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To enlarge the library of dielectric materials suitable for energy storage applications, three series of
semi-aromatic copolyimides were developed by structural manipulation which enabled properties to be
modulated. Various polar units such as nitrile, carbonyl, polyethylene and polypropylene oxide were
integrated into the same polymer chains in different ratios to attain desirable characteristics. By WAXD,
AFM, DSC and TGA the amorphous nature and high thermostability of copolyimide films were
demonstrated, with no crystallization or phase separation, being shaped by the amount and nature of
the soft segment. According to the mechanical and dielectric evaluation, a slight variation of copolymer
composition tailored these properties in large limits, changing the material from a rigid to a flexible or
even stretchable one, from a common material to one with self-sticky ability, from a low-k to a high-k
material, all these being possible by an efficient chemical strategy. The electrical breakdown strength and

Received 15th November 2023, energy storage performance were also governed by the chemistry design, the best value (326 kV mm~* and

Accepted 25th December 2023 136 J cm™3, respectively) being obtained for copolyimide containing the highest aromaticity and the lowest
DOI: 10.1039/d3tc04209j aliphatic chain length. Thus, the ability of the constitutive hard and soft segments to interpenetrate and to

arrange in the polymer network led to films with variable and distinct properties suitable for use as flexible/
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Introduction

Due to the fast development of the global economy and the
rising population, the search for efficient, clean and renewable
energy has evolved as a focal point of interest worldwide. In the
accelerating landscape of energy storage technology, research-
ers and engineers are continuously seeking materials that can
enhance the performance, durability, and safety of energy
storage devices.'™

Capacitors are essential components in electronic products
and fit in a wide range of industrial applications, being a vital
part of energy storage devices. Several dielectric materials have
been developed so far for high-temperature capacitor applica-
tions, including ceramics and dielectric polymers, each of them
having its own limitations.” The main drawback of ceramic film
capacitors is their low breakdown strength and flexibility, and
despite the advantages of high dielectric permittivity and
thermal stability, their application in the energy storage field is
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stretchable dielectric materials or energy storage capacitors.

limited.® Dielectric capacitors include the dielectric material as
a key component, which governs the overall performance of the
capacitors due to their properties. It is well-known that a
dielectric capacitor stores and releases energy by a local dipole
cyclization mechanism, which assures rapid charge and dis-
charge rates, thus enabling a higher power density.* On the
other hand, polymer-based dielectrics have been used in the
fabrication of energy storage capacitors by virtue of their
inherent flexibility, facile processing, high breakdown strength,
low dielectric loss and ease of customizing continuous large
area films with micron thickness.®*° Still, an existing issue
remains which is represented by the insufficient thermal
stability of the current polymeric materials developed for such
applications. Moreover, when the requirements of high energy
density corroborated with efficient thermal conductivity are
added, the library of polymer-based dielectric materials is
greatly narrowed.

Among the state-of-the-art polymer dielectrics suitable for
high temperature film capacitors, polycarbonate (T, = 150 °C
for 6 um film), poly(ether-ether-ketone) (7, = 150 °C for 12 pm
film), fluorene polyester (T, = 330 °C for 6 um film), polyether-
imide (Ty = 217 °C for 12 um film) and Kapton polyimide
(Ty =360 °C for 12 pm film) were taken into consideration since

This journal is © The Royal Society of Chemistry 2024
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they are stable at the processing operating temperatures.''
In addition, the influence of dielectric breakdown strength
and dielectric constant on the value of energy density makes
high performance polymers suitable materials for energy sto-
rage applications since these parameters determine the relia-
bility and durability of dielectric polymers."*™**

The high degree of aromaticity and the presence of ther-
mally stable rigid imide rings make polyimides able to with-
stand extreme temperatures without significant degradation,
ensuring long-term reliability. The attractive mechanical prop-
erties, including high tensile strength and excellent dimen-
sional stability, are crucial aspects for maintaining the struc-
tural integrity in energy storage components, particularly in
demanding environments. The excellent insulating properties
of polyimides are vital for minimizing energy losses due to
parasitic capacitance in capacitive energy storage systems.
Moreover, chemical resistance to a wide range of solvents is
important for protecting energy storage components from corro-
sive environments or interactions with electrolytes. A particular
aspect of polyimides is their ability to be tailored so as to possess
various degrees of flexibility and processability, depending on the
macromolecular structural design.">"” This versatility allows for
customization to suit different energy storage device designs and
configurations. One strategy was to incorporate various fillers like
ceramic nanofillers ALO;,'® HfO, and TiO,,"® CaCusTi 0;,,%°
boron nitride nanosheets and BaTiO;,>" or graphene-based con-
ductive nanofillers*® into the polyimide matrix in order to
improve the dielectric properties. Yet, these fillers cause a series
of issues including incompatibility or agglomeration of the two
constituent components of the composite materials which deter-
mined a decrease in insulating properties and difficulty in
synthesis.>® In the frame of these aspects, functional polyimides
designed by manipulating the macromolecular architecture in
term of shortrange chain distance and geometric alignment
enabled the optimization and improvement of properties in order
to obtain increased values for electrical features.” Thus, to our
knowledge, the highest value for energy density was obtained for
the polyimide based on an aliphatic diamine (Jeffamine HK511)
and a carbonyl-containing aromatic dianhydride (benzophenone
tetracarboxylic dianhydride, BTDA), which had a dielectric con-
stant of 7.8 and a maximum energy density of 15.77 J cm > but
with a lower heat resistance in terms of glass transition tempera-
ture (Ty = 78 °C).>* The 50-50% polyimide blend of Matrimid
5218 and Ultem 1000 recorded a relatively low dielectric constant
of 3, a breakdown strength of 1000 MV m ™" at room temperature,
and an energy density of 8 ] cm >.” Incorporation of two polar
pendant nitrile units in the main chain of polyimide derived from
BTDA and a 2CN-based aromatic diamine enabled a dielectric
constant of 4.8, a low dielectric loss of 0.00157 at 1 kHz and 25 °C,
and a maximum energy density of 1.02 ] cm >.>* The introduc-
tion of polar sulfonyl groups in the polyimide based on 4,4-
oxydiphthalic anhydride and an aromatic diamine with para-
para linkage led to a dielectric constant of 5.98, a low dielectric
loss of 0.00373 at 1 kHz, a discharge energy density of 7.60 ] cm >
and charge-discharge efficiency of 91.3% at 500 MV m~".*° The
polyimide derived from BTDA and a bipyridine-containing
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diamine determined the rise of the dielectric constant to 7.2,
a dielectric loss of 0.038 and an energy storage density of
2.77 ] em 3%’ Polyimide based on BTDA, Jeffamine HK511 and
hexane-1,6-diamine enabled a dielectric constant of 4.77, a
dielectric loss <0.01, and an energy density of 12 J cm 3.>®
An overall view of the performance of some commercially avail-
able polyimides and of several developed polyimide films is
presented in Table S1 (ESIY).

Considering the literature data, it was obvious that a combi-
nation of various polar groups grafted on an imide-aromatic
skeleton may enable the development of suitable materials for
efficient energy storage applications. Our previous report on
copolyimides based on BTDA, Jeffamine with a molar mass of
2000 Da and various nitrile-based aromatic diamines revealed
the substantial influence of the position of polar nitrile groups
on the overall properties of the free-standing films made
therefrom.?® Following a similar trend, the present work aims
to evidence the influence of the nature (molar mass) of the
aliphatic soft segment and its variable loading amount onto the
physico-chemical behavior of the copolyimides, focusing on
mechanical and dielectric characteristics. Thus, by varying the
nature and quantity of the Jeffamine component, 3 series of
copolymers with increasing amounts of the soft component
were synthesized and the structure-property correlations were
established. Due to the ability of the soft and hard constitutive
components of the copolyimides to interpenetrate and to
arrange in the polymer network, films with variable, distinct
and tailorable properties were obtained which were successfully
explored as dielectrics and thin film capacitors for energy
storage.

Experimental
Starting materials

Jeffamine™ ED-2003 (0,0’-bis(2-aminopropyl)polypropylene gly-
col-block-polyethylene glycol-block-polypropylene glycol, J-2000),
Jeffamine® ED-900 (0,0’-bis(2-aminopropyl)polypropylene
glycol-block-polyethylene glycol-block-polypropylene glycol,
J-900), Jeffamine®™ ED-600 (0,0'-bis(2-aminopropyl)poly-
propylene glycol-block-polyethylene glycol-block-polypropylene
glycol, J-600), N-methyl pyrrolidone (NMP anhydrous, 99.5%),
N,N'-dimethylacetamide (DMAc, HPLC grade), dimethyl sulfox-
ide (DMSO anhydrous, >99.9%), tetrahydrofuran (THF, anhy-
drous, >99.9%), chloroform (anhydrous, 99%) and ethanol
(analytical standard) were purchased from Sigma-Aldrich and
used without purification. 3,3’,4,4’-Benzophenonetetracarboxylic
dianhydride (BTDA, >97%) was acquired from Sigma-Aldrich
and purified by standard procedures.

Aromatic diamine 2,6-bis(3-amino-phenoxy)-benzonitrile
was synthesized according to a published procedure.*’

Synthesis of copolyimides

Three series of copolyimides with a molar ratio of CN-func-
tionalized aromatic diamine: Jeffamine-based aliphatic diamine
of 0.7:0.3 (coPI1-coPI3), 0.6:0.4 (coPI4-coPI6) and 0.5:0.5
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Scheme 1 Synthesis of copolyimides coPl1-coPI9.

(coPI7-coPI9) were obtained by classical two-step solution poly-
condensation reactions in NMP, at a concentration of 20%
(Scheme 1).

In order to perform the synthesis, the aromatic dianhydride
was used in an equimolecular quantity with respect to the
mixture of the two diamines (aromatic and aliphatic). There-
fore, three different molar ratios between CN-functionalized
aromatic diamines and aliphatic diamines (0.7:0.3, 0.6:0.4
and 0.5:0.5, respectively) and three aliphatic diamines with
various molecular weights of 600, 900 and 2000 Da were used in
the synthesis of copolyimides.

The synthesis of coPI4 with a molar ratio of CN-func-
tionalized aromatic diamine: Jeffamine-based aliphatic diamine
(J-600) = 0.6:0.4 is further given as an illustrative example.
In a 100 mL three-necked round-bottom flask, fitted with a
nitrogen inlet and outlet, 0.5 g (1.57 mmol) of 2,6-bis(3-
aminophenoxy)-benzonitrile, 0.6 mL (1.05 mmol) of Jeffa-
mine® ED-900 (J-900) and 4 mL of NMP were added. The
diamine mixture was stirred under a nitrogen stream for
30 minutes until complete dissolution occurred. After that,
0.846 g (2.62 mmol) of BTDA and 3.9 mL of NMP were
introduced in the flask, forming a yellow clear solution of
copoly(amidic acid), which was stirred at room temperature
for 16 h. In the second reaction stage, the intermediary
copoly(amidic acid) solution was heated at 180 °C for 6 h.
In order to remove the water evolved during the imidization
process resulting from the dehydrating process, a strong
stream of nitrogen was flowed through the system. It was
noticed a variation of the solution color from light-yellow to
dark brown with the evolution of the cyclodehydration process
of the intermediary copoly(amidic acid). The final copolyimide
viscous solution was precipitated in methanol, filtered, and
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coPl4: o:p=0.6:0.4, y~9, x+2~3.6
coPIS: o:p=0.6:0.4, y~12.5, x+z~6

coPI6: 0:p=0.6:0.4, y=38.7, x+z=6

coPI7: 0:p=0.5:0.5, y~9, x+z~3.6
coPI8: 0:p=0.5:0.5, y~12.5, x+z~6
coPI9: o:p=0.5:0.5, y=38.7, x+z=6

washed several times with methanol. Solid light brown fibers
were obtained, which were dried at 80 °C for 6 h.

Free-standing films

The copolyimide films were obtained from coPI1-coPI9 as free-
standing materials by dissolving a certain amount of copolymer
powder in THF as a solvent. Thus, copolyimide solutions with a
content of 10% in solids were prepared and filtered through a
45 um filter syringe, then casted onto clean glass plates and
placed in an ambient atmosphere for 24 h to slowly evaporate
THF. The flexible films obtained after detaching from the
support, with thickness values in the range of 35-55 um, were
used for various measurements.

Measurements

The "H NMR spectra were recorded on a Bruker Avance IIT 400
spectrometer operating at 400.1 MHz. 'H chemical shifts are
expressed in 0 units (ppm) with respect to the residual peak of
the solvent (*H: CDCl; 7.26 ppm).

The Fourier-transform infrared spectroscopy (FTIR) mea-
surements were performed on an FT-IR Bruker Vertex 70
spectrophotometer. The samples were in the form of film strips
and analyzed in the ATR mode.

Gel permeation chromatography (GPC) was used to estimate
the average molecular weights by using a ParSEC Chromato-
graphy Ver. 5.67 Brookhaven Instruments Corp. apparatus
provided with refraction and UV detectors and PL Mixed C
Column. The measurements were performed in DMF as a
solvent with copolymer solutions prepared at a concentration
of 0.5% after filtration. Standards of polystyrene with a known
molecular weight were used for calibration.

This journal is © The Royal Society of Chemistry 2024
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Thermogravimetric analysis (TGA) was performed on a
NETZSCH TG209 F1 Iris instrument, by using copolymer film
samples of about 8 mg each. The sample was heated from 25 to
700 °C at a heating rate of 10 °C min '. The measurements
were recorded under a nitrogen gas flow of 50 mL min~".

The glass transition temperature (7,) of copolyimides was
determined on the basis of differential scanning calorimetry
(DSC) experiments. The analysis was carried out using a Mettler
T28E calorimeter by heating the film samples under a nitrogen
atmosphere from 25 to 300 °C, at a heating rate of 20 °C min .
After following heating-cooling-heating scans, T, was estimated
from the DSC diagram obtained in the second heating cycle.

Wide X-ray diffraction (WAXD) patterns were recorded on a
Bruker AD8 Avance diffractometer, by using Ni-filtered Cu-Ka
radiation (4 = 0.1541 nm) at 36 kv and 30 mA. All diffracto-
grams were obtained on copolyimide films at room tempera-
ture, in the range of 2-40 (20 degrees) and reported as obtained.
The d-spacing values were calculated from the diffraction peak
maximum, by using the Bragg equation:

d=//2sinf

where / represents the wavelength of the radiation and 20 is the
angle corresponding to the maximum intensity of the amor-
phous halo exhibited by the polymer.

The morphology of the free-standing copolyimide films was
investigated by atomic force microscopy (AFM) on a Scanning
Probe Microscopy Solver PRO-M, NT-MDT equipment made in
Russia, in semi-contact mode and semi-contact topography
technique.

Mechanical measurements were conducted using an Instron
3365 machine equipped with a 500 N load cell. Tensile and
cyclic tests were performed on dumbbell-shaped specimens
that were extended at a rate of 10 mm min~". The deformation
protocol employed to generate the cyclic curves and the calcu-
lation method of permanent deformation, recovery strain,
tensile strength and toughness were detailed in the previous
report.”’

The dielectric spectroscopy investigations were carried out
with the Broadband Dielectric Spectrometer (Novocontrol Tech-
nologies, Germany). The dielectric spectra were recorded at
temperatures between —150 °C and 200 °C, by sweeping the
frequency between 1 Hz and 1 MHz at every 5 °C. For these
measurements, the free-standing films were sandwiched
between two gold coated plate electrodes, which were placed
in a dry nitrogen atmosphere.

Dielectric strength was evaluated by applying a stepwise
increase in voltage, from 0 V to 20 KV, to each film sample at
a rate of 100 V s, until breakdown occurred. The Weibull
analysis was carried out based on the results of 10 breakdown
tests for each sample, following the procedure previously
reported.*®

The energy density (Ue) value of the copolyimide film
materials was calculated based on the following equation:

1
Ue = Es’soEBDz

This journal is © The Royal Society of Chemistry 2024
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where ¢’ is the dielectric permittivity of the material, ¢, repre-
sents the permittivity of the free space (8.85 x 10> Fm™ ') and
Egp is the electrical breakdown strength.

Results and discussion

In an attempt to obtain multifunctional polyimide-based mate-
rials with variable physico-chemical properties by starting
always from the same constituent monomers, the synergistic
combination between a soft semi-aromatic segment and a hard
aromatic fragment was approached towards three series of
copolyimides. First, the polyimide chains were modified with
polar nitrile groups, which in conjunction with carbonyl, poly-
ethylene and polypropylene oxide units are expected to provide
appealing physical and chemical features with respect to clas-
sical or even semi-aromatic polyimides. Then, a systematic
variation of the molar ratio between the soft and hard segments
was employed along with Jeffamines of distinct molecular
weights, targeting to obtain free-standing films of variable
flexibility or stretchability, and tuned characteristics relevant
to energy storage applications. To this pursuit, a comprehen-
sive analysis was realized by structural, morphological,
mechanical, thermal, and electrical assessment, anticipating
that the framework of the hydrophobic aromatic component
functionalized with the polar nitrile group and the hydrophilic
semi-aromatic Jeffamine substructure would enable high
dielectric constant values as well as increased mechanical
and electrical performance in energy storage.

Copolyimides synthesis and structural identification

All copolyimides reported here were obtained by classical two
step polycondensation reactions between a mixture of two
diamines in different molar ratios and BTDA. These implied
first the formation of the intermediary copoly(amidic acids)
and afterwards their conversion into the corresponding copo-
lyimide structures by thermal imidization in solution. Thus, as
shown in Scheme 1, three series of copolyimides were obtained:
series 1, in which the molar ratio of aromatic diamine to
aliphatic diamine was 0.7 : 0.3 (coPI1-coPI3), series 2, in which
the same molar ratio was modified to 0.6:0.4 (coPI4-coPI6),
and series 3 with an equal molar ratio between the two
diamines (0.5:0.5, coPI7-coPI9). The copolymers containing
polar nitrile groups in the main chains were obtained as
viscous solutions at the final stage of the polycondensation
process. Structural identification of these copolymers was
performed by using FTIR and "H-NMR spectroscopies.
'"H-NMR spectra were discussed in correlation with the
structural design of each copolyimide series, considering the
ratio of aromatic and aliphatic segments in the macromolecu-
lar chains. The primary information provided by these spectra
refers to the absence of the signals specific for the amide
protons at about 13-15 ppm (carboxylic protons) and 9.5-9
ppm (amide protons), thus indicating a complete imidization
of the copolymer intermediates to the corresponding copoly-
imide structures. According to Fig. 1, which shows the '"H NMR

J. Mater. Chem. C, 2024, 12, 2084-2100 | 2087
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Fig. 1 H-NMR spectra of copolyimides coPI7, coPI8 and coPI9 obtained from the equal molar ratio between the aromatic diamine and aliphatic

diamine.

spectra for the copolyimide series 3 containing a 0.5: 0.5 molar
ratio between aromatic diamine and aliphatic diamine, the
characteristic protons of the studied copolymers are scattered
into four main regions. Thus, the signals identified at 8.30-
7.97 ppm were assigned to the protons coming from the
diimide segment, while the protons found in the range of
7.63-6.62 ppm were attributed to the nitrile-containing aro-
matic fragment. The aliphatic Jeffamine-derived substructure
was identified through multiple peaks in the range of 4.64-
3.57 ppm assigned to methylidene (-CH) and methylene (-CH,)
protons, and 1.76-0.96 ppm due to methyl (-CH;) protons.
An additional resonance signal in the form of a broad clear
peak was observed in the high field range, between 2.66 and
1.78 ppm, for all investigated copolyimides, except coPI4 and
coPI5 for which this peak had a lower intensity, as can be
observed in Fig. S1 (ESIt). In previous work, a similar signal
centered at about 1.75 ppm was recorded in the 'H NMR
spectrum (CDC1;) of Jeffamine ED-600 and associated with
its aliphatic amine protons.®" Therefore, it appeared reasonable
to attribute this signal to the NH, protons of the terminal
Jeffamine (J-600, J-900 or J-2000). The broadness of the peak
and the shift to different resonance fields suggest the involve-
ment of the amine group in intermolecular interactions, parti-
cularly in H bonding, where it behaves as a proton donor
towards a proton acceptor, which can be imide C=0O or the
bridged C=O0 in the diimide segment, as well as CN group. The
reason why this band is of lower intensity for coPI4 and coPI5 is
mostly due to the lower reactivity of BTDA compared to that of
aromatic and aliphatic diamines mixture.

The "H-NMR technique was also used to evaluate the co-
monomer ratio on the basis of the integral area of the "H-NMR
signals recorded at 7.63-6.62 ppm region corresponding to
the aromatic diamine containing nitrile protons and from
4.64-3.57 ppm domain which were attributed to CH and CH,
protons from the aliphatic diamine segment (Table S2, ESIT).
The obtained results did not evidence a pronounced deviation

2088 | J Mater. Chem. C, 2024, 12, 2084-2100

from the initial target molar ratio. Still, a general trend can be
observed in the case of copolymers coPI3, coPI6 and coPI9
containing the J-2000 fragment: the loading of the aromatic
diamine is slightly higher than that of the aliphatic one, which
suggests a better reactivity of the former diamine. Conversely,
the incorporation of aliphatic diamines J-600 and J-900 into the
corresponding copolymers occurred in higher amounts with
respect to the targeted ones, while only coPI5 had very close
values to the predicted ones. In this context, the reactivity of
aliphatic diamines with respect to the CN-based aromatic diamine
appears different against BTDA in the polycondensation reaction:
the higher the molecular weight of the Jeffamine, the lower the
reactivity towards BTDA compared to the aromatic diamine.

The second analysis used to demonstrate the correct struc-
ture of the proposed copolyimides relied on FTIR spectroscopy.
Since all designed copolymers are based on the same structural
elements, and the only difference arises from the content
variation of the aliphatic diamine-derived component and
its chain length, the recorded spectra exhibited comparable
features. Thus, the absorption bands generated by the newly
formed imide cycle at 1780-1776 cm™ " and 1724-1711 cm ™ *
(assigned to symmetrical and asymmetrical stretching vibra-
tions of carbonyl group), 1377-1367 cm™ ' (attributed to C-N
stretching) and 721-714 cm™ " (due to imide ring deformation)
proved the success of the cyclodehydration process of the
intermediate copoly(amidic acids). Also, FTIR spectra indicated
that the functional groups coming from the starting monomers
provided the corresponding absorption bands, as follows:
nitrile unit, at 2233-2228 cm™ ', aromatic ether moiety (from
the aromatic diamine segment) at about 1238-1234 cm ™', the
bridged carbonyl unit (belonging to the diimide segment) at
1672-1660 cm ', the asymmetric and symmetric methylene
and methyl groups at 2943-2920 cm™ ' and 2869-2853 cm !,
the aliphatic C-O-C stretching and aliphatic C-O bending
(belonging to the Jeffamine fragments) at about 1101-1091 cm ™"
and 860-854 cm ™, respectively (Fig. 2).

This journal is © The Royal Society of Chemistry 2024
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FTIR spectra also confirmed the "H-NMR hypothesis regard-
ing the presence of hydrogen-bonded and non-bonded (free)
NH, groups of the end Jeffamines. Thus, the occurrence of
some broad absorption bands (more intense for those contain-
ing J-600 and J-900 segments) at about 3587-3550 cm ' and
3363-3338 cm ™' attributed to free/bonded terminal Jeffamine
amino groups and an obvious splitting of the absorption bands
due to symmetric and asymmetric carbonyl imide stretching
was noticed (Fig. 2). Although the CN group is also a potential
H acceptor, no alteration of CN absorption band was noticed in
comparison to that of the previously reported CN-containing
polyimide.*® Thus, intermolecular interactions through hydrogen-
bonding involving imide carbonyl and terminal Jeffamine amine
are anticipating, and hence a good miscibility of the hard and soft
segments, as it will be further discussed.

Solubility, film-forming ability and molecular weight
evaluation

The evaluation of the processability of the copolyimides was
made by measuring the solubility at a concentration of 0.5%
in a variety of high polar aprotic (NMP, DMSO, DMAc) and less-
polar (THF, DCM, ACN, CHCIl;) solvents at room temperature.
The results showed that these copolymers have excellent solu-
bility in all solvents with some exceptions: in acetonitrile part of
the samples swelled up, while the other part was soluble, while
in chloroform and dichloromethane just the series with the
molar ratio aromatic diamine:aliphatic diamine = 0.7:0.3
exhibited the same peculiarity, all other copolymers (coPI4-
coPI9) being soluble (Table S3, ESIt). The swelling behavior of
the copolyimides in low polarity solvents is similar to that of a
semi-interpenetrating polymer network, owing to the formation
of H bonds between soft and hard segments. It appears that the
soft segments dissolute in these solvents and act as plasticizers
for the hard segments, especially when these are loaded in

This journal is © The Royal Society of Chemistry 2024
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higher amounts, thereby leading to the gel behavior of the
polymers. These bonds mostly lose their stability in high polar
solvents due to the higher ability of the amidic polar solvents
to establish hydrogen bond interactions with the terminal
Jeffamines units, as observed earlier.?*

The processing characteristics of these copolymers in terms
of film forming ability were tested in various solvents and at
different concentrations, function of the solubility of each
sample. In order to properly evaluate and compare the proper-
ties of the free-standing films, and to implement the easiest
solvent removal protocol, THF was used as a solvent at a
content of 10 wt% in solids, although good quality films were
also obtained by using DMAc at a concentration of 20 wt%, but
under more drastic conditions. The obtained free-standing
films were flexible, or even stretchable, maintained their phy-
sical integrity at multiple bending, rolling, and in some cases
behaved as self-sticky materials. An exception was encountered
for coPI9, which exhibited the most self-sticky feature and a
wax-type behavior, thereby impeding easy handling. However,
regardless of the solvent or concentration used for film pre-
paration, the self-sticky feature was noticed for all copolyimides
derived from J-2000 when they got in touch with themselves or
with silicone weighing paper (Fig. 3), while the sticky strength
increased with the amount of J-2000 loading.

The measurements of the molecular weights were per-
formed by GPC experiments by using copolymer powder dis-
solved in DMF solution. The values of the specific parameters,
namely the number average molecular weight (M,,), the weight
average molecular weight (M,,), and the polydispersity index
(M/M,,) are listed in Table 1. As a first observation, the
molecular weight values are consistent with those of the con-
stituent Jeffamine aliphatic segment. Thus, M,, and M,, values
increased with the rise of the molecular weight of the Jeffamine
(J-600 < J-900 < J-2000), except for series 2 where a reverse
order was observed. According to Table S2 (ESIt), this can be

~coPIl coPI2 coPI3 _
coPl4 coPI5 coPI6
coPI7 coPI8 coPI9

s
1k

«

Fig. 3 Photographs of the copolyimide films coPlI1-coPI9.
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Table 1 Molecular weights, WAXD and AFM data of copolyimides coPl1-coPI9

Copoly-imides M, [g mol ] M,, [g mol '] M,,/M, d-sp [A] Sa [nm] Sq [nm]
coPI1 171500 301300 1.76 4.58 0.44 0.56
coPI2 180400 304 000 1.69 4.13 0.31 0.44
coPI3 187 600 311800 1.66 4.29 0.17 0.21
coPI4 111100 194 600 1.75 4.57 0.22 0.28
coPI5 100900 186 200 1.85 4.36 1.06 1.57
coPI6 89600 170700 1.91 4.24 0.72 0.97
coPI7 76700 147 000 1.92 4.48 0.92 1.16
coPI8 131 800 230200 1.75 4.35 1.00 1.39
coPI9 170800 301700 1.77 4.28 0.48 0.67

M,, - the number average molecular weight, M,, - the weight average molecular weight, M,,/M,, - polydispersity index, Sa — average roughness, Sq —

root mean square roughness.

attributed to the higher amount of J-600 incorporated into the
copolymer compared to J-900, and especially to J-2000, being
facilitated by the higher reactivity of J-600 against BTDA, which
thereby compensates the contribution brought by the Jeffamine
molecular weight. Still, the values obtained for these copolyi-
mides are high, with M,, in the range of 187 600-89 600 g mol *,
M,, between 304 000 and 170700 g mol *, and a relatively low
polydispersity (1.66-1.92). The overall data indicate a good
reactivity of the selected monomers towards BTDA in the
polycondensation reaction, which enabled the development of
defect-free films via conventional solution casting methods.

Characterization of copolyimide films

Wide-angle X-ray diffraction (WAXD) studies. WAXD diffrac-
tograms were measured with the aim of evaluating the influ-
ence of the Jeffamine’s variable content and molecular weight
onto the solid-state packing ability of copolyimide films. The
registered patterns exhibited broad halos with the maxima
centered in the range of 19.59-21.16°, with no diffraction peaks
characteristic to the crystalline domains of polyethylene oxide
(Fig. S2, ESIt). This feature that can be attributed to amorphous
copolymer structures with randomly distributed macromolecu-
lar chains is in a perfect agreement with the DSC experiments
data, were no melting or crystallization peaks were observed for
none of the investigated copolymers (see Thermal behavior
section).

The average interchain spacing distance (d-spacing) was
estimated in the range of 4.19-4.39 A, similar to the ones
obtained for related semi-aromatic copolyimides.>® It was
noticed that for each series of copolymers, the increase in the
molecular weight of the constituent Jeffamine leads to a slight
decrease of d-spacing value, except for coPI3. Though higher
flexibility induced by the more voluminous aliphatic segment
was expected to increase the free volume and the d-spacing, the
effect was opposite. The decrease of the d-spacing as indicative
of more tightly packed polymer chains suggests the involve-
ment of Jeffamine segments in a polymer network that impedes
a higher mobility, resulting in a low free volume. With the
increase of the Jeffamine molecular weight, the strength of the
network became higher as result of more intensive intermole-
cular interactions, leading to a reduced d-spacing. On the other
hand, a comparison of the d-spacing values obtained for the

2090 | J Mater. Chem. C, 2024, 12, 2084-2100

copolyimide series based on the same Jeffamine incorporated
in different amounts evidenced that a general rule cannot be
drawn. However, it is clear that beside the length and quantity
of the aliphatic sequence from the copolyimides, other factors
like the ability of the terminal Jeffamine to develop H bonding,
or polymer molecular weight contribute to the driving force
that adjusts the chain packing of the studied polymers. Overall,
their d-spacing values are lower when compared to other semi-
aromatic copolyimides incorporating J-2000 segments,** thus
supporting the existence of attractive forces between the soft
and hard imide constitutive fragments, like in a polymer net-
work, as demonstrated by rigid polyimides engaged in SIPN.*?

Film morphology studies. The surface morphology of the
copolyimides was explored by AFM technique which provided
the 3D (Fig. S3, ESIf) and phase contrast (Fig. 4) images of
the film surfaces, along with the average roughness (Sa) and
root mean square roughness (Sq) parameters (Table 1). The
obtained Sa and Sq parameters are generally characteristic of
smooth surfaces and decrease with the rise of the Jeffamine
chain length in the series derived from the molar ratio aromatic
diamine: aliphatic diamine = 0.7:0.3. For the other two series,
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Fig. 4 Phase images of copolyimides coPl1-coPI9.
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the trend is different, with roughness increase when passing
from J-600 to J-900, and then decrease when passing from J-900
to J-2000. Such inhomogeneous variation suggests different
arrangements of the hard and soft segments in the network,
in dependence on the strength of intermolecular interactions
developed by each polymer, in agreement with WAXD findings.

Further information on the developed network by each
investigated polymer was obtained by recording the phase
images (Fig. 4). There are some contradictory reports regarding
the assignment of the copolymer components, with some of
them assigning the darker phase areas (the more negative
phase) to the soft component of the material,***® and others
to the hard component.>”*! These inconsistencies are the
result of different dynamic modes of AFM data acquisition,
namely: soft tapping (when the ratio (rsp) between the set-point
tapping amplitude and the free amplitude is higher than 0.5),
moderate tapping (when rgp is around 0.5) and hard tapping
(when rgp is lower than 0.5). Thus, in the situation of moderate
tapping, the bright regions in the phase images are attributed
to the hard component and the dark regions to the soft one,
while in hard tapping (this being also our case, rsp varies
between 0.2 and 0.3) the phase image’s contrast is shifted.*?
Therefore, the brighter regions in these images (Fig. 4) were
associated with the soft semi-aromatic segments (since Jeffa-
mine possesses longer aliphatic ether backbones which are
mechanically softer than ether aromatic backbones), while the
darker ones were assigned to the stiff aromatic fragment of the
copolyimides. According to Fig. 4, the bright spots are distrib-
uted uniformly throughout the surface, except coPI5 and coPI8,
ensuring a smooth morphology, which suggests that the two
components of the copolyimides were mixed randomly, con-
sequent with WAXD measurements.

The increase in roughness could be tentatively attributed to the
difference in solubility of the two constituent copolyimides: the
segment containing the stiffer aromatic part may exhibit poorer
solubility toward THF and ‘“precipitated” first on the resulting
surface upon film formation, followed by the softer aliphatic
fragment, which embedded into the first layer by intermolecular
interactions, as observed earlier.** We assume that this pheno-
menon led to different surface textures including globular for-
mation, depending on the nature of the constituent Jeffamine
fragment. This feature is more obvious in the case of coPI5, coPI6,
coPI8 and coPI9 (which contain a higher amount of Jeffamine with
increased molecular weight), which match the bright top regions
displayed in Fig. 4. Combining these assumptions with the
technical data obtained from the topographical 3D-surface texture
and phase images, the generation of more pronounced topological
textures as the Jeffamine ratio increased seems rational.

According to AFM data, the phase separation of the under-
study copolyimides is not obvious, since the contrast variation
is less than 12°, proving an efficient miscibility and interpene-
tration of the hard and soft imide components at the molecular
level. Also, in DSC experiments, a single T, was found without
any melting or crystallization peaks, which also supports
our statement of having amorphous copolymers with random
distribution of the two components.

This journal is © The Royal Society of Chemistry 2024
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Mechanical properties. The free-standing copolyimide films
prepared from coPI1-coPI9 were first evaluated by visual
assessment. Thus, the films features were found in close
correlation with the quantity and nature of the Jeffamine
aliphatic segment. In the case of coPI1, coPI4 and coPI7 (based
on J-600) as well as coPI2 and coPI5 (incorporating J-900), the
films enabled facile handling, were tough and flexible, even
after repeated bending, when their physical integrity was
maintained (Fig. 3). Other copolyimides that incorporated
higher molecular weight J-2000 segments (coPI3, coPI9) or a
higher amount of J-900 fragments (coPI8) were also flexible,
and in addition stretchable, these features being predominant
mostly in the case of coPI8 and coPI9 who exhibited an
increased self-sticky behavior. Furthermore, coPI9 evidenced
a difficult handling since its adhesion to the Teflon surface was
very strong, which impeded further mechanical test investiga-
tions. Such characteristics may be attributed to the adhesion
forces evolved as a consequence of the intermolecular interac-
tions with a support, or due to cohesive forces between the
macromolecular chains, as observed in related copolyimides.?®

Uniaxial and cyclic tensile tests were further performed in
order to establish an appropriate quantitative mechanical
evaluation of the copolyimide films. Accordingly, the stress—
strain curves are shown in Fig. 5(a) and (b), while the main
parameters are listed in Table 2.

An overall view of the obtained data reveals that the most
important factors which tailor the mechanical behavior of the
copolymer films are represented by the nature (J-600, J-900 or
J-2000) and the quantity (0.3, 0.4 or 0.5 molar ratio) of the
Jeffamine segment in the main chain.

The data were discussed considering each series of copoly-
mers derived from the same molar ratio of different Jeffamines.
In terms of strain at break, the highest value in each series was
recorded for the copolyimide incorporating the longest alipha-
tic chain e.g. J-2000 (427% for coPI3 and 469% for coPI6), being
followed by the copolyimide series based on J-900 (130%
for coPI5 and 410% for coPI8). All these films display a large
stretching ability upon applied stress, a feature which is
scarcely encountered in classical aromatic polyimides. Accord-
ingly, the nature and quantity of the Jeffamine appear to have a
profound effect on this parameter. In this regard, please also
note the tremendous difference recorded for the copolymers
containing J-2000 and J-600 fragments, with the latest behaving
as very rigid polymers (1.9% for coPI1, 0.9% for coPI4 and 1.9%
for coPI7). It is clear that the increase of the molecular weight
and the quantity of the aliphatic component leads to a signi-
ficant rise of the deformation at a break in all 3 series. This
variable behavior can be the result of intermolecular inter-
actions inside the generated polymer network, between the
thermoplastic aromatic segment and the rubber-type semi-
aromatic fragment, without excluding the interactions devel-
oped inside each copolymer component. We assume that J-2000
segments enable increased packing ability, as demonstrated by
the lower values of d-spacing, which promotes facile chain
sliding inside the network tie-point sites. J-600 definitely trig-
gers the generation of a network with a reduced extent, leading
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Strain at Ultimate tensile Young’s Toughness, Recovery strain

Copoly-imide break, % strength, MPa modulus,” GPa MJm~— at 100% strain, %
coPI1 1.9 38.3 2.301 0.40 N/A

coPI2 2.6 35.0 1.614 0.52 N/A

coPI3 427 33.6 0.404 79.50 18.44

coPI4 0.9 25.9 2.850 0.12 N/A

coPI5 130 28.3 1.197 32.23 N/A

coPI6 469 3.4 0.006 5.28 59.71

coPI7 1.9 34.3 1.893 0.36 N/A

coPI8 410 4.8 0.122 12.92 20.33

% Young’s modulus determined at 0.5% strain.

to lower values of strain at break and higher interchain dis-
tances (see Table 1).

The ultimate tensile strength had a reverse trend as com-
pared to strain at break, while the influence of Jeffamine nature
on this parameter was not so profound. Generally, it was
observed that with the increase of the molecular weight and
quantity of the Jeffamine component, the ultimate tensile
strength values decreased, with some exceptions. As expected,
this parameter was higher for copolyimides containing shorter
J-600 fragments or lower content of Jeffamines (coPI1-coPI3
and coPI7), whilst at the increase of the semi-aromatic content
the force necessary to break the films decreases rapidly, as
evident in the case of coPI6 (3.4 MPa) and coPI8 (4.8 MPa). This
is mainly due to the reduced amount of aromaticity which
usually endows polymers with mechanical strength.

The stiffness of the copolymer chains was also evaluated on
the basis of Young’s modulus values. The obtained data corre-
late well with the length and quantity of the Jeffamine segment
incorporated into the main chains. The trend was similar to
that observed for the tensile strength, the highest values being
recorded for copolyimides containing shorter, slightly stiffer
J-600-based semi-aromatic fragments, and the lowest when more
flexible J-2000 segments were incorporated into the chains.

The toughness, a mechanical parameter used to evaluate
the ability of the copolyimide to absorb energy before breaking

2092 | J Mater. Chem. C, 2024, 12, 2084-2100

recorded the highest values for coPI3 (79.50 MJ m ) and coPI5
(32.23 MJ m*) which contain J-2000 and J-900 segments,
respectively, in different proportions. It seems that the incor-
poration of longer aliphatic Jeffamine chains, or of a higher
content of Jeffamine units is beneficial up to a limit, when
other factors exert the influence and prevail, thus making
difficult to draw any general conclusion. The obtained data
emphasize a kind of synergism developed by the hard aromatic
fragment with the soft Jeffamine segment when it is longer or
shorter but in higher amounts, which is specific for each
system. This is more evident for coPI3, which exhibited the
highest toughness reported till now for semi-aromatic copoly-
imides. Thus, the ability of the soft and hard segment to
arrange in the polymer network can lead to variable, distinct
mechanical properties.

The viscoelastic behavior of the free-standing films to
repeated deformation tests was evaluated for the copolyimides
which recorded the highest values of strain at break (coPI3,
coPI6 and coPI8) by applying eight progressive loading-unloading
cycles. According to Fig. 6a-c, all copolymers exhibited large
hysteresis loops even at small strains, while most of the tensile
strain is irreversible in the case of coPI3 and coPI8. The cyclic
stress-strain curves evidenced that with the rise of the strain
amplitude in each cycle, the hysteresis loop showed a pronounced
feature. The mechanical features were better emphasized when

This journal is © The Royal Society of Chemistry 2024
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the tensile strength of each loading-unloading cycle was plotted
as a function to the applied strain (Fig. 6d). Different trends were
noticed for the studied copolymers, as follows: coPI3 recorded a
small decrease in the first four cycles (40% strain) after which it
increased until the rupture, for coPI6 the maximum stress for
each loading-unloading cycle increased monotonically with the
applied strain, while coPI8 recorded an almost constant tensile
strength regardless of strain amplitude.

The recovery strain after unloading and the permanent
deformation before reloading increased almost linearly with
the applied strain (Fig. 6e and f). Copolyimide coPI6 recorded
the largest recovery strain and the lowest permanent deformation
for each applied strain. Thus, at 10% strain, coPI6 recorded a
permanent deformation of 2.08% and a recovery strain of 5.83,
while at 100% strain it disclosed a permanent deformation of
33.57% and a recovery strain of 59.71%, endowing this polymer
with the best mechanical properties among the studied polymers,
which is superior even to the related copolyimides previously
reported by us.”® It can be assumed that the increase of the
molecular weight of the Jeffamine component was beneficial in
the case of series 1 and 2, since the result obtained for coPI8 from
series 3 is lower as compared to coPI6 from series 2.

Thermal behavior. The correlation between structure varia-
tion and thermal stability of the copolyimide films was made
on the basis DSC and TGA data corroborated with the molar
ratio between the two constitutive diamines and the molecular
weight of the incorporated Jeffamine (J-600, J-900 or J-2000).

This journal is © The Royal Society of Chemistry 2024

DSC studies. DSC curves (Fig. S4, ESIt) revealed a single
glass transition for all studied copolymers without any crystal-
lization or melting peaks, thereby informing on the absence of
phase separation between the soft Jeffamine-imide fragment
and the hard nitrile-aromatic-imide segment, and consequently
the amorphous nature of the copolyimides. Generally, in phase
separated polyimides, soft Jeffamine segments of the copoly-
imides should have a T, between —54 to —59 °C,*>** while a T,
of about 226 °C was displayed by the hard aromatic-imide
component.®” Accordingly, due to the lack of two different T,s
no phase segregation occurred in our polymers. Since the
incorporation of higher quantities of Jeffamine units may lead
to a crystallization process, a special attention was focused on
coPI3, coPI6 and coPI9 containing J-2000 sequences in various
molar ratios. Still, except for the lower values of glass transition
temperature (T,) at an increased content of J-2000, no other
particularities were recorded for these samples. Concerning the
T, values, an obvious trend was noticed: the increase in the
Jeffamine molecular weight, as well as of its molar ratio
resulted in a decrease of T, (Table 3 and Fig. S4, ESIf). Thus,
higher values of T, were obtained for copolymers from the
series derived from the molar ratio aromatic diamine: aliphatic
diamine = 0.7:0.3. Also, the copolyimide based on J-600 units
registers the highest value of Ty, being followed by the series
based on J-900.

The longer aliphatic chains of J-2000 or the higher loading of
a Jeffamine into the copolymer structures enabled a higher
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Table 3 Thermal properties of copolyimides coPl1-coPI9

Copoly-imides Ty [°C] Tonset [°C] Tmaxa [°C] Tmaxz [°C] Tmax [°C] Wo00 [%]
coPI1 104 399 434 487 609 42.8
coPI2 64 392 425 505 633 39.3
coPI3 —20 376 411 487 583 37.0
coPI4 72 398 437 514 603 37.5
coPI5 20 394 425 501 619 33.1
coPI6 —33 377 412 506 — 32.0
coPI7 49 398 433 494 604 324
coPI8 5 382 416 520 705 41.6
coPI9 —-36 382 414 519 689 30.5

T, = glass transition temperature; Tongec = initial decomposition temperature; Tray = temperature of the maximum decomposition temperature;

W00 = residue at 700 °C.

mobility of the soft fragment leading to a decreased T,. Though
T, values of copolyimides containing J-2000 segments are below
room temperature (coPI3 = —20 °C, coPI6 = —33 °C and coPI9 =
—36 °C), the other samples registered positive values of Ty,
suggesting that from the chain mobility point of view, the
molecular weight of the constitutive aliphatic segment surpasses
the influence of the molar ratio. A comparison with the reported
T, data on related polyimides evidenced a good agreement in
regard to both Jeffamine molecular weight and molar ratio
between the aromatic and aliphatic diamines.?****’
Thermogravimetric measurements. The thermogravimetric
analysis (TGA) of copolyimides performed in an inert atmo-
sphere on free-standing films revealed a dependence on the
aliphatic Jeffamine segment, similar to DSC measurements.
First, a small initial weight loss (<2 wt%) was recorded for all
copolyimides, in the range of 45-160 °C, which may be asso-
ciated with the loss of adsorbed water and residual NMP
solvent entrapped in these films. After corrections, the initial
decomposition temperature (Tonset) Was recorded within 376-
399 °C. The decomposition process exhibited a weight loss
pattern consisting of three consecutive steps. The first one
(Tmax1), at temperatures between 411-437 °C, was attributed
to the loss of the soft part of the copolymers which contain the
less thermally stable aliphatic Jeffamine fragments, while the
second step (Tmaxz) at about 487-520 °C and the third one
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Fig. 7 (a) TG and (b) DTG curves of coPl1-coPI9.
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(Tmaxs) in the range of 583-705 °C, with a lower mass loss were
assigned to the scission of flexible linkages and decomposition
of the remaining hard aromatic part of the copolyimide back-
bone, respectively (Fig. 7). The weight residue of copolyimides
coPI1-coPI9 found at 700 °C (W5q,) had values within 30.53-
42.8%, which is consistent with the quantity of the constitutive
hard aromatic imide fragment from each macromolecular
backbone (Table 3).

By analyzing the data obtained from TGA, a correlation with
copolymers composition can be drawn. As a general trend, with
the increase of molecular weight and/or of the molar ratio of
the incorporated Jeffamine, the thermal parameters (Tonset,
Tmax and W) followed the order: series 1 > series 2 > series
3. Thus, for copolyimides based on the same Jeffamine but
belonging to different series, the higher the quantity of the
aliphatic segment, the lower the thermal resistance.

The thermal stability obtained for coPI3, coPI6 and coPI9 is
higher than that of reported copolyimides based on pyromel-
litic dianhydride, 3,3’,4,4'-biphenyltetracarboxylic dianhydride
or BTDA, and 4,4’-oxydianiline and J-2000 (weight ratio alipha-
tic diamine: aromatic diamine =1:1, 2:1 or 4:1) (T = —57 to
—42 °C, Topset < 300 °C and T = 360-380 °C),*® or other
copolyimides obtained from 6,13-bis(4-amino-2-trifluoromethyl-
phenoxy)pentiptycene, J-600, J-900 or ]-2000 and 4,4’-hexa-
fluoroisopropylidene bisphthalic dianhydride (in Jeffamine

DTG (%/°C)

100 200 300 400 500 600 700

Temperature (°C)
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ratio.

Table 4 The values of dielectric constant, dielectric loss and conductivity at room temperature and at frequencies of 1 Hz and 1 kHz

Dielectric constant, &

Dielectric loss, &’

Conductivity, ¢ (S cm ")

Copoly-imide f=1Hz f=1kHz f=1Hz f=1kHz f=1Hz f=1kHz

coPI1 3 2.9 0.04 0.02 2.2 x 107 8.7 x 1072
coPI2 2.9 2.8 0.06 0.02 2.1 x 10 8.6 x 102
coPI3 4.5 3.2 1.8 0.1 9.8 x 107" 5.6 x 10~
coPI4 3.1 3 0.04 0.01 2.1 x 107 7.7 x 1072
coPI5 4.8 3.8 0.6 0.09 3.5 x 107" 5.0 x 107!
coPI6 376 6 2355 4.4 1.3 x 10°° 2.4 x 107°
coPI7 2.9 2.8 0.06 0.02 3.1 x 107 8.9 x 1072
coPI8 8 3.9 5.8 0.2 3.2 x 10712 1.3 x 1071
coPI9 2294 9.2 7150 13.2 4.0 x 107° 7.3 x107°

weight percent of 40 and 50%) (Ty = —18 t0 65 °C, Tonser = 343~
369 °C and Tpay = 520-530 °C).*° These attributes are likely due
to the arrangement of our polymer chains in polymer networks,
perhaps facilitated by the presence of the CN group. Overall, the
data obtained here show a high thermal resistance (Tynser >
376 °C) of all copolyimides, which is typical for thermostable
polymers with potential use in electronic devices where heat is
generated during operation.

Broadband dielectric spectroscopy (BDS) measurements

The isothermal BDS plots of the dielectric constant (¢') para-
meter as a function of the electrical field frequency (f) at room
temperature were recorded for each series of copolyimides and
displayed in Fig. 8. In addition, the ¢(f) profiles of copolyimides
derived from the same Jeffamine are comparatively shown in
Fig. S5 (ESIT). Table 4 lists the dielectric constant values
selected at various frequencies and at room temperature.
According to Fig. 8, ¢ has a low magnitude, revealing a
reduced dipolar activity for coPI1-coPI3 copolymers containing
the lowest molar ratio of aliphatic diamine, while a noticeable
enhancement of ¢ amplitude was recorded at the Jeffamine
content increase (coPI4-coPI6 and coPI7-coPI9 copolyimides),
suggesting an improved dipolar activity. A spectacular increase
of this parameter was noticed for copolyimides based on J-2000
segments, especially at higher loading (coPI6 and coPI9) and
low frequency (Table 4), providing clear evidence for the effect
of aliphatic segments on the copolymer dielectric characteris-
tics. On the other hand, the &'(f) profiles of copolyimides

This journal is © The Royal Society of Chemistry 2024

exhibited two different behaviors: (i) a slight decrease of &
towards increasing frequency (for copolyimides based on J-600
and J-900, as shown in Fig. S5a and b, ESIf) and (ii) a
considerable drop of ¢ noticed especially at low frequencies
(for copolyimides based on J-2000, as shown in Fig. S5c, ESIT).
This feature may be attributed to the electrode polarization
effect induced by the accumulation of charge carriers at inter-
faces between the sample surfaces and the BDS electrodes used
for dielectric measurements.>

The isothermal BDS plots of ¢’ as a function of frequency at
various temperatures are exemplarly shown for coPI4 and coPI6
in Fig. 9. At low temperatures, ¢ has a reduced amplitude
which decreases slightly with increasing frequency due to low
dipolar activity. As temperature increases, the dipoles of the
macromolecular chains gain a sufficient thermal energy and,
consequently, enhance the ¢ amplitude, with a concomitant
decrease towards increasing frequency. In the case of the
copolyimide based on J-2000 segment, the polarizable units
are thermally activated at significantly lower temperatures
(Fig. 9b, ¢'(f) profile around 0 °C) compared to those of the
J-600-based copolyimide (Fig. 9a, ¢'(f) spectrum around 100 °C).

To better evaluate the effect of temperature on the dielectric
behavior of our copolyimides, ¢’ was plotted against tempera-
ture at a fixed frequency, of 1 kHz, as presented in Fig. 10. Thus,
two different regions were identified: (i) a low temperature
region, where ¢’ varied slightly with temperature and (ii) a
high-temperature region, where ¢’ substantially enhanced with
temperature increase. The rise of ¢’ in the second region can be

J. Mater. Chem. C, 2024,12, 2084-2100 | 2095
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corelated with the glass transition temperature of the materials,
being associated with segmental motions of polymer back-
bone.>" As expected, the copolyimides based on J-600 segment
recorded the highest T, values among all the investigated
copolyimides, and, consequently, the transition between the
dielectric regions is delayed above ca. 70 °C. For copolyimides
containing J-2000 sequences, the rise of ¢’ in the second region
is promoted below 0 °C. Following this remark, it may be
concluded that the dielectric constant values from Table 4
discussed previously are strongly dependent by the physical
state experienced by copolyimide during heating.

The frequency dependencies of dielectric loss, another
important parameter for electrical applications of polymers,
are displayed in Fig. 11 and Fig. S6 (ESIf). From the curve
profiles, it was clear that the dielectric loss parameter increased
with the rise of the aliphatic diamine content. The lowest
dielectric losses (e.g. > 0.1 in the entire frequency range) were
obtained for copolyimides with J-600 segments, which followed
a gradual increase trend with the rise of the molecular weight of
Jeffamine (Fig. S6, ESIT).

The conductivity evolution of the copolyimides with frequency
at room temperature was further evaluated (Fig. 12). As generally

1 4 5
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Fig. 11 The evolution of dielectric loss with frequency at room temperature for copolyimides with (a) 0.7: 0.3, (b) 0.6:0.4 and (c) 0.5: 0.5 molar ratio.
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known, the conductivity parameter may be expressed as the sum
of ac-conductivity (g,.) and dc-conductivity (o4.), which can be
differentiated from the isothermal plot shapes.*® Thus, the regime
of linear increase in conductivity against frequency is character-
istic to ac-conductivity component and attributed to relaxation
phenomena of the material. On the other hand, the region where
conductivity is independent of frequency is an indicative of
dc-conductivity, which is consistent with the transport of free
charge carriers through the material.”*

As shown in Fig. S7a (ESIt), the copolyimides based on J-600
exhibited exclusively an ac-conductivity, with values around
107 S em ! at 1 Hz. Considering the copolyimides derived
from higher molecular weight Jeffamines, the frequency depen-
dence of conductivity was substantially changed (Fig. S7b,
ESIYT). Thus, at low frequencies, the conductivity deviates from
the linear increase, announcing the rise of the dc-conductivity
regime. As consequence, the values of conductivity range
between ~10'* S cm "' for copolyimide with 0.7:0.3 molar
ratio to ~107'> S em ™" for copolyimide with 0.5:0.5 molar
ratio between aromatic and aliphatic diamines (Table 4).
An important enhancement of conductivity was noticed for
copolyimides incorporating J-2000, up to ~10"° S cm ™", espe-
cially in the case of coPI6 and coPI9. Accordingly, these two
polymers can support the transport of free charge carriers.
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Electrical breakdown strength and energy storage density

The insulating ability of the copolyimide films was explored by
means of electrical breakdown strength (Epp) measurements.
Because the present free-standing films are meant to be used in
electrical and electronic applications (e.g. integrated circuits,
thin-film capacitors, flexible/stretchable substrates, etc.), the
failure behavior under electrical stress is of crucial importance
since it may cause permanent deterioration of the insulating
material. There are multiple factors which could influence the
electrical breakdown strength of polymers, including molecular
weight, cross-linking, crystallinity, molecular motion, chemical
structure of the dielectric polar groups, along environmental
aspects. Therefore, in the view of using dielectric polymer
materials in thin film capacitors for energy storage purposes,
several issues still need to be solved, which require deeper
studies on this subject.

To evaluate the electrical stability of the copolyimide films,
the Weibull distribution was employed based on the measured
electrical breakdown strength values (Fig. 13a-c). The Weibull
cumulative distribution function, F(Egp), is defined by the
following equation:

F(Epp) =1 —exp {— (%)q

(©)

991 m copi7

EbU copis) =252 KV,
Ebdcopig) =

w
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Fig. 13 Weibull distribution of dielectric strength for: (a) series 1 (coPI1, coPI2 and coPI3), (b) series 2 (coPI4, coPI5 and coPI6) and (c) series 3 (coPI7

and coPI8).
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Table 5 Weibull parameters of electrical breakdown tests of copolyimides coPl1-coPI8

Weibull scale parameter 5 (kV mm %),

Copoly-imide 95% confidence interval

Weibull shape parameter f,
95% confidence interval

Energy storage
density, J cm?

coPI1 326 [284 < 5 > 373]
coPI2 284 [255 < 1 > 317]
coPI3 216 [206 < 1 > 226]
coPI4 303 [290 < 5 > 316]
coPI5 252 [244 < n > 260]
coPI6 63 [58 < 1 > 68]

coPI7 260 [240 < 5 > 282]
coPI8 107 [101 < n > 113]

in which o represents the scale parameter and is the electric
field at which 63.2% of the measurements lead to the electrical
breakdown, and f expresses the shape parameter, also named
Weibull modulus, that indicates the width of the distribution.>*
With the increase of f parameter, the distribution width of
the breakdown becomes smaller. The value of the location
parameter was set to 0, which shows that the material may fail
as soon as the voltage is applied.”* The Weibull distribution
parameters (« and f3) and the linear fits for copolyimide coPI1-
coPI8 are listed in Table 5.

The Weibull scale parameter (Epp) values demonstrated
that there are significant differences between the 3 synthesized
series of copolyimides in terms of electrical breakdown strength.
As expected, the values of Epp, are dependent on the length of the
Jeffamine segment. Thus, in each series for copolymers, higher
values of Epp were obtained for copolyimides containing shorter
J-600 Jeffamine fragments, followed by the ones incorporating
J-900 and J-2000 segments, respectively.

Also, the reinforcing effect of the aromatic component of the
copolyimide is clearly observed since the highest values of Egp
were obtained for copolymers with an increased amount of
hard aromatic segment (Egp of coPI1 > coPI2 > coPI3). Still,
the variation in Egp is not so drastically altered by the quantity
of the semi-aromatic component, as it is by the increased
loading of higher molecular weight Jeffamines. This leads to
a reduction of Egp values as can be noticed for the second
series, and moreover for the third series of copolymers, in good
agreement with conductivity and dielectric data of copolyi-
mides listed in Table 4.

Energy storage density evaluation. The energy storage per-
formance of a dielectric material is characterized by the energy
storage density (Ue) value.

By using the ¢’ data at 1 kHz (listed in Table 4) and the Egp
values (listed in Table 5), the energy storage density of coPI1-
coPI8 was found to be between 0.11 and 1.36 ] cm 2. Since
higher values of both dielectric permittivity and breakdown
strength are necessary to obtain increased Ue values, the
obtained data emphasize the influence of the chemical struc-
ture of the constitutive structural elements on this parameter.
Thus, overall increased Ue values were achieved for copoly-
mers containing higher amounts of aromatic hard segments
and the same J-600 Jeffamine (the Ue value of coPI1 is higher
than the one of coPI4 and coPl17), either for those containing
shorter aliphatic Jeffamine inside each series (coPI1 > coPI2

2098 | J Mater. Chem. C, 2024, 12, 2084-2100

49[2.8 < i > 8.5]
6.1[3.7 < f > 10.2] 1.00
13.8 [8.3 < f > 23.0] 0.66
15.6 [9.5 < B > 25.4] 1.22

1.36

21.7 [12.7 < f > 36.8] 1.07
8.1[4.7 < > 13.7] 0.11
8.2[4.8 < f > 14.3] 0.84
11.7 [6.9 < f > 19.8] 0.20

> coPI3 in the first series, coPI4 > coPI5 > coPI6 in the
second series).

A comparison with the available reported data highlighted
that the energy storage performance of the present copolymers
is higher than in the case of similar copolyimides (Ue = 0.221-
1.092 J ecm?),*° Kapton (Ue = 0.59 ] cm*),> related polyimide
containing two nitrile units (Ue = 1.02 J cm *),>> and compar-
able or even higher than the ones reported for commer-
cially widely used biaxially oriented polypropylenes (BOPP)
(~1.2 ] em™3).%® still, the storage ability of our polymers is
inferior to polyimides incorporating bipyridyl units (Ue =
2.77 ] em?),>” sulphonyl (Ue = 7.04 J cm~*),*® or polymer blend
based on Matrimid 5218 and Ultem 1000 (Ue = 8 J cm*),” due
to a different structural approach.

However, taken into consideration the strategies involved
towards increasing the electrical breakdown strength and
dielectric constant, it can be concluded that the synergism
between the soft semi-aromatic component and the hard aro-
matic segment into the copolyimide chains was beneficial.

Conclusions

Structural manipulation of three series of copolyimides was
approached by integrating polar nitrile and carbonyl units in
the hard segment along with Jeffamines of different molecular
weights in the soft fragment, aiming to develop dielectric
materials with variable physico-chemical properties by starting
always from the same constituent monomers. The structural
characterization of the copolymers enabled, beside the confir-
mation of the chemical design, the evidence of a polymer
network formation with a specific arrangement for each copo-
lyimide, thereby leading to particular behaviors. The obtained
free-standing films were flexible or stretchable in the case
of copolyimides with a higher amount of Jeffamine units, the
highest strain at break value being 426% and the recovery
strain being 59.71% for copolymers with a molar ratio of
0.4:0.6 aliphatic:aromatic diamines. The film morphology
was characteristic of smooth surfaces without phase separa-
tions, although different arrangement of the hard and soft
segments in the copolymer chains enabled various 3D surface
topologies. WAXD and DSC measurements offered evidence for
the amorphous nature of copolymers, without any crystal-
lization peak or phase separation. Also, a single glass transition

This journal is © The Royal Society of Chemistry 2024
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temperature, in the range of —36 + 104 °C, was recorded, showing
that from the chain mobility point of view, the molecular weight
of the constitutive aliphatic segment surpassed the influence of
the molar ratio. The copolyimide films exhibited a high thermal
stability, with initial decomposition temperatures above 377 °C,
the overall thermal parameters being shaped by the nature of the
semi-aromatic segment. The dielectric constant varied from 2.8 to
9.2 at 1 kHz, in close correlation with the nature and quantity of
the Jeffamine groups. The highest value of breakdown strength
(326 kv mm ") was obtained for the copolyimide containing the
highest amount of hard aromatic segment and the Jeffamine with
the lowest molecular weight, with a corresponding energy density
storage of 1.36 J cm °. While the incorporation of Jeffamine
segments had a meaningful effect on the overall copolyimide
properties, a slight variation in the copolymer composition tai-
lored these properties in large limits, changing the material from
a rigid to a flexible one, or even stretchable, from a common
material, to one with self-sticky ability, from a low-k to a high-k
material, all these being possible by a straightforward strategy
implying structural elements manipulation. Still, for practical
applications in flexible/stretchable electronics such as energy
storage capacitors or dielectric materials, it is still necessary to
face the trade-off between mechanical and electrical perfor-
mances, a reason that prompts us to fill this gap in the future.
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