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We investigate the relaxation behavior of thin films of a polyamide random copolymer, PA66/6I, with various
film thicknesses using dielectric relaxation spectroscopy. Two dielectric signals are observed at high temperatures,
the α process and the relaxation process due to electrode polarization (the EP process). The relaxation time of the
EP process has a Vogel-Fulcher-Tammann type of temperature dependence, and the glass transition temperature,
Tg, evaluated from the EP process agrees very well with the Tg determined from the thermal measurements. The
fragility index derived from the EP process increases with decreasing film thickness. The relaxation time and the
dielectric relaxation strength of the EP process are described by a linear function of the film thickness d for large
values of d , which can be regarded as experimental evidence for the validity of attributing the observed signal to
the EP process. Furthermore, there is distinct deviation from this linear law for thicknesses smaller than a critical
value. This deviation observed in thinner films is associated with an increase in the mobility and/or diffusion
constant of the charge carriers responsible for the EP process. The α process is located in a higher-frequency
region than the EP process at high temperatures but merges with the EP process at lower temperatures near the
glass transition region. The thickness dependence of the relaxation time of the α process is different from that1
of the EP process. This suggests that there is decoupling between the segmental motion of the polymers and the
translational motion of the charge carriers in confinement.

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

DOI: 10.1103/PhysRevE.00.002600 PACS number(s): 82.35.−x, 77.22.Ch, 81.05.Lg24

I. INTRODUCTION25

Amorphous materials exhibit glass transition behavior26

when cooled from a high temperature to a low temperature un-27

der appropriate cooling conditions [1]. At the glass transition28

temperature, Tg, the motion of the α process is almost frozen,29

such that the characteristic time of the motion extends to a30

macroscopic time scale. For polymeric systems, the physical31

origin of the α process is attributed to the segmental motion32

of the polymer chains. The freezing of the α process can33

usually be explained by an anomalous increase in the scale34

of the characteristic length of the dynamics when approaching35

the glass transition temperature [2]. Dynamical heterogeneity36

is strongly correlated with this increase in the scale of37

the characteristic length and can be regarded as the most38

important concept in elucidating the mechanism of the glass39

transition [3]. Glass transitions in confined geometry, such40

as thin polymer films and small molecules in nanopores,41

have been widely investigated to determine the scale of the42

characteristic length in the glass transition dynamics [4].43

Recent measurements show that for thin polymer films there44

is a large deviation in Tg and related dynamics from the bulk,45

albeit with some exceptions [5,6].46

Being related to the heterogeneous dynamics near the glass47

transition temperature, the correlation between two different48

modes of molecular motion has been investigated [7,8]. For49

example, decoupling between the translational and rotational50

motions is usually observed in supercooled liquid states near51

Tg. Similar decoupling of the translational and rotational52
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motions has also been observed in confinement on the 53

nanoscale [9]. 54

The dependence of the glass transition on the film thickness 55

has been investigated mainly for nonpolar polymers, such as 56

polystyrene, poly(methyl methacrylate), and so on [10,11]. 57

In contrast, the glass transition dynamics of thin films of 58

polar polymeric systems have not yet been investigated 59

intensively, although there have been some reports on the 60

dependence of glassy dynamics on the film thickness for thin 61

films of strong polar polymers such as polysulfone [12] and 62

poly(bisphenol A carbonate) [13]. Polyamides are one of these 63

strong polar polymers [14]. Because of their industrial impor- 64

tance, many experimental investigations, including dielectric 65

measurements, have been carried out on polyamides over the 66

past 50 yr [15–20]. The dielectric spectra of the polyamide 67

family exhibit many processes, including γ , β, and α processes 68

related to the molecular motion of polymer chains during 69

heating from a low temperature to a high temperature of up 70

to 140 ◦C. These processes are generally attributed to local 71

motions of the methylene groups (γ process), rotations of the 72

amide groups (β process), or segmental motions (α process) 73

[14]. In addition to these three processes, other large dielectric 74

signals are observed in high-temperature and low-frequency 75

regions and should be related to the motion of the charge 76

carriers within the samples. The dc conductivity process, 77

the process related to the Maxwell-Wagner-Sillar (MWS) 78

interfacial polarization, and the electrode polarization process 79

(EP process) are usually observed [21]. For polyamides, the 80

charge carrier related to the three processes is mainly charged 81

hydrogen, i.e., protons, which come from the amide linkage 82

formed via hydrogen bonding between the carbonyl group 83

and the amino group [15]. For amorphous polymers, there is 84
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no interface between the crystalline and amorphous phases.85

Hence, MWS polarization process is not expected to be a86

major process in the low-frequency and high-temperature87

region for amorphous polymers. In this case, the EP process88

might be more important than MWS polarization process. The89

molecular origin of the electrode polarization is the partial90

blocking of charge carriers at the sample-electrode interface.91

This leads to a separation of the positive and negative charges,92

giving rise to additional polarization, as further explained in93

Sec. III.94

Recent dielectric measurements of nylon 1010 [19] show95

that the dependence of the relaxation time of the EP process on96

temperature can be described by the Vogel-Fulcher-Tammann97

(VFT) law. This suggests the possibility of monitoring the98

glassy dynamics through investigation of the EP process.99

Hence, thin films of polyamide systems are expected to be100

suitable for the simultaneous investigation of glassy dynamics101

and the motion of charge carriers, as well as the correlation102

between the two processes. Because the translational motion103

of charge carriers can be determined from the EP process,104

polyamides can be regarded as suitable systems for investigat-105

ing the correlation between the segmental motion of polyamide106

chains and the diffusion motion of charge carriers in the107

polyamide matrix.108

In this study, we investigate the dielectric behavior of109

thin films of an aromatic polyamide random copolymer with110

various film thicknesses. Dielectric relaxation spectroscopy111

is used to elucidate the dependence of the α process and112

the EP process on the film thickness, which could lead to a113

better understanding of the relationship between the segmental114

motion and the motion of charge carriers in confinement.115

Following this Introduction, the experimental details are given116

in Sec. II, and the theoretical background, especially on the117

EP process, is given in Sec. III. In Sec. IV, the experimental118

results from dielectric relaxation spectroscopy are given, along119

with an analysis in terms of the model developed by Coelho.120

Finally, a brief summary is given in Sec. VI.121

II. EXPERIMENTS122

A. Samples123

The aromatic polyamide random copolymer PA66/6I was124

supplied by Solvay [20]. The weight-averaged molecular125

weight of the copolymer is Mw = 1.5 × 104, and the distri-126

bution of the molecular weight is given by Mw/Mn = 1.6.127

The chemical formula is schematically shown in Fig. 1. The128

glass transition temperature, Tg, of the original material was129

measured using differential scanning calorimetry (DSC), and130

was found to be 357 K under heating at a rate of 10 K/min.131

The following procedures were carried out to prepare thin132

films for dielectric measurements. The polyamide was first133

FIG. 1. The chemical formula of the amorphous polyamide
copolymer PA66/6I.

dissolved in 1,4-butanediol at 200 ◦C to obtain solutions of 134

PA66/6I at concentrations of 2 wt.%, 1 wt.%, and 0.5 wt.% 135

[22]. The solutions were then diluted at 160 ◦C with the 136

same amount of chloroform. Thin films were subsequently 137

prepared on an aluminum-deposited glass substrate from the 138

diluted solution using spin coating. Following that, aluminum 139

was again vacuum deposited to serve as an upper electrode. 140

The sample was then annealed at 160 ◦C for 12 h before 141

the dielectric measurements. The thickness of the film was 142

controlled through the solution concentration and the speed of 143

rotation during spin coating. The absolute film thickness was 144

determined using atomic force microscopy measurements. 145

B. X-ray scattering measurements 146

X-ray scattering measurements were performed at SPring- 147

8 BL40B2. A simultaneous measurement system utilizing 148

small-angle x-ray scattering (SAXS) and wide-angle x-ray 149

scattering (WAXS) was used. The measurement conditions 150

were as follows: The camera lengths were 1757.4 and 90.0 151

mm for SAXS and WAXS, respectively; the x-ray wavelength 152

was 0.9 Å; the detector system was a CCD camera with an 153

image intensifier for SAXS, while that for WAXS was a flat 154

panel. 155

C. Dielectric relaxation spectroscopy 156

Dielectric relaxation spectroscopy (DRS) measurements 157

were made using an LCR meter (Agilent Technology, E4980A, 158

4292A) and Novocontrol AKB analyzer. The measured 2159

frequency range was from 0.01 Hz to 2 MHz and the 160

temperature range was from 93 K to 423 K. The complex 161

electric capacitance C∗
mes(ω) was obtained with the DRS 162

measurements, where ω = 2πf and f is the frequency of the 163

applied electric field. Because of the electric resistance R of 164

the electrode formed by the vacuum deposition of aluminum, 165

there is an additional contribution to the electric capacitance 166

in the high-frequency region [23]. This contribution can be 167

corrected using the assumption that the sample condenser can 168

be described as a serial circuit of the condenser C∗(ω) and R 169

[10]. Here the following relation holds: 170

C∗(ω) = C∗
mes + iωR|C∗

mes|
1 − 2ωRIm(C∗

mes) + ω2R2|C∗
mes|2

. (1)

The complex electric capacitance C∗(ω) thus obtained is 171

described by C∗ ≡ C0ε
∗(ω), where C0 is the geometrical 172

capacitance and ε∗(ω) is the complex dielectric permittivity 173

of the sample. Here C0 = ε0
S
d

, where ε0 is the dielectric 174

permittivity in vacuo, S is the area of the sample or electrode, 175

and d is the thickness of the sample or the distance between 176

the two electrodes. In the present measurements, S = 8 × 177

10−6 m2. The complex dielectric permittivity is given by 178

ε∗(ω) = ε′(ω) − iε′′(ω), (2)

where ε′ and ε′′ are the real and imaginary parts of the complex 179

dielectric permittivity, respectively. The voltage applied to the 180

samples for dielectric measurements was selected as follows: 181

1.0 V for d = 556 nm; 0.5 V for d = 114, 99, 56, and 40 nm; 182

and 0.2 V for d = 20 nm. Hence, the applied electric field E 183

ranges from 2 to 12 MV/m for the present measurements. 184
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FIG. 2. (Color online) Distribution of the charge between two
electrodes under an applied electric field, with switching of the
macroscopic dipole moment by reversal of the electric field. This
figure has been modified from the original by Coelho.

III. THEORETICAL MODELS OF THE ELECTRODE185

POLARIZATION PROCESS186

There are several theoretical models of the EP process187

[24–26]. According to these theoretical models, the relaxation188

time of the electrode polarization, τep, and the relaxation189

strength of the electrode polarization, 	εep, can be described190

by a linear function of the distance between the two electrodes,191

positive and negative, which corresponds to the thickness of192

the thin film, d.193

If there are mobile charge carriers in a sample, then the194

spatial distribution of the charges changes depending on195

changes in the applied electric field. In the framework of the196

Debye theory, the dipolar relaxation can be described as a197

process associated with viscous forces originating from the198

matrix, where the charge carriers move randomly with thermal199

fluctuations. In the absence of an applied electric field, the200

charge carriers are uniformly distributed in the sample, and201

the sample is thus almost electrically neutral. In the presence202

of a dc electric field, however, the charge carriers are separated203

depending on their polarity, and a heterogeneous charge204

distribution appears within the sample. If the direction of the205

applied electric field is reversed, then the charge carriers move206

in such a way that a new heterogeneous charge distribution207

is reached, as shown in Fig. 2. For an ac electric field, the208

dynamics of the charge carriers have been modeled by Coelho209

[25], and the complex dielectric permittivity has been derived210

for applied electric fields with angular frequency ω as211

ε∗(ω) = ε∞
1 + iωτ

iωτ + tanh Y
Y

, (3)

where212

Y ≡ d

2L

√
1 + iωτ , (4)

L ≡
√

Dτ. (5)

Here τ is the relaxation time characterizing the relaxation213

phenomena of the charge distribution or the electrode polar-214

ization upon changes in the external applied electric field, D215

is the diffusion constant of the charge carriers, and L is the216

Debye length, i.e., the scale of the characteristic length of217

the electrostatic double layer near the electrodes. In addition,218

relations among τ , μ, σ , and n0 are obtained, 219

τ−1 = μen0

ε∞ε0
= σ

ε∞ε0
, (6)

σ ≡ μen0, (7)

where σ is the dc conductivity, n0 is the equilibrium concentra- 220

tion of charge carriers, e is the elementary electric charge, μ is 221

the mobility of the charge carrier, and ε∞ is the dielectric 222

permittivity at very high frequency. Applying the Einstein 223

relation leads to a relation between D and μ, 224

D = μkBT

e
, (8)

where kB is the Boltzmann constant, and T is the absolute 225

temperature [27]. This equation is an expression of the 226

fluctuation-dissipation theorem [28]. Hence, the Debye length 227

can be expressed as 228

L = 1

e

(
ε∞ε0kBT

n0

)1/2

. (9)

If ωτ ≈ 0 and δ ≡ d/2L 	 1, then the complex dielectric 229

permittivity can be described by 230

ε∗(ω) ≈ ε∞

(
1 + δ

1 + iωτδ

)
. (10)

In real polymeric materials, there is a distribution of the 231

relaxation times because of the heterogeneity of the materials. 232

The dielectric permittivity due to the EP process can be 233

expressed as 234

ε∗(ω) = ε∞ + ε∗
ep(ω), (11)

ε∗
ep(ω) = 	εep

1 + (iωτep)αep
, (12)

where 235

	εep = ε∞δ = ε∞
d

2L
, (13)

τep = τδ = ε∞ε0

μen0

d

2L
. (14)

Using Eqs. (9), (13), and (14), we can obtain equations for 236

the mobility μ(T ) and the equilibrium concentration of charge 237

carriers n0(T ), 238

n0(T ) = 4ε0kBT

e2ε∞d2
(	εep)2, (15)

μ(T ) = eε∞d2

4kBT

1

	εepτep
, (16)

which relate μ(T ) and n0(T ) to the experimentally observed 239

values of 	εep(T ) and τep(T ). Here τep is the relaxation time 240

of the EP process. Furthermore, the diffusion constant of the 241

charge carriers, D(T ), can be determined using Eqs. (8), (13), 242

and (14) from the values of 	εep and τep as follows: 243

D(T ) = ε∞d2

4	εepτep
. (17)
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FIG. 3. (Color online) X-ray scattering intensity with q ranging
from 0.1 to 38 nm−1 at room temperature for the amorphous
polyamide copolymer PA66/6I. The top figure is for the SAXS region,
and the bottom one is for the WAXS region.

IV. RESULTS AND DISCUSSION244

A. X-ray scattering measurements245

Figure 3 shows the dependence of the x-ray scattering246

intensity on the scattering vector q at room temperature for247

the amorphous polyamide copolymer PA66/6I. The scattering248

profiles for both the SAXS and the WAXS regions are shown249

in Fig. 3. In the WAXS region, for q > 5 nm−1, there is a250

broad peak that is usually called an amorphous halo. This251

peak originates from the short-range order of the structure.252

The amorphous halo is one typical scattering pattern for253

amorphous materials. In the SAXS region, there is no peak,254

only a continuous decay from q = 0. Hence, we can infer that255

there is neither a higher-ordered structure, such as a lamellar256

structure, nor a crystalline structure in PA66/6I.257

B. Dielectric spectra in the temperature domain258

Figure 4 shows the dependence of the complex dielectric259

permittivity on the temperature, measured at various frequen-260

cies for the amorphous polyamide copolymer PA66/6I at a261

680-nm thickness. In Fig. 4(a), there are several contributions262

to the dielectric permittivity depending on the temperature263

and frequency. There is a dielectric loss peak due to the264

γ process located at around 170 K for 20 Hz, and there is265

also a broad contribution due to the β process between 220266

K and 280 K. In the low-frequency and high-temperature267

region, there is a very large contribution, which should be268

related to the motion of charge carriers. Here this behavior can269

be attributed to the EP process and/or conductivity, as there270

should not be a crystal-amorphous interface in this amorphous271

polyamide copolymer. A detailed discussion on attributing this272

to the EP process is given in Sec. IV D. In addition to the three273

contributions, there is the α process as a shoulder of the large274

peak of the EP process. In Fig. 4(b), we can also see that there275

are signals in the real part of the dielectric permittivity, which276

correspond to the four different dynamical contributions. It277

should be noted that the observed data in Fig. 4 were obtained278

after heating above 100 ◦C. In other words, the results in Fig. 4279
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FIG. 4. (Color online) The dependence of the complex dielectric
permittivity on the temperature at various frequencies, for films of
the amorphous polyamide copolymer PA66/6I with a thickness of
680 nm. (a) The dielectric loss ε′′; (b) the real part ε′; and (inset) a
magnified image of ε′.

should correspond to those for the dry state [17,20]. In this 280

paper, we concentrate on the α process and the EP process. 281

C. Dielectric spectra in the frequency domain 282

For strong polar materials, the EP process may show a 283

strong nonlinear effect against the applied electric field. Figure 284

5 shows the real and imaginary parts of dielectric permittivity 285

in the frequency domain for various applied voltages from 286

0.1 to 0.5 V in thin films of PA66/6I with a 40-nm thickness. 287

In Fig. 5, the value of E ranges from 2.5 to 12.5 MV/m, in 288

which the selected range of E in the present measurements 289

is almost included. The curves observed for various applied 290

voltages are overlapped with each other, as shown in Fig. 5. 291

From these measurements, we can estimate possible maximum 292

deviation due to the change in electric field as follows: For the 293

peak frequency of the EP process fep at a given temperature, 294

possible deviation 	fep/fep is less than 0.02, and for the peak 295

value of ε′′ of the EP process, deviation is less than 3%. 296

Therefore, the observed change in peak position and height of 297

the EP process with change in the film thickness is much larger 298

than these possible deviations. Therefore, it can be justified that 299

experimental results in this paper do not depend on the value 300

of E for the range of E selected in the present measurements. 301
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FIG. 5. (Color online) The dependence of the real and imaginary parts of the complex dielectric permittivity on the frequency at 400 K for
various applied voltages from 0.1 to 0.5 V in thin films of the amorphous polyamide copolymer PA66/6I with a 40-nm thickness.

Figure 6 shows the dependence of the complex dielectric302

permittivity on the frequency for thin films of the amorphous303

polyamide copolymer PA66/6I with a 556-nm thickness. In304

Fig. 6, different processes including the α process and the305

EP process contribute to the dielectric permittivity. These306

components are readily observed over the temperature range307
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FIG. 6. (Color online) The dependence of the complex dielectric
permittivity on the frequency for thin films of the amorphous
polyamide copolymer PA66/6I with a thickness of 556 nm. (a) The
real part of ε∗ and (b) the imaginary par of ε∗. The temperature ranges
from 422.8 K (right) to 369.5 K (left).

from 369 K to 422 K. Furthermore, we also show the 308

dependence of the complex conductivity σ ∗(=σ ′ + iσ ′′) on 309

the frequency for the thin films. Here σ ′ and σ ′′ are the real 310

and imaginary parts of the complex conductivity, respectively, 311

and the values of σ ′ and σ ′′ are evaluated from the following 312

relations: σ ′ = ε0ε
′′ω and σ ′′ = ε0ε

′ω. Figure 7 shows the 313

dependence of the logarithm of the real and imaginary parts of 314

the complex conductivity observed at 422 K for thin films of 315

PA66/6I with a 556-nm thickness. The value of σ ′ approaches 316

a constant value (plateau value) at ca. 104 Hz with decreasing 317

frequency, although there is no exact plateau but with a small 318

slope because of the overlap of the α process. On the other 319

hand, the value of σ ′′ shows the signal of the onset of EP 320

process at 103 Hz. According to the usual interpretation on 321

the EP process in the conductivity representation proposed 322

by Kremer and co-workers [29–31], it is reasonable to regard 323

the “plateau” of σ ′ at 104 Hz as the onset of dc conductivity, 324

which should be required for the appearance of the EP process. 325

If this interpretation is valid, the physical origin of the increase 326
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FIG. 7. (Color online) The dependence of the logarithm of the
real and imaginary part of complex conductivity observed at 422 K
for thin films of PA66/6I with a 556-nm thickness. The arrow shows
the onset of the EP process.

002600-5



EB11310 PRE May 8, 2015 19:49

TANIGUCHI, FUKAO, SOTTA, AND LONG PHYSICAL REVIEW E 00, 002600 (2015)

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

-2 -1  0  1  2  3  4  5  6  7

lo
g 1

0
ε’

, l
og

10
ε’

’

log10 [f (Hz)]

(a) 556 nm, 422.8 K

EP-process

α-process

Imag
Real

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

-2 -1  0  1  2  3  4  5  6  7

lo
g 1

0
ε’

, l
og

10
ε’

’

log10 [f (Hz)]

(c) 556 nm, 403.5 K

EP-process

α-process

Imag
Real

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

-2 -1  0  1  2  3  4  5  6  7

lo
g 1

0
ε’

, l
og

10
ε’

’

log10 [f (Hz)]

(b) 556 nm, 413.2 K

EP-process

α-process

Imag
Real

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

-2 -1  0  1  2  3  4  5  6  7

lo
g 1

0
ε’

, l
og

10
ε’

’

log10 [f (Hz)]

(d) 556 nm, 393.8 K

EP-process

α-process

Imag
Real

FIG. 8. (Color online) The dependence of the real and imaginary parts of the complex dielectric permittivity on the frequency at various
temperatures—(a) 422.8 K, (b) 413.2 K, (c) 403.5 K, and (d) 393.8 K—for thin films of the amorphous polyamide copolymer PA66/6I with
a 556-nm thickness showing (red squares) the imaginary part ε′′ and (green circles) the real part ε′. The three different contributions to the
imaginary part are also shown: The orange dashed-dotted line corresponds to the low-frequency component ε∗

σ , the blue dashed line corresponds
to the EP process, and the pink dotted line corresponds to the α process. The curves for the three components and the two observed values of
ε′ and ε′′ were evaluated by fitting the observed values to Eq. (18).

in ε′ and ε′′ in the low-frequency region should not be327

due to usual conductivity. Wang et al. reported that there is328

an increase in ε′ and ε′′ in the region lower in frequency329

than the location of the EP process [32]. Furthermore, they330

attributed this contribution to imperfectness of the blocking at331

electrodes of the charge carriers which are responsible for the332

EP process. This effect causes a deviation from the expected333

values from the theoretical model of the EP process. Here334

we adopt this interpretation for the increase in ε′ and ε′′ with335

decreasing frequency in low-frequency region. In this case, the336

contributions in the low-frequency region in ε′ and ε′′ are not337

directly related to the usual dc conductivity.338

The frequencies at which the dielectric loss peaks due339

to the EP and α processes are located are shifted from340

the lower frequency region to the higher frequency region341

with increasing temperature, as shown in Fig 6. In order342

to investigate the dielectric properties of the components343

separately, the observed dependence of ε′ and ε′′ on the344

frequency was reproduced by the model function345

ε∗(ω) = ε∞ + ε∗
σ (ω) + ε∗

α(ω) + ε∗
ep(ω), (18)

where ε∗
ep(ω) is the complex dielectric permittivity due to 346

the EP process described by Eq. (12), ε∗
α(ω) is the dielectric 347

permittivity due to the α process, and ε∗
σ (ω) is the dielectric 348

permittivity due to the imperfectness of the blocking at 349

electrodes of the charge carriers. For the component of ε∗
σ , we 350

use simple power-law functions for both real and imaginary 351

parts of ε∗
σ , 352

Re[ε∗
σ ](ω) = Aω−m̃, Im[ε∗

σ ](ω) = Bω−m̃′
, (19)

where A, B, m̃, and m̃′ are constants. These functions work 353

well, as shown in Fig. 8. As for the α process, we adopt the 354

Havriliak-Negami equation [33], 355

ε∗
α(ω) = 	εα

[1 + (iωτα)αα ]βα
, (20)

where 	εα is the dielectric relaxation strength, αα and βα 356

are shape parameters, and τα is the relaxation time of the α 357

process. In the present analysis, the parameter βα is fixed at 358

unity because of a reduction in the free fitting parameters. 359

Figure 8 shows the dependence of ε′ and ε′′ on the frequency 360

at four different temperatures—422.8 K, 413.2 K, 403.5 K, 361
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FIG. 9. (Color online) The dependence of the complex dielectric
permittivity on the frequency for thin films of the amorphous
polyamide copolymer PA66/6I with a thickness of 56 nm. (a) The
real part of ε∗ and (b) the imaginary part of ε∗. The temperature
ranges from 417.6 K (right) to 368.7 K (left).

and 393.8 K—for a 556-nm-thick thin film of the amorphous362

polyamide copolymer PA66/6I. Calculated curves for the363

different components are also shown, and were obtained by364

fitting the observed data to the model function, Eq. (18). From365

Fig. 8, we can see that the observed dielectric permittivity is366

very well reproduced by the present model function and, as a367

result, several important physical quantities can be evaluated368

as a function of the temperature and film thickness.369

Figure 9 shows the dependence of the complex dielectric370

permittivity on the frequency for a 56-nm-thick thin film of the371

amorphous polyamide copolymer PA66/6I. In Fig. 9, we can372

see that the peak height of the EP process in the curve of ε′′ vs f373

is much smaller for the 56-nm-thick film than for the 556-nm-374

thick film. Furthermore, the peak positions of the EP process375

in the frequency domain at a given temperature are clearly376

shifted to the higher frequency region for the 56-nm-thick thin377

film, as compared to the 556-nm-thick film. In addition, for the378

56-nm-thick film, the present model function again accurately379

reproduces the observed dielectric permittivity as a function380

of frequency for various temperatures, as shown in Fig. 10.381

D. The electrode polarization process382

Figure 11 shows the dependence of the relaxation rate383

of the EP process, fep, on the temperature, for thin films384

of the amorphous polyamide copolymer PA66/6I of various385

thicknesses, ranging from 20 to 556 nm. The value of fep is 386

evaluated from the relation fep = (2πτep)−1 with the best-fitted 387

values of τep obtained using Eq. (12). Here, the parameter βep 388

is fixed to 1, such that the resulting frequency fep is equal 389

to the frequency at which ε′′ exhibits a peak. In Fig. 11, 390

we can see that the relaxation rate of the EP process has a 391

stronger temperature dependence than the Arrhenius type of 392

temperature dependence. As shown by the curves in Fig. 11, 393

the temperature dependence of fep is well reproduced by the 394

VFT law [34–37], 395

τep(T ) = τep,0 exp

(
U

T − T0

)
, (21)

where U is a positive constant and T0 is the Vogel temperature. 396

At a given temperature, the relaxation rate of the EP process 397

increases with decreasing film thickness. In other words, the 398

relaxation time decreases. The VFT law is usually valid for 399

the temperature dependence of the relaxation time of the 400

α process or the normal mode [38], and the slowing down 401

of the dynamics when approaching the Vogel temperature is 402

essential to glassy dynamics. Therefore, we can expect that the 403

molecular motion of the EP process is strongly associated with 404

the molecular motion, the segmental motion, or the normal 405

mode of polyamide copolymer systems. This result is consistent 406

with the results reported in Ref. [19]. 407

In Fig. 11, there seems to be the crossing of the temperature 408

dependence of the rate of the EP process fep and that of the 409

α process fα , especially for smaller values of d. In the region 410

where the two relaxation rates fep and fα come across, it is 411

very difficult and almost impossible to separate the component 412

of the α process from that of the EP process. The extrapolated 413

curve of the α process using the VFT law intersects with the 414

observed curve of the EP process in the low-frequency region. 415

Because the α process induces the EP process, it is reasonable 416

to imagine that the two curves will merge without intersection. 417

Figure 12 shows the dependence of the Vogel temperature 418

T0 on the film thickness, evaluated by fitting the observed 419

temperature dependence of the relaxation rate of the EP 420

process to the VFT law. Here the glass transition temperature 421

Tg is also evaluated, such that the relaxation time of the 422

EP process, τep, is equal to 103 s at Tg, and the resulting 423

Tg is plotted in Fig. 12. Furthermore, the glass transition 424

temperature determined by DSC measurements is also plotted, 425

for comparison with other Tg results. Here, for the bulk 426

system, the Tg from DSC is 357 K, the Tg evaluated from 427

the relaxation rate of the EP process is 357.3 ± 0.8 K, and 428

the Vogel temperature T0 is 299 ± 6 K. The Tg evaluated 429

from the EP process agrees very well with that from the 430

DSC measurements. The difference between T0 and Tg is 431

approximately −58 K, which is consistent with the empirical 432

relation that T0 is approximately 50 K lower than Tg [39]. 433

Therefore, this result suggests that the relaxation rate of the 434

EP process can be utilized to determine the dynamics of the 435

segmental motion, that is, the glassy dynamics, especially 436

near the glass transition region. In Fig. 12, we can see 437

that both Tg and T0 decrease slightly with decreasing film 438

thickness. 439

As shown in the above, the temperature dependence of 440

the relaxation time of the EP process is used to deter- 441

mine the glass transition temperature Tg of the amorphous 442
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FIG. 10. (Color online) The dependence of the real and imaginary parts of the complex dielectric permittivity on the frequency at various
temperatures—(a) 417.6 K, (b) 407.8 K, (c) 397.9 K, and (d) 388.2 K—for thin films of the amorphous polyamide copolymer PA66/6I with a
56-nm thickness. The meanings of the symbols and curves are identical to those in Fig. 8.

polyamide copolymer PA66/6I. Furthermore, we can use the443

observed temperature dependence of τep to determine the444

fragility index, which characterizes the glassy dynamics of445

amorphous materials. Here we define the fragility index m446

as [40]447

m =
[
d log10 τep(T )

d(Tg/T )

]
T =Tg

, (22)

where the relaxation time τep is used instead of τα , which448

should be used in the formal definition of the fragility index.449

Figure 13 shows the dependence of the apparent fragility450

index on the film thickness, evaluated using the temperature451

dependence of the relaxation time of the EP process for thin452

films of the amorphous polyamide copolymer PA66/6I. In453

Fig. 13, the fragility index increases with decreasing film454

thickness. Therefore, the glassy dynamics of these thin films455

are expected to become more fragile with decreasing film456

thickness, provided that this apparent fragility index can be457

regarded as the fragility index evaluated from the relaxation458

time of the α process. A more in-depth discussion on this issue459

is given in Sec. V.460

The dependence of the dielectric relaxation strength on461

the film thickness at 403 K for the EP process is shown in462

Fig. 14 for thin films of the amorphous polyamide copolymer463

PA66/6I. The dielectric relaxation strength of the EP process, 464

	εep, monotonically increases with increasing film thickness. 465

Above d = 100 nm, the thickness dependence of 	εep is well 466

fitted by a straight line with a slope of unity, as shown by 467

the red line in Fig. 14. According to the theoretical model 468

of the electrode polarization, the dielectric relaxation strength 469

of the EP process can be expressed as a linear function of 470

the thickness of the sample, i.e., the distance between the 471

two electrodes, as shown in Eq. (13). Therefore, the linear 472

relationship between 	εep and the film thickness can be 473

regarded as strong evidence for the validity of attributing the 474

EP process to the strongest dielectric loss signal observed in 475

the present measurements. Furthermore, it should be noted 476

that there is a distinct deviation of the thickness dependence 477

of 	εep from the straight line with a slope of unity. If 478

	εep (τep) can be expressed as a linear function of d, the 479

Debye length L and the characteristic relaxation time of the 480

electrode polarization τ should be independent of the film 481

thickness. However, if this is not the case, the values of L 482

and τ should depend on the film thickness. Therefore, this 483

deviation implies that there is an intrinsic dependence on the 484

film thickness for the physical mechanism of the EP process, 485

for thin films with a thickness less than a critical thickness dc 486

(60 nm < dc < 100 nm). 487
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FIG. 11. (Color online) Dispersion map of the relaxation rate fep

of the EP process and the relaxation rate fα of the α process, for thin
films of the amorphous polyamide copolymer PA66/6I with various
thicknesses ranging from 20 to 556 nm. The values of fep and fα are
evaluated as fep = (2πτep)−1 and fα = (2πτα)−1, where τep and τα are
the fitting parameters obtained by fitting the observed ε∗ to Eq. (18).
The curves are governed by the VFT law. The curves of the α process
were obtained under the condition that the Vogel temperature T0 was
fixed at the value obtained by fitting the temperature dependence of
τ−1

ep to Eq. (21).

Figure 15(a) shows the dependence of the relaxation488

rate of the EP process, fep, on the film thickness—at 413489

K, 393 K, and 373 K—for thin films of the amorphous490

polyamide copolymer PA66/6I. For a thickness larger than491

dc, the dependence of the relaxation rate of the EP process492

on the film thickness is well described by the following493
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FIG. 12. (Color online) The dependence of the Vogel temper-
ature T0 ( ) and the glass transition temperature Tg ( ) on the
film thickness, as determined by the temperature dependence of the
relaxation time τep of the EP process for thin films of the amorphous
polyamide copolymer PA66/6I. Here, Tg is defined such that τep(Tg) =
103 s. The value of Tg as evaluated by DSC measurements is also
shown.
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FIG. 13. (Color online) The dependence of the apparent fragility
index m on the film thickness, based on the temperature dependence
of the relaxation time of the electrode polarization process. Here Tg

is defined as the temperature at which the relaxation time τep is equal
to 103 s.

relation: 494

fep ∼ d−1. (23)

This result is consistent with Eq. (14) for the present model of 495

the EP process. Below dc, there is an intrinsic deviation from 496

Eq. (14) in the same manner as observed for the dielectric 497

relaxation strength of the EP process. 498

E. The α process 499

In this section, we discuss the experimental results on 500

the relaxation time of the α process for thin films of the 501

amorphous polyamide copolymer PA66/6I. The dielectric 502

relaxation strength of the α process is much smaller than that of 503

the EP process, as shown in Fig. 6. It is thus difficult to evaluate 504

the physical parameters of the α process by extracting the 505

 0.5
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FIG. 14. (Color online) The dependence of the dielectric relax-
ation strength 	ε at 403 K on the film thickness for the EP process
( ) and the α process ( ) in thin films of the amorphous polyamide
copolymer PA66/6I with various thicknesses. The slope of the straight
line for the EP process is equal to unity and that for the α process is
almost equal to zero.
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be −1.

component caused by the α process from the overall dielectric506

spectra. However, data fitting by Eq. (18) enables the extraction507

of only the component from the α process, as well as the508

elucidation of the temperature dependence of the relaxation509

rate of the α process, as shown in Fig. 11.510

For thin films of PA66/6I with a given film thickness, the511

relaxation rate of the α process is located at a frequency region512

higher than that of the EP process at a given temperature. The513

deviation of the relaxation rate of the α process from that of the514

EP process becomes smaller as the temperature approaches the515

glass transition temperature. Hence, the α process appears to516

merge with the EP process with decreasing temperature. This517

is the reason for the difficulty in evaluating the relaxation rate518

of the α process. At the same time, the merging of the α process519

with the EP process can be regarded as an evidence that the EP520

process is strongly associated with the α process, especially521

at the glass transition region. In Fig. 11, the temperature522

dependence of the relaxation rate of the α process is well523

reproduced by the VFT law, under the condition that the Vogel524

temperature of the α process is the same as that of the EP525

process for each film thickness.526

As for the dependence of the α process on the film thickness,527

the dielectric relaxation strength and the relaxation rate of the528

α process are shown as functions of the film thickness at a529

given temperature in Figs. 14 and 15(b), respectively. Although530

there is some scatter in the data points, they suggest that there531

is almost no systematic dependence of the dielectric relaxation532

strength and the relaxation rate of the α process on the film533

thickness, for the thickness range investigated in this study.534

The dependence of the relaxation rate of the α process on535

the film thickness in comparison to that of the EP process is536

discussed in Sec. V, for thin films of PA66/6I.537

F. Relaxation of the distribution of space charge538

As shown in Sec. IV D, the dielectric relaxation phe-539

nomenon of the EP process exhibits an interesting dependence540

on the temperature and film thickness, for the amorphous541

polyamide copolymer PA66/6I. Here we try to evaluate the in-542

trinsic nature of the EP process, based on the theoretical model 543

given in Sec. III. From the observed values of τep(T ) and 	εep, 544

the temperature dependence of the mobility and equilibrium 545

concentration of charge carriers within the polymeric system 546

can be evaluated using Eqs. (15) and (16). Figure 16 shows this 547

dependence for thin films of PA66/6I of various thicknesses. 548

In Fig. 16, the equilibrium concentration of charge carriers 549

n0 shows a weak temperature dependence (figure inset), while 550

the mobility μ(T ) shows a strong temperature dependence that 551

can be expressed by the VFT law of mobility as follows: 552

μ = μ0 exp

(
− Ũ

T − T0

)
. (24)

Here μ0 and Ũ are positive constants. The Vogel temperatures 553

T0 obtained from μ(T ) are 294 K and 298 K for d = 40 nm 554
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FIG. 16. (Color online) The dependence of the charge carrier
mobility μ on the inverse of the absolute temperature 1/T for thin
films of the amorphous polyamide copolymer PA66/6I with various
thicknesses ranging from 556 to 40 nm. The curves were obtained
by fitting the observed values to the VFT equation for the mobility,
Eq. (15). In the inset, the dependence of the equilibrium concentration
of charge carriers n0 on 1/T is also given for the same thin films of
the amorphous polyamide copolymer PA66/6I.
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and d > 99 nm, respectively. These values are nearly identical555

to those evaluated from τep(T ), as shown in Fig. 12.556

For the thin films with thicknesses of 556, 114, and 99 nm,557

the temperature dependencies of the mobility agree well with558

each other and are well reproduced by the VFT law with the559

same parameters. However, for the thin films with thicknesses560

less than dc, the mobility of the charge carriers at a given561

temperature increases with decreasing film thickness. This is562

consistent with the results of the relaxation rate of the EP563

process in Fig. 15, that is, the crossover of fep from the straight564

line with a slope of −1 to the line with a larger slope as565

the film thickness decreases. Therefore, we can conclude that566

the intrinsic mobility of the charge carriers remains almost567

unchanged for a film thickness above a critical thickness dc,568

while the mobility increases with decreasing film thickness569

below dc.570

Furthermore, the diffusion constant of the charge carriers571

D(T ) can be evaluated from the mobility μ(T ) using Eq. (8),572

as shown in Fig. 17. In Fig. 17, the diffusion constant can be573

reproduced using the relation574

D(T ) = D0T exp

(
− Ũ

T − T0

)
, (25)

where D0 is a positive constant. The value of D changes from575

10−13 to 10−8 cm2/s as the temperature changes from 363 K to576

410 K, for thin films of the amorphous polyamide copolymer577

PA66/6I with a thickness larger than dc. Below dc, an intrinsic578

increase in D is observed, similar to that for the mobility μ.579

Therefore, the translational motion of the charge carriers is580

intrinsically enhanced with decreasing film thickness.581

V. DISCUSSION582

From the observed dielectric spectra for thin films of583

PA66/6I, we successfully discerned the separate contributions584

from the EP process and the α process. The physical origin585

of the α process is due to segmental motion, which can be586

regarded as a rotational motion of polymeric segments, while587

that of the EP process is due to the translational motion588

of charge carriers. Because the motion of charge carriers is 589

activated via the molecular motion of the polyamide systems 590

in which the charge carriers are located, the motion of charge 591

carriers is strongly associated with the molecular motions of 592

polymer chains. 593

A. Glassy dynamics evaluated from the EP process 594

As shown in Fig. 11, the temperature dependence of τep(T ) 595

is well reproduced by the VFT law. Hence, we expect that the 596

glass transition behavior of PA66/6I can be evaluated from the 597

EP process. Figure 12 clearly shows that Tg is well evaluated 598

using τep(T ). The fragility index evaluated from τep increases 599

with decreasing film thickness, as shown in Fig. 13. The 600

dependence of Tg and the fragility index m on the film thickness 601

has been measured for the thin films and/or nanoparticles of 602

several polymers without strong polarity [41–43]. Both Tg and 603

the fragility index decrease with decreasing film thickness for 604

many cases. In contrast, the present result clearly shows that 605

as the film thickness decreases, the fragility index increases, 606

while Tg decreases. This inverse dependence on thickness of 607

m might be associated with the strong polarity of PA66/6I. 608

The fragility index can be regarded as a measure of the 609

cooperativity of the α process or segmental motion [40]. In 610

the case of polyamides, the formation of a network as a result 611

of the hydrogen bonding can promote the cooperativity of the 612

glassy dynamics, even in thin films. 613

B. Coupling or decoupling of translational and rotational 614

motions 615

As shown in Fig. 15(a), the relaxation rate of the EP 616

process shows an intrinsic increase below a critical thickness; 617

that is, fep increases with decreasing film thickness with a 618

stronger thickness dependence than that described by the 619

linear relationship between fep and d−1. This corresponds 620

to the enhancement in the diffusion motion of the charge 621

carriers in the thin films with d < dc, as shown in Fig. 17. 622

On the other hand, the relaxation rate of the α process shows 623

almost no systematic dependence on the film thickness, for 624

the thickness range investigated in this study, although there 625

is scatter in the data points. This might be experimental 626

evidence for the decoupling of the rotational motion of 627

polymer chain segments and the translational motion of charge 628

carriers in amorphous polyamide copolymers. More precise 629

measurements are required in order to discuss this decoupling 630

of the rotational motion and the translational motion in greater 631

detail. 632

C. Origin of charge carriers 633

The dielectric relaxation spectra of amorphous polyamide 634

copolymers clearly show strong signals for the EP process. 635

As mentioned in Sec. I, there are several possible candidates 636

for charge carriers in polyamides. One of the most promising 637

consists of ionized protons. From the present analysis of the 638

EP process on the basis of the theoretical model developed by 639

Coelho [25], the diffusion constant and equilibrium concentra- 640

tion of the charge carriers are obtained as shown in Figs. 16 and 641

17. The charge carrier concentration n0(T ) shows almost no 642

significant temperature dependence for the temperature range 643

002600-11



EB11310 PRE May 8, 2015 19:49

TANIGUCHI, FUKAO, SOTTA, AND LONG PHYSICAL REVIEW E 00, 002600 (2015)

investigated in this study and has a value of n0 ≈ 1018 cm−3.644

The concentration of hydrogen atoms in the polyamide can645

be evaluated as nH
0 ≈ 5 × 1021 cm−3. Therefore, the ratio of646

the concentration of the charge carriers to that of the hydrogen647

atoms in the polyamide can be calculated as follows: n0/nH
0 =648

0.02%. Hence, ionized protons are possible candidates for the649

charge carrier in PA66/6I.650

The absolute values of the diffusion constants of the651

charge carriers obtained in this study can be compared with652

those of various particles in the literature in the following653

manner.654

(1) It is well known that there is a possibility of water655

uptake in polyamide. The diffusion constant of adsorbed water656

molecules in amorphous polyamide copolymers has been657

measured by neutron scattering and is estimated to be between658

10−6 and 10−5 cm2/s for the temperature range from 350 K to659

430 K [20].660

(2) The mutual diffusion constant of polystyrene (PS)661

chains at the interface between h-PS and d-PS has been662

reported in Ref. [44]. For Mw = 105, the mutual diffusion663

constant of PS changes from 2.0 × 10−16 to 1.2 × 10−14 cm2/s664

as the temperature increases from 396 K to 413 K.665

(3) Similar measurements of the diffusion constant of666

deuterated polyethylene (PE) in a matrix of hydrogenated667

PE show that the diffusion constant at 449 K is equal to668

0.2 × M−2.0
w [45]. Here, for Mw = 104, the value of D is equal669

to 2 × 10−9 cm2/s.670

(4) The tracer diffusion constant of the chloride ion Cl−671

in polyamide-6 film has been measured in Ref. [46]. The dif-672

fusion constant ranges from 1.4 × 10−9 to 3.4 × 10−8 cm2/s,673

depending on the pH at room temperature.674

(5) The calculated diffusion constant of the hydrogen675

combined to the terminal amines in polyamide-6,6 is reported676

to be 6 × 10−13 cm2/s at 298 K [47].677

The diffusion motion of water adsorbed on PA66/6I is much678

faster than the observed diffusion motion in this study. The679

observed diffusion constants of the chloride in polyamide-680

6 and the calculated ones of the combined hydrogens in681

polyamide-6,6 are larger than those observed in PA66/6I.682

On the other hand, the diffusion constants related to the683

reptation motion of PE chains are comparable to the observed684

values.685

The comparison of the observed diffusion constants for686

PA66/6I in Fig. 17 with various diffusion constants in the687

literature suggests that the molecular motion of the charge car-688

riers is strongly correlated with the motion of entire chains of689

the polyamide, if ionized protons are the actual charge carriers690

responsible for the EP process in PA66/6I. The observed results691

are quite consistent with this idea, although further direct mea-692

surements of both the molecular motion of ionized protons and693

the reptation motion of the polyamide are required for further694

investigation.695

VI. CONCLUDING REMARKS 696

In this study, the dynamics of the electrode polarization 697

process (EP process) and the α process in thin films of 698

an amorphous polyamide copolymer were investigated using 699

DRS measurements. The obtained results are summarized as 700

follows. 701
(1) The relaxation time of the EP process has a VFT type 702

of temperature dependence, and the Tg evaluated from the 703

EP process agrees very well with the Tg determined from DSC 704

measurements. The fragility index derived from the EP process 705

increases with decreasing film thickness. 706

(2) There is a distinct deviation from this linear law 707

for thicknesses smaller than a critical value. This deviation 708

corresponds to an increase in the diffusion constant of the 709

charge carriers, which are responsible for the EP process. The 710

α process is located in a region of higher frequency than the EP 711

process at high temperatures, but merges with the EP process 712

near Tg. 713

(3) The dependence of the relaxation time of the α process 714

on the film thickness is different from that of the EP process. 715

This suggests that there is decoupling between the segmental 716

motion of the polymers and the translational motion of charge 717

carriers in confinement. 718

In the present study, we successfully derived the physical 719

properties of the glassy dynamics from those of the EP 720

process. This means that it is possible to evaluate the glassy 721

dynamics even if the α process cannot be observed as a 722

result of the existence of a large signal related to the motion 723

of charges. Molecular motion, such as the α process, may 724

be clarified in large polar polymeric systems through the 725

EP process. For crystalline polyamide systems, the MWS 726

interfacial polarization process should appear, in addition to 727

the EP process. Even in such systems, the evaluation of the 728

glassy dynamics from the EP process should be possible, in 729

principle, although actual data analysis would be very difficult. 730

We also showed that there is possible decoupling between 731

the rotational motion of polyamide chain segments and the 732

translational motion of charge carriers. 733
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