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Abstract 

In addition to the pronounced ferroelectric property from polar crystalline phases, 

poly(vinylidene fluoride) (PVDF) and its random copolymers also exhibit high dielectric 

permittivities as a result of highly mobile dipoles in the amorphous phase. In this study, we 

developed a new theoretical approach to determine the dipole concentration, dipole moment, 

dipole-dipole interaction, and rotational dipole mobility for PVDF by means of broadband 

dielectric spectroscopy. From the permittivity of molten PVDF, the Kirkwood-Fröhlich g-factor 

and its temperature dependence were determined and used as global parameters for the simulation 

of unpoled and highly poled biaxially oriented PVDF (BOPVDF). It was found that the 

concentration of active dipoles substantially increased as the temperature increased from -30 to 40 

°C, indicative of the devitrification of the rigid amorphous fraction (RAF). Both the calculated 

dipole moment and the g-factor of the poled BOPVDF were higher than those of the unpoled 

BOPVDF, resulting in a higher permittivity and piezoelectric performance. In addition, the dipole-

dipole interaction was found to increase substantially upon increasing the temperature from -30 to 

40 °C, leading to an increase of over 4 orders of magnitude in the rotational dipole mobility. This 

was direct evidence for the devitrification of RAF in both unpoled and poled BOPVDF. 
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Introduction 

The nature of molecular bonding causes dielectric polymers to exhibit a much lower 

relative permittivity (usually 2-5) from electronic and atomic polarizations than do ceramics (i.e., 

ionic crystals), which often have a relative permittivity from a few tens to several thousands.1, 2 

Recently, new electrical applications, such as power electronics in electric vehicles, require 

miniaturized polymer film capacitors with enhanced permittivities.3-6 To further increase the 

dielectric constants for polymers, we have proposed to utilize the orientational polarization, which 

takes advantage of the rotation of permanent molecular dipoles.1, 2 For example, water has a high 

dielectric constant (~80) at room temperature because of the fast orientational polarization from 

the hydrogen-bonded polar nanoregions,7 which relax rapidly around 10 GHz.8, 9 Even after water 

freezes into ice at 0 °C, the dielectric constant is still high (~90) with the peak relaxation frequency 

decreasing to ~3 kHz.10 It is thus highly desirable to achieve water- or ice-like polymers with high 

dielectric constants and fast orientational polarization without any significant increase of dielectric 

loss. 

Electrostrictive and piezoelectric polymers also require active molecular dipoles with a 

high rotational mobility. It has been reported that electrostriction of the oriented amorphous 

fraction (OAF) in ferroelectric polymers, such as poly(vinylidene fluoride) (PVDF) and its random 

copolymers, is a major source of piezoelectricity.11, 12 In addition, growth of highly mobile relaxor-

like secondary crystals in the OAF will further increase the piezoelectric performance.13, 14 For 

example, high piezoelectric coefficients (d31 and d33) of 60-75 pC/N were achieved for PVDF 

homopolymer15 and P(VDF-TrFE) (TrFE is trifluoroethylene) random copolymers with a low 

VDF content of around 50 mol.%.13, 14, 16, 17 To further enhance the piezoelectric performance of 
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electroactive polymers, it is thus highly desirable to increase the dipole moments and rotational 

mobility of the OAF and secondary crystals. 

To the best of our knowledge, no thorough investigation of rotational dipole mobility in 

polar polymers has been reported so far. Here, we combine broadband dielectric spectroscopy 

(BDS) with a newly developed theoretical approach to determine dipole concentration, dipole 

moment, dipole-dipole interaction, and dipole rotational mobility for unpoled and highly poled 

biaxially oriented PVDF (BOPVDF). The goal is to understand their contributions to the high 

dielectric and piezoelectric properties of PVDF-based electroactive polymers. 

 

Experimental Section 

Materials. The BOPVDF film was obtained from Kureha Corporation (Tokyo, Japan) with 

a uniform thickness of 8.0±0.1 μm (i.e., mean ± standard deviation). As reported before,12, 18 the 

crystallinity (xc) of the unpoled BOPVDF was ca. 0.52, and the crystalline phase contained 70% α 

and 30% β crystals. 

For electric poling, gold (Au) electrodes (ca. 10 nm thick) were coated on both sides of the 

film sample with an electrode area of 78.5 mm2, using a Q300TD sputter coater (Quorum 

Technologies, Ltd., Laughton, East Sussex, U.K.). High-field unidirectional electric poling was 

applied at room temperature to transform the 70% α crystals into β crystals, using a Premiere II 

ferroelectric tester (Radiant Technologies, Inc., Albuquerque, NM) in combination with a Trek 

10/10B-HS high-voltage amplifier (0-10 kV AC, Lockport, NY). The poling field was 650 MV/m 

with a unidirectional sinusoidal waveform (i.e., 325 MV/m DC + 325 MV/m AC) at 1 Hz and 

room temperature for 100 cycles. After poling, the film contained nearly 100% β crystals.11, 12 The 

melt-recrystallized PVDF films were obtained by melting the BOPVDF film at 200 °C, followed 
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by compression molding. The final film thickness was around 30 μm. All PVDF films were 

thoroughly dried in vacuum at 50 °C for 2 days and stored in a desiccator before use. To remove 

impurity ions, the unpoled BOPVDF films were soaked in deionized water for 3 days and 

thoroughly dried in vacuum at room temperature before electric poling and BDS tests. 

Characterization Methods and Instrumentation. A Novocontrol Concept 80 dielectric 

spectrometer with temperature control (Novocontrol Technologies GmbH & Co., Montabaur, 

Germany) was used for BDS measurements. The frequency ranged from 1 to 107 Hz and the 

temperature ranged from -100 to 200 °C. The typical applied voltage was 1.0 Vrms (i.e., root-mean 

square voltage). Au electrodes (78.5 mm2) were sputter-coated on both sides of the film for BDS 

tests. Temperature-modulated differential scanning calorimetry (TMDSC) was carried out on a 

Discovery DSC250 (TA Instruments, New Castle, DE). 5.89 mg of melt-recrystallized BOPVDF 

sample were sealed in an aluminum hermetic pan (47.40 mg), which is almost the same weight 

(±0.01 mg) as the reference pan. The heating rate was 5 °C/min with a modulation of 0.8 °C in a 

period of 60 s. The “three-run method” was used to determine the heat capacity of the sample. The 

first run was an empty pan to obtain the baseline. The second run was sapphire (9.08 mg) to 

calibrate the heat flow amplitude. The third run was the sample. All the aluminum pans were kept 

at 47.40±0.03 mg to minimize system errors. 

 

Results and Discussion 

Kirkwood-Fröhlich Theory and g-Factor Revisited for Polymers.  In the generic BDS 

experiments, the real part of the relative permittivity exhibits a dielectric relaxation strength, 𝛥𝛥𝜀𝜀𝑐𝑐 =

𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑐𝑐0 > 0, around the angular peak loss frequency 𝜔𝜔𝑑𝑑. Here, the high-frequency permittivity 𝜀𝜀𝑐𝑐0 

has no contribution from the orientation of molecular dipoles and corresponds to the permittivity 
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plateau at 𝜔𝜔 ≫ 𝜔𝜔𝑑𝑑. The low-frequency (or static) permittivity, 𝜀𝜀𝑐𝑐, contains contributions from the 

orientational polarization of mobile dipoles and corresponds to the permittivity plateau at 𝜔𝜔 ≪

𝜔𝜔𝑑𝑑. Several expressions are frequently used to estimate dipolar properties of polymers, utilizing 

parameters such as the volumetric concentration of dipoles 𝑛𝑛, the permanent dipole 𝑚𝑚𝑑𝑑, and the 

correlation factor 𝑔𝑔 (i.e., the Kirkwood-Fröhlich correlation factor) from the BDS data containing 

both low- and high-frequency permittivities. These expressions, originally derived for a liquid of 

polarizable dipoles, are usually rewritten for polar polymers and blends/composites by substituting 

the low-frequency liquid permittivity 𝜀𝜀(0) by 𝜀𝜀𝑐𝑐, the high-frequency liquid permittivity 𝜀𝜀(∞) by 

𝜀𝜀𝑐𝑐0, and the relative permittivity of vacuum 𝜀𝜀𝑣𝑣 = 1 by the relative permittivity of the matrix 𝜀𝜀𝑚𝑚. 

The theoretical background of the 𝑔𝑔-factor relies on the work by Onsager and Kirkwood. 

Fröhlich introduced the Kirkwood 𝑔𝑔-factor, accounting for the local structure and interactions in 

the dipolar system. All these are well-documented in Kao’s book on dielectric solids.19 The 𝑔𝑔-

factor values, deduced either from experimental data or simulations, are usually compared with 

unity in order to determine whether the dipoles tend to align parallel or antiparallel. It is suggested 

that if 𝑔𝑔 > 1 , then the dipole-dipole interaction is strong, and any tagged dipole with its 

neighboring dipoles tend to orient parallel, while 𝑔𝑔 < 1  implies a trend for them to orient 

antiparallel. Although a large amount of effort has been dedicated in attempts to predict 𝑔𝑔, the 

deduced 𝑔𝑔-factors were generally not successful in reproducing the experimentally derived values. 

Some advances in the calculation of the 𝑔𝑔 factor have recently been reported,20, 21 and an integral 

formula for the Kirkwood correlation factor has been derived. It was suggested that 𝑔𝑔 > 1 does 

not necessarily mean a strong correlation between the interacting dipoles. 
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The first expression, known as the Debye extension of the Clausius-Mossotti equation, 

neglects any intermolecular interactions, and thus is valid only for polar polymers with extremely 

dilute dipoles having a low permanent dipole moment 𝑚𝑚𝑑𝑑,19 

𝜀𝜀𝑐𝑐−𝜀𝜀𝑚𝑚
𝜀𝜀𝑐𝑐+2𝜀𝜀𝑚𝑚

= 𝑛𝑛
3𝜀𝜀0

(𝛼𝛼𝑒𝑒/𝑎𝑎 + 𝑚𝑚𝑑𝑑
2𝑔𝑔

𝑘𝑘𝐵𝐵𝑇𝑇
)        (1) 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, T the absolute temperature, 𝜀𝜀0 the vacuum permittivity, and 

𝛼𝛼𝑒𝑒/𝑎𝑎 is the electronic+atomic polarizability of the dipoles. Eqn. (1) demands first-hand knowledge 

of the molecular polarizability 𝛼𝛼, and has been shown to provide incorrect values of 𝑔𝑔 and 𝑚𝑚𝑑𝑑 for 

polar liquids. 

The second expression is the classical Kirkwood-Fröhlich theory,19 

�𝜀𝜀𝑐𝑐−𝜀𝜀𝑐𝑐0��2𝜀𝜀𝑐𝑐+𝜀𝜀𝑐𝑐0�

𝜀𝜀𝑐𝑐�𝜀𝜀𝑐𝑐0+2𝜀𝜀𝑚𝑚�
2 = 𝑛𝑛𝑚𝑚𝑑𝑑

2𝑔𝑔
9𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇

= 𝜙𝜙 𝑚𝑚𝑑𝑑
2𝑔𝑔

9𝜀𝜀0𝑉𝑉𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇
       (2) 

where Vd is the volume of a single dipole, 𝜙𝜙 is the volume fraction of dipoles, and thus 𝜙𝜙 = nVd. 

This equation is considered applicable to molecules having a large permanent dipole moment, and 

thus to situations where the correlation between a central dipole and the surrounding dipoles cannot 

be replaced by the response of a continuum dielectric. Eqn. (2) describes the fluctuations of a 

spherical dipole embedded in a medium having a frequency-independent dielectric constant; 

however, while this model can provide useful insight by means of computer simulations, it is not 

widely applicable to real materials. Other modifications of the Kirkwood-Fröhlich theory have 

also been reported in the literature,22,23 but their validity remains debatable. In the following, we 

will use Eqn. (2) to relate the dependence of 𝑛𝑛, 𝑚𝑚𝑑𝑑, and 𝑔𝑔 on temperature to the experimental data 

of 𝜀𝜀𝑐𝑐(𝑇𝑇), 𝜀𝜀𝑐𝑐0, and 𝜀𝜀𝑚𝑚 by running a fitting procedure to obtain the best match for the left hand side 

of Eqn. (2). 
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Theoretical Assumptions for 𝒏𝒏, 𝒎𝒎𝒅𝒅, and 𝒈𝒈-Factor.  In the Kirkwood-Fröhlich theory, 

the experimentally measurable left-hand side of Eqn. (2) is related to a product of the dipole 

concentration 𝑛𝑛(𝑇𝑇), the square of the dipole moment 𝑚𝑚𝑑𝑑(𝑇𝑇), and the 𝑔𝑔(𝑇𝑇)-factor, all of which are 

temperature dependent. We thus have one equation and three unknowns, and must make some 

assumptions about the forms of n(T), md(T), and g(T). Experimental results for water and alcohols24 

indicate that n(T) and g(T) should have a linear dependence on temperature. We consider two 

different functional dependencies for 𝑚𝑚𝑑𝑑(𝑇𝑇)  on T: a power-law and hyperbolic tangent 

dependencies. We then have the following relationships: 

𝑛𝑛(𝑇𝑇) = 𝑛𝑛0 �1 + 𝛽𝛽 𝑇𝑇−𝑇𝑇0
𝑇𝑇0
�        (3) 

𝑔𝑔(𝑇𝑇) = 𝑔𝑔0(1 − 𝛼𝛼𝛼𝛼)         (4) 

𝑚𝑚𝑑𝑑(𝑇𝑇) = 𝑚𝑚𝑑𝑑0 �
𝑇𝑇0
𝑇𝑇
�
𝜃𝜃

         (5) 

𝑚𝑚𝑑𝑑(𝑇𝑇) = 𝑚𝑚𝑑𝑑0 �1 − tanh𝜃𝜃 �𝑇𝑇−𝑇𝑇0
𝑇𝑇0
��       (6) 

where β, α, and θ are fitting parameters. If the sample is initially in a fully molten state at 𝑇𝑇0, then 

𝛽𝛽=0. However, if the sample consists of both crystalline and amorphous phases at 𝑇𝑇0, then 𝛽𝛽 >0, 

i.e., n(T) increases with temperature. We will further discuss the physical meaning of β>0 for 

unpoled and poled BOPVDF films later. 

Second, the 𝑔𝑔(𝑇𝑇) -factor decreases with 𝑇𝑇 , because thermal fluctuations disrupt 

orientational correlations between dipoles.12, 24 Additionally, we suggest that in PVDF polymers 

with coexisting amorphous and crystalline phases, the fitting parameters 𝑔𝑔0 and 𝛼𝛼 in Eqn. (4) can 

be used as global parameters for other PVDF samples. 

Third, a choice is required for the form of the dipole moment 𝑚𝑚𝑑𝑑(𝑇𝑇). One possibility is, 

an inverse power-law temperature dependence, as was used by Hodge and Angell for the 
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permittivity of dipolar fluids.25 According to statistical mechanical theories of dielectrics, the 

permittivity of a dipolar fluid depends on the fluctuation of the sum of dipole moments of all 

molecules.26 Therefore, it seems reasonable to assume a power law dependence for the dipole 

moment of PVDF dipoles in a limited range around room temperature. In amorphous PVDF, the 

dipole moment of each repeat unit has a positive feedback contribution from the polarization field 

of neighboring dipoles. For an isotropic state, the additional polarization field is zero on average, 

which decreases the dipole moment 𝑚𝑚𝑑𝑑0 of each repeat unit to the value in a dilute dipolar system. 

However, arguments could be made for other functional forms, and so to provide an alternative 

for comparison, we also consider a tanh(x)-based hyperbolic model for the dipole moment. 

With the suggested 𝑇𝑇 dependence for 𝑛𝑛(𝑇𝑇), 𝑔𝑔(𝑇𝑇), and 𝑚𝑚𝑑𝑑(𝑇𝑇), there is still uncertainty in 

the individual magnitudes of 𝑛𝑛0 , 𝑚𝑚𝑑𝑑0 , and 𝑔𝑔0 , as only the product n⋅md
2⋅g is experimentally 

determined. Therefore, to minimize the uncertainty in fitting these constants, it is advisable to 

know the exact value of at least one of them from the experimental data. 

Rotational Self-Diffusion and Fluctuating Dipole Mobility.  In this study, we propose a 

new theoretical approach to define the rotational diffusion and fluctuating dipole mobility from 

the experimental loss peak relaxation time. In some recent reports,27, 28 we discussed the 

deconvolution procedure for the BDS data of the imaginary part of 𝜀𝜀(𝜔𝜔) to obtain the dipolar 

rotational loss peak frequency, 𝜔𝜔𝑑𝑑 = 2𝜋𝜋𝑓𝑓𝑑𝑑, and the corresponding rotational relaxation time, 𝜏𝜏𝑟𝑟 =

1/𝜔𝜔𝑑𝑑. In general, the relaxation time 𝜏𝜏𝑟𝑟 is the time needed for the dipole to rotate about 1 rad 

around the main chain under the applied field E. Therefore, the time 2𝜋𝜋𝜏𝜏𝑟𝑟 corresponds to a full 

rotation of the fluctuating dipole around the main chain of PVDF. The Stokes-Einstein-Debye 

hydrodynamic equation relates the relaxation time 𝜏𝜏𝑟𝑟 to the viscosity 𝜂𝜂 of the surrounding medium 

(i.e., solvent),29 
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𝜏𝜏𝑟𝑟 = 𝜂𝜂𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒
𝑘𝑘𝐵𝐵𝑇𝑇

          (7) 

where 𝛾𝛾 is a dimensionless prefactor that accounts for the non-spherical shape of the molecule and 

Veff = 𝑉𝑉𝑑𝑑F(l) is the hydrodynamic volume of the molecular dipole. Here, Vd is the true dipole 

volume, and F(l) is an empirical function that implicitly depends on the slip-stick boundary 

parameter l. For the stick boundary l=1, F(l)≈1, and for the slip boundary l=2, 0.1 < F(l) < 0.2.29-

31 The exact formula for F(l) is currently unknown, but can be empirically derived from 

experimental results. Rigorously speaking, F(l) for the slip and stick boundary conditions depends 

on the concentration of dipolar molecules in the solution. For example, in dilute solutions, the 

difference between F(l=1) and F(l=2) is small.32 For PVDF-like dipolar polymers, F(l) should also 

include the dipole-dipole interaction parameter. When the dipoles interact strongly with each other, 

their rotation perpendicular to the main chain slows down, suggesting an increase in F(l). We 

propose the following formula: 𝐹𝐹(𝑙𝑙) = 1
𝑙𝑙3
𝑛𝑛𝑑𝑑
𝑛𝑛0

, where nd and n0 are the dipole concentrations in the 

measured and reference systems, respectively. For simplicity, we assume nd/n0 ~ 1 to concentrate 

mostly on the l-dependence of the dipole mobility. In the dilute dipole case with a stick boundary, 

F(l=1) = 1. For the slip boundary case, F(l=2) = 1/8, which is consistent with previous reports.29-

31 

To proceed further theoretically, some simplifying assumptions need to be made. First, we 

consider the dipole 𝑚𝑚𝑑𝑑 to be a spherical solute (dipole volume 𝑉𝑉𝑑𝑑) attached to a matrix with a 

relative permittivity 𝜀𝜀𝑚𝑚 . Second, we assume that the dipole experiences thermal rotational 

fluctuations because of its interaction with the matrix. The orientational correlation function [C(t)] 

for such thermal rotations is generally written as, 

𝐶𝐶(𝑡𝑡) = <𝑚𝑚𝑑𝑑(0)𝑚𝑚𝑑𝑑(𝑡𝑡)>
<𝑚𝑚𝑑𝑑(0)𝑚𝑚𝑑𝑑(0)>

         (8) 
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where the angled brackets indicate the average over equilibrium distribution. The orientational 

correlation function is usually fitted by a Kohlrausch–Williams–Watt (KWW) function33-35 with 

the stretching parameter β=1. For interacting dipoles,36, 37 this function can be analyzed using a 

double relaxation time approximation, which contains the one-body (self) and the two-body (pair 

interaction) parts, 

𝐶𝐶(𝑡𝑡) = 𝐴𝐴𝐶𝐶𝑠𝑠(𝑡𝑡) + 𝐵𝐵𝐶𝐶𝑝𝑝(𝑡𝑡)        (9) 

The self-correlation part Cs(t) describes the rotation of a single dipole in the absence of interaction 

between particles, whereas the pair correlation part Cp(t) describes the rotation of interacting 

dipoles. The coefficients A and B are defined from the normalization of C(t). For the system 

containing N interacting dipoles, A = N2/(N2+N2/2) = 2/3 and B = (N2/2)/(N2+N2/2) = 1/3. For the 

self-rotational correlation, we assume exponential decay with relaxation time τr0, and for the pair 

interaction rotational correlation the decay has a relaxation time τr > τr0. For simplicity, it is 

reasonable to assume a linear dependence of τr on the interaction parameter 𝜆𝜆, 

𝜏𝜏𝑟𝑟 = 𝜏𝜏𝑟𝑟0(1 + 𝜆𝜆)         (10) 

The parameter 𝜆𝜆 represents the strength of the dipole-dipole interaction, and can be expressed in 

terms of the renormalized orientational susceptibility χ of rotators in space,38 

𝜆𝜆 = 𝜒𝜒
𝜀𝜀0𝜀𝜀𝑚𝑚

= 𝑛𝑛𝑚𝑚𝑑𝑑
2

3𝑘𝑘𝐵𝐵𝑇𝑇𝜀𝜀0𝜀𝜀𝑚𝑚
          (11) 

where we take into account that χ = n αdip, and the orientational polarization of the dipoles αdip = 

md
2/(3kBT). Eventually, we arrive at, 

𝐶𝐶(𝑡𝑡) = 1
3
�2𝑒𝑒−𝑡𝑡 𝜏𝜏𝑟𝑟0⁄ +e−𝑡𝑡 𝜏𝜏𝑟𝑟⁄ �        (12) 

Eqns. (10) and (11) clearly state that the higher the dipole-dipole interaction parameter 𝜆𝜆, or, the 

lower the temperature, the longer the relaxation time τr of the dipole, and thus the dielectric loss 

peak happens at a lower frequency. 
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Once the relaxation time 𝜏𝜏𝑟𝑟  (or 𝜏𝜏𝑟𝑟0 ) is established, one can proceed to calculate the 

rotational self-diffusion coefficient 𝐷𝐷𝑟𝑟0 for the fluctuating dipole. We use the Einstein relationship 

for the average mean-square displacement at a rotational angle 𝛺𝛺,31, 39, 40 

⟨𝛺𝛺2(𝑡𝑡)⟩ = ℓ(ℓ + 1)𝐷𝐷𝑟𝑟0𝑡𝑡        (13) 

where the boundary parameter is ℓ=1 for the stick boundary case, where the rotating dipole 

experiences attractive dipole-solvent and attractive dipole-dipole interactions, and ℓ=2 for the slip 

boundary case, where the thermal rotation of the dipole is completely free. Given that, 

⟨𝛺𝛺2(𝑡𝑡 = 2𝜋𝜋𝜏𝜏𝑟𝑟0)⟩ = 2𝜋𝜋        (14) 

the following relationship for the rotational diffusion coefficient is obtained, 

𝐷𝐷𝑟𝑟0 = 1
ℓ(ℓ+1)𝜏𝜏𝑟𝑟0

= 1+𝜆𝜆
ℓ(ℓ+1)𝜏𝜏𝑟𝑟

        (15) 

Using Eqn. (7), we arrive at, 

𝐷𝐷𝑟𝑟0 = 1+𝜆𝜆
ℓ(ℓ+1)𝐹𝐹(𝑙𝑙)

𝑘𝑘𝐵𝐵𝑇𝑇
𝜂𝜂𝜂𝜂𝑉𝑉𝑑𝑑

         (16) 

Several approximations are available for the molecular shape factor 𝛾𝛾. In refs. 41, 42, the following 

𝛾𝛾-factor was used under a stick solute-solvent boundary condition (ℓ=1) for a cylindrical dipole 

with an aspect ratio 𝐿𝐿 = 𝑏𝑏1/𝑏𝑏2 ≥ 1 (𝑏𝑏1 is the length of the cylinder and 𝑏𝑏2 is its diameter), 

𝛾𝛾 = ln(𝐿𝐿) − 0.662 + 0.917
𝐿𝐿

− 0.05
𝐿𝐿2

       (17) 

For a higher aspect ratio 𝐿𝐿, the shape factor 𝛾𝛾 increases, which makes the rotational diffusion 

slower. 

Using the theory for charged colloids, the following relation for the concentration 

dependence of the self-diffusion coefficient can be used,43, 44 

𝐷𝐷𝑟𝑟(𝑛𝑛) = 𝐷𝐷𝑟𝑟0(1 − 0.631𝜙𝜙 − 0.726𝜙𝜙2)      (18) 
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where 𝜙𝜙 = 𝑛𝑛𝑉𝑉𝑑𝑑 is the dipole packing fraction. Finally, we arrive at the general formula for the 

rotational dipole mobility, 

𝜇𝜇𝑟𝑟(𝑛𝑛) = 𝐷𝐷𝑟𝑟(𝑛𝑛)
𝑘𝑘𝐵𝐵𝑇𝑇

= 1+𝜆𝜆
ℓ(ℓ+1)𝜏𝜏𝑟𝑟

1
𝑘𝑘𝐵𝐵𝑇𝑇

(1 − 0.631𝜙𝜙 − 0.726𝜙𝜙2)  

= 𝑙𝑙2

𝑙𝑙+1
1+𝜆𝜆
𝜂𝜂𝜂𝜂𝑉𝑉𝑑𝑑

(1 − 0.631𝜙𝜙 − 0.726𝜙𝜙2)       (19) 

 

 
Figure 1.  (A) Temperature-scan BDS result of εr′ at different frequencies and (B) εc(T) as a 
function of temperature for the melt-recrystallized PVDF. The cooling rate is 2 °C/min. (C) md(T) 
and n′(T), and (D) g(T) as a function of temperature for the molten PVDF. 
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Molten PVDF with a Constant Dipole Concentration.  Figure 1 shows the cooling BDS 

curves of the real part of the relative permittivity (εr′) from the melt of PVDF at 200 °C to -100 °C 

[note that the melting temperature (Tm) of this PVDF was 171 °C12, 18]. Upon cooling, crystals 

formed at a crystallization temperature (Tc) around 146 °C and the εr′ exhibited a sudden drop from 

11.3 to 9.3 at 107 Hz (Figure 1A). Upon further cooling, the glass transition temperature (Tg) was 

observed at a lower temperature. We can see that Tg was highly frequency dependent whereas Tc 

was almost frequency independent. As reported before,27, 28 PVDF was often contaminated with 

sub-ppm level of impurity ions, whose interfacial polarization was seen to increase the apparent 

permittivity, especially at high temperatures. From Figure 1A, the εr′ was not very much affected 

by impurity ions when the frequency was above 106 Hz. Therefore, the εr′ of the molten PVDF 

(i.e., 146 - 200 °C) at 107 Hz was taken as the εc(T), as presented in Figure 1B. 

From the density of molten PVDF (1.680 g/cm3),12, 18 the dipole concentration n0 was found 

to be 𝑛𝑛0 = 1.58 × 1028 𝑚𝑚−3. Because the molten PVDF had a random chain orientation, only 2/3 

of 𝑛𝑛0  could respond to the applied electric field;12 therefore, an initial value of 𝑛𝑛0′ =

1.05 × 1028𝑚𝑚−3 was used in the fitting procedure to determine 𝑔𝑔0 and 𝑚𝑚𝑑𝑑0, and their coefficients 

𝛼𝛼, 𝛽𝛽, and 𝜃𝜃 in Eqns. (3-5). Here, we used 𝜀𝜀𝑚𝑚=1 and 𝜀𝜀𝑐𝑐0=3 in Eqn. (2) and allowed 𝑛𝑛0′  to vary 

slightly (within 5%) to get the best fit.  

For the power law expression used for the dipole moment in Eqn. (5), the following optimal 

fitting parameters were obtained at T0 = 146 °C: 𝑛𝑛0′= 1.048×1028 /m3, 𝑚𝑚𝑑𝑑0 = 0.9138 D, 𝑔𝑔0 = 

4.330, 𝛼𝛼 = 4.15×10-4, 𝛽𝛽 = 5.64×10-2, and 𝜃𝜃 = 0.66. For the tanh(x) expression used for the dipole 

moment in Eqn. (6), the following optimal fitting parameters were obtained at T0 = 146 °C: 𝑛𝑛0′= 

1.041×1028 /m3, 𝑚𝑚𝑑𝑑0 = 0.9093 D, 𝑔𝑔0 = 4.930, 𝛼𝛼 = 6.29×10-4, 𝛽𝛽 = 4.33×10-2, and 𝜃𝜃 = 0.52. The 

temperature dependences of 𝑛𝑛0′ (𝑇𝑇), 𝑚𝑚𝑑𝑑(𝑇𝑇), and 𝑔𝑔(𝑇𝑇) are presented in Figure 1C,D. As we can 
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see, both 𝑚𝑚𝑑𝑑(𝑇𝑇)  and 𝑔𝑔(𝑇𝑇)  decreased with increasing temperature, indicating that thermal 

fluctuation tended to decrease the dipole-dipole interactions for both 𝑚𝑚𝑑𝑑(𝑇𝑇) and 𝑔𝑔(𝑇𝑇). In the 

following sections, we will use the fitted values of 𝑔𝑔0 and 𝛼𝛼 as global parameters for other PVDF 

samples. 

At 140 °C, the g-factor of ~2 for water12, 23 is significantly smaller than that (~3.59) for 

PVDF (Figure 1D). This can be attributed to the long-chain connectivity of repeat-unit dipoles, 

which favors a more or less parallel arrangement of neighboring dipoles in a chain. Note that Eqn. 

(2) is applicable to three-dimensional freely rotating dipoles, not to long-chain polymers, which 

have dihedral angle restrictions. Therefore, the orientational dipole polarizability αdip = md
2/(3kBT) 

is underestimated for PVDF. Consequently, the g-factor for PVDF appears to be higher. If we 

assume that the amorphous phase between two neighboring crystalline lamellae is 100% OAF, the 

dipolar orientation will be restricted in two dimensions and the dipolar polarizability becomes αdip 

= md
2/(2kBT).18 Then, the g-factor at 140 °C will be 1.5 times smaller: g = 2.39, which is similar to 

that of water. For real semicrystalline PVDF with both OAF and isotropic amorphous fraction 

(IAF) in the amorphous phase, we consider that the g-factor should be between 2.39 and 3.59. 
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Figure 2.  Temperature-scan BDS result of (A,C) εr′ and (B,D) εr″ for (A,B) unpoled and (C,D) 
poled BOPVDF at different frequencies. 
 

 
Figure 3.  (A) εc(T) as a function as temperature (T) and (B) lnfd as a function of 1/T for unpoled 
and poled BOPVDF. 
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Fitting Experimental 𝜺𝜺𝒄𝒄(𝑻𝑻) for Unpoled and Poled BOPVDF Films.  To obtain εc(T) 

data for unpoled and poled BOPVDF films, frequency-scan BDS experiments were performed. 

Results for εr′ and εr″ (the imaginary part of the relative permittivity) are shown in Figure 2. Step 

decreases in εr′ and relaxation peaks in εr″ were observed, which belonged to the α transition of 

amorphous PVDF. The upturns in both εr′ and εr″ at low frequencies and high temperatures were 

attributed to the interfacial polarization of impurity ions at the polymer/metal electrode interfaces. 

From the plateau values of εr′ at low frequencies, εc(T) values were obtained for both unpoled and 

poled BOPVDF, as plotted in Figure 3A. Both εc(T) values increased with T, and the εc(T) of poled 

BOPVDF was higher than that of unpoled BOPVDF. From the εr″ plots in Figures 2B,D, the 

logarithmic peak frequency (fd) was plotted versus 1/T (Figure 3B). Two regimes were observed. 

At low temperatures (< 0 °C), the data fitted the Vogel-Fulcher-Tammann (VFT) equation.45 At 

high temperatures (> 0 °C), the data fitted the Arrhenius equation. From the slopes of fitted 

Arrhenius equations, the activation energy (Ea) was obtained: Ea = 57.8±1.5 kJ/mol for the unpoled 

BOPVDF and Ea = 68.3±3.6 kJ/mol for the poled BOPVDF. 

 

Scheme 1.  Three-Phase Model for BOPVDF with crystal, OAF, and IAF. 
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Figure 4.  (A) n(T), (B) md(T), and (C) g(T) as a function of temperature for unpoled and poled 
BOPVDF films. The results are obtained using Eqn. (6) for md. 
 

Both unpoled and poled BOPVDF had a crystallinity around 0.52.12, 18 Under the BDS 

voltage (i.e., 1 Vrms), the crystalline phases should not contribute to the orientational polarization. 

Taking into account the edge-on orientation of PVDF crystalline lamellae in the film due to biaxial 

stretching (Scheme 1), the parallel capacitor model is used.12 Ideally, a three-phase model (i.e., 

crystal, OAF, and IAF) should be used for the semicrystalline BOPVDF.11, 12 However, the 

Kirkwood-Fröhlich theory could not be applied to the OAF. Therefore, we decided to use the 

simple two-phase model with crystals and the combined amorphous phase: 

𝜀𝜀𝑐𝑐(𝑇𝑇) = 𝜀𝜀𝑐𝑐𝑐𝑐𝜂𝜂𝑐𝑐𝑐𝑐 + 𝜀𝜀𝑎𝑎𝑎𝑎(𝑇𝑇)(1 − 𝜂𝜂𝑐𝑐𝑐𝑐)       (20) 

where 𝜀𝜀𝑐𝑐𝑐𝑐 is the relative permittivity of the PVDF crystals, 𝜂𝜂𝑐𝑐𝑐𝑐 the packing fraction of the crystals, 

𝜀𝜀𝑎𝑎𝑎𝑎(𝑇𝑇) the relative permittivity of the combined PVDF amorphous phase. With the values for the 

crystalline phase: 𝜀𝜀𝑐𝑐𝑐𝑐=3 and 𝜂𝜂𝑐𝑐𝑐𝑐=0.52, it was possible to calculate 𝜀𝜀𝑎𝑎𝑎𝑎(𝑇𝑇) from Eqn. (20). After 

fitting, we obtained the following parameters: 

i) For the unpoled BOPVDF and with the power law expression used for the dipole moment 

in Eqn. (5),  𝑛𝑛0= 2.69×1027 m-3, 𝑚𝑚𝑑𝑑0 = 1.44 D, 𝑔𝑔0 = 4.31, 𝛼𝛼 = 3.74×10-4, 𝛽𝛽 = 3.44, and 𝜃𝜃 = 4.9×10-

3 at T0 = -30 °C. For the unpoled BOPVDF and with the tanh(x) expression used for the dipole 

moment in Eqn. (6), 𝑛𝑛0= 3.93×1027 m-3, 𝑚𝑚𝑑𝑑0 = 1.53 D, 𝑔𝑔0 = 4.80, 𝛼𝛼 = 6.45×10-4, 𝛽𝛽 = 3.04, and 𝜃𝜃 

= 0.28 at T0 = -30 °C. 
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ii) For the poled BOPVDF and with the power law expression used for the dipole moment 

in Eqn. (5), , 𝑛𝑛0= 3.17×1027 m-3, 𝑚𝑚𝑑𝑑0 = 1.53 D, 𝑔𝑔0 = 4.7, 𝛼𝛼 = 3.69×10-4, 𝛽𝛽 = 2.66, 𝜃𝜃 = 1.91×10-4 

at T0 = -30 °C. For the poled BOPVDF and with the tanh(x) expression used for the dipole moment 

in Eqn. (6),  𝑛𝑛0= 3.89×1027 m-3, 𝑚𝑚𝑑𝑑0 = 1.65 D, 𝑔𝑔0 = 5.1, 𝛼𝛼 = 6.30×10-4, 𝛽𝛽 = 2.90, 𝜃𝜃 = 1.58×10-2 

at T0 = -30 °C. 

Figure 4A-C shows n(T), md(T), and g(T) as a function of T, respectively, when Eqn. (6) is 

used for md. When Eqn. (5) is used for md, similar results are obtained; see Figure S1 in the 

Supporting Information. As temperature increased, n(T) increased linearly [i.e., β > 0, as seen in 

Eqn. (3)], which could be explained by the continuous devitrification of the rigid amorphous 

fraction (RAF) in BOPVDF.46-48 Note that near Tg, a significant portion of OAF became the RAF, 

as reported before.49 

The md(T) of the poled BOPVDF remained nearly constant around 1.63 D and was higher 

than that of the unpoled BOPVDF (Figure 4B). Due to the weaker dipole-dipole interactions, md(T) 

of the unpoled BOPVDF gradually decreased with temperature. Note that both md0 values (1.63 D 

for poled BOPVDF and 1.52 D for unpoled BOPVDF) were significantly higher than that (md0 = 

0.91 D) of the molten PVDF. As shown in Figure 4C, g(T) of the poled BOPVDF film was higher 

than that of the unpoled BOPVDF, and both decreased linearly with increasing temperature. 

Obviously, the polarized β crystalline lamellae in the poled BOPVDF substantially enhanced the 

g(T). 
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Figure 5.  (A) Heating TMDSC curve for the melt-recrystallized BOPVDF at 5 °C/min. The 
modulation was 0.8 °C at 1 Hz. (B) Calculated xRAF and xMAF as a function of temperature by 
assuming the crystallinity being 0.59. 
 

To the best of our knowledge, the RAF in α PVDF had only been reported in two 

publications. First, using ultrafast DSC, Schick and coworkers determined the RAF content around 

0.35 at the Tg, assuming a low xc of 0.25.47 Second, Govinna also determined the RAF content for 

α PVDF to be 0.21-0.28 using conventional TMDSC.48 However, no report exists for the 

devitrification of RAF during heating above Tg. In this work, the devitrification of RAF in PVDF 

was studied by TMDSC. The heat capacity (Cp) curve of the melt-recrystallized BOPVDF during 

heating is presented in Figure 5A. The Tg was observed at -45.2 °C. The melting of poor secondary 

crystals was seen at 55.1 °C with a heat of fusion around 1.21 J/g. The melting of primary crystals 

was observed at 175.5 °C with a heat of fusion of 61.63 J/g. Because the melt-recrystallized 

BOPVDF had the α phase, the heat of fusion of perfect α PVDF crystal, ΔHf° = 104.6 J/g,50 was 

used to calculate the crystallinity, xc = 0.59. The solid and liquid lines were determined by the 

linear portion of the Cp curve. Following a previous report and assuming a constant xc between -

80 and 40 °C, the contents of the RAF (xRAF) and mobile amorphous fraction (MAF, xMAF) were 

determined, and results are shown in Figure 5B. Below -55 °C, xRAF and xMAF were 0.40 and 0.008, 
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respectively. At Tg (-45.2 °C), xRAF and xMAF were 0.331 and 0.079, respectively. This xRAF of 

0.331 at Tg is similar to the value of 0.35 determined by a previous fast DSC study.47 At the end 

of the glass transition (-30 °C), xRAF and xMAF were 0.244 and 0.166, respectively. Upon further 

increase the temperature, xRAF continuously decreased and xMAF gradually increased. This was 

direct evidence of RAF devitrification upon heating. Finally, at 40 °C, xRAF decreased to 0.014 and 

xMAF increased to 0.396. From this work, devitrification of RAF took place (around -10 °C) before 

the observable onset of secondary crystal melting (around 30 °C), similar to a previous report for 

PET.51 Following the melting of secondary crystals (at 55.1 °C), the primary crystals started to 

melt around 80 °C. The low onset crystal melting temperature for PVDF was believed to be a result 

of the head-head and tail-tail defects (usually ~5 mol.%) in radically polymerized PVDF. Note that 

RAF and MAF are different from OAF and IAF, as discussed previously,49 and their contents are 

different. This is because RAF/MAF are defined by chain mobility whereas OAF/IAF are defined 

from the semicrystalline structure. 

Using the xRAF and xMAF values in Figure 5B, we could extract the dielectric constants of 

the devitrified OAF (i.e., mobile OAF or MOAF) by assuming a parallel capacitor model. The 

derivation and results are shown in Section S2 of the Supporting Information. As we can see from 

Figure S2, the dielectric constant of MOAF was higher for the poled BOPVDF than the unpoled 

BOPVDF. This could be attributed to the enhanced local electric field from the highly polarized β 

PVDF crystals, as reported before.12 Although the dielectric constants of the MOAF could be 

obtained, the Kirkwood-Fröhlich theory could not be applied to the MOAF. Therefore, we could 

not use Eqn. (2) to extract the information of n(T), md(T), and g(T) for the MOAF. Instead, we 

should consider OAF and IAF as a whole and use Eqn. (20) to obtain the εam(T). As a result, the 
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εam(T) and the g(T) were overestimated. This is the reason why the g(T) values for both unpoled 

and poled BOPVDF were higher than those of water (g = 2.4) and methanol (g = 2.7) at 0 °C. 

 

 
Figure 6.  (A) Dipole-dipole interaction strength parameter λ(T) and (B) rotational dipole mobility 
μr(T) for the unpoled and poled BOPVDF under stick (l = 1) and slip (l = 2) boundary conditions. 
The results are obtained using Eqn. (6) for md. 
 

Using Eqn. (6) for md, the dipole-dipole interaction strength parameter λ(T) and the 

rotational dipole mobility μr(T) were obtained; see Figure 6. When Eqn. (5) was used for md, 

similar results of λ(T) and μr(T) are shown in Figure S3 of the Supporting information. In Figure 

6A, with 𝑇𝑇. In Eqn. (11), λ had an explicit 1/𝑇𝑇 dependence and implicit dependence on 𝑇𝑇 through 

the dipole concentration 𝑛𝑛 and the dipole moment 𝑚𝑚𝑑𝑑. Also, 𝜆𝜆 was higher for the poled BOPVDF 

compared with that for the unpoled BOPVDF. Meanwhile, the calculated rotational dipole 

mobility for the poled BOPVDF was about 1.2 times that of the unpoled BOPVDF, regardless of 

the stick or slip condition (Figure 6B). This could be a result of the higher md for the poled 

BOPVDF. Interestingly, the increase of μr was over 4 orders of magnitude from -30 to 40 °C with 

a steeper slope below 0 °C. Such a large increase in the rotational dipole mobility directly reflected 

the significant devitrification of RAF in PVDF (see Figure 5), and can be attributed to the increased 
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dipole-dipole interaction strength λ (see Figure 6A). This devitrification of RAF in PVDF upon 

heating appeared to be much easier than that in nonpolar and weakly polar polymers, such as 

isotactic polystyrene, poly(butylene terephthalate), and poly(ethylene terephthalate) (PET), 

reported in the literature.51-53 We consider that the large dipole moment and strong dipole-dipole 

interaction should be responsible for the easier devitrification of RAF in PVDF. Consequently, the 

permittivity of PVDF did not decrease for T > Tg (see Figure 1A), which is different from the case 

observed in weakly polar polymers such as PET.54 Meanwhile, we consider that the stick boundary 

condition, rather than the slip boundary condition, should apply for PVDF in the solid-state 

because of the strong dipole-dipole interactions. We note that the high dipole mobility at room 

temperature also accounts for the enhanced electrostrictive55 and piezoelectric11, 13, 14 properties 

for PVDF and P(VDF-TrFE)-based random copolymers and terpolymers. 

 

Conclusions 

In addition to the pronounced ferroelectric contribution from its crystalline phase 

(especially the β phase), PVDF also exhibits a high static permittivity (εc = 9-15) at low electric 

fields (well below the coercive field). This is attributed to the mobile dipoles in the amorphous 

PVDF, which have relatively large dipole moments per repeat unit. To investigate the origin of the 

higher permittivity of the poled BOPVDF relative to that of the unpoled BOPVDF,12, 18 we carried 

out a combined BDS and theoretical study of the rotational dipole mobility within the framework 

of a crystalline-amorphous two-phase model. From the BDS data of the molten PVDF, the g-factor 

and its temperature dependence α were first determined using Kirkwood-Fröhlich theory, and these 

were then used as the global parameters to fit the experimental BDS data of unpoled and poled 

BOPVDF. Subsequently, their n(T), md(T), and g(T) values were deduced. As the temperature 
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increased from -30 to 40 °C, the active dipole concentration n(T) significantly increased from 

3×1027 to 5.5×1027 dipoles/m3, which suggested the devitrification of the RAF in PVDF with 

increasing temperature. While the n(T) values were similar for unpoled and poled BOPVDF, the 

md(T) and g(T) of poled BOPVDF were higher than those of unpoled BOPVDF. This could be 

attributed to the enhanced local electric field due to highly polarized β crystals in the poled 

BOPVDF. 

Using the theory of charged particles, we developed a new theory to estimate the rotational 

dipole mobility for polar polymers. As a result of the increased n(T) and large dipole moment md 

of both unpoled and poled BOPVDF, the dipole-dipole interaction parameter λ was found to 

increase with increasing temperature. It is the large dipole moment and increased dipole-dipole 

interaction that caused the substantial increase in rotational dipole mobility, i.e., over 4 orders of 

magnitude from -30 to 40 °C, for PVDF. Again, this directly indicated the easy devitrification of 

RAF in PVDF upon heating. 
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