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Low-dielectric polymer materials are becoming essential for 5 G mobile communication to achieve mass trans-
port information without signal loss. Herein, we present an aliphatic-aromatic copolyimide using Priamine 1075
(aliphatic) and m-tolidine (aromatic) as diamines. The branched bulky aliphatic units enlarge the free volume,
effectively reducing the dipole moment density, while the aromatic diamine was introduced to prevent polymer

chain relaxation under the operating conditions. We observed that there is an optimal composition that regulates
the chain movement and density of dipole moments through the control of the polymer chain rigidity and
nanostructure. Thus, by tuning the composition, we succeeded in achieving a low-dielectric copolyimide with a
dielectric constant (D) of 2.63 and dielectric loss (Dg) of 0.0017 at 28 GHz. Combining molecular design and
composition control, this study suggests a design factor for advanced copolymers for telecommunication ap-
plications with fast signal transport speed and minimum signal loss.

1. Introduction

With the development of internet-based technology, the simulta-
neous transport of a large amount of information with high accuracy is
essential in 5 G communication networks [1]. For new-generation
communication platforms, the combination of high-frequency signals
(>6 GHz) and low-dielectric materials is necessary to achieve fast-speed
transportation. The severe signal loss caused by absorbing and reflecting
high-frequency electromagnetic waves in the insulation substrate also
needs to be minimized [2]. Therefore, an interlayer dielectric material
with a low dielectric constant (Dy <3.0) and dielectric loss (Df <0.005) is
essential. In addition, mechanical and thermal stability should be ach-
ieved to ensure the reliability of device operation. Polymer-based
dielectric materials have been suggested as attractive candidates
because of their excellent mechanical properties, ease of processing, and
relatively low dielectric constant compared to those of inorganic mate-
rials [2-6]. Low-dielectric polymers, such as fluorinated and aliphatic
polymers, have been suggested as the material for substrate, and
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insulation layer. However, their insufficient thermal and mechanical
stability and unsatisfactory dielectric properties remain challenges that
need to be overcome.

To satisfy the required properties of polymer materials, we selected
polyimide (PI) as the synthetic platform. The imide functional group
consists of two acyl groups (-C=O0-) bound to nitrogen (-N-) that
strongly interact via non-covalent interactions to provide strong me-
chanical and thermal stability [7,8]. This stability is maximized by using
aromatic units that enhance the chain rigidity and non-covalent in-
teractions (e.g., n-n stacking), resulting in excellent thermal stability
(<500 °C), mechanical properties (Young’s modulus, E > 100 MPa), and
chemical resistance. Therefore, PIs have been widely used for electronic
packaging and as electrical insulation materials in the microelectronics
industry [3,9,10]. However, the electron-rich chemical structure and
closely stacked nanostructure of these materials usually result in un-
satisfactory dielectric properties, with a high Dy, in the range of 3.0-3.6,
that is difficult to apply in 5 G applications [11,12].

The introduction of bulky aliphatic units has been suggested to
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improve the dielectric properties of PIs. The unsaturated aliphatic unit is
known to display low dipole strength [13], while the bulky architecture
sterically hinders interchain packing by generating free volumes [14].
Thus, the dipole density effectively decreases, resulting in a significant
reduction in Dy and Dy at a relatively low frequency (~1 GHz) [15,16].
However, when the signal transporting frequency reaches 10-10° GHz,
the two values fall within the range of the kinetic motion—such as
bending, stretching, and rotational movements—of the aliphatic units
[17-19]. These undesirable energy dissipations cause energy loss via
thermal and motional energy, resulting in severe signal losses by the
insulation substrate. Therefore, to achieve PIs with low Dy and Ds values,
the chemical structure should be designed to contain a highly branched
aliphatic unit and arrest the random motion of the components,
simultaneously.

In this study, we designed a copolyimide containing the dimer
diamine (Priamine 1075) and m-tolidine (mTB) as aliphatic and aro-
matic dianhydrides, respectively. The dimer diamine is a branched and
bulky aliphatic diamine with a large free volume, which was expected to
decrease the dielectric constant toward a Dy value of 2.5 [20,21].
Moreover, we incorporated mTB to impede chain movement by
enhancing interchain interaction. 4,4’-bisphenol A dianhydride
(BPADA) which enlarges a free volume by hindering interchain packing
was chosen as a dianhydride monomer to minimize dielectric values of
the resulting polymer. Subsequently, by copolymerizing BPADA, Pri-
amine 1075 and mTB, a series of copolyimides were synthesized with
varying the ratio of the aromatic and aliphatic building units. All
copolyimides were soluble in common organic solvents, which allowed
them to be shaped by the solution-casting process. The synthesized
copolyimides showed a linear change in Dy, from 2.5 to 2.8, at 10, 28,
and 40 GHz, proportional to the ratio between the aliphatic and aro-
matic building units. Notably, a minimum Ds of 0.0017 was observed at
28 GHz for the 30 mol% mTB units, suggesting the presence of an
optimal composition for the novel dielectric property. Differential
scanning calorimetry (DSC), dynamic modulus analysis (DMA), and
wide-angle X-ray scattering (WAXS) were employed to elucidate the
thermal transitions and nanostructures of the copolyimides. Using the
afforded data, we developed a correlation between the dielectric prop-
erties and nanostructure of the polymer materials and addressed the
importance of molecular-level design to achieve the desired physical
properties. Our rational chemical structure design for copolyimide will
contribute to achieving the novel dielectric properties of substrate ma-
terials for microelectronic devices in next-generation telecommunica-
tion applications including a flexible copper clad laminate (FCCL)
antenna.

2. Experimental Section
2.1. Materials

Unless otherwise stated, the chemicals were used as received without
further purification. 4,4-(4,4-Isopropylidenediphenoxy)diphthalic an-
hydride (BPADA, >99.0%) and m-tolidine (mTB, >99.0%) were pur-
chased from Changzhou Sunchem Pharmaceutical Chemical Material
Co., Ltd. (Changzhou, China). The dimer diamine (Priamine 1075,
<100%) was purchased from Croda (Plainsboro, NJ, US). Cyclohexa-
none (99%) and toluene (99.5%) were purchased from Duksan (Ansan,
Korea) and used without purification.

2.2. Methods

The 'H nuclear magnetic resonance (1H NMR) spectra were recorded
on a Bruker Advance 400 MHz spectrometer (Bilerica, MA, US) using a
residual solvent signal as the internal standard. Fourier transform
infrared (FT-IR) spectra were obtained using a Bruker Alpha-P spectro-
photometer in the range of 650-4000 cm ™! under ambient conditions.
Size exclusion chromatography (SEC) was conducted in a
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tetrahydrofuran (THF) solution at 40 °C, with a flow rate of 0.6 mL
min~}, using a Waters e2695 high-performance liquid chromatograph
(Milford, MA, US) equipped with four Waters Styragel high-resolution
(HR 0.5, 1, 4E, 4) columns (7.8 x300 mm) with a molar mass in the
range of 100-10,000,000 g mol~!. The number- and weight averaged
molar masses (M, and M,,) and dispersity (P) of the polymers were
calculated relative to linear polystyrene (PS) standards from Shodex
(Showa Denko K.K., Tokyo,Japan). The film density was measured by a
hydrostatic weighing method using an AD-1653 specific gravity
measuring kit (A&D Company, Tokyo, Japan), with each experiment
repeated four times.

Thermogravimetric analysis (TGA) was performed using a TGA 500
instrument (TA Instruments, New Castle, DE, USA) in the range of
30-800 °C, at a heating rate of 10 °C min~!. Differential scanning
calorimetry (DSC) was performed using a DSC Q1000 instrument (TA
instruments, New Castle, DE, USA) in the range of — 50-250 °C, at a
heating rate of 10 °C min~!, under nitrogen atmosphere. Dynamic
modulus analysis (DMA) was performed using a Q800 dynamic me-
chanical analyzer (TA instruments, New Castle, USA) in the range of —
100-200 °C, at a heating rate of 5 °C min™! and a frequency of 1 Hz.

Synchrotron WAXS experiments were performed at a 9 A beamline in
Pohang Accelerator Laboratory (PAL), Korea. A monochromatized X-ray
radiation source of 11.08 keV (Ao = 0.11179 nm) with a sample-to-
detector distance (SDD) of 212.23 mm was used. The scattering in-
tensity was collected using a Mar 165 mm diameter CCD detector (2048
x 2048 pixels). The two-dimensional scattering patterns were
azimuthally integrated to obtain one-dimensional profiles, presented as
the scattering vector (q) versus scattering intensity, where the scattering
vector was calculated from the equation ¢ = 4mi/sind. The domain
spacing (d) was calculated from the position of the scattering peaks
using the relationship d = 2n/q. The fractions of amorphous (Famorphous)
and ordered (Fordereq) domains were calculated using the equations
Famorphous = Aamorphous/Atotal X 100% and Fordered = (Acrystalline 1
+Acrystalline 2 +Aliquid crystalline)/Atotal X 100%, respectively, where Ayotal
= Aamorphous”‘Acrystalline 1 +Acrystalline 2 +Aliquid crystalline+An-n stacking-

The dielectric properties of the polyimide films were measured using
an E5080B network analyzer (Agilent Technologies, Santa Clara, CA,
USA). To verify the dielectric properties of the polymers depending on
the frequency, the measurements were performed at frequencies of 10,
28, and 40 GHz. The temperature-dependent dielectric properties of the
co-PI-1, 3, and 5 were tested by utilizing metal-insulator-metal (MIM)
capacitor assembly and E4980A precision LCR meter (Agilent Technol-
ogies, Santa Clara, CA, USA). To fabricate the MIM capacitor, 5 wt%
polymer solution in toluene was spin-casted on the SI wafer with tar-
geting 500 nm thickness. Then, 50 nm of the aluminum electrode was
deposited on the polymer layer via thermal vapor deposition with 2.0 A
s™!. The dielectric constant and loss value was obtained at a 1 MHz
frequency.

2.3. Synthesis of the polyimides

The polyimides were synthesized according to a previously reported
two-step thermal imidization process [22]. As a representative example,
the copolyimide sample co-PI-3 was prepared as follows: Priamine 1075
(7.4900 g, 0.014 mmol) and mTB (1.2738 g, 0.0060 mmol) were dis-
solved in cyclohexanone (65.1902 g) in a three-neck round-bottom flask
equipped with a condenser and dean stark trap and stirred using an
overhead mechanical stirrer under nitrogen atmosphere for 1 h. BPADA
(10.4098 g, 0.0200 mmol) was then added to the mixture and stirred at
20 °C to form a pale-yellow poly(amic acid) solution. After 12 h of re-
action, toluene (11.5042 g) was added to the solution for azeotropic
distillation to promote the thermal imidization process. The mixture was
heated to 180 °C and stirred for 4 h to ensure complete imidization. The
polyimides were obtained by casting the solution on a Teflon plate and
evaporating the solvent by heating the solution to 250 °C under a vac-
uum for 3 h to produce a brown solid. An identical procedure was used
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for the synthesis of the other polyimides with different dimer dia-
mine/mTB ratios (see Table 1).

2.4. Polyimide film fabrication

An identical procedure was used to prepare all the polyimide films in
this study. As a representative example, the co-PI-3 film was prepared as
follows: A 30 wt% polymer solution of co-PI-3 was prepared by dis-
solving the polymer in toluene at 20 °C. The solution was cast on a glass
plate using a doctor blade film applicator with a thickness of 1000 um.
The cast solution was dried for 6 h under ambient conditions to evap-
orate the toluene. Subsequently, the film was further dried under vac-
uum at 80 °C for 12 h to eliminate the residual toluene from the cast
solution. The resulting film was obtained by simply detaching it from the
substrate.

3. Result And Discussion
3.1. Synthesis of the copolyimides

A series of PIs were prepared via nucleophilic addition between the
mTB/Priamine 1075 mixture and BPADA followed by thermal imid-
ization, as shown in Scheme 1 (see the Methods section for synthetic
details). The polymers were denoted as co-PI-xx according to the molar
fraction of mTB in the reaction mixture. For example, the co-PI con-
taining 30 mol% mTB was labeled co-PI-3. The detailed compositions of
these polymers are listed in Table 1. Because BPADA, which comprises
flexible ether linkage, was used as the counterpart, all the polyimides
were fully soluble in common organic solvents, such as acetone, chlo-
roform, THF, and toluene, suggesting facile solution processability.
Based on these results, PI films with uniform thicknesses in the range of
150-200 um were successfully prepared by uniformly casting a 30 wt%
polymer solution in toluene using a doctor blade (Fig. S1). The bulk
density of the copolyimide was measured using the hydrostatic weighing
method (Table 2). The density proportionally increased with increasing
mTB content from 1.07 to 1.13, suggesting a noticeable decrease in the
free volume.

The chemical structures of the resulting polymers were determined
using 'H NMR and FT-IR spectroscopy (Fig. 1). In the FT-IR spectra,
signals at 1710 and 1770 cm™! were assigned to C=0O stretching
(symmetric and asymmetric imides, respectively), while the signal at
1360 cm ™! was assigned to C-N stretching. Signals assigned to methyl
and aromatic C-H stretching were also observed at approximately 2850
and 2920 cm ™, respectively. The absence of amine and amide signals

Table 1
Composition of the reaction mixture for the polyimides synthesized in this study.
Entry  BPADA Dimer mTB mTB Cyclohexanone Toluene
(g) diamine (€3] (mol (mL) (mL)
®) %)

co- 10.4098 10.7000 0.0000 0 75.7 14.6
PI-
0

co- 10.4098 9.6300 0.4250 10 73.4 14.2
PI-
1

co- 10.4098 8.5600 0.8490 20 71.8 13.7
PI-
2

co- 10.4098 7.4900 1.2740 30 68.8 13.3
PI-
3

co- 10.4098 6.4200 1.6980 40 66.5 12.8
PI-
4

co- 10.4098 53500  2.1230 50 64.1 12.4
PI-
5
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near 3300 and 1660 cm ' suggested that no remaining monomers were
present in the product, and that the poly(amic acid)s were successfully
converted to polyimides.

The aliphatic protons of Priamine and aromatic protons of BPADA
were assigned from the 'H NMR spectrum of co-PI-0 (Fig. 1b, light-blue).
Peaks corresponding to the mTB moiety appeared at 2.08, 7.08, 7.47,
and 7.92 ppm, which intensified with increasing mTB molar fraction in
the reaction mixture. The final composition of the diamines was esti-
mated from the ratio between the mTB methyl protons at 2.08 ppm and
Priamine 1075 methylene protons at 3.56 ppm, as summarized in
Table 2. The molar ratio of the diamines well corresponded with the
diamine feed ratio, suggesting that polyimides with controlled
aliphatic/aromatic segment fractions were synthesized. The molar mass
of the polyimide was estimated using size-exclusion chromatography
with THF as the eluting solvent (Fig. 1c). The number average molecular
weight (My,) and dispersity (D) of the resulting polymers were in the
range of 9.0-14.9 kg mol~! and 2.69-2.92, respectively. Therefore, we
concluded that polyimides with comparable molar masses and distri-
butions were successfully prepared.

3.2. Dielectric properties of the copolyimides

The dielectric constants (Dy) and losses (Dg) of the polyimide free-
standing films (5.0 x 5.0 cmz) were determined at 10, 28, and 40 GHz
under ambient conditions (Fig. 2 and Table 3). The PI films were dried
under a vacuum prior to measurement (see Experimental section for
details). At 10 GHz, the Dy value varied as the composition of the di-
amines in the polymer backbone was increased from 2.59 to 2.72.
Notably, Dy decreased with increasing Priamine 1075 content, regard-
less of the measuring frequencies. This indicates that the bulky aliphatic
side group is effective in increasing the free volume, which is consistent
with the observed decrease in the film density (Table 2). In addition, the
rich aliphatic composition of the polymer backbone helps reduce the
number of polarizable units. The Dy value also decreased when higher
measuring frequencies (28 and 40 GHz) were employed, which is known
for the changing response of the dipole moments to the external elec-
tromagnetic waves [17-19]. Despite of the change in the value, the
proportional change of Dy versus the mTB composition remained iden-
tical. In contrast to D, the D¢ values were barely affected by the change
in the measuring frequency. A noticeable trend of the D¢ against the mTB
molar fraction was observed, wherein the D¢ decreases until 30 mol%
mTB and then increased again with a further increase in mTB. Regard-
less of the measuring frequencies, the minimum Ds value was always
appeared at 30 mol%. These minimum values were 36% and 33% lower
than those of co-PI-0 and co-PI-5, respectively. These results suggest that
there is an optimal mTB molar fraction that is effective in preventing
unexpected energy dissipation via chain relaxation. However, the role of
the aromatic units in minimizing the Dr has not yet been fully explored
and should be studied for the future design of high-performance polymer
materials.

3.3. Thermal properties of the copolyimides

To understand the design factor of the copolymer affecting the
dielectric properties, we proceeded to probe the thermal behavior and
molecular packing structure of the copolyimides and compared them to
those of co-PI-0 as reference. The thermal stabilities of the PIs synthe-
sized in this study were determined by TGA, DSC, and TMA. As shown in
Fig. 3a, the polymers exhibited negligible weight loss up to 440 °C,
regardless of the diamine composition. Thermal decomposition was
observed at temperatures over 443 °C in the case of co-PI-0 and grad-
ually increased from 440° to 496°C with increasing mTB composition in
the polymer backbone. The rigidity of the mTB segment was also re-
flected in the change in the glass transition temperature (Tg) attained
from the DSC measurements (Fig. 3b). Indeed, the T of the polyimides
ranged from 26.6° to 79.7°C without other thermal transitions. These
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Scheme 1. Synthetic procedure of the copolyimides.

Table 2
Characterization of the chemical structures and thermal properties of the
copolyimides.

Name mTB M, (kg D Density Ty Ty Ty
content mol 1) gem3" o co!  cor
(mol%)*

co-PI- 0 8.8 292  1.07 443 26.6 44.4

0

co-PI-  10.1 12.7 282 1.08 465 36.2 52.8

1

co-PI-  20.2 11.9 274  1.10 465 43.1 65.6

2

co-PI-  33.0 14.3 276  1.11 466 52.9 80.4

3

co-PI- 425 13.0 268 113 469 65.9 93.7

4

co-PI- 528 14.9 269 113 496 79.7  110.2

5

Estimated by comparing the peak intensity from the 'H NMR spectrum.
Measured by the hydrostatic weighing method.

¢ Measured by thermal gravimetric analysis.

Measured by differential scanning calorimetry.

¢ Measured by dynamic modulus analysis.

results suggest that the incorporation of the aromatic segment into the
polymer backbone effectively prevents thermal deformation, although
the T, values of the resulting polymers are lower than those of the ar-
omatic polyimides (T >200 °C).

The polymer chain relaxation was further investigated by DMA in the
temperature range of — 100-200 °C with an operating frequency of
1 Hz. At the beginning of the measurement (—100 °C), the storage
modulus (E’) was enhanced, depending on the mTB composition

(Fig. 3c). Thus, the modulus of co-PI-5 was nearly twice that of co-PI-0.
As the temperature increased, a sharp drop in E’ corresponding to
a-chain relaxation was observed, owing to the transition from a glassy to
a rubbery state. The a-chain relaxation temperature (T,) was varied in
the range of 40-110 °C as a function of the mTB content. Notably, these
results exhibited an identical trend to that of the Ty (26.6-79.7 °C) re-
sults attained from DSC analysis, but with a variation in the absolute
values of the temperature. In addition, the loss factor (tan &) corre-
sponding to the a-chain relaxation was shifted to a higher temperature
and became wider with increasing mTB composition (Fig. 3d). The
enhancement of thermal stability by introducing an aromatic unit is also
double confirmed in the Dy and Dy values versus the temperature. The
thermal stability of dielectric properties against to the temperature was
tested by varying temperatures from 25 to 95 °C with 2.5 °C intervals at
1 MHz of the input frequency (Fig. S2). The Dy retains the nearly con-
stant value under the change of temperature for all the measuring
polymers, while the D¢ value becomes unstable and increased when the
temperature exceeded the T,. It is noticeable that the co-PI-5 with the
highest T, value showed a wide stable temperature range until 95 °C.
These thermal relaxation behaviors of the copolyimides indicated that
the rigid aromatic moieties strongly reinforced the resistivity of the
polymer against the external environment. This was presumably ach-
ieved by the enhancement of the chain rigidity and interchain in-
teractions via non-covalent interactions. Therefore, we supposed that
suppression of the chain movement is effective in preventing undesired
energy dissipation, resulting in a low D¢ at 30 mol% mTB. However, the
upturn in Ds for composition exceeding 30 mol% mTB is still not fully
explained by the thermal behavior of the copolyimides.



J. Lee et al.

Materials Today Communications 33 (2022) 104479

2 a d o)
o e o
JOCE oo
s b f o
-C=0-
-C-H Imide
-C-H_ aliphatic -C=0- (symmetric)

i -C=N- -C=0-
aromatic Imide - =
\:l: (asymmetric}‘;'/ # Imide ¢ Imide

co-PI-5 | '

i C

co-Pl-4 AL

coPl3 M\ ok
cobl2 M oo,

co-PI-0 JM

4000 3000 2000 1000 90 75 60
Wavenumber (cm™)

45 30 15 00
ppm Elution time (min)

Fig. 1. Characterization of the synthesized copolyimides using (a) FT-IR, (b) H NMR, and (c) SEC data.

2.75 1 ; . . . . 0.0040
2.70-

-0.0035
2.65

10.0030

Q° 2.60- i)

10.0025
2.55
550 . 1 0.0020
2451 . : . . . 0.0015

mTB (mol%)
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factor (Dy, open circles) versus the mTB molar fraction of the copolyimide. The
dielectric properties were obtained using a network analyzer at 10 (blue), 28
(orange), and 40 (green) GHz.

3.4. Chain packing structure of the copolyimides

To obtain further insight into the relationship between the nano-
structure and dielectric properties, the chain packing structure of the
polyimide was studied by synchrotron WAXS (Fig. 4a and S3).

Transmission WAXS experiments were performed on the copolyimide
bulk films under ambient conditions. Typically, the scattering patterns
from the copolyimide were fitted using a previously reported liquid-
crystalline model [23]. The average scattering intensity was deconvo-
luted by assuming a Gaussian peak shape (Fig. S3), and the specific
p-spacing (d = 2n/q) was calculated from the centered peak position (see
Table S1).

Representative WAXS data for the copolyimides are shown in Fig. 4a.
The co-PI-0 sample presented a broad scattering pattern that mostly
originated from the amorphous halo. As the mTB content in the polymer
backbone changed, discernible changes in the scattering patterns were
observed. For all the copolyimides, the scattering profile at 1.3 A~} was
deconvoluted into the two peaks with distinguishable centered positions
and a full width at half maximum (FWHM) (Fig. S4a and Table S1). The
broad scattering near 1.30 Al (d=4.8 f\) with 0.9-1.2 A~! FWHM was
assigned as an amorphous halo. The narrow scattering at 1.33 A~ (d =
4.72 R) with 0.3-0.5 A~ FWHM is the liquid crystalline domain, which
falls within the range of the typical interchain packing of aromatic
polyimides. The weaker scattering at ¢ = 0.35 A~ (d = 18.0 A) is pre-
sumably the ordered packing originating from the length of the alter-
nating dianhydride and diamine moieties. These scattering profiles
indicate that the ordered nanodomains are dispersed in the amorphous
polymer matrix, suggesting that the as-synthesized copolyimide com-
prises semicrystalline nanostructures.

The fraction of ordered and amorphous domains was determined by
calculating the ratio between the area of each scattering intensity and
the total scattering profile (Fig. 4b and S3; see the Methods section for
calculation details). Notably, the ordered fraction contains every crys-
talline and liquid crystalline area, except for n—n stacking. When the

Table 3

Characterization of the chemical structures and thermal properties of the copolyimides.
Name Dy D¢

@ 10 GHz @ 28 GHz @ 40 GHz @ 10 GHz @ 28 GHz @ 40 GHz

co-PI-0 2.59 2.51 2.49 0.0026 0.0025 0.0025
co-PI-1 2.61 2.60 2.60 0.0023 0.0022 0.0022
co-PI-2 2.63 2.61 2.61 0.0020 0.0019 0.0020
co-PI-3 2.65 2.63 2.63 0.0017 0.0017 0.0018
co-PI-4 2.69 2.69 2.66 0.0024 0.0023 0.0024
co-PI-5 2.72 2.71 2.70 0.0024 0.0024 0.0025
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mTB content reached 30 mol%, the copolyimide showed the highest
amorphous fraction (75.7%) in the series. This is related to the
randomness of the polymer backbone, which was also confirmed by the
increase in the FWHM (Fig. S3b). However, when the mTB population
exceeded 40 mol%, the scattering intensity from the amorphous halo
was reduced, while the fraction of ordered domains increased. In addi-
tion, the peaks near 0.3, 0.4, and 1.7 A~! corresponding to the crystal-
line and n—r stacking distances become evident. This suggests that the
interchain interactions between the polymer chains are enhanced via
aromatic-aromatic interactions, including n-r stacking, as the aromatic
moiety in the polymer backbone is enriched. As a result, the polymer
matrix comprises a more ordered nanostructure with a dense matrix that
resists thermal and mechanical deformation [19].

Based on these observations, we estimated the correlation between
the chemical structure of the polymer backbone and the dielectric
properties: Priamine 1075 has a significant advantage in reducing the Dy
value of the polymer material. The aliphatic chains reduce the intrinsic
dipole moments of the polymer backbone, resulting in a reduction in D.
In addition, the branched side chains enlarge the free volume between
the polymer backbone by steric hindrance, thereby reducing the bulk
density and maintaining the polymer materials soft and amorphous (co-
PI-0; Fig. S3 and Table 2). However, the steric effect of the aliphatic side
chains also decreases the T, to 40 °C, as shown in Fig. 3a. This severely
affects the D value because the chain relaxation process is known as the
critical factor of electromagnetic energy loss [18,19]. As a result, the
polyimide solely comprising Priamine 1075 (co-PI-0) displayed a low Dy
of 2.51 and high D¢ of 0.0025 value at 28 GHz (Fig. 2 and Table 3).

The introduction of an aromatic mTB unit changed both the dielec-
tric properties and chain-packing structure. Compared to the branched
aliphatic units, mTB has a planar chemical structure that promotes
interchain packing by densifying the polymer material (Table 2). The
intrinsic dipole moment of the aromatic unit also increases the popu-
lation of the effective dipole moment. These changes led to an increase
in Dy, proportional to the mTB composition (Fig. 2, solid line). On the
other hand, D¢ was at a minimum at 30 mol% mTB (Fig. 2, dashed line).
These results suggest that the introduction of aromatic units suppresses
energy dissipation even though the dipole population increases. At the
same time, increasing the T, of polyimide is a valid strategy to reduce
the D¢ by preventing the energy dissipation through the chain motions.
As described above, the introduction of mTB effectively increased the T,
from 26.6° to 76.7°C, indicating that the chain movement is arrested by
the addition of aromatic units. In addition, the nanostructure of the
copolyimide was more amorphous in co-PI-3 because of the randomness
of the polymer repeating units (Fig. 4b and S2). These results indicate
that the copolyimide with 10-30 mol% of mTB is a rigid amorphous
polymer with restricted chain motion. Therefore, the D was effectively
decreased and reached to 0.0017 in co-PI-3, which is 36% lower than
that of co-PI-0. This suggests that the prevention of chain relaxation is
essential for lowering electromagnetic energy loss. Moreover, the in-
crease in Dy after 40 mol% aromatic units is presumably caused by the
formation of densely packed aromatic domains (Fig. 4b). We believe the
complex factors including aromatic ring density, imide group density,
bulk density, and interchain interactions affect to increase of the D¢
value after mTB 40 mol% [2,5]. Our aliphatic-aromatic results suggest
that there is an optimal ratio showing an adequate level of Dy with the
lowest Dy value. This optimal ratio is closely related to the effective
dipole density, chain rigidity, and polymer nanostructure. Therefore, the
design of the copolyimides should consider both the optimal composi-
tion and the combination of the monomers.

4. Conclusion

We synthesized low-dielectric copolyimides by copolymerizing an
aromatic dianhydride with branched aliphatic and aromatic diamines.
Our polymer design achieved Dy values of 2.5-2.7 and Dy values of
0.0017-0.0025 at 28 GHz, which were tuned according to the diamine
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ratio in the polymer backbone. The branched aliphatic chain helped
enlarge the inter-chain space to reduce the effective number of dipole
moments, while the chain relaxation temperature decreased to approach
the RT. Although the number of dipole moments increases proportion-
ally with the increases in aromatic moiety, their non-covalent in-
teractions effectively inhibit chain motion, resulting in a reduction in the
dielectric loss. The molar fraction between the diamines that minimized
the D¢ value was strongly correlated with the chain relaxation behavior
and chain packing structure, as observed from the DMA and WAXS data.
For the copolymer comprising Priamine 1075 and mTB, 30 mol% mTB
was the optimal ratio with a Dy of 2.63 and D of 0.0017 at 28 GHz. Our
results suggest that there is an optimal copolyimide molar fraction to
achieve the lowest D¢ value while minimizing the increase in the Dy
value of the polymer film. Therefore, the design of a copolymer with a
reduced effective dipole moment and chain motion should be considered
to achieve polymer materials for next-generation telecommunication
applications.
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