system was 
used for SAXS, while a flat panel was used for WAXS. Two-dimensional 
intensity data were converted into one-dimensional intensity as a 
function of the modulus of the scattering vector q after circular 
averaging. 

2.3. Dielectric relaxation spectroscopy 

For DRS measurements, thin films of copolymers P(DiPF/AdA) and P 
(DiPF/nBA) were prepared by solution casting from a toluene solution of 
the copolmyers on a brass disk electrode with a diameter of 30 mm. The 
upper electrode with a diameter of 20 mm was placed on casted polymer 
films. Between the two electrodes, a 12.5-μm thick Kapton film with a 

Fig. 1. Chemical structure of (a) poly(diisopropyl fumarate) (PDiPF) as an 
example of poly(1,2-disubstituted ethylene) and (b) poly(1-adamantyl acrylate) 
(PAdA) and poly(n-butyl acrylate) (PnBA), which are acrylate polymers, as 
examples of poly(monosubstituted ethylene). 

Table 1 
Fraction, molecular weight Mw, dispersity Mw/Mn, TDSC, and activation energy 
of the γ-process U of homopolymer PDiPF and PAdA, and copolymers P(DiPF/ 
AdA) and P(DiPF/nBA) used in this study. The values of TDSC for P(DiPF/AdA) 
were measured during heating process (left) and cooling process (right) at the 
rate of 10 K/min by DSC, while those for P(DiPF/nBA) were measured during 
heating process at the same rate [30].  

Acrylate DiPF/ 
Acrylate 

Mw/ 
104 

Mw/ 
Mn 

TDSC 

(K) 
U(kJ/mol) Abrev. 

(mol/mol) γ-process 

AdA 100/0 12 1.5 343, 
338 

1.55 ±
0.03 

PDiPF  

65/35 32 2.3 381, 
372 

1.41 ±
0.03 

AdA35  

46/54 30 3.1 393, 
384 

1.27 ±
0.03 

AdA54  

35/65 24 4.8 395, 
383 

1.10 ±
0.03 

AdA65  

0/100 25 1.5 423, 
410 

0.93 ±
0.01 

PAdA 

nBA 100/0 12 1.5 343 1.55 ±
0.03 

PDiPF  

89/11 11 1.7 339 1.68 ±
0.05 

nBA11  

78/22 7.6 1.8 331 1.75 ±
0.05 

nBA22  

64/36 7.6 2.1 273 2.18 ±
0.11 

nBA36  

35/65 11 2.7 256 1.72 ±
0.01 

nBA65  

19/81 18 4.5 220 – nBA81  
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small area was inserted as a spacer. An impedance analyzer, Alpha-A 
high-performance frequency analyzer, was used together with a cool
ing unit, a Quatro cryosystem, from Novocontrol Technologies GmbH & 
Co. KG (Montabaur, Germany) [33]. A liquid parallel-plate sample cell 
(Novocontrol, BDS1308) was used only for measurements of P 
(DiPF/nBA) with an nBA fraction of greater than 65%, because co
polymers with this fraction of nBA are liquid at room temperature. 
Dielectric measurements were performed in the frequency range f from 
40 mHz to 1 MHz and at a temperature range T from 493 K to 173 K. 
After correcting for the thickness and area of the electrode, complex 
dielectric permittivity ϵ* was obtained as a function of the angular fre
quency ω(≡ 2πf) and the temperature T. Here, complex dielectric 
permittivity is expressed as follows: 

ϵ∗(ω) = ϵ′

(ω) − iϵ′′(ω), (1)  

where ϵ′ and ϵ′′ are the real and imaginary parts of complex dielectric 
permittivity, respectively. 

3. Results and discussions 

3.1. X-ray scattering 

Simultaneous WAXS and SAXS measurements were performed for P 
(DiPF/AdA) and P(DiPF/AdA) with various fractions of AdA or nBA. As 
for SAXS measurements, significant scattering signals related to the 
structure are not observed in the q range from 0.05 nm− 1–2.5 nm− 1. 
Fig. 2 shows the X-ray scattering intensity as a function of the modulus of 
the scattering vector q in the WAXS region for P(DiPF/AdA) and P(DiPF/ 
nBA). Only broad peaks are observed in WAXS region. Hence, there is no 
crystalline order in copolymer systems based on the results obtained 
from WAXS and SAXS measurements. 

For PDiPF, two peaks are observed at 5.94 nm− 1 and 13.4 nm− 1, 
which correspond to 1.06 nm and 0.47 nm in the real space, respectively 
(Please check purple curves). A length of 1.06 nm is comparable to the 
average cross-sectional diameter of the PDiPF chain [31]. The peak at 
13.4 nm− 1 corresponds to the second-ordered peak of the peak at 5.94 
nm− 1 with broader peak width. Owing to the high rotational hindrance 
around the main chain, the PDiPF chain could be rigid; as a result, PDiPF 
chains exhibit better packing with a short-range order, and its longer 
coherence length is greater than that of acrylate polymers. 

For PAdA (AdA = 100%), one broad peak is observed at 11.2 nm− 1, 
corresponding to 0.56 nm (See red curve in Fig. 2(a)). In addition, this 
length is comparable to the averaged diameter of the PAdA chain. The 
width of the peak at 11.2 nm− 1 of PAdA is broader than that of the first 

peak of PDiPF, suggesting that the chain packing in PDiPF is better than 
that in PAdA. With the increase in the AdA fraction, the scattering 
profile of P(DiPF/AdA) copolymers continuously changes from that of 
PDiPF to that of PAdA. With the increase in the AdA fraction, the peak 
intensity at 5.9 nm− 1 decreases, while that at 12–13 nm− 1 increases. At 
the same time, the position of the second peak shifts continuously from 
13.4 nm− 1–11.2 nm− 1. This result clearly suggested that the chain 
packing changes continuously with the increase in the AdA fraction. 

For P(DiPF/nBA) copolymers with an nBA fraction up to 81%, two 
peaks are observed at 5.9 nm− 1 and 13 nm− 1, respectively. PnBA ho
mopolymers exhibit two peaks in the WAXS pattern, where the intensity 
of the first peak is considerably less than that of the second peak [34]. 
The second peak position corresponds to the averaged diameter of the 
PnBA chain. The packing of the PnBA chains fits extremely well with 
that of the PDiPF chains such that the positions of the two peaks in the 
WAXS pattern do not change even with the change in the nBA fraction, 
although the intensity ratio of the two peaks changes. Hence, the local 
packing structure in P(DiPF/nBA) does not change considerably with the 
nBA fraction. 

3.2. Dielectric relaxation spectroscopy 

Dielectric relaxation spectroscopy measurements were performed for 
P(DiPF/AdA) and P(DiPF/nBA) copolymers with various fractions of 
AdA or nBA to obtain the frequency and temperature dependence of 
complex dielectric permittivity. First, Figs. 3 and 4 show the results 
obtained for P(DiPF/AdA). Figs. S1 and S2 in the Supplemental Material 
show similar results for P(DiPF/nBA). 

Fig. 3 shows the frequency dependence of the imaginary part of 
complex dielectric permittivity ϵ′′ at various temperatures for P(DiPF/ 
AdA) copolymers with three AdA fractions of 0%, 54%, and 100%, 
respectively. Fig. 3 shows the three processes: α-, β-, and γ-processes. 
Here, we assume that each dynamical process can be described by the 
Haviriliak-Negami (HN) empirical equation [35], and also, there is 
contribution from DC conductivity [36]. Complex dielectric permittivity 
can be expressed by the following equation: 

ϵ∗(ω) = ϵ∞ + i
σ0

ϵ0ω +
∑

i=α,β,γ

Δϵi

(1 + (iωτi)
αi )

βi
, (2)  

where ϵ∞ is the dielectric permittivity at an extremely high frequency, 
ϵ0 is the dielectric permittivity in vacuo, and σ0 is the DC conductivity. 
Δϵi, τi, αi, and βi correspond to the dielectric strength, relaxation time, 
shape parameter for peak width, and shape parameter for peak asym
metry of the i-process, respectively. Here, i = α, β, and γ. 

Fig. 2. The dependence of the X-ray scattering intensity in the WAXS region for (a) DiPF/AdA copolymers with various fractions of AdA and (b) DiPF/nBA co
polymers with various fractions of nBA. The curves are obtained after circular averaging the 2-D intensity data. 
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Using Eq. (2), the observed frequency dependence of ϵ′′ at a given 
temperature can well be fitted (Fig. 4). The calculated curves for 
different processes are described with different colors, and the calcu
lated curve for overall values of ϵ′′ is indicated by the red curve. From 
the fitting parameters τi, αi, and βi, the peak frequency for the i-process 
fmax,i can be evaluated as follows [36,38]: 

fmax ,i =
1

2πτi

⎛

⎜
⎜
⎝

sin π
2

αi
βi+1

sin π
2

αiβi
βi+1

⎞

⎟
⎟
⎠

1
αi

. (3)  

Here, fmax can be regarded as the relaxation rate of dynamical processes. 
If βi = 1, the relaxation time of the i-process τi and relaxation fmax satisfy 
the following relation: 

τi =
1

2πfmax ,i
, (4) 

Fig. 3. Dielectric loss spectra at a fixed temperature for DiPF/AdA copolymers 
with different fractions of AdA contents of 0%, 54%, and 100%, respectively. α-, 
β-, and γ-processes could be observed depending on the temperature. From the 
right curve to the left curve, the temperature changes by a step of 10 K (a) from 
473 K (red) to 173 K (blue), (b) from 483 K (red) to 153 K (blue), and (c) from 
483 K (red) to 153 K (blue). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Dielectric loss spectra at 453 K for DiPF/AdA copolymers including 
various contributions from the α- (purple), β- (green), and γ-processes(light 
blue), in addition to DC conductivity. Fitting curves are evaluated by Eq. (2). 
AdA fractions are (a) 0%, (b) 54%, and (c) 100%. (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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where i = α, β, and γ, and τi is the parameter evaluated using the HN 
equation. 

By collating the fitting parameters for various fractions of acrylate 
segments, the dispersion map for polymer dynamics can be produced as 
shown in Fig. 5. Here, the logarithm of the relaxation rate fmax of the α-, 
β-, and γ-processes is expressed as a function of the inverse of the ab
solute temperature 1/T for copolymers (a) P(DiPF/AdA) with an AdA 
fraction in the range from 0% to 100%, and (b) P(DiPF/nBA) with an 
nBA fraction in the range from 0% to 81%. In this dispersion map, three 
dynamical processes are separately located, and their locations consid
erably change with the acrylate fractions. Notably, data for PnBA (nBA 
fraction = 100%) are added in Fig. 5(b) from Ref. [37]. Dynamical 
properties of the three processes are discussed in the following sections 
using the relaxation rate in Fig. 5. 

3.3. α- and β-processes 

Here, dynamical properties of the α- and β-processes will be dis
cussed. Fig. 6 shows the relaxation rate of the α- and β-processes as a 
function of 1/T for P(DiPF/AdA) with five AdA fractions, which are 
extracted from Fig. 5(a). The curves in Fig. 6 are obtained from the data 
fitting using the VFT equation [5–8]: 

fmax, ​ i(T) = f0,iexp
(

−
Ui

T − T0,i

)

, (5)  

where i = α or β and f0.i, Ui are positive constants, and T0,i is the Vogel 
temperature at which the relaxation time of the i-process diverges. 

As shown by fitting curves using Eq. (5), the temperature dependence of 

the relaxation times of not only the α-process but also the β-process can well 
be reproduced by the VFT law, suggesting that the relaxation times of both 
processes can be diverged at finite temperatures, that is, the Vogel 
temperature T0,α or T0,β, during the cooling process. 

Furthermore, two glass transition temperatures Tg,α and Tg,β can be 
well defined from the temperature dependence of the relaxation times of 
the α- and β-processes as follows. From the data fitting of the relaxation 
rate of the α- and β-processes via Eq. (5), the three parameters, f0,i, Ui, 
and T0,i can be obtained for each process. Using these parameters, the 
glass transition temperature Tg,α(Tg,β) can be evaluated as the temper
ature at which the relaxation time of the α-process, τα (β-process, τβ) 
reaches a macroscopic time scale, τg, for example, τg = 102 s: τα(Tg,α) =
τβ(Tg,β) = 102 s. 

For P(DiPF/nBA), the same data fitting was performed for the α- and 
β-processes, and the relaxation rates of both processes can be repro
duced well by the VFT law in a manner similar to that observed for P 
(DiPF/AdA). Please check Fig. S3 in the Supplemental Material. 

Fig. 5. Dispersion map of three relaxation processes observed for (a) P(DiPF/ 
AdA) with various fractions of AdA and (b) P(DiPF/nBA) with various fractions 
of nBA using dielectric relaxation spectroscopy. The red, purple, and green 
symbols show the relaxation rate fmax of the α-, β-, and γ-processes as a function 
of the inverse of absolute temperature, respectively. The data for PnBA in 
Ref. [37] are added in this dispersion map (b) as a reference of nBA = 100% 
(See open down triangles). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Relaxation rate of the α- and β-processes as a function of the inverse of 
temperature for DiPF/AdA copolymers with various AdA fractions. The curves 
are obtained using Eq. (5). 

Fig. 7. AdA or nBA fraction dependence of the glass transition temperature Tg,α 
and Tg,β evaluated from the temperature dependence of the relaxation rate of 
the α- and β-processes for P(DiPF/AdA) and P(DiPF/nBA). Here, Tg is defined as 
the temperature at which the relaxation time τα(τβ) is equal to 102 s. The 
temperatures TDSC at which thermal anomaly is observed by DSC measurements 
are also plotted; □ and ◦ stand for the TDSC measured for the heating and 
cooling processes for P(DiPF/AdA), respectively, and △ stands for the TDSC for 
the heating process for P(DiPF/nBA). 
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3.3.1. Glass transition temperature and Vogel temperature 
Fig. 7 shows the AdA or nBA fraction dependence of the glass tran

sition temperatures evaluated from the relaxation times of the α- and 
β-processes. The Tg,α and Tg,β are 379 K and 338 K for PDiPF, respec
tively (Fig. 7). With the increase in the AdA fraction up to 36%, the Tg,α 
first decreases and then increases for P(DiPF/AdA) copolymers (See the 
red triangle ). However, with the increase in the AdA fraction, the Tg,β 
increases monotonically (please check the orange down triangle ). 
Furthermore, for PDiPF, Tg,α and Tg,β can be observed separately, while 
for the AdA fraction greater than 36%, Tg,α merges with Tg,β; as a result, 
only one Tg is observed at higher AdA fractions. In our previous study 
[31], two thermal anomalies are observed for PDiPF at 79 ◦C and 137 ◦C, 
respectively, during the first heating process at a rate of 10 K/min from 
differential scanning calorimetry (DSC) measurements. Furthermore, 
DMA measurements [30] revealed the presence of two mechanical 
anomalies at Tβ = 80 ◦C and Tα = 220 ◦C for PDiPF, where the frequency 
of the applied sinusoidal strain is 2 Hz. With the increase in the AdA 
fraction, Tα and Tβ approach each other. The AdA fraction dependence of 
Tg,α and Tg,β in Fig. 7 is consistent with that observed by DSC and DMA. 

For P(DiPF/nBA), with the increase in the nBA fraction, Tg,α and Tg,β 
decrease (See purple squares and green circles ). For P(DiPF/nBA) 
with nBA fraction of 11%, 65%, and 81%, the α-process is not observed 
because the dielectric strength of the α-process is weak, and the α-pro
cess is overlapped with a large contribution from DC conductivity. With 
higher nBA fractions, only one relaxation process is observed, except for 
the γ-process. 

As for DSC measurements, additional results should be added to 
discuss the origin of the α- and β-processes. During the second (third) 
heating process on PDiPF, thermal anomaly around 68 ◦C is observed, 
while the thermal anomaly around 137 ◦C becomes too weak to be 
observed. The temperature TDSC at which the thermal anomaly could be 
observed during the second (third) heating and cooling processes are 
measured as a function of AdA or nBA fractions. The values of TDSC are 
listed in Table 1 and plotted as gray symbols in Fig. 7. 

Next, the Vogel temperatures T0, at which the relaxation times of the 
α- or β-process increase anomalously, are plotted as a function of frac
tions of acrylate segments (Fig. 8). For PDiPF, the Vogel temperature 
evaluated from the α-process, T0,α, is almost the same as that from the 
β-process, T0,β. This coincidence in the Vogel temperature between the α- and 
β-processes suggested that the physical origin of the α-process is the same as 
that of the β-process for the PDiPF homopolymer. With the increase in the 
AdA fraction, the Vogel temperature T0,α decreases, while T0,β increases. 
For PAdA (AdA = 100%), T0,α is apparently so low that T0,α can be 

regarded as nearly zero, although there are large statistical errors. This 
result possibly suggested that the relaxation times of the α-process for 
PAdA can be described by the Arrhenius law, not by the VFT law. For P 
(DiPF/nBA), with the increase in the nBA fraction, the Vogel tempera
ture T0,β decreases. The final value of T0,β is greater than that observed 
for PAdA. 

Here, Tg exhibits AdA or nBA fraction dependence different from that 
of T0, although Tg and T0 are parameters that characterize the glass 
transition behavior. Because T0 is strongly associated with fragility, this 
is the case where the fragility index exhibits different dependence on the 
AdA or nBA fraction. 

In our previous study [31], dynamics of the β-process and the 
packing structure for PDiPF have been reported to exhibit an anomalous 
behavior in comparison with those observed for typical acrylate poly
mers as follows: 1) The relaxation times of the β-process of PDiPF obey 
the VFT law, 2) a clear step is observed at Tg,β in the DSC curve, and 3) 
the microscopic packing of the polymer chains is enhanced in the solid 
state. Furthermore, the current DRS measurement revealed that the 
coincidence of the Vogel temperature between the α- and β-processes is 
observed, which should be correlated with anomalous behavior 
observed by DRS, DMA, and DSC in a previous study. 

Notably, the PAdA homopolymer also exhibits unusual dynamics 
because the dynamics of the α-process might be approximately 
described by the Arrhenius law, while the β-process can well be 
described by the VFT law. P(DiPF/AdA) is a copolymer of the two 
“unusual” polymers, PDiPF and PAdA. 

3.3.2. Angell plot and fragility 
Glassy dynamics in amorphous materials are often discussed on the 

basis of a scaling plot such as the Angell plot [39–41]. In the plot, the 
temperature dependence of the relaxation times of the α-process (in our 
study, the β-process as well) can be scaled with respect to the values at 
Tg,i where τi = τg and i = α, β. 

Fig. 9 shows the Angell plot for the α- and β-processes of P(DiPF/ 
AdA) copolymers, where the values of log10[τα/τg] and log10[τβ/τg] are 
plotted as a function of Tg,α/T and Tg,β/T, respectively, under the con
dition that τg = 102 s. The scaled relaxation times of the α-process for 
five AdA fractions are located in a narrow region, while those of the 
β-process are located in a wider region, and the dependence of τβ(T) on 

Fig. 8. AdA or nBA fraction dependence of the Vogel temperature T0 evaluated 
from the temperature dependence of the relaxation rate of the α- and β-pro
cesses for P(DiPF/AdA) and P(DiPF/nBA). Here, the Vogel temperatures T0,α 
and T0,β are defined in Eq. (5). 

Fig. 9. Angell plots of the relaxation time of the α- and β-processes for DiPF/ 
AdA copolymers with various fractions of AdA. The glass transition temperature 
Tg is defined as the temperature at which the relaxation time of the α-process or 
β-process is equal to 102 s (≡ τg). 

K. Miyata et al.                                                                                                                                                                                                                                 



Polymer 245 (2022) 124671

7

the AdA fraction is considerably stronger than that of the α-process 
(Fig. 9). 

The deviation of the β-process from the Arrhenius law, that is, the 
straight line in this plot, seems to be considerably greater than that of the 
α-process (Fig. 9). The degree of deviation is apparently dependent on 
the AdA fraction for P(DiPF/AdA) copolymers. Fig. S4 in the Supple
mental Material shows the Angell plots of the α- and β-processes for P 
(DiPF/nBA). 

The fragility index can be used to quantify the deviation of the dy
namics from the Arrhenius law for glassy systems. In our case, the 
fragility index m can be evaluated from the fitting parameters of Eq. (5) 
in addition to Tg,α or Tg,β, using the following equation [42]: 

m =

[
dlog10τi(T)
d(Tg,i

/
T)

]

T=Tg,i

. (6)  

The fragility index is equal to the slope at Tg of the scaled curve in the 
Angell plot, and it can be used to classify the glassy dynamics based on 
the observed temperature dependence of the relaxation times of the 
dynamical processes. 

Fig. 10 shows the AdA or nBA fraction dependence of the fragility 
index evaluated from the α- and β-processes for P(DiPF/AdA) and P 
(DiPF/nBA). For PDiPF, the fragility indices of the α- and β-processes are 
20 and 53, respectively. With the increase in the AdA fraction from 0 to 
100%, the fragility index of the α-process remains almost constant 
regardless of the AdA fractions, while that of the β-process increases 
with AdA fraction to reach 112 for PAdA. This result suggested that the 
glassy dynamics related to the β-process change to more fragile with the 
increase in the AdA fractions. For P(DiPF/nBA), the fragility index of the 
β-process exhibits a similar dependence on the nBA fraction. 

3.3.3. Merging of the α- and β-processes and the origin of the β-process 
Here, we would like to discuss the dynamics of the α- and β-processes 

for P(DiPF/AdA) and P(DiPF/nBA) copolymers in more detail. First, for 
PDiPF, the following results are obtained: 1) The relaxation times of the 
α- and β-processes obey the VFT law, and 2) The Vogel temperature for 
the α-process is nearly equal to that of the β-process. This result indicates 
that there is a strong correlation between the α- and β-processes for 
PDiPF. Even after the addition of an acrylate segment of AdA, α- and 
β-processes exist, and the two processes are apparently correlated. 
Fig. 11 shows the temperature dependence of the normalized relaxation 
strengths of the α- and β-processes for P(DiPF/AdA) with various AdA 
fractions. The relaxation strength of the α-process increases with the 
increase in the temperature, while that of the β-process decreases, 

suggesting that the α- and β-processes can compensate each other. 
In Fig. 6, the α-process is separated from the β-process at high tem

perature, and with the decrease in the temperature to the glass transition 
temperature, the two processes approach each other. In typical amor
phous materials including polymeric systems, two dynamical modes, the 
α- and β-processes at low temperatures near Tg exist, respectively, while 
the β-process merges with the α-process at high temperatures [43,44]. 
Hence, the merging of the α- and β-processes in the current system may 
have properties different from ordinary ones. 

For PnBA, only one relaxation process exists in addition to the 
γ-process [37]. The process is assigned to the “α-process”, where the 
segmental motion of the main chains is coupled with the rotation of the 
side group (the “β-process”). In Fig. 5(b), the “α-process” and γ-process 
for PnBA are plotted as the purple down triangle and the green down 
triangle , respectively. 

For P(DiPF/nBA), the β-process is observed in addition to the 
γ-process for all nBA fractions, and the α-process also is observed for nBA 
fractions less than or equal to 36% (Fig. 5(b) and Fig. S3 in the Sup
plemental Material). The curve for the “α-process” of PnBA smoothly 
changes to that for the β-process of P(DiPF/nBA) with the decrease in the 
nBA fraction and finally reaches that of the β-process of PDiPF. 

Furthermore, DSC measurements show that thermal anomaly can be 
observed at the temperaure TDSC. The dependences of the TDSC on AdA or 
nBA fraction are shown in Table 1 and Fig. 7. Although there are some 
differences depending on whether the measurement is performed during 
the heating or cooling process, the dependence of the temperaure TDSC 
on AdA or nBA fraction seems to be similar to that of Tg,β. 

Therefore, it is reasonable to assume that the β-process for PDiPF 
should be primary dispersion, which is associated with the segmental 
motion of the PDiPF homopolymer, judging from the apparent nBA 
fraction dependence of the dynamical processes measured by DRS and 
the results obtained by DSC. 

3.3.4. Origin of the α-process 
Next, we will discuss the origin of the α-process for PDiPF. As already 

mentioned, the VFT law is also valid for α- and β-processes. If the 
β-process is the primary dispersion related to segmental motion, the 
α-process should be associated with a motion slower than segmental 
motion. There are some possible candidates for the α-process of PDiPF. 
First is the normal-mode motion of polymer chains [45,46]. However, 
PDiPF is not an A-type polymer; hence it is difficult to observe this 
motion by DRS in principle. Furthermore, DMA measurements were 

Fig. 10. AdA or nBA fraction dependence of the fragility index evaluated from 
the relaxation rate of the α- and β-processes for P(DiPF/AdA) and P(DiPF/nBA) 
copolymers using Eq. (6). 

Fig. 11. Dielectric relaxation strength of the α- and β-processes as a function of 
1/T for P(DiPF/AdA) copolymers. The vertical axis is scaled so that at a higher 
temperature Ta, the sum of the dielectric relaxation strengths of the α- and 
β-processes is equal to 1.0. Here, the value of Ta is selected for each 
AdA fraction. 
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performed to investigate the α-process for poly(diethyl fumarate) 
(PDEF) with various molecular weights [47]. The structure of PDEF is 
similar to that of PDiPF except for the number of methyl groups at the 
end of the side group. Hence, similar dynamics can be expected for 
PDiPF and PDEF. With the increase in the molecular weight, the 
α-relaxation temperature observed at 2 Hz for PDEF increases and then 
saturates to a constant value at a molecular weight greater than ~70, 
000. This result suggested that there is a low possibility that the normal 
mode is the origin of the α-process for PDiPF. 

Second is the conformational dynamics except the normal mode, 
where dynamics is not entire motion of polymer chains, but the motion 
extended over several segments with a time scale longer than that of the 
segmental motion. This type of motion has been reported first from NMR 
data [48,49], and DRS measurements also reveal the presence of this 
motion for poly(2-vinyl pyridine), which is referred to as the slower 
process [50]. The relaxation time of the slower process is greater than 
that of the segmental motion at high temperatures, while the difference 
between the two relaxation times becomes less by approaching to Tg 
from the higher-temperature side. The slower process may be more 
suitable candidate for the origin of the α-process, although more 
detailed measurements such as NMR will be considerably required for 
this purpose. 

Here, it should be noted that the α-process is located at high tem
perature and low frequency regions and is overlapped with the contri
bution from the DC conductivity. Because the mechanical measurements 
clearly show the existence of dynamical process of polymer chains at the 
region where the α-process is observed, the physical origin of the 
α-process can be expected to be correlated with a molecular motion of 
polymers. At the same time, a motion of charge carriers which exist 
within polymeric systems as space charges could not necessarily be 
neglected. On the contrary, there might be a possibility of the coupling 
of charge carrier motion with molecular motion of polymers. This pos
sibility has to be taken into account when discussing the physical origin 
of the α-process. To clarify this issue, we plan to perform further 
dielectric measurements on the α-process under controlled DC 
conductivity. 

At the end of this section, a remark on the α- and β-processes of PAdA 
is given as follows. For PAdA, Fig. 6 shows that there must be an inter
section between the α- and β-processes at 1/T ≈ 0.00242K− 1 and f ≈ 0.05 
Hz. If this is correct, at a frequency below the intersection frequency, Tα 
is less than Tβ. Depending on the frequency, the “α-process” can be 
replaced by the “β-process” and vice versa. Such an intersection of the 
two relaxation processes is observed for supercooled ethylcyclohexane 
[51,52]. In that system, the secondary relaxation process is persistent 
even in the liquid state at slow relaxation times. If this scenario is valid 
for PAdA, this might be another possible candidate for the origin of the 
α-process of PDiPF. 

3.4. γ-process 

In this section, the properties of the γ-process are discussed for the 
two copolymers. Fig. 12 shows the temperature dependence of the 
relaxation rates of the γ-process observed for (a) P(DiPF/AdA) and (b) P 
(DiPF/nBA). The relaxation rate of the γ-process for PDiPF cannot be 
fitted by a single straight line for all temperature ranges (Fig. 12(a)). At 
high temperatures, there is a deviation from the straight line drawn in 
the low-temperature region, which might be related to a correlation 
between the γ- and β-processes. However, in the discussion below, the 
deviation at high temperatures is neglected, and the fitting by the 
Arrhenius law was performed for the data points in the lower- 
temperature region. 

With the increase in the AdA fraction, the relaxation rate of the 
γ-process at a given temperature increases continuously for P(DiPF/ 
AdA), as shown in Fig. 12(a). On the other hand, with the increase in the 
AdA fraction, Tg,β increases (Fig. 7), and hence, with the increase in this 
fraction, the mobility of the main chain is considered to decrease. Thus, 

the increase in the relaxation rate of the γ-process may suggest that the 
γ-process is negatively affected by the main chain motion. If the γ-pro
cess exhibits a completely local nature, the copolymers should exhibit 
two γ-processes, originating from DiPF and AdA segments, and the 
relaxation strengths of the two processes should be determined by the 
DiPF and AdA fractions. Nevertheless, the result in Fig. 12(a) is contrary 
to the above expectation. In this case, the motional unit is not a single 
side group, but two or more neighboring side groups correlated via some 
segments of the backbone chain. 

X-ray scattering revealed that the WAXS pattern continuously 
changes with the AdA fraction (Fig. 2(a)), suggesting that the packing 
order in P(DiPF/AdA) continuously changes with the AdA fraction, 
possibly leading to the continuous change in the dynamics of the 
γ-process. Fig. 13 shows the relaxation rate of the γ-process and the peak 
position of the second peak in the WAXS pattern qmax as a function of the 
AdA fraction. The dynamics of the γ-process are clearly correlated with 
the structural change. Even for the local dynamics such as the γ-process, 
there is a correlation between the backbone chain structure and side- 
group motion. 

Fig. 12(b) shows the temperature dependence of the relaxation rate 
of the γ-process for P(DiPF/nBA). Contrary to P(DiPF/AdA), the γ-pro
cess remains at similar positions in the dispersion map with the increase 
in the nBA fraction up to 36%. However, with the further increase in the 
nBA fraction to 65%, the γ-process is shifted to the high-frequency and 
low-temperature side. The γ-process for an nBA fraction of 81% is not 
observed within the present measurement windows, but only the tail of 
the dielectric loss peak of the γ-process is observed. For P(DiPF/nBA), 
the WAXS pattern in Fig. 2(b) revealed that the locations of the two 

Fig. 12. Relaxation rate of the γ-process as a function of the inverse of tem
perature for (a) P(DiPF/AdA) and (b) P(DiPF/nBA) with various fractions of 
acrylate segments. The straight lines are obtained using Eq. (5) with T0 = 0 K. 
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scattering peaks do not change, and only the intensity ratio of the two 
peaks changes with the increase in the nBA fraction. From these results, 
we could speculate on the properties of the γ-process as follows. For P 
(DiPF/nBA), there could be two γ-processes: one originates mainly from 
the DiPF segment, and the other does mainly from the nBA segment. The 
γ-process from the DiPF segment has a distinct character independent of 
the nBA segment. On the other hand, the γ-process from the nBA 
segment has less independence of DiPF segment or other circumstances, 
and hence the location in the dispersion map changes sensitively to the 
change in nBA fraction. Because two γ-processes cannot be observed for 
low nBA fractions in the present measurements, the γ-process originated 
from nBA segment is totally merged with the one from DiPF segment for 
lower nBA fraction, while it separates from the γ-process originated from 
DiPF segment for high nBA fractions where the strength of γ-process 
from DiPF segment is so small that it could not be observed. Probably 
there might be a possibility that two γ-processes could be observed if the 
nBA fraction is chosen appropriately so that the strength of the γ-process 
from DiPF segment can still be large enough and the location of the 
γ-process from nBA segment is well separated enough from that of the 
γ-process from DiPF segment. 

Clearly, the difference between P(DiPF/AdA) and P(DiPF/nBA) 
should originate from the difference in the dynamical character between 
the two acrylate segments. The specific rigidity and high symmetry of 
the adamantyl group [53,54] may induce the cooperativity of the 
side-chain motion among the adamantyl group, the diisopropyl group, 
and backbone chains. 

The activation energies of the γ-process evaluated from the data 
fitting using the Arrhenius law are 0.9 ~1.5 kJ/mol (Table 1). The 
values are consistent with those reported for side-chain motion [55]. A 
possible origin of the γ-process can be the rotation of a part of the side 
group around the C–O bond, where the C is the carbon atom in the side 
group nearest to the backbone chain, if we consider the dielectric 
activeness of the motion. From the above discussion, the part of the side 
group does not rotate independently, but with some correlation with 
some segments of the backbone chain. 

4. Concluding remarks 

In this study, DRS measurements of two copolymers of DiPF with 
AdA and nBA in addition to X-ray scattering experiments are performed 
to elucidate the effect of the induction of a structural constraint by the 

absence of a CH2 spacer in the backbone chain on the dynamics of a 
polymer chain. PDiPF exhibits three dynamical processes: α-, β-, and 
γ-processes. The relaxation times of α- and β-processes can be described 
by the VFT law. From the above discussions, it is reasonable to assign 
segmental motions of the main chains to the origin of the β-process 
observed for PDiPF. Thus, segmental motion should be considered to be 
unfrozen in the temperature range above Tg,β. However, the elastic 
modulus of PDiPF even in the temperature region between Tα and Tβ at a 
frequency is so high that in this temperature region, PDiPF can be 
regarded as solid, not a liquid, and then above Tα, PDiPF finally changes 
to the liquid state with a lower elastic modulus [30]. This behavior is 
quite unusual, which must be related to the structural constraint. 

Some candidates can be responsible for the origin of the α-process, as 
discussed in Sec. 3.3. Here, an additional comment on this point is as 
follows. Locations of the α-process in the dispersion map are in the 
limited region, and the fragility index of the α-process is ~20 regardless 
of the AdA fractions. Hence, apparently, there is a common physical 
origin for the α-process for PDiPF and PAdA. For P(DiPF/AdA), the α- 
and β-processes in the dispersion map seem to change continuously with 
the AdA fraction in Fig. 6. With the increase in the AdA fraction, Tg,β 
increases, and the curve of the relaxation rate of the β-process tends to 
intersect with that of the α-process in the low-frequency and low- 
temperature region. 

As mentioned in Sec. 1, we adopt conventional notation of the 
relaxation processes. However, the present experimental result suggests 
that the β-process is associated with the segmental motion. Hence, it 
might be better to call the β-process as ‘the α-process’, and the α-process 
as ‘the slower process’, respectively, in order to judge the physical origin 
of the process only from the name. At the same time, we noticed that the 
elastic modulus between Tα and Tβ is so high that PDiPF can be regarded 
as solid for this temperature range, although the segmental motion is 
already activated. This suggests that the dynamics of the segmental 
motion in PDiPF is something different from the typical segmental 
motion in many amorphous polymers. 
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