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ABSTRACT: The rapid advancement of the semiconductor industry has imposed heightened demands on interlayer insulating
dielectric materials to meet varying processing requirements. In this contribution, a series of polyolefin-based low-k materials were
developed by integrating dual functional groups of benzocyclobutene (BCB) and vinyl together through grafting the BCB group
onto the polyisoprene (PI) mainchain. As a comparison, the PI mainchain was also selectively modified as a hydrogenated PI (HPI)
counterpart. Both the introduced BCB and the remaining vinyl groups on PI could be selectively cured at 250 and 360 °C,
respectively. Notably, with the increase of BCB group contents, the storage moduli, tan &, and glass transition temperature (T,) of
the cured samples were regularly enhanced, and the coefficients of thermal expansion (CTE) values were correspondingly decreased.
Especially, by modulating the curing behavior of BCB and/or vinyl groups, the T,s could be tailored across a broad range (29 to 240
°C), ensuring adaptability to diverse processing conditions. As expected, the polyolefin-based materials exhibit exceptional dielectric
performance with all film samples demonstrating a dielectric constant (D;) < 2.5 and dielectric loss (Df) < §x 1072 (at 1 MHz).
This work illustrated that the PI modified with dual functions of BCB and vinyl groups possessed significant potential as a low-k
material for future versatile, integrated circuit applications.

B INTRODUCTION

Low-dielectric constant (D,) materials are pivotal in micro-
electronics, electronic packaging, and high-frequency 5G
communication systems due to their critical role in minimizing
signal delay and energy loss caused by resistance-capacitance

elements to reduce molecular polarizability by lowering
electron cloud density;''~'* (2) fabrication of porous
architectures via templating or phase-separation techniques,
where introduced air voids (D & 1) effectively decrease the

overall dielectric constant;'*~"* and (3) introduction of bulky

(RC) coupling effects.' ™ As device miniaturization and
operating frequencies escalate, traditional dielectric materials,
such as silica (D & 3.9—4.2) and polyimides (D, ~ 3.0-3.5),
face limitations in meeting the stringent requirements for
ultralow dissipation factor (Df < 5 X 107®) and thermal
management in high-frequency regimes.””® Modern low-k
materials must simultaneously satisfy multiple performance
criteria: low dielectric constants, high glass transition temper-
atures (T,), robust mechanical strength, low moisture
absorption, and thermal expansion coefficients (CTE)
compatible with copper interconnects.”"’

To address these requirements, researchers have developed
low-k materials through three primary strategies: (1)
incorporation of fluorine atoms or other electronegative
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functional groups or sterically hindered substituents to inhibit
chain packing and suppress dipole polarization.'””** These
approaches synergistically minimize both electronic and
orientation polarization contributions, thereby achieving ultra-
low-k values while maintaining essential mechanical and
thermal properties.
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Scheme 1. Schematic Illustration of the Synthetic Procedure for BCB-Functionalized Polyolefins and the Curing Process for

Low-k Films
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Figure 1. (a) SEC traces for PI-BCB samples (using THF as elution and polystyrene (PS) as standard), (b) '"H NMR spectra of PI-BCB-0, PI-

BCB-15, and HPI-BCB-15 (in CDCL,).

Based on these strategies, polyolefins emerge as a highly
promising material platform for low-k applications due to their
inherent chemical structure. The saturated C—C and C—H
bonds result in minimal molecular polarity, providing a
naturally low dielectric constant.”*™*° For example, using
cyclic olefin copolymers (COCs), the researchers have
garnered significant attention in the low-k dielectric field
owing to their inherent nonpolarity, tunable porosity, and
compatibility with scalable manufacturing processes.”” >’ The
polyolefin-derived low-k materials were also successfully
synthesized through nanostructuring (e.g, controlled pore
architectures < SO nm) and hybridization with low-polarity
fillers (e.g, silica nanoparticles), effectively addressing the
historical limitations of poor mechanical strength in conven-
tional polyolefins.’*™>* Complementing these academic
endeavors, the industrial applications of polyolefin-based low-
k materials have been notably advanced through the
commercialization of COCs. A prominent example is Mitsui
Chemicals’ APEL series, which leverages the intrinsic material
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properties of COCs—such as ultralow water absorption, high
purity, and excellent electrical insulation—to meet the
stringent requirements of high-frequency applications like 5G
infrastructure and millimeter-wave components. Furthermore,
the cross-linked thermoset polyolefin counterparts were also
successfully developed as dielectric layers in advanced copper-
clad laminates, offering an optimal balance of low dielectric
loss, thermal resistance, and mechanical stability. These
industrial solutions validate the transition of polyolefin
innovations from laboratory research to market-ready
applications, with ongoing development efforts focused on
further enhancing their thermal and interfacial properties for
next-generation electronics. Nevertheless, the relatively high D,
of around 3.5 of these modified systems remains a critical
barrier to their adoption in high-performance electronic
devices. Meanwhile, the broader applications of polyolefins in
advanced electronics are hampered by their intrinsic thermo-
mechanical limitations.>* Specifically, their relatively low
thermal deformation temperature and pronounced creep
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Figure 2. DSC traces for (a) PI-BCB-0 and HPI-BCB-0, (b) PI-BCB-8 and the derivatives, (c) PI-BCB-1S and the derivatives, and (d) PI-BCB-20
and the derivatives. TGA curves for (e) PI-BCB-0 and HPI-BCB-0, (f) PI-BCB-8 and the derivatives, (g) PI-BCB-15 and the derivatives, and (h)

PI-BCB-20 and the derivatives.

behavior under sustained stress raise concerns regarding long-
term reliability in demanding operating environments. Thus,
comprehensively improving the k value and thermal stability of
polyolefins is still urgent for future practical application.

In this contribution, an alternative strategy was developed
for the polyolefin-based low-k materials. In detail, the
polyisoprene (PI) precursor was first synthesized via living
anionic polymerization (LAP), and the benzocyclobutene
(BCB) moieties were grafted onto the PI backbone for BCB-
functionalized polyolefins through a selective hydrosilylation
reaction on the highly reactivel,2-addition unit. The remaining
vinyl groups on the PI mainchain were further modified for
hydrogenated PI (HPI). Subsequently, the BCB group and the
remaining vinyl groups on PI were selectively cross-linked at
250 and 360 °C, respectively, offering the cured polyolefins
with low-k values, adjustable cross-linking density, and T,. The
curing behavior and thermomechanical and dielectric proper-
ties of the resulting materials were systematically monitored
using differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), thermomechanical analysis (TMA),
and dynamic mechanical analysis (DMA), respectively.

B RESULTS AND DISCUSSION

Synthesis and Characterization of BCB-Function-
alized Polyolefins. As illustrated in Scheme 1, the PI
precursor with a narrow molecular weight distribution (M,,/
M,) of 1.07 (Figure 1a) was first prepared via an LAP process.
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Subsequently, a hydrosilylation reaction was performed
between the unsaturated double bonds (1,2-addition unit on
PI) and the presynthesized (benzocyclobutene-4-yl) dimethyl-
silane (BCB—SiH) in the presence of a Karstedt catalyst, and
the PI-BCB samples were obtained. The successful incorpo-
ration of the BCB group onto the PI mainchain was
ascertained by size exclusion chromatography (SEC) measure-
ment with the monomodal peaks and low M,/M, values,
confirming the absence of side reactions on the PI mainchain
during the hydrosilylation reaction process (Figure 1a). Also,
the PI-BCB samples were confirmed by proton nuclear
magnetic resonance ("H NMR) analysis. As shown in Figure
1b, the characteristic resonance signals for the vinyl protons
from 1,2-(§ = 5.71 ppm), 3,4-(5 = 4.65 ppm), and 1,4-addition
(6 = 5.04 ppm) units on the PI mainchain could be well
discriminated from the spectrum for PI-BCB-0. By integrating
the areas for vinyl protons, the molar percentages of 1,2-, 3,4,
and 1,4-addition units in precursor PI have been determined as
18.7%, 16.7%, and 64.6%, respectively. After the introduction
of the BCB group, the characteristic resonance signals for the
BCB cyclobutane protons (6 = 3.18 ppm) and aromatic
protons (8 = 6.90—7.04 ppm) were also well discriminated
from the spectrum for PI-BCB-13. By changing the feed molar
ratio of BCB-SiH to the PI mainchain, the BCB group contents
on the final PI-BCB samples could be modulated. As shown in
Figure S1, with the increase of the degree of BCB
functionalization, the resonance signals at 3.18 and 6.90—
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Figure 3. Storage moduli curves for (a) cPI-cBCB-0; (b) PI-cBCB-8, HPI-cBCB-8, and cPI-cBCB-8; (c) PI-cBCB-15, HPI-cBCB-1S, and cPI-
cBCB-15; and (d) PI-cBCB-20, HPI-cBCB-20, and cPI-cBCB-20. (e) Comparison of storage moduli values for samples with different BCB group

contents.

7.04 ppm attributed to the cyclobutane and aromatic protons
on the BCB group were regularly increased, while the
resonance signal at 5.71 ppm was regularly decreased,
confirming the selective hydrosilylation reaction of vinyl
groups on the 1,2-addition unit on the PI mainchain. The
integration of these protons quantified the degree of BCB
functionalization as 8, 15, and 20 mol/100 g, respectively,
which resembled the typical expression of the epoxy value in
literature.” Thus, the PI-BCB samples were correspondingly
termed as PI-BCB-8, PI-BCB-15, and PI-BCB-20, respectively.
For consistent expression, the sample without the BCB group,
i, the PI precursor, was termed as PI-BCB-0. Notably, the
hydrosilylation reaction selectively happened with vinyl group
on 1,2-addition unit on precursor PI, thus, the maximum
degree of BCB functionalization was around 20 mol/100 g.

Furthermore, referring to the literature,® the PI-BCB
samples were subjected to a hydrogenation reaction in the
presence of 4-methylbenzenesulfonhydrazide (TSH) using
xylene as a solvent at 135 °C. The complete hydrogenation
was verified by the complete disappearance of resonance
signals of vinyl protons between 4.65 and 5.71 ppm in the 'H
NMR spectra for HPI-BCB-15 (Figure 1b), while the BCB-
specific resonance signal at 3.18 ppm and 6.90—7.04 ppm
remained intact, confirming the retention of BCB functionality.
Correspondingly, the hydrogenated samples were termed as
HPI-BCB-8, HPI-BCB-15, and HPI-BCB-20, respectively. It
should be noted that, in the following section, HPI-BCB-0 was
out of the discussion due to the absence of any BCB and vinyl
groups, exhibiting as a liquid state.

Curing Behavior of BCB-Functionalized Polyolefins.
To investigate the curing behavior of the obtained PI-BCB and
HPI-BCB samples, the samples before and after the curing
were comprehensively characterized and compared by DSC
measurement with a heating rate of 10 °C min~' under a
nitrogen atmosphere over a temperature range of 50—380 °C.
For convenience, in the following section, the PI cured by the
cross-linking of vinyl groups was termed as cPI, and that cured
by the cross-linking of the BCB group was termed as cBCB. As
shown in Figure 2a—d, during the first heating run, all the PI-
BCB-8, PI-BCB-1S5, and PI-BCB-20 samples exhibited an
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exothermic peak at 268 °C corresponding to the curing of BCB
group and an exothermic peak at 348 °C corresponding to the
curing of vinyl groups on the PI mainchain, which was
consistent with the curing temperature reported in our
previous work.”” As a comparison, for PI-BCB-0, only an
exothermic peak at 348 °C can be detected, confirming the
sole curing of the vinyl groups on the PI mainchain. After the
hydrogenation reaction, all of the HPI-BCB-8, HPI-BCB-15,
and HPI-BCB-20 samples showed a single exothermic peak at
268 °C corresponding to the curing of BCB group during the
first heating run, meanwhile confirming the complete hydro-
genation of samples. Additionally, with the increase of BCB
group contents, the curing enthalpies of 60.1 J/g, 100.3 J/g,
and 167.7 J/g were derived for HPI-BCB-8, HPI-BCB-1S, and
HPI-BCB-20 samples, respectively.

Furthermore, by setting the curing process at 250 °C, the
BCB group was cured, and the vinyl groups on the PI
mainchain remained. The obtained PI-cBCB-0, PI-cBCB-8, PI-
cBCB-15, and PI-cBCB-20 samples were also monitored by
DSC measurements during the first heating run. From 325 °C,
a rising tendency could be discriminated for the DSC curves of
corresponding PI-cBCB-0, PI-.cBCB-8, PI-cBCB-1S, and PI-
cBCB-20 samples, confirming the further curing of vinyl
groups on the PI mainchain. Alternatively, by setting the curing
process at 360 °C, all the BCB group and the vinyl groups on
the PI mainchain would be cured. Thus, for all the cPI-cBCB-
0, cPI-cBCB-8, cPI-cBCB-15, cPI-cBCB-20, HPI-cBCB-8,
HPI-cBCB-1S5, and HPI-cBCB-20 samples, no exothermic
peaks could be discriminated from DSC curves during the first
heating run, confirming that all the BCB and vinyl groups on
PI had been completely consumed and the samples had been
successfully cured.

Additionally, the thermal properties of the cured BCB-
functionalized polyolefins were also evaluated by TGA with a
heating rate of 10 °C min~' under a nitrogen atmosphere over
a temperature range of 50—800 °C (Figure 2e—h). Typically,
the 5% weight loss temperature (Tsq) was especially
emphasized in literature due to its reflection on the thermal
stability of materials.”**” From PI-cBCB-8, PI-cBCB-15, to PI-
cBCB-20, the T4 progressively increased from 359 °C, 368 °C,

https://doi.org/10.1021/acs.macromol.5c02864
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Table 1. Data for PI-cBCB, HPI-cBCB, and cPI-cBCB Samples Evaluated by Different Measurements

entry samples] BCB group contents (mol/100 g)[b]
1 PI-cBCB-8 8
2 PI-cBCB-15 15
3 PI-cBCB-20 20
4 HPI-cBCB-8 8
S HPI-cBCB-15 15
6 HPI-cBCB-20 20
7 cPI-cBCB-0 0
8 cPI-cBCB-8 8
9 cPI-cBCB-1§ 15
10 cPI-cBCB-20 20

DMA TMA
storage modulus at 0 °C* (GPa)!l T, (°cc)tl CTE (ppm/°C)*

1.78 36 86.68
2.11 84 78.39
2.34 135 66.57
0.95 29 96.59
1.29 64 82.13
1.47 109 71.83
1.52 132 80.14
2.26 169 73.52
2.50 203 54.21
2.68 240 60.06

“The PI mainchain cured by cross-linking of the vinyl group was termed as cPI, and that cured by cross-linking of the BCB group was termed as
cBCB. "The BCB group contents were calculated according to the 'H NMR spectra, and the values were defined as the molarity of BCB groups per
100 g sample. “The storage moduli values were evaluated as the data at 0 °C, which was collected by the DMA measurement with a heating rate of
3 °C min~" under a nitrogen atmosphere in a temperature range of —50—300 °C. “The T, values were evaluated as the peak temperature in tan &
curves, which were collected by DMA measurement with a heating rate of 3 °C min™' under a nitrogen atmosphere in a temperature range of —S0—
300 °C. “The CTE values were evaluated by TMA measurement with a heating rate of 10 °C min™" under a nitrogen atmosphere in a temperature

range of —50—300 °C.
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Figure 4. Tan & curves for (a) cPI-cBCB-0; (b) PI-cBCB-8, HPI-cBCB-8, and cPI-cBCB-8; (c) PI-cBCB-15, HPI-cBCB-15, and cPI-cBCB-1S; and
(d) PI-cBCB-20 HPI-cBCB-20, and cPI-cBCB-20. (e) Comparison of T,s values for samples with different BCB group contents.

to 387 °C, respectively, as the BCB group contents increased
(Figure 2f—h). Similarly, a consistent trend was also observed
for the hydrogenated counterparts, where HPI-cBCB-8, HPI-
cBCB-15, and HPI-cBCB-20 exhibited T4 values of 342 °C,
349 °C, and 358 °C, respectively (Figure 2f—h). Comparative
analysis between the TGA curves for PI-.cBCB and HPI-cBCB
samples revealed a slight reduction in Tsq4 after hydrogenation,
suggesting that the hydrogenation marginally diminishes the
thermal stability, potentially attributable to the possible cross-
linking effect associated with double bonds. Remarkably, the
cPI-cBCB series exhibited a significant increase in Tsq, with
values of 430 °C, 432 °C, 436 °C, and 444 °C for cPI-cBCB-0,
cPI-cBCB-8, cPI-cBCB-15, and cPI-cBCB-20, respectively
(Figure 2e—h). Meanwhile, the maximum decomposition
rate temperatures of the cPI-cBCB series were about 50—60
°C higher than those of the PI-.cBCB and HPI-cBCB series,
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attributed to the increased cross-linking density resulting from
the curing of the residual vinyl groups on PI

Mechanical Properties of the Cured BCB-Function-
alized Polyolefins. The mechanical properties of the cured
BCB-functionalized polyolefins were investigated via DMA
with a heating rate of 3 °C min~" under a nitrogen atmosphere
over a temperature range of —50—300 °C. As shown in Figure
3a—d and Table 1, the storage moduli values measured at 0 °C
for the PI-cBCB-8, PI-cBCB-1S5, and PI-cBCB-20 samples with
varying BCB group contents were 1.78, 2.11, and 2.34 GPa,
respectively; hydrogenated counterparts of HPI-cBCB-8, HPI-
¢BCB-15, and HPI-cBCB-20 samples exhibited reduced
storage moduli values of 0.95, 1.29, and 1.47 GPa, respectively.
Uniquely, the cPI-cBCB-0, cPI-cBCB-8, cPI-cBCB-15, and
cPI-cBCB-20 samples demonstrated enhanced storage moduli
values of 1.52, 2.26, 2.50, and 2.68 GPa, respectively. Regularly,
the rigidity of the cured PI-<BCB, HPI-cBCB, and cPI-cBCB

https://doi.org/10.1021/acs.macromol.5c02864
Macromolecules 2025, 58, 13373—13381


https://pubs.acs.org/doi/10.1021/acs.macromol.5c02864?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02864?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02864?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c02864?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c02864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules pubs.acs.org/Macromolecules

(a) 0.05 —— CPI-cBCB-0 (b) 0.05 Pl-cBCB-8 (c) 0.05 ——Pl-cBCB-15
——HPI-cBCB-8 ——HPI-cBCB-15
0.04+ 0.04{——cpI-cBCB-8 0.041___picBCB-15
0.03- 0.03 0.03 4
- -
3 3 & 3 o gL o
3 .02 © 0.02 & T 0.02 & /& &
b‘-g L QQQ o \QQ
of ‘;1.‘? & Qv v
0.01- 0.01 o 0.01 &
0.00 0.00 0.00
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C) Temperature (°C)
(d) * T—Fizece 0 (e) 120 [ |PlcBCB
——HPI-cBCB-20 HPI-cBCB
0.04 cPIl-cBCB-20 - 100 ] I } cPl-cBCB
£ 80
_, 0.03 = _
2 2 60
0.02
g 40
0.01 20
0.00 0
0 50 100 150 200 250 BCB-0 BCB-8 BCB-15 BCB-20

Temperature (°C)
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(d) PI-cBCB-20 HPI-cBCB-20, and cPI-cBCB-20. (¢) Comparison of CTE values for samples with different BCB group contents.
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Figure 6. Dy and Dy of (a) PI-cBCB-8, PI-cBCB-1S, and PI-cBCB-20; (b) HPI-cBCB-8, HPI-cBCB-15, and HPI-BCB-20; and (c) cPI-cBCB-0, cPI-
cBCB-8, cPI-cBCB-1S, and cPI-cBCB-20. (d) Comparison of D, values for samples with different BCB group contents. (e) UV—vis spectra for cPI-
cBCB-0, PI-cBCB-8, PI-cBCB-15, and PI-cBCB-20 with a film thickness around 0.10 mm. (f) Photo of the PI-cBCB-1S film on a “FD” letters.

samples increased progressively with the increase of BCB samples reached Tes at 132 °C, 169 °C, 203 °C, and 240 °C,

group contents (Figure 3e). Especially, the cross-linking of the respectively. Furthermore, the quantitative cross-linking
vinyl groups on the PI mainchain further elevated cross-linking densities of all BCB-based polyolefins are calculated and
density beyond BCB-induced networks. However, the hydro- summarized in Table S1. The T, and cross-linking density have
genation diminished stiffness, imparting flexibility that a consistent tendency, which is actually tunable. Again, these
mitigates inherent brittleness. The T,s determined from results demonstrated that the strategic manipulation of BCB
temperature-dependent tan & profiles showed the similar group contents, coupled with selective hydrogenation or

tendency (Figure 4a—d and Table 1). That is, the PI-cBCB-8, further curing of vinyl groups, enabled modulable cross-linking
PI-cBCB-15, and PI-cBCB-20 samples registered Ts at 36 °C, density and precise T, tuning across a 211 °C range (29-240

84 °C, and 135 °C, respectively; the corresponding hydro- °C), facilitating material customization for diverse applications
genated versions of HPI-cBCB, HPI-cBCB, and HPI-cBCB-20 (Figure 4e).
samples showed T,s at 29 °C, 64 °C, and 109 °C, respectively. Additionally, the dimensional stability constitutes a critical

The cPI-cBCB-0, cPI-cBCB-8, cPI-BCB-15, and cPI-cBCB-20 performance metric for low-k materials in integrated circuit
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applications,”” evaluated via TMA with a heating rate of 10 °C
min~! under a nitrogen atmosphere across a temperature range
of —=50-300 °C. The CTE values were determined by
calculating the average dL/L value over the temperature
range from 0 °C to the inflection point (i.e, Tj), illustrated in
Figure 5a—d, summarized in Table 1, and depicted in Figure
Se. All of the cured samples exhibited exceptional thermal
expansion behavior. Comparatively, the HPI-.cBCB samples
had the highest CTE values. The cPI-cBCB samples with
significantly enhanced cross-linking density achieved through
cross-linking of both vinyl and BCB groups markedly reduced
the CTE values, effectively suppressing chip warpage in
advanced electronic packaging. Obviously, the tendency of
CTE values was consistent with the above storage modulus,
tan &, and Ts evaluated by DMA measurement.

Dielectric Properties of the Cured BCB-Function-
alized Polyolefins. The dielectric constant (D,) and
dissipation factor (D) of the cured films with a thickness
around 0.10 mm were measured using an impedance analyzer
at 25 °C over a frequency range of 1 Hz to 1 MHz. As shown
in Figure 6a—c, all samples exhibited D, values below 2.5 and
Dy values below 5 X 1073, demonstrating a notable advantage
over commercially available polyolefin-based low-k materials.
Regularly, it was observed that as the BCB group contents in
the PI-cBCB, HPI-cBCB, and cPI-cBCB samples increased, the
D, progressively decreased. Comparatively, cPI-BCB-0 without
BCB group showed the highest D, value, confirming that the
BCB group had a prominent effect on the dielectric properties.
For samples with identical BCB content, the hydrogenation
slightly improved the dielectric properties of HPI-cBCB
samples. This could be attributed to the fact that the originally
present C=C double bonds in the polymer possess a 7-
electron cloud that was relatively easily polarized. After
hydrogenation, these 7-bonds were cleaved and transformed
into new o-bonds, which exhibited lower polarizability
compared to z-bonds, consequently reducing the overall
dielectric constant of the polymer. The HPI-cBCB-20 sample
exhibited the lowest Dy value of 2.22 at 1 MHz with an average
Dy < 4 X 1073, The D, curve of the HPI-cBCB-§ sample
displayed an unusual upward trend, which might be attributed
to its higher elasticity, resulting in variations in material
thickness during testing. Comprehensively, based on these
findings, it could be inferred that the introduction of BCB
group and the hydrogenation process were key factors
governing the dielectric performance of polyolefin-based low-
k materials.

However, minimal change in the dielectric properties of the
samples before and after cross-linking of vinyl groups on the PI
mainchain could be discriminated. This might be because the
cross-linking of BCB groups already effectively restricted
segmental motion of the mainchain and rotation of dipoles.
Therefore, further increases in cross-linking density have
limited impact on improvement of the dielectric properties.
Nevertheless, as confirmed in the above section, further
increases in cross-linking density would significantly increase
the T,s and decrease the CTE values of samples. Combined
with the increased T and decreased CTE, as well as the
optimized Dy and D;; the modification of polyolefins exhibited
versatile potential in a low-k material field. Prominently, the
dielectric properties and thermal properties of polyolefin-based
low-k material developed in this work are superior to the
reports in several literature studies (Table S2).
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Additionally, from Figures 6e and 6f, it can be observed that
the cPI-BCB-0 has the highest transmittance in the visible light
region (>400 nm). The introduction of BCB group slightly
decreased the transmittance of the cured films. Nevertheless,
the PI-cBCB-8, PI-cBCB-15, and PI-cBCB-20 films still
retained high transparency, confirmed by the clear observation
of the “FD” letters below the PI-cBCB-15 film. Furthermore, to
evaluate the long-term stability of low-k material, the Dyand Dy,
of cPI-cBCB samples after six months were remeasured and
compared with those of the previous as-synthesized samples
(Figure S2). The Dy values of samples before and after six
months were almost overlapped, and the D values were slightly
affected, confirming the excellent long-term stability of the
polyolefin-based low-k material. Additionally, sing PI-BCB-20
as an example, the PI-cBCB-20 film on a silicon wafer was
subjected to a preliminary adhesion test. No delamination or
removal of the material was observed after the tape was peeled
off, suggesting good adhesion to the silicon substrate (Figure
S3). With these advantages, it is hoped that the high
transmittance, long-term stability, and excellent adhesion
ability will further facilitate the polyolefin films as extensive
applications in advanced materials.

B CONCLUSIONS

In summary, based on the selective reaction of BCB-SiH and
the vinyl group on the 1,2-addition unit, the PI-BCB samples
with controlled BCB group contents were readily synthesized.
Also, the PI mainchain could be selectively hydrogenated as an
HPI mainchain for HPI-BCB samples. By selective curing of
the BCB group at 250 °C and vinyl groups at 360 °C, the PI-
BCB and HPI-BCB could be selectively cured, and the PI-
c¢BCB, cPI-cBCB, and HPI-cBCB were obtained. The DMA
results showed that the storage moduli, tan J, and Ts of the
cured samples were regularly enhanced with the increase of
BCB group contents. The TMA results showed that the CTE
values were correspondingly decreased with the increase of
BCB group contents. Uniquely, the cross-linking density and
the corresponding T,s could be tailored across a broad range
(29 to 240 °C) by modulating the curing behavior of BCB
and/or vinyl groups, ensuring adaptability to diverse
processing conditions. More importantly, all the cured cPI-
BCB, cPI-cBCB, and HPI-cBCB films demonstrated D; < 2.5
and D; < 5 x 107 (at 1 MHz). These results highlighted that
the synergistic effect between the BCB and vinyl functional
groups has greatly facilitated PI with promising potential as a
novel interlayer dielectric material for SG applications.
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