communications materials

Article

https://doi.org/10.1038/s43246-024-00502-7
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linear-backbone-structured polyimides
with ester groups and ether bonds
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Polyimides have emerged as promising dielectric materials for communication equipment, owing to
their excellent thermal stability and processability. Nonetheless, a pressing need remains to reduce the
high-frequency dissipation factor (Dy) of polyimides. Here, we synthesized various polyimides
featuring linear backbone structures, finding that polyimides that incorporate a combination of ester
groups and ether bonds exhibit low D; values of 0.0015-0.0024 at 10 GHz. Even in high humidity and
temperature conditions they maintain low D; values of <0.005 at 10 GHz. To gain insight into the factors
influencing this behavior, we conduct a comprehensive study involving aggregation structures and
hygroscopic properties. Our findings highlight the pivotal role of high orientation and crystallinity in

determining the high-frequency D; of polyimide films.

In the current era of rapid advancements in internet technology, high-speed
and high-frequency communication devices have seen a meteoric rise in
prominence. For this purpose, the dielectric material with a low signal
propagation loss rate (L) is proposed™”. The L value of electronic equipment
depends strongly on the dielectric constant (Dy) and dielectric loss (Dy) of
the used polymer materials, as elucidated by the modified Maxwell’s
equation: L oc f Dy /Dy With signal transmission frequencies surpassing
the 10 GHz threshold, the performance criteria for dielectric materials have
grown considerably stringent, especially dielectric loss (Dy)*".

Polymers are the most critical dielectric material and have gained
widespread adoption”. Among multitudinous dielectric polymers, poly-
imide (PI) has enjoyed extensive applications in communication technology
for several years™’. It has been widely used in flexible printed circuit boards
(PCBs) and organic electronic devices due to its commendable dielectric
properties, exceptional thermal stability, ease of processing, and flexibility in
designing its molecular structure'®'". Nonetheless, following the develop-
ment of communication technology, current commercial-grade PIs are
unable to afford further high-frequency and speed electronic signals,
impairing the transportation of signals in higher frequency'. PT’s intrinsic
design flexibility and processability provide an avenue for structural mod-
ifications, thereby enabling the effective enhancement of its performance.
Currently, prevalent approaches to diminish Dy involve strategies such as
augmenting the overall free volume (utilizing extended side chains"”,
adopting noncoplanar structures'*'", etc.), reducing the molecular chain’s

polarity (via —F, —CF; modifications'", etc.), or introducing low-Dy fillers
(constructing porous structures'>”’, introducing fluorographene” >, etc.).
Numerous effective strategies exist for lowering Dy, and the associated
theories have attained a relatively advanced stage of development. In con-
trast, the methodologies and theories about Dy, the more critical parameter
in signal transmission, remain less well-defined***. D¢ results from dielectric
relaxation under alternating electric fields and energy dissipation due to the
rotation of polarization units**””. Consequently, the approach to mitigating
dielectric loss revolves around preventing polarization unit rotation at
varying frequencies, focusing on inhibiting dipole moment polarization and
electronic polarization™.

High-frequency dielectric materials, such as liquid crystal polymers
(LCP)™, typically exhibit linear and highly crystalline polymer structures.
Consequently, a straightforward approach®** is to engineer linear, low-free-
volume structures with inherent rigidity to attain pronounced orientation.
Linear functional groups, including ether bonds, carbonyl groups, amide
bonds, and ester groups™, emerge as the preferred choice for linear
backbone chains of PIs. Japanese scholars™” have discovered that the
introduction of ester groups can effectively reduce Dy. They attempted to
enhance molecular chain rigidity by introducing ester structures with
benzene rings and biphenyl, and the synthesized PI exhibited a dielectric loss
of less than 0.005. This theory guided us to prepare PIs with full-ester
structures for low Dy. Nevertheless, the full-ester PIs have been found to have
the disadvantage of brittleness due to excessive rigidity . Based on the result,
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we postulated that a linear molecular chain framework combining rigid and
flexible segments may improve the brittleness of PI films while accelerating a
more uniform orientation of PI chains, constraining internal motion,
thereby diminishing Dy.

To this end, we compared the aggregation and dielectric properties of
three series of polyimides: polyetherimide series (PEIs) with flexible double-
ether bonds (ODA-ODPA), three-ether bonds (TPE-Q-ODPA, ODA-
HQDPA), or carbonyl-ether combination (A1C-ODPA), polyimide series
(PIs) with the combination of mono ether bonds and rigid benzene ring in
diamine or dianhydride (PDA-ODPA, ODA-PMDA), as well as poly-ester-
ether imide series (PEsIs) with a combination of flexible and rigid segments,
which contains 1-2 ester groups (A1E-ODPA, A2EB-ODPA and ODA-
TA2EB) in diamine or dianhydride, respectively. Among these variations,
the polyimides comprising ester groups and ether bonds (PEsIs) exhibited
the most impressive attributes regarding thermal stability, dielectric prop-
erties, and water absorption. The reasons behind these outstanding char-
acteristics are examined comprehensively by analyzing the impact of
functional group modifications. The remarkable low-dielectric-loss prop-
erties primarily stem from the high orientation and dense packing of PEsIs.
These factors effectively constrain the localized motions of the rigid and
linear backbone structure during rapid frequency fluctuations. In addition,
PEsIs (A2EB-ODPA and ODA-TA2EB) demonstrate an impressively low
moisture absorption rate (~0.72% and 0.88%, respectively), safeguarding the
stability of their low-dielectric-loss properties in diverse humid environ-
ments. Our approach offers a straightforward design solution for achieving
inherently low-dielectric-loss polyimides and holds promise for broader
applications across other polymer systems. This innovation can potentially
drive significant advancements in the field of microelectronics.

Results and discussion

Characterization and aggregation structure of PEsls

All PIs were synthesized by a two-step process: polycondensation and
thermal imidization. To facilitate a comprehensive investigation of PEsIs,
PIs with different functional groups were prepared using an identical
methodology, as shown in Fig. 1a. In addition to the molecular structures in
Fig. 1c, other alternative structures were explored, as documented in Sup-
plementary Table 1. However, these complementary structures could not
yield intact polyimide films due to the reactivity, solubility, and rigidity of
ester-based monomers”. The M,, values of the PEsls (Supplementary
Table 2) are in the range of 5.69-11.79, which are lower than that of PIs
(ODA-PMDA and PDA-ODPA). The main reason should be attributed to
the activity of ester monomers, while PEsIs still form films (the images of
PEsIs are shown in Supplementary Fig. 1). The ATR-FTIR spectra prove the
complete imidation of PEsls and PIs (Supplementary Fig. 2 and Supple-
mentary Discussion 1).

For polymers, the aggregation structure of the polymer can affect their
physical properties by modulating the mobility of their molecular segments.
Figure 2a—c shows the XRD patterns of the PEsIs, PEIs, and PIs. In contrast
to the singular amorphous peaks of PEIs, the XRD spectra of PEsIs marked
with red ester bond in the diagram exhibit a distinctive pattern comprising
both crystalline and amorphous peaks. For a given dianhydride ODPA,
A1E-ODPA displays a crystalline property, distinguishing it from coun-
terparts ODA-ODPA with ether bond and A1C-ODPA with carbonyl bond
(Fig. 2a). The combination of carbonyl-ether or ether-ether (double flexible
combination) does not induce significant orientation or crystallinity in the
polyimide chains. Although PDA-ODPA with a combination of a rigid
benzene ring and flexible ether bond also shows some crystallinity, the
relatively poor crystallinity as verified by the Polarized Optical Microscope
image (POM), as shown in Fig. 2d. The performance of PDA-ODPA is
inferior to that of PEsIs, which would be proven in subsequent performance
studies, so the structure did not be studied specifically. The definitions of
flexible and rigid segments are based on existing knowledge and the fact that
the Tgs of PEsls are significantly elevated after the introduction of ester
bonds in PI backbones (for DMA curves see Supplementary Fig. 3). The
same pattern is observed with A2EB-ODPA (Fig. 2b) and ODA-TA2EB

(Fig. 2c). AIE-ODPA, A2EB-ODPA, and ODA-TA2EB films exhibit
multiple peaks with high intensity, and their crystallinities are 17.4%, 28.6%,
and 20.4%, respectively, according to the fitting of the peaks (details in
Supplementary Discussion 2, Supplementary Fig. 4 and Supplementary
Table 3). So far, we can draw the conclusion that the combination of the ester
group, benzene ring, and imide ring serves as the rigid component in the
polyimide backbone, and the ether bond segments function as the flexible
element, this unique combination can effectively promote the orientation of
the molecular chain (the experimental details are shown in Supplementary
Discussion 3, Supplementary Tables 3, 4 and Supplementary Figs. 5-7).
Compared to full-ester PIs (for POM see Supplementary Fig. 8), the dis-
tribution of crystalline regions in PEsls is more uniform, which can effec-
tively improve mechanical defects caused by uneven crystalline distribution.

Figure 2d shows the POM images of PEsIs and PIs. PEsls have pro-
minent and dense spherulite structures, and PDA-ODPA with rigid parts
also has fewer spherulites, consistent with XRD. There is another crystal-
lization phenomenon of TPE-Q-ODPA, but the performance is not
improved. PEsIs are in the partially crystalline state rather than the liquid
crystal state, as there are no crystalline peaks in the DSC curve (Supple-
mentary Fig. 9). ODA-TA2EB exhibits a secondary relaxation within
temperatures below 300 °C in the DSC curve. In comparison, the secondary
relaxations of AIE-ODPA and A2EB-ODPA occur at temperatures
exceeding 350 °C. All the above results prove again that the combination of
ester groups and ether bonds is beneficial to the orderly stacking of the
molecular chains.

To further understand the molecular aggregation structure of PEsls
films, a Molecular Dynamics (MD) simulation was also executed (see
Supplementary Discussion 4 and Supplementary Fig. 10 for a detailed cal-
culation process); some important structural parameters obtained from the
calculation are listed in Table 1. All PEsIs (A1E-ODPA, A2EB-ODPA, and
ODA-TA2EB) possess high R, (44.26, 50.05, 46.66 A) and Ay, (3.05, 3.61,
3.95 A) compared to PEIs and PIs, which reflect the rigidity of molecular
chains. The decrease in R; and Ag corresponds to enhanced chain
flexibility™. This observation suggests that incorporating ester groups and
ether bonds led to a more structured and less convoluted polymer chain
conformation. Compared with full-ester PI with Ry (53.23 A) and Ag
(6.23 A)*, PEsls are more flexible, resulting in a more uniform crystal-
lization area and elevated film toughness. Concurrently, the increase in the
number of ester groups leads to more organized polymer chain con-
formations  (A2EB-ODPA ~ ODA-TA2EB > A1E-ODPA).  Cohesive
Energy Density (CED) is the energy required to overcome the inter-
molecular force of vaporization of 1 mol of aggregates per unit volume”’, and
in the cases of A2EB-ODPA and ODA-TA2EB, their CED values exhibit a
noteworthy increase compared to those of PIs. This enhancement in
intermolecular forces can be attributed to the synergistic effect arising from
the presence of ester groups and ether bonds, potentially mitigating dipole
deflection within the electric field. The influence of a solitary ester group, as
exemplified by A1E-ODPA, on the polyimide molecular chain appears
limited, one more ester bond in A2EB-ODPA increases the rigidity of
molecular chains, thus enhancing the close packing between molecular
chains, and thus A2EB-ODPA showing higher CED than that of A1E-
ODPA. In contrast to other PIs, PEsIs exhibit a notable reduction in Frac-
tional Free Volume (FFV)*, the critical factor influencing Dy and Dy. This
observation provides evidence that the aggregate structures within PEsIs
films are densely packed, and the characteristic attributes to the synergy
between ester groups and ether bonds. Collectively, these factors are likely to
exert a pronounced influence on film performance, particularly dielectric
properties.

The relationship between dielectric properties and aggregation
structure of PEsls films

For high-frequency communication, the dielectric properties of materials
are the key factors to ensure high-speed signal transmission. Figure 3a shows
Dy and Ds values of PEsls and PIs films at 10 GHz. It is evident that PEsIs
exhibit relatively low Dy values, and the Dy values of AIE-ODPA,

Communications Materials | (2024)5:55



https://doi.org/10.1038/s43246-024-00502-7

Article

a A2EB

PAA PI

Stirring at R.T. Tape casting
@ P .
Sl olycondensation Thermal
el Imidization

b 3 g
e ‘Z,»:(D’ T D)

Ho~, = mseeEee Ly
Diamine  Dianhydride PAA Rigid Flexible PEslIs
Segment  Segment
"@4-@— b—@-"ﬁ]@o_ /
- N 5
Spherocrystal Crystallization Chain Skeleton Orientation
(& T
ﬁssls | Bl PEIs \
“Hdored. | ool el
O Cr ! SERES & oo
A1E-ODPA : PDA-ODPA ODA-ODPA
|
| @ 9
o o hred. | SOd Ol
rodored- 1 BT oL I T
AJEB-ODPA : ODA-PMDA TPE-Q-ODPA
|
A 1 o 5 o
/@ @Wa ‘@ﬂw‘ i ;.‘ N— gg'@";m @0«@ Eu_
ODA-TA2EB = A1C-ODPA
|

\

ODA-HQDPA /

Fig. 1 | Schematic diagram of polyimide polymerization. a Synthesis of polyimides containing ester groups. b Microstructure diagram of the polymerization process and

PEsls. ¢ The structural units of the PEsIs and PIs.

A2EB-ODPA, and ODA-TA2EB are 0.0024, 0.0015, and 0.0018, respectively.
This low Dy can be ascribed to the restriction of dipole moment rotation,
which results from the densely packed molecular chains and intermolecular
interactions (Fig. 3b, c). The Dy values of PEsls are in the range of 3.24 to
3.27. Dy, of PIs is strongly correlated with the volume polarization (a/V) and
the free volume (FFV). Consequently, the simultaneous presence of high a/V
and low FFV in PEsls contributes to their moderate Dy values (~3.26). It is
worth noting that Dy and Dy exhibit distinct behaviors when atoms and
groups are similar™*"”; that is, lower Dy values may correspond to higher Dy
values in instances when the polarity of functional groups is not significantly
different. In simple terms, strong intermolecular interaction and a restricted
free volume contribute to low Dy. In contrast, a low volume polarization rate
and a large free volume indicate low Dj.

To further understand the exceptional dielectric property of the PEsIs,
their wide-frequency dielectric spectra were systematically tested (Fig. 4a,b).
The D of both PEsls and PIs gradually declined as the frequency increased,
owing to the frequency-dependent variation of dipole moments. In contrast
to the behavior of Dy, Df demonstrates a tendency to rise and then decline
with increasing frequency. For instance, peak Dy values are observed for
A2EB-ODPA and ODA-TA2EB at frequencies of 3.0 x 10°Hz and 5.2 x
10° Hz, respectively. The dielectric behavior of PEss at high and low fre-
quencies resembles that of LCP**’. Specifically, the Dy is relatively high at

low frequencies and extremely low at high frequencies. If the concept of
secondary relaxation is introduced into a frequency-dielectric spectrum, it
can elucidate the higher dielectric loss observed in PEsIs at low frequencies
compared with PIs. At low frequencies, the ester groups and their dipole
moments within the main chain of PEsIs exhibit limited localized motion,
resulting in “secondary dielectric relaxation” and high Dy. With increasing
frequency, the limitation on the movement of dipole moments heightens
and some dielectric relaxation fade away, which are primarily attributable to
the elevated orientation of PEsIs. This boosted orientation directly results
from the synergistic combination of ester groups and ether bonds. To gain
deeper insights into the correlation between dielectric properties at both
high and low frequencies (the details were in Supplementary Discussion 5),
the relaxation times (7) of polarization were calculated in the frequency
range of 500 Hz to 1 MHz using the Debye equation, as shown in Fig. 4c and
Supplementary Fig. 11. Obviously, there is a negative correlation between 7
and Dy meaning that higher 7 values resulted in lower Dy values. The
pronounced orientation observed in PEsIs significantly contributes to the
increase in 7, further reducing Dy Consequently, the strategic design of
structures that amalgamate rigidity and flexibility to enhance molecular
chain orientation and crystallinity holds promise for minimizing Dy. To
expand the research scope, the dielectric properties of PEsIs were compared
with those of polyimides in previous literature (Fig. 4d). The high-frequency
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dielectric performance of polyimides follows the trend before, even with the
introduction of alicyclic or fluorinated groups. That is, Dy and Dy exhibit an
opposite trend due to the aggregated structures of the polymers. Full-ester
PIs also have low Dy due to the oriented crystallization of rigid molecular
chains™. PEsIs take a step further than full-ester PI by connecting the rigid
parts through ether bonds, resulting in a more evenly distributed crystal-
lization zone and improving the overall performance of the films (for
schematic diagram see Supplementary Fig. 12).

The relationship between dielectric properties and water
absorption of PEsls films

For dielectric materials, maintaining low water absorption is critical to
ensure the stability of their dielectric properties*’. From the water con-
tact angle (Supplementary Fig. 13), PEsls films have relatively lower
water wettability than PI films (including PEIs). In Fig. 5a, the water
absorption behaviors of PEsls and PIs are investigated under various
humidity conditions (Supplementary Table 5). Obviously, when
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Table 1 | Computational results of the PEsls, Pls and PEls

Pl Ry (A) A" () CED°(J cm ™) FFV¢ (%) Dipole moment (D) o/V © (a.u.x mol cm9)
PEsls A1E-ODPA 44.26 3.05 455.4 19.86 2.8736 1.007
A2EB-ODPA 50.05 3.61 485.6 19.55 1.1249 1.029
ODA-TA2EB 46.66 3.95 502.6 18.37 2.2580 1.029
Pls PDA-ODPA 33.06 2.46 479.3 21.27 1.1829 0.971
ODA-PMDA 35.27 3.71 4781 22.57 1.5372 0.952
A1C-ODPA 38.8 2.67 482.2 20.53 4.1309 1.010
PEls ODA-ODPA 33.79 2.32 445.4 22.07 0.9081 0.977
TPE-Q-ODPA 36.99 1.68 363.8 21.02 1.4502 0.998
ODA-HQDPA 36.47 2.15 426.0 21.11 1.1569 0.997
“Radius of Gyration.
°Kuhn segment length.
°Cohesive energy density.
9IFractional free volume, FFV = (V—1.3 Viy)/V.
*Volume polarizability.
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% A1E-ODPA % A1E-ODPA
0.005 % A2EB-ODPA 0.005 % A2EB-ODPA
% ODA-TA2EB % ODA-TA2EB
@ PDA-ODPA S @ PDA-ODPA
ODA-ODPA ~ ODA-ODPA
$#0.004 + @ A1C-ODPA #0.004 - N @ A1C-ODPA
S % @ TPE-Q-ODPA k-] PR o @ TPE-Q-ODPA
2 ODA-PMDA g Vg ODA-PMDA
@ ODA-HQDPA S ODA-HQDPA
0003} " 0003} ~ e @
o ] o S
(=] [+ Q o
0.002 + 0.002
PEsIs PEsIs
0.001 L L L 0.001 L~ . L L L
3.2 3.3 3.4 3.5 32 36 40 44 48 52
Dielectric constant Ry (A)
c d
% A1E-ODPA % A1E-ODPA
0.005} * A2EB-ODPA Y 340 % A2EB-ODPA
% ODA-TA2EB N o * ODA-TA2EB
@ PDA-ODPA \ @ PDA-ODPA
ODA-ODPA LN =335} @ o @ ODA-ODPA
#0004 @ A1C-ODPA \ S @ A1C-ODPA
o @ TPE-Q-ODPA % o 2 » @ TPE-Q-ODPA
© opA-PMDA @ N 6330f . ODA-PMDA
= @ ODA-HQDPA N S 7 @ ODA-HQDPA
©0.003 | < = 47
2 *) o =
A/ : o "
[=) Lz
0.002 - . 9 PEsIs
3.20 57
PEsls .
0001 1 1 1 1 1 1 1 l‘ 315 1 1 1 1 1 1
360 380 400 420 440 460 480 500 520 096 098 100 1.02 104 1.06 1.08

CED (J cm?)

alV (a.u.x mol cm?)
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compared to PIs, PEsIs (A1E-ODPA, A2EB-ODPA, and ODA-TA2EB)
exhibit significantly lower water absorption values of 0.97%, 0.72%, and
0.88%, respectively. The reasons for the low hygroscopic properties of
PEsIs can be attributed to the more hydrophobic properties of ester
groups than that of the imide bond, and the tightly arranged aggregation
structure restricting the intrusion of water molecules™’. To compre-
hensively elucidate the correlation between hygroscopicity and dielectric
properties, Dy and Dy of PEsIs and PIs were measured at 10 GHz under

varying conditions, including dry air, humid air, and subsequent water
immersion (Fig. 5b and Supplementary Fig. 14). Notably, the Drvalues of
PEsIs exhibit minimal variation with changing humidity levels, espe-
cially in the case of A2EB-ODPA and ODA-TA2EB, which retain
Dy values below 0.005 (0.0042 and 0.0041 at 10 GHz, respectively) even
after water immersion. Due to the low water absorption, PEsIs exhibit a
more minor increase in Dy than other PIs, with the increment falling
within the range of 3% to 7%. Figure 5c—f directly depicts the significant
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correlation between dielectric properties and moisture absorption at
60% R.H. and in H,O0, respectively. Specifically, D¢ and Dy of similar
functional group-containing PIs are primarily influenced by their
hygroscopic characteristics under high humidity conditions. Therefore,
designing low moisture-absorbing structures is one of the directions for
designing low-dielectric polymers. Compared to commercial PIs like
ODA-PMDA, PEsls are better suited for applications in challenging
environments owing to their superior dielectric stability and low
moisture absorption.

Thermal stability, mechanical properties, and electric break-
down of PEsils films

Thermal properties of PIs are essential factors affecting their applications.
DMA, TGA, and TMA were used respectively to characterize their glass
transition temperature (Ty), thermal decomposition temperature (Tg4), and
coefficient of thermal expansion (CTE) (for TGA and TMA curves, see
Supplementary Fig. 15), and the relevant data are listed in Table 2. PEsIs
exhibit superior heat resistance compared to PIs, albeit with a slightly lower
T4. The high Tgs of PEsIs are mainly due to the rigidity of the molecular
chain and the regularity and crystallization of the aggregate structure.
However, the ester groups in PEsIs are more easily decomposed than other
bonds at high temperatures above 470 °C, thereby resulting in a slightly low
T4. The secondary relaxation temperatures for A1E-ODPA, A2EB-ODPA,
and ODA-TA2EB are 360 °C, 365 °C, and 228 °C, respectively, which result
from thelocalized motion of ester groups within the low-frequency range. In
a word, PEsls performance are stable over a wide temperature range. In
general, D and Dy of PIs decrease with temperature increasing due to the

water loss in the films; however, the Dy and D¢ of A2EB-ODPA and ODA-
TA2EB can remain relatively stable vales with a small change at 10 GHz
(Fig. 6), thereby rendering them well-suited for a broad spectrum of tem-
perature environments. In the realm of flexible printed circuit boards
(FPC)*, one crucial parameter for dielectric materials is their CTE, which
ideally should be equal to or lower than that of copper (17 ppm K).
Notably, the CTE value of A2EB-ODPA (7 ppm K™") is considerably lower
than that of ODA-TA2EB (29 ppm K *)*. The flexible segments positioned
on different monomers (dianhydrides or diamines) thus exhibit differential
effects on the thermal deformation of polyimides. Specifically, the thermal
deformation decline of PEsIs with ether bonds in diamines is more sig-
nificant than that in dianhydrides, and the principle holds for ODA-PMDA
and PDA-ODPA.

The stress-strain curves of the PI films were tested (Supplementary
Fig. 16), and the corresponding mechanical properties, including the tensile
strength, initial modulus, and elongation at break, are listed in Table 2.
Incorporating ester groups and ether bonds contributes to increasing PI's
tensile strengths and modulus. This enhancement can be attributed to the
in-plane orientation and dense packing of the molecular chains. The
enhancement pattern in mechanical strength is similar to that of CTE; the
strengthening effect is more pronounced when ester groups are present in
diamines. Conversely, the elongation at break exhibits an opposite trend,
and e of ODA-TA2EB is greater than that of A2ZEB-ODPA. Additionally, the
high orientation and dense packing increase the breakdown strength of
PEsIs, surpassing 365 MV m™". This observation further underscores the
significant role of high orientation through ester groups and ether bonds in
enhancing insulation properties.
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between water absorption and Dy at 60% R. H. (c) and after soaking water (d). The
relationship between water absorption and D¢ at 60% R. H. (e) and after soaking
water (f).

Conclusion

In summary, by incorporating simple ester and ether functional groups
into the polyimide molecular chain skeleton, without the introduction of
overly complex groups, we have uncovered a significant correlation
between the aggregated structure and the properties of polyimides, par-
ticularly in terms of water absorption and high-frequency Dy. The dis-
covery is of particular significance that combining ester groups, and ether
bonds can effectively enhance chain orientation and induce crystallization
in polyimides, substantially reducing their Dy. Specifically, A2EB-ODPA
and ODA-TA2EB exhibited remarkably low D¢values (0.0015 and 0.0018,
respectively) at 10 GHz, and these D¢ values could be consistently

maintained at a low level (<0.0045) even in high humidity environments.
This remarkable phenomenon can be attributed to the restriction of dipole
moment rotation and the prolongation of relaxation time achieved
through the high orientation and crystallization of PEsIs. This effect is
performed on the molecular chain level through the dense stacking of
molecular chains and strong intermolecular interactions. Furthermore,
the combination of ester groups and ether bonds played a crucial role in
enhancing the thermal, electrical, and mechanical properties of PEsIs.
Indeed, other properties of polyimides, including Dy and ¢, warrant fur-
ther investigation. Consequently, there is a pressing and captivating
challenge within the realm of low-dielectric polymers, both from a

Communications Materials | (2024)5:55



https://doi.org/10.1038/s43246-024-00502-7

Article

Table 2 | Thermal properties, mechanical properties and electric breakdown of PEI films

PI T,°(°C) CTE® (ppm K ) T (°C) To'™4 (°C) Rw° (%) o (MPa) E* (GPa) e" (%) Ep'(MVmM)
A1E-ODPA 480 17 498 567 49.98 122+2 2.4+0.1 5+1 365
A2EB-ODPA 480 7 491 552 47.05 173+3 3.5+0.1 8+2 463
ODA-TA2EB 424 29 469 554 47.29 144 +2 1.9+0.1 14+2 374
PDA-ODPA 360 21 550 515 59.36 116 +1 2.3+0.1 5+1 320
ODA-PMDA 414 56 577 545 58.16 120+2 1.1+£0.1 48+5 332
A1C-ODPA 291 47 532 506 60.75 124 +1 1.5+0.1 16+2 194
ODA-ODPA 283 51 530 545 59.07 119+2 1.5+0.1 46+ 4 307
TPE-Q-ODPA 263 57 522 589 55.94 114 +2 1.5+0.1 15+2 246
ODA-HQDPA 248 60 527 480 56.49 103 +1 1.1+£0.1 30+4 284
“Glass transition temperature determined by DMA.
"Measured with TMA in the temperature range of 100-200 °C.
“Temperatures at 5% weight loss.
“Temperatures at 10% weight loss.
°Residual weight retention when heated to 800 °C under No.
"Tensile strength.
9Initial modulus.
"Elongation at break.
'‘Breakdown strength.
a 3.6 b
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Fig. 6 | Relationship between temperature and dielectric loss. Dy (a) and D¢ (b) of A2EB-ODPA, ODA-TA2EB, and ODA-PMDA at different temperatures at 10 GHz.

theoretical and practical standpoint. Our research endeavors can offer
some insights and directions to address this challenge.

Methods

Materials

N, N-Dimethylacetamide (DMAc) was purchased from J&K Scientific
Ltd, China. 4,4-Diaminobenzophenone (A1C), Potassium Carbonate
(K,CO3), Sodium Bromide (NaBr), Sodium Chloride (NaCl), and
Potassium sulfate (K,SO,) were provided by Sinopharm Chemical
Reagent Co. Ltd, China. 4.4’ -Oxydianiline (ODA), p-PhenylenediaMine
(PDA), Phenol, 4-amino-,1-(4-aminobenzoate) (A1E), 4,4'-[1,4-Pheny-
lenebis(oxy)] bis[benzenamine] (TPE-Q), Pyromellitic dianhydride
(PMDA), 1,4-Benzenediol,1,4-bis(4-aminobenzoate) (A2EB), p-Pheny-
lene bis(trimellitate anhydride) (TA2EB), 1,4-Bis(3,4-dicarboxyphenoxy)
benzene dianhydride (HQDPA) were purchased from Chinatech Che-
mical Co. Ltd, Tianjin, China and were used without further purification.
All materials were used as received.

Preparation of polyimide films

A conventional two-step method was used for polyimide preparations
(Fig. 1a). In a three-necked flask, diamine (5.0 mmol) was added to 15 mL of
DMACc and stirred for 30 min under N, at room temperature. Then, dia-
nhydride (5.0 mmol) was gradually added to this solution with continuous

stirring (24 h) at room temperature until the reaction mixture turned to a
viscous/clear poly(amic acid) (PAA) solution, and its viscosity was stabi-
lized. The PAA solution was subsequently coated uniformly on a clean and
dry glass plate with a controlled film thickness, and the solvent was removed
in a vacaum oven at 100 °C. Then the PAA was thermally imidized with the
temperature program of 250 °C (1 h)/300 °C (1 h)/330 °C (1 h) to produce
the polyimide films. By soaking in deionized water for a period of time, the
polyimide films could be peeled off the substrate. The film thicknesses of the
polyimide samples are in the range of 30 ~ 50 um. The schematic diagram of
the microscopic crystal polymer structure is shown in Fig. 1b, and the
polyimide structural units are shown in Fig. 1¢ and Supplementary Table 1.
Polyimides are designed as PEsIs series with ester and ether bonds and PI
series with flexible ether-ether bonds, ether-carbonyl bonds or mono-
ether bonds.

Characterization

The number-average (M,,) and weightaverage (M,,) molecular weights were
obtained by HLC-8320GPC (TOSOH, Japan) using DMAc containing
0.03 mol L™" LiBr and 0.03 mol L™ H;PO, as an eluent. Infrared spectra
(FTIR) of PI films were obtained on a Nicolet 6700 FTIR spectrometer
(PerkinElmer, Inc., USA) over the range 4000-500 cm™ by accumulating
16 scans. Dynamic mechanical analysis (DMA) was performed on a TA
Instruments Q800 (USA) under a nitrogen atmosphere at 5 °C min ™. The
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coefficient of thermal expansion (CTE) was determined using a TA
Instruments Q400 analyzer (USA) under a nitrogen atmosphere at 5 °C
min~" between 100 and 200 °C from the second heating curves. Thermal
decomposition temperature was performed using a PerkinElmer Pyris
analyzer (USA) under nitrogen at 10 °C min™~". The mechanical properties of
film samples were tested on a CMT1104 universal electromechanical tester
(SUST, China) at 5mm min~". The PI films’ wide-angle X-ray diffraction
(WAXD) analysis was executed on a Rigaku Miniflex 600 with Cu Ka
radiation (A = 1.54 A). The parameter 20 was measured and collected in the
5°-50° range. The thermodynamic properties of films were characterized
under a nitrogen atmosphere using a heating and cooling rate of 10 °C min '
by Discovery DSC 250 (TA, USA). Polarized Optical Microscopy (POM)
images were obtained by Leica DM LP (Leica, Germany). The moisture rate
was measured using a precision electronic balance. The films were dried in
an oven at 110 °C for 24 h and measured its weight (11,). Then, the films
were exposed to different humidity environments for 3 days, and their
weights (m,) were measured. Humidity is controlled by the specific satu-
rated solution (the details are seen in Supplementary Table 5). The films
were soaked in water at 30 °C for 3 days, and their weight (m,,) was mea-
sured. The moisture rate was calculated by the Egs. (1), (2):

A (%) = % x 100% )

0

m.,, — m,
A (%) = WTO X 100%
0

)

where A, and A,, are the absorption ratios in the specific humidity and after
soaking in water, respectively. The frequency-dielectric spectrums were
measured 10 times by an Agilent instrument (E4980A, USA) in a frequency
range of 10°Hz to 10°Hz at 23 °C and 50% relative humidity. The electrode
area is 0.2827 cm* (diameter of 0.6 cm). The dielectric constant and dielectric
loss at 10 GHz were measured by ENA 330 Network Analyzer E5080B
(USA) at 23 °C and 40% relative humidity. The sample shape of the high-
frequency dielectric test and breakdown strength is a square of 3 x 3 cm’.
The breakdown strength was measured by a high-temperature voltage
breakdown measuring system (DDJ-50kv, China).

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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