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Abstract. Colorless and transparent polymer films and sheets with good high-temperature resistance and low dielectric constant (low-Dk) and low dissipation factors (low-Df) features are highly desired in advanced optoelectronic integrated circuits
(OEIC) fabrications. In the current work, a series of semi-alicyclic polyimide (PI) powders were first prepared by the onestep high-temperature polycondensation of an alicyclic dianhydride, hydrogenated 3,3′,4,4′-biphenyl tetracarboxylic dianhydride (HBPDA) and aromatic diamines which were beneficial for endowing the derived PI films with low-Dk features,
including 2,2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP) for PI-1, 2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoropropane (BDAF) for PI-2, and 9,9-bis[4-(4-aminophenoxy)phenyl]fluorene (BAOFL) for PI-3. Then, the derived PI powders
were fabricated into colorless films and light-colored sheets, respectively. The freestanding flexible and tough PI films
showed excellent optical transparency with the ultraviolet (UV) cutoff wavelength (λcut) lower than 300 nm, the optical
transmittance higher than 85% at the wavelength of 400 nm, yellow indices (b*) lower than 1.0, and haze values lower than
1.2%. The hot-processed PI sheets also exhibited light colors. The PI films and sheets showed good thermal stability with
the glass transition temperatures (Tg) higher than 220 °C. More importantly, the derived semi-alicyclic PI sheets showed Dk
and Df values as low as 2.56 and 0.008 at 1 MHz, respectively.
Keywords: tailor made polymers, semi-alicyclic polyimide, low dielectric constant, low dissipation factors, thermal properties

1. Introduction
In the past decades, the rapid development of advanced optoelectronic integrated circuit (OEIC)
fabrications have greatly promoted the research and
development (R&D) of novel polymer materials
with excellent combined thermal, optical, and dielectric properties [1]. Besides the basic thermal
and optical requirements [2, 3], the polymer components for OEIC applications, such as the interlayer dielectrics for the fifth generation (5G) of mobile telecommunications, optical waveguides for

optical fiber communication, and so on are usually
required to possess low dielectric features, including
low dielectric constant (low-Dk) and low dissipation
factors (low-Df) in the wide frequency range in order
to achieve high-speed optoelectronic signal transmission with a high signal-to-noise ratio (SNR) and
low crosstalk [4, 5]. Polyimide (PI) has been thought
to be one of the most promising candidates for microelectronic and optoelectronic fabrications due to
its excellent thermal resistance [6–8]. However, the
poor optical transparency in the visible light region
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and the relatively high Dk (≥3.0 at 1 MHz) and Df
(≥0.01 at 1 MHz) values of the standard wholly aromatic PI films and sheets greatly prohibit their wide
applications in advanced optoelectronic applications
[9–12]. Thus, the R&D of advanced PIs with good
comprehensive properties, including high thermal
stability, high optical transparency, and low Dk values, have attracted increasing attention from both academic and engineering aspects [13–15].
It has been well established that the Dk values of the
polymers are highly affected by the chemical and
compositional features of the polymers. For the former factors, incorporation of substituents with low
molar polarizability (Pmol) and high molar volumes
(Vmol) can usually endow the derived polymers with
low dielectric features according to the ClausiusMossotti equation [16]. While for the latter procedures, incorporation of air nano-pores into the polymers can usually decrease the Dk values of the pristine
polymers [17]. Various low-Dk types of PIs have
been developed in the literature by the two methodologies mentioned above. However, the low-Dk PIs
via incorporation of air nano-pores, such as PI nanofoams, PI aerogels, PI nano-porous fibrous membranes, and so on, usually suffer from low mechanical properties and high water uptakes, although they
could achieve Dk values lower than 2.0 [18]. Thus,
up to now, PI solid films or sheets containing groups
with low Pmol values or high Vmol values have been
paid more attention from practical applications'
viewpoints [19–22]. Most of the currently reported
low-Dk PIs, including those containing fluoro-containing substituents (–CnF2n+1, n ≥ 0) [23], aromatic
rings side chains (phenyl, naphthalene, etc.) [24], and
cardo groups (cyclohexane, fluorene, xanthene, etc.)
[25], are mainly based on the wholly aromatic PI
systems. Although these series of PIs usually showed
good thermal and dielectric properties, the optical
properties are still needed to be improved due to the
unavoidable intra- and intermolecular charge transfer (CT) behaviors from the electron-donating diamine moieties to the electron-withdrawing dianhydride units [26–28].
In recent years, the rapid development of alicyclic
or semi-alicyclic PI chemistry provides a new idea
for the development of PI materials with excellent
comprehensive properties for OEIC applications. Especially the semi-alicyclic PIs derived from alicyclic
dianhydrides, and aromatic diamines usually possess
excellent optical and dielectric properties while

maintaining the intrinsic thermal and mechanical
properties [29]. The alicyclic units in the semi-alicyclic PIs, on the one hand, could efficiently prohibit
the CT interactions in the molecular chains due to
the absence of the conjugated structure, and on the
other hand, could apparently decrease the Dk values
of the derived PIs due to the intrinsically low-Pmol
and good hydrophobic features. However, the very
limited commercially available alicyclic dianhydrides hindered the practical applications of semi-alicyclic PIs in OEIC applications.
In the current work, based on our previous work on
high-performance semi-alicyclic PIs for advanced
optical applications [30–32], a series of semi-alicyclic PI films and sheets with low-dielectric features were developed. In our previous work, the polycondensation procedures for the semi-alicyclic PIs
were well established and the corresponding PI films
were prepared. However, effects of the semi-alicyclic molecular structures on the dielectric properties of the PI films were rarely addressed. In addition, the semi-alicyclic PI sheets were also not investigated in our previous work. It is necessary to
prepare both of the films and sheets for the current
PIs due to the different application forms of the polymers. For example, when being used as the dielectrics
for OEICs, they are used as films, whereas they are
usually used as the sheets for the optical waveguides.
To the best of our knowledge, there are few reports
in the literature on the research and development of
semi-alicyclic PI sheets with low-Dkfeatures up to
now. Effects of the alicyclic dianhydride and various
functional groups in the aromatic diamine moiety,
including isopropylidene, hexafluoroisopropylidene,
and fluorene groups on the thermal, optical, and especially the dielectric properties of the PI films and
sheets were investigated in detail.

2. Experimental section
2.1. Materials
Hydrogenated 3,3′,4,4′-biphenyltetracarboxylic dianhydride (HBPDA) was purchased from Weihai
Newera Kesense New Materials Co. Ltd. (Shandong,
China) and dried at 150 °C in vacuo for 24 h prior to
use. The aromatic diamines, including 2,2-bis[4-(4aminophenoxy)phenyl]propane (BAPP), 2,2-bis[4(4-aminophenoxy)phenyl]hexa fluoropropane
(BDAF), and 9,9-bis[4-(4-aminophenoxy)phenyl]
fluorene (BAOFL) were purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan) and used
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as received. Electronic grade γ-butyrolactone (GBL),
N,N-dimethylacetamide (DMAc), and N-methyl-2pyrrolidinone (NMP) with the water contents lower
than 200 ppm and total metal ion contents lower than
100 ppm were purchased from Greenda Chem. Co.
Ltd. (Hangzhou, China) and used as received. The
other commercially available reagents were purchased from InnoChem Sci. Technol. Co. Ltd. (Beijing, China) and used as received.

2.2. Measurements
Fourier transform infrared (FT-IR) spectrum was obtained on a Bruker Tensor-27 FT-IR spectrometer
(Ettlingen, Germany). The number average molecular weight (Mn) and weight average molecular weight
(Mw) of the PI powders were measured using a gel
permeation chromatography (GPC) system (Shimadzu, Kyoto, Japan). Wide-angle X-ray diffraction
(XRD) was conducted on a Rigaku D/max-2500
X-ray diffractometer (Tokyo, Japan) with Cu-Kα1
radiation, operated at 40 kV and 200 mA. Ultravioletvisible (UV-Vis) spectra were recorded on a Hitachi
U-3210 spectrophotometer (Tokyo, Japan) at room
temperature. The atomic force microscopy (AFM)
images of PI films were measured in tapping mode
on a Bruker Multimode 8 AFM microscope (Santa
Barbara, California, USA). The scanning measurements were performed with the scanning areas of
2.0 μm×2.0 μm, the resonance frequency of 300 kHz,
the rectangular type of cantilever, and spring constant of 40 N/m. The curvature of the scanning tip is
8 nm. Yellow index (YI) and haze values of the PI
films (thickness: 25±0.5 µm) were measured using
an X-rite Ci7800 spectrophotometer (Grand Rapids,
Michigan, USA) in accordance with the procedure
described in ASTM D1925. The thickness of the PI
films was measured with a Dektak XT stylus profilometer (Bruker, Bremen, Germany). In order to
ensure identical thickness to all PI samples, the
thickness of the PI films were accurately controlled
by regulating the spin-coating conditions when fabricating the films via coating the PI/DMAc solutions
onto clean silicon wafers, followed by thermally
baking in a high-temperature oven to remove the solvent. The color parameters were calculated according to a CIE Lab equation. L* is the lightness, where
100 means white and 0 implies black. A positive a*
means a red color, and a negative one indicates a
green color. A positive b* means a yellow color, and
a negative one indicates a blue color.

Thermo-gravimetric analysis (TGA) was performed
on a TA-Q50 thermal analysis system (New Castle,
Delaware, USA) at a heating rate of 20 °C/min in nitrogen. Differential scanning calorimetry (DSC) was
recorded on a TA-Q100 thermal analysis system
(New Castle, Delaware, USA) at a heating rate of
10 °C/min in nitrogen.
Solubility was investigated by mixing 1.0 g of the
SPI powder and 9.0 g of the solvent tested (10 wt%
solid content) and then stirred for 24 h at room temperature. The solubility was determined visually as
three grades: completely soluble (++), partially soluble (+–), and insoluble (–), wherein complete soluble indicates a homogenous and clean state without
phase separation, precipitation, or gel formation, and
insoluble indicates no change of the powder in the
appearance.
The dielectric properties of the semi-alicyclic PIs
were measured using an Agilent 4294A precise impedance analyzer (Agilent Technologies Company,
Palo Alto, California, USA) at room temperature in
the frequency range from 102 to 106 Hz. The PI sheet
samples were dried at 100 °C for 1 h to remove the
absorbed moisture prior to test. Before the measurement, silver electrodes were fabricated on both sides
of the samples using conductive silver paint and then
accurately cut into small sheets (1 cm×1 cm× 3 mm).
All measurements were performed in air and at room
temperature. The Dk and Df data were the average
data of five parallel samples.

2.3. Polyimides preparation
The semi-alicyclic PI powders were prepared from
HBPDA and the aromatic diamines via a one-step
high-temperature polycondensation procedure, which
could be illustrated by the synthesis of PI-2.
A 500 ml four-necked flask equipped with a mechanical stirrer, heating equipment, a Dean-Stark
trap, and a nitrogen inlet was charged with BDAF
(10.3690 g, 20 mmol) and GBL (40.0 g). After stirring at room temperature for 20 min, HBPDA
(6.1262 g, 20 mmol) was added to the clear diamine
solution, together with an additional GBL (9.5 g).
The solid content of the reaction system was 25 wt%.
After stirring in nitrogen for 1 h, toluene (100 ml)
and isoquinoline (1.0 g) were added. Half of the
toluene was filled into the reaction system, and a half
was in the Dean-Stark trap. The reaction mixture was
then heated to 180 °C, during which the water byproducts were distilled out of the reaction system via
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the water/toluene azeotrope at 140~142 °C for 6 h.
Then, the toluene was distilled off the system until
the temperature reached 180 °C. The high-temperature polymerization was performed at 180 °C for another 3 h and then cooled to room temperature. The
obtained pale-brown and viscous solution was poured
into an excess of aqueous ethanol solution (ethanol/
water = 80/20, volume ratio). The precipitated PI-2
powder was collected and dried at 80 °C under vacuum for 24 h. Yield: 15.35 g (97.3%). The PI-2 powder was used to prepare the films and sheets, respectively.
For the films preparation, the PI-2 powder was dissolved into DMAc at a solid content of 20 wt% to
obtain the PI-2 solution. The solution was filtered
through a 0.45 μm Teflon syringe filter to remove
any impurities. Colorless and transparent PI-2 film
was obtained by thermally baking the solution in a
nitrogen environment according to the following
heating procedure: 80 °C/2 h, 150 °C/1 h, 200 °C/1 h,
250 °C/1 h and 280 °C/1 h.
For the sheets preparation, the PI-2 powder was first
dissolved into DMAc at a relatively low solid content of 5 wt%. Then, the dilute PI-2 solution was
slowly poured into a high-speed pulverizer containing aqueous ethanol solution. The precipitated PI-2
powder was filtered and collected. The crude PI-2
powder was then obtained by drying at 80 °C in
vacuo overnight. The PI-2 powder was pulverized
again and then passed through a 200 mesh screen to
afford the PI-2 ultrafine powder. The PI-2 powder
was filled into a rectangular stainless steel mold
(80 mm length×50 mm width×10 mm depth) and the
thickness was controlled to be 5~8 mm according to
the requirement. The stainless steel mold was placed
in the high-temperature press machine (L0003-M1,

IDM Instruments, Australia). PI-2 sheets were fabricated by thermally melting the powder in a hot
press according to the following thermal cycle:
1) the powder was cumulatively heated at 80 °C/1 h,
150 °C/1 h, and 200 °C/1 h under a contact pressure;
2) pressure of 1.5 MPa was applied when the temperature rose to 250 °C; then the temperature was
further increased to 270 °C and stayed for 2 h under
the applied pressure; 3) the PI sheets laminates in the
mold were cooled below 100 °C, the applied pressure was subsequently released. The PI-2 sheets
were then cut into test specimens for dielectric properties testing.
The other PI powders, films, and sheets, including
PI-1 (HBPDA-BAPP) and PI-3 (HBPDA-BAOFL)
were prepared according to a similar procedure as
mentioned above except that BDAF was replace by
BAPP for PI-1 and BAOFL for PI-3. In addition, the
final hot-pressing conditions of PI-3 sheets were
changed to 320 °C for 2 h.

3. Results and discussion
3.1. Polyimide preparation
Three PI powders were designed and prepared by a
one-step polycondensation route shown in Figure 1.
The alicyclic dianhydride, HBPDA has been proven
in our previous work to possess good reactivity at elevated temperatures and could afford semi-alicyclic
PIs with good organo-solubility and excellent optical
transmittance [30]. In the current work, the important characteristics for HBPDA, including the low
molar polarizability and non-conjugated structural
skeleton were used to develop PIs with low-dielectric and heat-fusible features. For the diamine monomers, three aromatic ether-linked diamines with individual structural features were used. All of the

Figure 1. Preparation of HBPDA-PI powders.
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structural features, including the bulky isopropylidene group in BAPP, the bulky and low-Pmol hexafluoroisopropylidene group in BDAF, and the highVmol fluorene group were beneficial for decreasing
the Dk values of the derived PIs. The flexible and
bulky groups in the PIs endowed the powders good
solubility in the polymerization medium and the
polymerization reaction proceeded homogeneously
without the occurrence of the gelling or precipitating
phenomena.
Table 1 lists the inherent viscosities ([ƞ]inh) and GPC
results of the PI powders. The PI powders showed
[ƞ]inh value of 0.72~0.83 dL/g, indicating the good
polymerization reactivity of HBPDA and the diamine monomers. According to the GPC measurements, the PI powders showed numerical average
molecular weights (Mn) higher than 5.0·104 g/mol
and the narrow PDI values below 2.0. The Mn values
of the PI powders decreased with the order of PI-1 >
PI-2 > PI-3, revealing the different polymerization reactivity of the diamines. BAPP with the electron-donating isopropylidene groups in the molecular structure showed the highest reactivity due to the higher
electron density at the reactive amine positions. As
shown in Table 1, the PI powders were soluble in
common polar aprotic solvents (NMP, DMAc, GBL)
at room temperature. They were also soluble in the
less-polar CPA solvent. PI-2 was also soluble in THF,
while the other two PIs were partially soluble in the
solvent. The good solubility of the PI powders was
mainly due to the existence of the non-conjugated
bis-cyclohexane rings in the dianhydride moiety and
the flexible ether linkages, bulky isopropylidene,
hexafluoroisopropylidene, or fluorene groups in the
diamine moieties. These flexible and bulky groups
efficiently prohibited the ordered packing of the molecular chains in the PIs and endowed the PIs amorphous nature, as could be deduced from the XRD
spectra of the PI powders (Figure 2).

Figure 2. XRD spectra of the HBPDA-PI films.

Flexible and tough PI films were successfully prepared from the corresponding PI solutions cured at
elevated temperatures. The chemical structures of
the PI films were investigated by FT-IR measurements. Figure 3 shows the FT-IR spectra of the PI
films in the wavelength range of 4000~400 cm–1 (Figure 3a) and the partial magnification in the wavelength range of 1850~1600 cm–1 (Figure 3b). The
characteristic absorptions of the imide rings, including the asymmetrical carbonyl stretching vibrations
at the wavenumber of 1778 cm–1 and the symmetric
ones at 1702 cm–1, and the C–N stretching vibration
at 1366 cm–1 were all clearly observed. In addition,
for all of the PI films, the characteristic absorptions
of saturated C–H bonds in HBPDA unit at the wavenumber of 2928 and 2860 cm–1, the –O– at
1239 cm–1, and the C=C at 1500 cm–1 were also detected. The individual characteristic absorption of
the function groups, such as the C–F at 1203 cm–1
was clearly detected in the spectrum of PI-2. All the
information proved the successful preparation of the
PI films.
The surface morphologies of the PI films were evaluated by AFM measurements and the images are shown
in Figure 4, together with the average roughness (Ra),

Table 1. Inherent viscosities, molecular weights and solubility of SPI powders.
Molecular weightb

PI

ηinha
[dL/g]

PI-1

0.83

7.42

PI-2

0.77

7.12

PI-3

0.72

5.02

Mw
Mn
[·104 g/mol] [·104 g/mol]

Solubilityc
PDI

NMP

DMAc

GBL

CPA

THF

14.00

1.89

++

++

++

++

+−

13.19

1.85

++

++

++

++

++

09.13

1.82

++

++

++

++

+−

a

Inherent viscosities measured with a 0.5 g/dL PI solution in NMP at 25 °C;
Mn: number average molecular weight; Mw: weight average molecular weight; PDI: polydispersity index, PDI = Mw/Mn;
c
++: Soluble; +−: partially soluble; −: insoluble. GBL: γ-butyrolactone; CPA: cyclopentanone; THF: tetrahydrofuran.
b
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Figure 3. ATR-FTIR spectra of the HBPDA-PI films. a) in the wavenumber of 4000~400 cm–1, b) in the wavenumber of
1850~1600 cm–1.

the root mean square roughness (Rq), and the maximum roughness (Rmax) of the films. The surface flatness of the components, such as the polymer dielectrics and the copper conductors in the OEIC
applications is one of the critical factors affecting the
signal transmission integrity and noise reduction
[33]. The low-dielectric polymer components in
OEICs should have the lowest possible surface
roughness. It can be seen from Figure 4b that PI-2
(HBPDA-BDAF) film showed the lowest Ra, Rq, and
Rmax values in the series. Considering the similar filmforming conditions for the current polymers (the
same solid contents, same curing procedure, etc.),
the lower roughness of the PI-2 film might be due to
the a little bit better film-forming ability of the polymer. The film-forming ability of the PIs was affected

by many factors, such as the solubility of the polymer
powders, surface tension of the polymer solution,
and so on. The fluoro-containing feature of PI-2 might
provide the polymer good film-forming ability.
Besides the films, the PI sheets were also successfully prepared by the hot-pressing procedures at elevated temperatures. The flexible HBPDA dianhydride and the diamines endowed the PI powders
good thermoplasticity. All of the powders showed
good heat-fusibility when the heating temperatures
exceeded the glass transition temperatures (Tg) of the
powders. In order to achieve high compactness of
the PI sheets, the molding temperature was set to be
about (Tg + 40) °C; meanwhile, a molding pressure
of 1.5 MPa was also applied to ensure that the bubbles in the sheets were completely released during

Figure 4. AFM images of the HBPDA-PI films. (a) PI-1; (b) PI-2; (c) PI-3.
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the molding process. Figure 5 shows the appearance
of the PI sheets molded by hot-pressing procedures
in air. It can be clearly seen that the PI powders could
be successfully molded at elevated temperatures.
During the molding process, the PI melts exhibited
good flowability. A part of the PI melt was extruded
along the mold gap to form almost colorless and
transparent edge fins, as shown in Figure 5c. The obtained PI sheets with a thickness of 3 mm showed
good uniformity. On the other hand, obvious coloration due to the high-temperature oxidation in air
was observed for the PI sheets, which deteriorated
the optical properties of the PI sheets, especially for
PI-3 (Figure 5c) molded at temperature over 300 °C.
Nevertheless, the PI sheets were still somewhat optically transparent. It can be anticipated that the vacuum-molding process might be beneficial for eliminating the discoloration caused by the high-temperature oxidation, which will be studied in our future
work. At last, the machining performance of the PI
sheets was preliminarily investigated due to the requirements for the preparation of samples (1 cm×
1 cm×3 mm) for dielectric evaluation. The PI sheets
showed excellent toughness and could be machined

into various shapes by cutting, drilling (Figure 5b),
and other procedures without the occurrence of cracking, breaking, warpage, and other drawbacks.

3.2. Thermal properties
The thermal properties of the semi-alicyclic PIs were
investigated by TGA and DSC measurements and
the thermal data were shown in Table 2. Figure 6
shows the TGA plots of the PI films in nitrogen. All
the PI films exhibited good thermal stability before
450 °C, after which they decomposed rapidly and
lost most of their original weights at elevated temperatures. The PI films showed the 5% weight loss
temperatures (T5%) in the range of 476–482 °C in nitrogen and decreased with the order of PI-3 ≈ PI-1 >
PI-2. The residual weight ratios at 700 °C (Rw700) or
char yields of the PI films were in the range of 16.5~
27.1 wt%. The better thermal stability of PI-3 is mainly attributed to the higher carbon contents due to the
existence of the fused-ring fluorene groups.
The glass transition temperatures (Tgs) of the PI
films were recorded by DSC measurement. Figure 7
depicts the glass transition behaviors of the PI films
as a function of temperatures. All the PI films showed

Figure 5. Appearance of HBPDA-PI sheets (thickness: ~3 mm) and films. (a) PI-1 sheet; (b) PI-2 sheet; (c) PI-3 sheet; (d) PI
films.
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Table 2. Thermal properties HBPDA-PI films.
a

b

b

PI

Tg
[°C]

T5%
[°C]

T10%
[°C]

Rw700
[%]

PI-1

227.4

481

490

16.5

PI-2

236.1

476

487

20.8

PI-3

286.3

482

497

27.1

the free motion of the molecular chains, thus endowing the polymer much higher Tg values than those of
the other PI films.

c

a

Tg: Glass transition temperature;
T5%, T10%: Temperatures at 5% and 10% weight loss, respectively;
c
Rw700: Residual weight ratio at 700 °C in nitrogen.
b

Figure 6. TGA curves of the HBPDA-PI films.

clear glass transitions in the spectra with the Tgs in
the range of 227.4~286.3 °C. This temperature range
is very suitable for the preparation of light-colored
and transparent PI films and sheets. On one hand, the
Tg values of this temperature range can usually meet
the thermal property requirements of common OEIC
applications. On the other hand, this range of temperature enables the PI products to be formed at a
relatively low temperature, which effectively avoids
the negative influence of the high-temperature processing on the optical properties of final PI products.
The bulky fluorene units in PI-3 efficiently prohibited

Figure 7. DSC curves of the HBPDA-PI films.

3.3. Optical properties
The designed and developed HBPDA-PI films are
expected to possess good optical properties based on
the well-established methodologies for developing
colorless and transparent PI films, such as the prohibition of the CT complexes (CTC) formation in the
PI molecular chains, the increase of the solutionprocessability of the PIs so as to decrease the filmforming temperature, and so on. In the current work,
on the one hand, good solution-processability was
achieved for the PIs by decreasing the molecular
chain interactions via incorporation of the nonpolar
bis-cyclohexane structures in the dianhydride moiety. PI films were cast from the PI solution containing the pre-imidized PI powders at relatively low
temperatures. The coloration of the PI films due to
the high-temperature oxidation was greatly inhibited.
On the other hand, the highly electronegative
–C(CF3)2 in PI-2, the bulky –C(CH3)2 PI-1, and the
bulky fluorene in PI-3 are also beneficial for prohibiting the formation of CTCs in the polymers. The
optical evaluation by the UV-Vis and CIE Lab measurements proved our molecular designs mentioned
above.
Figure 8 shows the UV-Vis spectra of the PI films at
the thickness of 25±0.5 μm and the optical data, including the cutoff wavelength (λcut) and the optical
transmittance at the wavelength of 400 nm (T400) were
listed in Table 3. Meanwhile, the optical data of the
referenced standard semi-alicyclic CPI film (PI-ref)
derived from the hydrogenated pyromellitic anhydride (HPMDA) and 4,4′-oxydianiline (ODA) were
also shown in the table. The semi-alicyclic PI films
showed the λcut values of 285~290 nm, which are
comparable to that of PI-ref (λcut = 288 nm) [32]. In
addition, the current PI films had the T400 values in
the range of 84.7~87.0%, while the PI-ref was lower
than 80.0% (T400 = 77.9%). Thus, the optical property of the current semi-alicyclic PI films was superior to that of the standard semi-alicyclic CPI film.
Among the three PI films, PI-2 film showed the best
optical properties with the highest T400 value of
87.0% and the lowest λcut values of 285 nm.
The excellent optical properties could also be quantificationally confirmed by the CIE Lab optical parameters measurements, as shown in Table 3. The
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Table 3. Optical properties of the PI films and the dielectric properties of PI sheets.
Optical propertiesa
PI

λcut
[nm]

T400
[%]

L* c

PI-1

287

84.7

PI-2

285

87.0

PI-3

290

PI-refc

288

Dielectric propertiesb

a* c

b* c

haze
[%]

Dk
[1 MHz]

Df
[1 MHz]

95.70

0.01

0.73

0.98

2.71

0.005

96.00

-0.01

0.60

1.12

2.56

0.004

86.4

95.23

0.14

0.78

1.15

2.83

0.007

77.9

95.77

-0.08

0.67

1.79

2.90

0.006

a

λcut: Cutoff wavelength; T400: Transmittance at the wavelength of 400 nm; L*, a*, b*: see section 2.2;
b
Measured with PI sheets; Dk: dielectric constant; Df: dielectric dissipation factors;
c
Poly(hydrogenated pyromellitic anhydride-4,4′-oxydianiline) (HPMDA-ODA) [32];

Figure 8. UV-Vis spectra of HBPDA-PI films (thickness:
25±0.5 μm). (Insert: spectra in the wavelength
range of 280–300 nm).

semi-alicyclic PI films showed the lightness (L*)
higher than 95.00 and yellow indices (b*) lower than
1.0, which are also comparable to those of the PI-ref
film (L* =95.77; b* =0.67). For the semi-alicyclic PI
films, the b* values increased with the order of PI-2
(0.60) < PI-1 (0.73) < PI-3 (0.78), indicating the superior optical properties of PI-2. The haze values of
the PI and PI-ref films were at the same level, indicating good homogeneity in the films.

3.4. Dielectric properties
The dielectric properties, including dielectric constant (Dk) and dissipation loss factor (Df) of the PIs
were measured, and the results are shown in Table 3.
The PI sheets (1 cm×1 cm×3 mm) were used as the
samples for dielectric evaluation instead of the PI
films. It has been well-established that the accurate
measurements of dielectric properties of one material
are influenced by many factors, especially the inaccuracies due to the sample preparation, such as the
sample geometry, insufficient electrical contacts between samples and electrodes, and so on. According

to the experimental results from the researchers in
Novocontrol Technologies GmbH & Co. KG, Germany about the measurements of the dielectric constant of polyethyleneterephthalate (PET) films with
different thickness of 13, 23, and 100 µm, the 23 and
100 µm samples showed nearly perfect match for all
samples over the whole frequency range (10–2~
109 Hz) with a maximum derivation of less than 1%.
While for the 13 µm sample, a derivation of 6% was
observed [34]. Thus, bulk and hard PI sheets covered
by silver pastes were used for the dielectric measurements in order to eliminate the possible effects of
the air between the electrodes and the PI samples.
Another important reason for selecting PI sheets as
the samples for dielectric evaluation is their great potential applications in OEIC modules.
The dielectric properties of the PI sheets were calculated using the following equation of Dk =
C·d/(Dk0·A), where C is the capacitance, Dk0 is the
dielectric constant of vacuum (8.85·10–12 F/m), A is
the area of the electrode, and d is the thickness of the
PI sheets (3 mm) [35]. Figure 9 depicts the Dk and Df
values of the PI sheets as a function of frequency
from 102 to 106 Hz and the data are listed in Table 3.
It can be clearly observed that the semi-alicyclic PIs
exhibited reduced Dk and Df values as compared with
that of the standard semi-alicyclic PI-ref (HPMDAODA). PI-2 showed the Dk value of 2.56 at 1 MHz,
which was a bit lower than those of PI-1
(2.71@1 MHz) and PI-3 (2.83@1 MHz) and lower
than that of the PI-ref (2.90@1 MHz). The hexafluoroisopropylidene groups with low-Pmol and high-Vmol
features in PI-2 led to the low-dielectric characteristics of the polymer. On the other hand, the hydrophobic feature of hexafluoroisopropylidene groups in PI2 was beneficial for decreasing the moisture or water
(Dk ≈ 80) uptakes, thus endowing the polymer good
dielectric stability in practical applications.
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Figure 9. Dielectric properties of the HBPDA-PIs. (a) Dk, (b) Df.
[4] Huang Y-R., Chen H-P., Chiu P-C., Chyi J-I., Wang
B-H., Chen S-Y., Sun C-K.: Propagation, resonance,
and radiation on terahertz optoelectronic integrated circuits. IEEE Photonics Journal, 4, 699–706 (2012).

4. Conclusions
Semi-alicyclic PIs with the potential applications in
OEIC fields were designed and developed from the
alicyclic dianhydride, HBPDA, and aromatic diamines containing various desirable substituents.
The successful preparation of the colorless PI films
and the light-colored PI sheets with good comprehensive properties proved the good feasibility of the
current molecular design. PI-2 showed the best-combined properties, including low Dk (2.56 at 1 MHz),
low Df (0.004 at 1 MHz), and moderate Tg (236.1 °C).
It can be anticipated that the current PI films and
sheets might be good candidates for microelectronic
and optoelectronic applications.
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