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High-performance aerospace-grade polyimides such as CP2 fulfill many important roles in a wide range
of applications. A thorough understanding of the polymer matrix’s physiochemical properties is an
important consideration when developing polymer nanocomposite materials. In this work, we report the
dielectric properties of polyimide CP2 including the primary and two secondary dipole relaxations, and
their thermal characteristics by way of temperature variable impedance spectroscopy (1072 to 10° Hz,

—40 to 225 °C). Special emphasis has been placed on detailing the characteristic phenomena near CP2’s
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glass transition (199 °C). The consequences of residual DMAc solvent on CP2’s overall loss and relaxation
characteristics are also discussed.

Published by Elsevier Ltd.

1. Introduction

Owing to the proven success of polyimides as films, fibers,
laminates, adhesives, molded parts, and matrices for multifunc-
tional materials, sustained research interest has driven the devel-
opment of polyimide materials for a wide array of applications such
as microelectronics, electronic packaging, optoelectronic devices,
and aerospace components. CP2 is a high-performance aerospace-
grade polyimide that possesses remarkable properties including:
high mechanical toughness, solvent resistance, high glass transition
temperature, ultraviolet radiation resistance, low color, low solar
absorption, and high thermal and thermo-oxidative stability [1-3].
CP2 is derived from 2,2-bis(phthalic anhydride)-1,1,1,3,3,3-hexa-
fluoroisopropane (6FDA) and 1,3-bis(3-5 aminophenoxy)benzene
(APB) [4,5]. It is particularly suitable for long-term survivability in
space environments, and has been used to develop lightweight,
inflatable structures that serve as Gossamer-like spacecraft, satel-
lites, and solar energy collection/reflection systems [6,7]. Recently,
CP2 has become a platform for emerging polymer nanocomposites.
CP2 with SWNT additives have demonstrated pyroresistive
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behavior, electro-thermal actuation [5], and electrostatic mitigation
capabilities [8]. Additionally, vapor-grown carbon nanofiber
(VGCNF)/CP2 composites have also received topical attention due
to their lower relative cost and favorable thermal, electrical, and
electromagnetic shielding performance properties [9—11].

The growing relevance of high-performance polyimide nano-
composites for electrical and dielectric applications underscores
the importance of understanding intrinsic dielectric characteristics
such as the temperature dependence and dynamics of primary and
secondary relaxations. Consequentially, the focus of this work is to
investigate CP2 using impedance spectroscopy to gain insight into
the molecular mechanisms underpinning its dielectric properties
and kinetic characteristics. Particular attention is placed on eluci-
dating the electric and dielectric properties in the neighborhood of
CP2’s glass transition (Tg). The impact of solvent remaining
following in situ film polymerization is also discussed.

2. Experimental
2.1. Materials

All chemicals were reagent-grade and used as received from
Aldrich Chemical Inc, unless otherwise stated. These chemicals
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include: anhydrous DMACc, 2,2-bis(phthalic anhydride)-1,1,1,3,3,3-
hexafluoroisopropane (6FDA; >99%), 1,3-bis(3-aminophenoxy)
benzene (ABP, 99%min.) purchased from Chriskev Company, Inc.

2.2. Polymer synthesis and film validation

CP2 was synthesized similarly to previously published proce-
dures as shown in Fig. 1 [4]. 6FDA (1A, 1.777 g, 4.000 mmol) was
added to a 50 mL triple-necked flask equipped with a magnetic
stirrer, nitrogen inlet and outlet, and stirred under dry nitrogen at
room temperature for 30 min. APB (1B, 1.169 g, 4.000 mmol) was
then charged. The light yellow solution was agitated at room
temperature for 24 h to afford a viscous poly(amic acid) (1C, PAA).
This solution was diluted with DMAc (20 mL), poured into a glass
dish, followed by vacuum evaporation of DMAc, and heat-treated at:
100 °C/24 h,150 °C/4 h, 200 °C/2 h, and 250 °C/1 h to form imidized
CP2 (1D). The film thickness was approximately 100—150 pm. Fully
imidized films (verified by 'TH NMR) with residual solvent content
were produced by limiting the upper anneal temperature to 175 °C
(7 wt% DMACc) and 200 °C (3 wt% DMACc).

Differential scanning calorimetry (DSC) analyses were per-
formed in nitrogen with a heating rate of 10 °C/min (Perkin—Elmer
model 2000 thermal analyzer equipped with DSC cell). The film
samples were heated to 300 °C in the first run and cooled to
ambient temperature at 10 °C/min under nitrogen purge. The
samples were heated to 300 °C in the second run. CP2's glass
transition temperature (Tg, 199 °C) was calculated from the
midpoint of the change in slope for the second heat.

The linear coefficient of thermal expansion (CTE) was 168.6 um/
m°C, as measured by TA Instruments TMA 2940 thermo-mechan-
ical analyzer in linear expansion and penetration modes
(25—210 °C) at a heating rate of 10 °C/min [5].

The Fourier transform infrared (FT-IR) spectrum of the CP2
polymer film was recorded on a Nicolet Nexus 470 Fourier transform
spectrophotometer. The film displays infrared absorption peaks at:
3442, 3087, 1785, 1718, 1587, 1477, 1365, 1429, 1187, 1096, 962, and
855 cm~ L The strong absorption peaks at 1785 and 1718 cm™! are
attributed to the vibration of imide groups. Gel permeation chro-
matography (GPC) was carried out on an Agilent 1100 Series
equipped with refractive index and light scattering detectors.
Polystyrene was used as a calibration standard and tetrahydrofuran
[THF] was used as the eluting solvent. The number-average
(M, = 84 kDa), weight-average (M,, = 238.4 kDa) molecular weight
and polydisperity index (PDI = 2.83) of CP2 were obtained.

Elemental analysis was performed by the System Support Branch,
Materials and Manufacturing Directorate, Air Force Research Lab,
Dayton, Ohio. The measured carbon (C), hydrogen (H) and nitrogen
(N) contents were 62.98%, 2.73% and 4.10%, respectively. Those
values are close to the theoretical calculation for CP2 based on the
formula of C37H18FgN20g (C, 63.44%; H, 2.59%; N, 4.00%).

Complete imidization and DMAc content were verified using
a Nicolet Nexus 470 attenuated total reflectance Fourier transform
spectrophotometer (SpeculATR ZnSe) and a 300 MHz Bruker
AVANCE proton nuclear magnetic resonance ('H NMR) spectrom-
eter. DMSO-dg was used to dissolve the film samples for the NMR
measurements [12].

2.3. Molecular dynamics simulation

Molecular mechanics calculation of rotational energy barriers
were conducted for CP2 model compounds using the COMPASS
force field in the Discover software from Accelrys, Inc. Model
fragments ranged in size from a monomer to eight-mer units. Select
dihedral angles were chosen for examining the minima and
barriers corresponding to fully relaxed geometries.

2.4. Impedance spectroscopy

Impedance spectroscopy has been widely used to investigate
the frequency and temperature dependence of a material’s dielec-
tric properties, and provide information related to molecular
structure, associated dynamics arising from dipole relaxation and
charge transport across a continuum of length scales. Dielectric
relaxations arise from reorientation of molecular dipoles in
response to an electric field, which reflect the dynamics of polymer
chains, as well as the extent of curing and morphology of perco-
lated structures including nanocomposite materials [13—20].

The Novocontrol Alpha-A high-resolution impedance analyzer
with the Quatro Cryosystem temperature control system and ZGS
Alpha-A active sample cell was used to collect isothermal imped-
ance spectra in stepwise temperature increments (—40 to 210 °C,
AT =10 °C; and 190-225 °C, AT = 1 °C [high-resolution near Tg]).
CP2 self-supported films having thickness 100—150 um were
placed between two 20 mm diameter gold-plated brass electrodes
[21]. The Denton Explorer® 18 Cryo high-vacuum deposition
system was used to thermally evaporate 100 nm gold layers onto
both sides of the CP2 samples to improve electrical coupling. An
excitation voltage of 1 Vgys, applied to the parallel-plate capacitor
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Fig. 1. Reaction scheme and CP2 structure.
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sample cell, was determined to probe only the linear, electric-field
strength-independent dielectric mechanisms while maintaining an
adequate signal to noise ratio (i.e., measured spectra contained no
higher-order harmonics and were voltage independent). Several
temperature sweeps were necessary to remove the effects of
process history and yield quantitatively reproducible spectra. The
final heat cycle was used for the analysis presented here.

Dielectric materials with relatively limited charge transport
have complex relative permittivity dispersions, ¢"(w) (w = 27tf), that
behave as a linearly separated or decoupled set of independent
processes where the energy loss mechanisms include electronic
(instantaneous) polarization, ¢«, long-range charge transport, ¢,
and dielectric relaxation events, ¢,

Complex permittivity model.

€'(0) = () — " (0) = Ea + &5 + Erelay
_ CWKO Opc N Aé‘k
&o 1WEp X (] + (l'wl.k)ak)ﬂk

This representation is composed of a dielectric constant associated
with the material’s bulk capacitance, ¢~ = CwKko/€; a bulk DC
conductivity, opc; assuming a Havriliak—Negami (HN) empirical
form, a collection of relaxation processes with dielectric strength
Aey, relaxation time ty, distribution exponent ay (1 > ay > 0, 1:
Debye-like, <1: symmetrical broadening), and symmetry exponent
Bk (1 > Bx > 0, 1: symmetric, <1: high-frequency asymmetric
broadening) [22]; and ¢, is the permittivity of free space (1/
36007 nF/cm). The geometric constant, «,, is defined as the ratio of
the electrode spacing to the electrode surface area. This superpo-
sition of dielectric properties and events is valid so long as the
polarization response of the system is linear. Additional impedance
model details can be found in previous work [23].

Data analysis was performed by optimizing the parameters of
Equation (1) using the software, Z-Fit [24], to perform complex
non-linear least squares (CNLS) regression [23,25,26]. This software
enabled simultaneous fitting of both the real and imaginary
components of the impedance spectrum.

For CP2 films with 7% solvent content, significant electrode
polarization manifested at high temperatures and low frequencies
where the combination of high molecular and charge mobility
facilitated charge carrier accumulation at the sample/electrode
interface. This was accounted for in the 7% sample using a constant
phase angle model in series with the sample impedance model (see
Supplemental Information) [16,23,27,28].

For film thicknesses near 100—150 pum, even geometric uncer-
tainties of £5 um can produce observable variations, most notably
in the ¢/(w) spectra. Therefore, a freeze-fractured cross-section was
imaged using SEM to provide an accurate thickness measurement
(135 pwm). Uncertainty in thickness across the film’s surface, as
measured by SEM, was within +£5 pm;

(1)

3. Results and discussion
3.1. Dielectric properties

Figs. 2 and 3 summarize CP2’'s impedance spectra (1072 to
10%Hz, —40 to 225 °C [final heat cycle]). CP2 is an amorphous
polymer with a thermo-calorimetric glass transition temperature,
Tg, of 199 °C. Similar to other reports on polyimides [29,30], several
dielectric relaxations are observed for CP2.

At and above Tg CP2 exhibits a primary a-relaxation process
associated with segmental polymer chain motion. This is clearly
represented as the dominant asymmetrically shaped peak in the loss
spectra, ¢’(w), with a corresponding shouldered response in the
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Fig. 2. Isochronal dielectric loss versus temperature, —40 °C to 225 °C (0.1 Hz, 40 kHz).
The relaxations are indicated (lines serve as a guide).

storage spectra, ¢'(w). As the a-relaxation shifts to lower frequencies
with decreasing temperature, a small secondary relaxation (§') is
revealed at higher frequencies. As discussed below, this relaxation is
attributed to dipolar side chain motion associated with the fluori-
nated side groups of the anhydride unit. The trifluoromethyl (CFs)
side units have been shown to possess a dipole strength of 2.93 Debye,
which rotate to provide the relaxation mechanism [31—33]. This
process separates from the a-relaxation and becomes visible in the
dielectric loss spectra below 195 °C. At temperatures well below Ty
(<140 °C), CP2 is glassy and molecular and charge carrier mobility is
essentially frozen. The overall dielectric loss at these temperatures is
primarily governed by a very disperse secondary relaxation process
(8) with low loss (¢” < 1072). The broad nature of the B-relaxation may
be understood in terms of intramolecular fluctuations that are
affected by a heterogeneous local environment [34—37]. In concert,
the dielectric storage is nearly flat thus reflecting CP2’s bulk dielectric
constant, ¢, (2.74 + 0.05). This value is similar to others reported for
CP2 which vary between 2.7 and 2.9 [1].

Avery small DC conductivity (spc) was observed (3.7 x 10714 S/
cm at 225 °C), and was easily modeled at temperatures above
197 °C. The values at lower temperatures were extrapolated with
the help of the other well-defined relaxation responses to assist the
model parameterization. It is not uncommon for low-mobility
polymers to demonstrate non-zero long-range charge transport
properties, especially at elevated temperatures where molecular
mobility is enhanced [16,20,38].

Finally, at low frequencies and elevated temperatures thermally
excited ionic species can accumulate and become trapped at the
electrode/sample interface, and/or at local heterogeneous inter-
faces within the material, leading to non-intrinsic space-charge
relaxations. Regions having differing conductivity and/or permit-
tivity may arise from impurities, such as residual solvent or water
adsorption, thereby creating regions where local charges may
collect. At very low-frequencies, a relaxation (denoted by LF) was
observed at temperatures above 217 °C. This observed behavior
could only be adequately modeled as a relaxation process using
a Havriliak—Negami basis function. Attempts to apply common
electrode polarization models such as the constant phase angle
element (i.e., series circuit element) failed [16,23,27,28].
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Fig. 3. Complex permittivity (5 °C increments, €” [left], ¢ [right]) in the neighborhood of T, (190—225 °C). The symbols are raw data and the lines are the dielectric model fits using
Equation (1). (a) At low-frequencies, conductivity (opc) loss is coincident with a low-frequency interfacial process designated by LF. (b) The prominent ¢-relaxation is present at and
above Tg. (c) The p'-relaxation loss peak separates from the o-relaxation below 215 °C. (d) At lower temperature and higher frequencies the broad, weak B-relaxation response is

observable.

Deconvolution of these relaxation mechanisms using Equation
(1) provides quantitative information on the underlying dynamics
and local heterogeneities. Fig. 3 demonstrates the excellent
agreement of the models with measured spectra collected in the
neighborhood of Ty (190 °C—225 °C). Fig. 4 provides examples of the
overall model and its underlying components. Fig. 5 summarizes
the temperature dependencies of the relaxation rates and dielectric
strengths for the three intrinsic dielectric relaxations observed.
Fig. 6 is a reciprocal temperature plot of the DC conductivity. Tables
1 and 2 summarize the kinetic parameters for CP2’s temperature
dependent dielectric properties.

Consistent with other amorphous polymer and glassy systems,
the relaxation rate of the segmental dynamics around the glass

transition temperature of CP2 diverges and follows the
Vogel—Fulcher—Tammann (VFT) relation [37,39—41],
Vogel—Fulcher—Tammann.
_AE;
U(T) = vwexp {R(TTO)} (2)

where, vrepresents the relaxation rate, 1/7; v« is the rate at the limit
T — o« (attempt frequency); R is the universal gas constant; T is
absolute temperature; AE, is the pseudo activation energy for
process n; and T, is the Vogel temperature. For CP2, the pseudo
activation energy for the a-relaxation, is 11.5 kJ/mol (AE, ). T, is 423K
(149.9 °C), which is within the generally accepted calorimetric range
of the glass transition temperature (T; — T, ~ 50 K) [40].

The fragility parameter, m, provides a dimensionless measure of
the departure from Arrhenius temperature behavior, reflecting how
rapidly relaxation rates decrease as the material enters the glassy
state [42,43].

Fragility index.

_dlogyo1(T)
d(Tg/T) lr_q,

Since viscosity is proportional to the structural relaxation time (1),
m is a measure of the steepness of the viscosity curve with respect
to normalized temperature (T/T;) evaluated at T, as shown on left-
hand side of Equation (3); where 7(T) is the temperature-depen-
dent structural relaxation time. The right-hand expression in

AE,T,
- g 3)
R(Tg — T,)*In10

Equation (3) is valid when the temperature dependence of the
structural relaxation is governed by VFT behavior [43]. Larger
values of m are associated with so-called “fragile” glasses where
dynamics decrease very rapidly (m > 100). In contrast, materials
with smaller values of m have a weaker departure from Arrhenius
behavior and are referred to as “strong” glasses. The fragility index
for CP2 is 117, which is similar to polypropylene (m = 122); and falls
between stronger polymer glasses like poly(vinylmethylether) and
poly(propyleneglycol) (both m = 75), and more fragile polymers
such as poly(vinyl chloride) and polystyrene (m = 191 and 139,
respectively) [42—45].

Well above Ty, the thermally activated melt dynamics converge
to an Arrhenius dependence, given by Equation (4).

Arrhenius.
—AE,
RT

The parameter, v, is the pre-exponential factor; and AE, is the
activation energy. For CP2, AE, is 545.6 k]/mol (fit above 217 °C).
This value is slightly greater than the activation energies of other
thermoplastic polymers in the melt state, such as poly(methyl
methacrylate) (PMMA, ~420 kJ/mol) and polyvinyl chloride (PVC,
~525 KkJ/mol) [46], reflecting the more rigid, aromatic character of
the backbone.

The a-relaxation’s dielectric strength decreases slightly as
temperature increases, in accordance with an Arrhenius depen-
dence. The loss of dielectric strength with increasing temperature is
a general feature of the a-relaxation and suggests that, with
changing temperature, local environmental conditions and thermal
randomization impact the concentration and intermolecular reor-
ientation of polymer chain dipoles [17].

Strong asymmetry was observed for the high-frequency wing of
the a-process, which becomes more asymmetric with increasing
temperature. A relaxation loss peak with a wider distribution
response at higher frequencies (i.e., shorter length scales) indicates
a higher degree of local heterogeneity and influence provided by
nearest-neighbor molecular interactions. This is quantitatively
captured by the beta asymmetry exponent of the a-relaxation’s
Havriliak—Negami model (8, = 0.4—0.54). The correlation between
relatively high fragility and non-Debye structural relaxation of CP2

U(T) = veoexp

(4)
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Fig. 4. Decomposition of the dielectric loss spectra above and below Ty, 225 °C [left], 190 °C [right]. These figures detail the individual modeled contributions of the dielectric
response defined by Equation (1). (a) The a-relaxation associated with the dynamic glass transition and cooperative motion of the polymer backbone. (b) The B-relaxation response
associated with phenyl—ether rotation. (c) LF is assigned to a low-frequency interfacial polarization. (d) opc is the small non-zero DC conductivity. (e) The f’-relaxation assigned to

trifluoromethyl rotation.

is consistent with studies by Bohmer et al. for a wide range of
strong and fragile glass formers [43].

As noted, two secondary relaxations are present: a low-temper-
ature, high-frequency relaxation, §; and an additional process, §,
that diverges from the a-relaxation below 195 °C. Consistent with
local molecular relaxation, both exhibit Arrhenius behavior with
a relaxation rate that increases with increasing temperature
throughout the glass transition region. The B-relaxation is very
broad (distribution exponent, ag = 0.2) with an activation energy of
63.1 kJ/mol; and the B -relaxation is more Debye-like (distribution
exponent, ag’ = 0.85) with an activation energy of 127 kj/mol.

Molecular dynamics simulations revealed that the energetic
barrier to trifluoromethyl (CFs, side group) rotation within the dia-
nydride unit was approximately twice that of the phenyl ring about

Temperature [°C]
2123

205.3

198.5 192 185.6

rE
-]
g0t
o a
+ P
ap
5
10° : : : : :
2 2.03 2.06 2.09 212 2.15 2.18
1000/T [K']

the ether linkage in the diamine (energy ratio, ~2:1). Cooperative
motions of the bulky CF3 rotors encounter steric hindrance from the
aromatic hydrogen atoms in the ortho position and its neighboring
CF3 unit resulting in a large potential energy barrier to rotation. In
contrast, rotation of the phenyl groups about the ether linkages is
hindered only by local aromatic hydrogens. However, this barrier is
very sensitive to the overall conformation of adjacent phenyl-ethers
implying that relaxation within the diamine unit will be sensitive to
the local configuration of the polymer backbone.

Quantitative agreement between the ratio of the energetic
barrier to rotation of CF; and phenyl—ether with the ratio of cor-
responding activation energies, as well as the sensitivity of phenyl
rotation to chain configuration, confirms that the broad, low-
temperature ( process is dominated by phenyl—ether rotation, and

Temperature [°C]

226.9 2195 2123 2053 198.5 192
5

10 | | I | |

b %

185.6

1/ 1 [sec!]

2.09

1000/T [K-]

2.18

Fig. 5. Reciprocal temperature plots for the dielectric strength and relaxation rates of CP2’s intrinsic dielectric mechanisms. The solid lines are the temperature models using
Equations (2) and (4). The dotted line is an Arrhenius model at melt temperatures (T > 215 °C).
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Fig. 6. Reciprocal temperature plot for the DC conductivity. The solid line is a VFT
model (Equation (2)), and the dotted line is an Arrhenius model (Equation (4)) in CP2’s
melt state (T > 215 °C).

the higher temperature § process reflects CF; rotation. This
assignment is consistent with previous studies of aromatic poly-
imides [30] and a cross-linked polyimide [29] where the B-relax-
ation was attributed to rotational motion of phenyl—ether or
imide-groups about flexible backbone linkages. The dielectric
strength of the broad § process was found to increase with
temperature according to an Arrhenius-like dependence (39.3 kJ/
mol). This may be understood in terms of an increasing availability
of polarized dipolar linkages promoted by thermal excitation which
supplement local molecular mobility at high temperatures.

Regarding the ['-relaxation, reorientation of dipolar tri-
fluoromethyl groups are mechanically restricted by thermal
reconfiguration and the proximity of neighboring structures. The
dielectric strength associated with this process demonstrates no
apparent temperature dependence. This indicates that even though
the local state impacts the relaxation dynamics, there is minimal
effect on the active dipole density, and thus its behavior is essen-
tially independent of polymer backbone motion. This is consistent
with the 8 process essentially merging with the cooperative chain
a-relaxation above Ty.

3.2. DC conductivity

Long-range charge transport through a media is intimately
connected to local structural state and morphology, especially for
polymers with low charge mobility. As such, DC conductivity
reflects changes in polymer viscosity and, for CP2, demonstrates
a temperature dependency similar to the a-relaxation rate; since

Table 1
CP2 Vogel—Fulcher—Tammann parameters.
Ln(v..) AE" [K]/mol] T, [K]
apc —24.4 3.70 430
1/t 24.4 115 423

VFT model fit uncertainties were all less than +0.1.

Table 2
CP2 Arrhenius parameters.
In(ve) AE [k]/mol]

apc (Melt, T > 215 °C) 27.1 240
1/t,(Melt, T > 215 °C) 142 557
1/tg 34.6 127
1/tyip 50.9 221
1/t 25.6 63.1
Aey -19.9 5.31
Aeg -3.97 0.05
Aeyip 1.65 0.18
Aeg 8.24 393
B 0.68 1.30

Arrhenius model fit uncertainties were less than +0.05.

long-range conduction is limited and charge transport is predicated
on thermally excited carriers and leakage pathways along the
polymer main chains.

CP2 exhibits a slow increase in linear expansion which increases
more rapidly as temperature nears Tg at 199 °C [5]. This effect is
attributed to a progressive increase in CP2’s volume as polymer
viscosity decreases. Below T, charge mobility is limited by polymer
chain stiffness where charge transport is frustrated. Above Tg,
thermal expansion and conductivity are proportional indicating
that decreasing polymer viscosity promotes electrical transport.
This, in turn, demonstrates that electron transport in CP2 increases
with temperature. The DC conductivity temperature dependence,
shown in Fig. 6, is similar in character to that of the a-relaxation
rate, and follows the VFT equation. The effective activation energy,
3.7 kJ/mol, for the VFT fit agrees well with behavior reported for
other amorphous polymers [47]. The Vogel temperature, 429.6 K, is
close to that found for the a-relaxation rate; and is also within
calorimetric proximity to Ty (i.e., Ty — T, ~ 50 K). Above 215 °C, DC
conductivity converges to an exponential dependence. An Arrhe-
nius model fit for temperatures above 215 °C quantifies its strong
activation energy (240 kJ/mol), which indicates the significant
kinetic barrier to the weak charge transport.

3.3. Material processing: influence of residual solvent

Polyimides are commonly processed from high boiling-point
aprotic polar solvents such as NMP and DMAc. The final forming set
necessitates elevated temperature anneals above T to complete the
imidization reaction, remove associated byproducts (water or
alcohols), and any residual processing solvents. The rate of solvent
removal, as well as imidization, depends critically on the proximity
of the film’s temperature to T,, which in turn depends on solvent
concentration and the extent of imidization. Thus, small amounts of
solvent can easily become trapped within the film. The surplus of
these small molecules significantly increases local molecular
mobility, the associated rate/magnitude of dielectric relaxations,
and also enhances charge carrier mobility/concentration.

The logarithmic derivative of ¢/, shown in Equation (5), is used to
provide an Ohmic-conduction-free representation of the dielectric
loss [48].

Ohmic-conduction-free dielectric loss.

" T 8¢’ (w)

‘Der = 77 lnw )

This mathematical operation, which amounts to a first-order
approximation of the Kramers—Kronig transform of ¢/, has the added
effect of sharpening relaxations to improve clarity of overlapping
responses that are otherwise masked by each other and/or DC
conductivity. In the present case we apply Equation (5) to the
measured and modeled ¢ data of solvent-rich films to help identify
changes in the relaxation phenomena with respect to solvent content.
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Fig. 7. Complex permittivity spectra (¢” [left]; Ohmic-conduction-free dielectric loss, ef., [right]) illustrating the impact of 3% and 7% residual DMAc solvent for CP2 films above T,
(T = 210 °C). The magnitude of the DC conductivity and the rate of the a-relaxation each increased by ~ x10. The strength and rate of the low-frequency (LF) relaxation also
significantly increased with solvent content (x10% and x103, respectively). eher [right] provides improved resolution of the low-frequency and a-relaxation peak positions (see
Equation (5)). The symbols are the raw data and the lines are model fits using Equation (1). The arrow indicates the dramatic shift in the a-relaxation peak.

Fig. 7 illustrates the drastic impact remnant DMAc solvent has
on CP2’s dielectric spectra for films having 0%, 3%, and 7% solvent
(shown above Ty, at 210 °C). Comparing DMACc free film to 7% shows
astonishing changes in DC conductivity (over x10° increase), and
a huge increase in the rate of the o-relaxation (x10°) at 210 °C. The
later reflects suppression of the glass transition temperature. Note
that the impact of solvent on the dielectric strength was minimal as
anticipated since the density of polarizable dipole units associated
with segmental motion should not radically change. Using
modeling analysis along with the logarithmic differentiation of ¢
described in Equation (5), it was possible to estimate that the
dynamics of both secondary processes also increase (6/ ~ x10?%, at
190 °C; and 8 ~ x10, at 100 °C) with solvent content.

As noted, the strength and relaxation rate of the extrinsic low-
frequency polarization are exacerbated (x10% and x10 at 210 °C,
respectively). The strong dependence of the low-frequency
dielectric strength (and dynamics) on solvent concentration may
implicate trace amounts of DMAc as the source of the observed
low-frequency process. Specifically, mobile solvent molecules may
become caged in structural defects or trapped by hydrogen bonding
along the polymer network thereby creating polarizable space-
charge regions detectable by impedance spectroscopy. The pres-
ence of low-frequency polarization in the “solvent free” sample
may imply that a small non-zero amount of DMACc is still present,
likely <1%, which is within experimental detection limits of the
ATR-FTIR and proton NMR measurement techniques used to
quantify the solvent content [12]. The temperature dependence of
the low-frequency relaxation rate was Arrhenius. This behavior
along with its very large activation energy, 221 kj/mol, and
dielectric strength (A¢ = 5.4 [0%] to 4000 [7%]) is consistent with
typical reports of polarizations related to interfacial phenomena.

These observed results underscore the importance of the
solvent removal step to the accurate evaluation of the film's
dielectric properties. Insufficient vacuum heating above the film’s
T, will result in inadequate removal of DMAc solvent. This, in turn,
has lead to films that are far more “lossy” than desired, which is an
important consequence for applications that use CP2 for its desir-
able low-loss dielectric properties.

4. Conclusion

The dielectric properties of polyimide CP2 were investigated
using impedance spectroscopy across a wide range of temperatures
(102 to 108 Hz, —40 °C to 225 °C) with emphasis near the glass
transition temperature (199 °C). Modeling the impedance spectra
revealed the classic primary («) and sub-glass secondary relaxation
processes (8 [phenyl ring rotations] and §’ [CF3 rotation]) common
to many types of amorphous polymer systems. In addition, an
extrinsic low-frequency interfacial polarization linked to residual
DMAc was identified. Temperature variable impedance analysis
near T; enabled the temperature dependencies of the DC conduc-
tivity and each dielectric event to be characterized. The presence of
DMAC solvent remaining after the imidization process significantly
increased the film’s charge transport and molecular mobility
properties. Solvent-free CP2 films maintain low-loss dielectric
characteristics (¢” < 1072) up to considerably high temperatures
(170 °C).

The results of this study provide a detailed account of the
electrical and dielectric properties, relaxation dynamics, and
temperature dependent characteristics of polyimide CP2. The goal
has been to enumerate these basic properties to reconcile a thor-
ough understanding of CP2 as low dielectric loss matrix for
emerging composite materials.
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electrode polarization series impedance model; and the dielectric
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