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Abstract
A series of intrinsically black polyimide (PI) films have been designed and synthesized by the copolymerization of pyromellitic
dianhydride (PMDA), 4,4′-oxydianiline (ODA) and 4,4′-diaminodiphenylamine (NDA) via a two-step polycondensation proce-
dure, followed by the high temperature imidization reaction of the poly(amic acid) (PAA) intermediates. Incorporation of the
electron-rich NDA diamine apparently enhanced the formation of charge transfer complex (CTC) between the electron-donating
diamine units and the electron-accepting dianhydride moiety; thus greatly absorbing the visible light and endowing the derived PI
films deep colors. PI-5 with the 100%molar ratio of NDA in the diamines exhibited a cutoff wavelength value of 555 nm, which
was 127 nm higher than that of PI-1 without NDA component. The PI films were nearly totally opaque at the wavelength of
500 nm when the molar ratio of NDA exceeded 80% in the diamines. PI-5 showed International Commission on Illumination
(CIE) lab color parameters of 23.36 for L*, 46.43 for a*, and 40.26 for b*, indicating the essentially black plus red color instead of
the yellow plus blue color for PI-1 film (L* = 89.93, a* = −11.09, and b* = 84.23). In addition, introduction of NDA into the
copolymer films increased the high temperature dimensional stability of the films. PI-5 exhibited a glass transition temperature
(Tg) and coefficient of thermal expansion (CTE) of 431.6 °C and 18.8 × 10−6 /K, respectively, which were superior to those of the
PI-1 film (Tg = 418.8 °C, CTE = 29.5 × 10−6 /K). At last, incorporation of NDA components somewhat decreased the tensile
properties and thermal decomposition temperatures of the PI films.
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Introduction

Polyimide (PI) films represent a class of high performance
polymer films characterized by their excellent combined prop-
erties, including good thermal and dimensional stability at

elevated temperature, good mechanical and dielectric proper-
ties, and good environmental inertness [1–3].

The standard wholly aromatic PI films are commonly re-
ferred as “golden films”, on one hand due to their valuable
comprehensive properties mentioned above; and on the other
hand, due to their golden appearance. The origination of the
coloration of the PI films has been proven to be due to the
formation of charge transfer complex (CTC) between the al-
ternating electron-donor (diamine) and electron-acceptor
(dianhydride) moieties in PI films [4–6]. During the formation
of intra-and inter-molecular CTC in PI films, the visible light
is strongly absorbed, leaving the yellow or brown appearance
of the normal PI films, as illustrated in Fig. 1 [7–11]. In order
to tailor the coloration of PI films, the molecular design by
adjusting the electronic transition energy from the highest oc-
cupied molecular orbital (HOMO) located around the imide
nitrogen (>N-) to the lowest unoccupied molecular orbital
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(LUMO) located around the carbonyl (>C=O) carbons should
be a very effective pathway [5]. Figure 1 shows the common
molecular design for developing colorless PI film by reducing
the CTC formation [12] and deep-color or black PI films by
enhancing CTC formation [13]. In view of the coloration of PI
films is dominated by the electron-donating property of the
diamine and the electron affinity of dianhydrides, the colora-
tion of the PI films might be lightened by decreasing the elec-
tron density of the diamine moiety or deepened by increasing
the electron density of the diamine monomers when the
dianhydride structure is fixed.

In recent years, black PI films attracted increasing attention
from both of the academic and engineering fields due to their
extraordinary desired properties in specific high-tech fields
[14]. The black PI films usually possess the intrinsic proper-
ties of common PI films and exhibit black appearance at the
same time; thus have found various applications in areas
where high temperature resistance, opaqueness, chemical in-
ertness, and aesthetics are simultaneously concerned. For ex-
ample, black PI films can be used as the coverlay for flexible
printing circuit board (FPCB) in microelectronic industry,
which could protect the inner circuit layer from ultraviolet
light degradation, and on the other hand, protect the inner
circuit design with intellectual property rights from being im-
itated. In addition, black PI films have been widely used as
high temperature resistant label, loudspeaker, adhesive tape,
thermal control blanket in either electrical, electronic areas or
in aerospace fields, as illustrated in Fig. 2.

At present, the state of art process for preparing black PI films
is to use the composite method, that is, to combine the inorganic
black fillers, such as carbon black (CB), graphite or graphene,
carbon nanotubes (CNT) with the organic PI matrix, so as to
afford the final composite film black appearance [15]. However,
due to the conductive nature of the common inorganic black
fillers, the derived PI composite films usually suffer from the
deterioration of electrical properties [16]. The doped films

usually display lowered electrical resistivities by several orders
of magnitude compared to the undoped PI film matrix.
Meanwhile, the tensile properties of the PI composite films are
usually sacrificed due to the aggregation and non-uniform dis-
tribution of the nano- or micro-scale black fillers [17]. For ex-
ample, Lin, et al. reported conductive PI composite films con-
taining CB and graphite granules whose surface resistivity could
be as low as 0.1 Ω/cm2 [18]. Atar, et al. reported electrically-
conductive CNT-POSS-PI flexible films for space applications
[19]. The CNT-POSS-PI films based on the PI matrix from
pyromellotic dianhydride (PMDA) and 4,4′-oxydianiline
(ODA) exhibited sheet resistivities as low as 200 Ω/□. Kwon,
et al. reported the fabrication of PI composite films based on
chemically synthesized CB and PI derived from PMDA and
ODA for high temperature application [20]. Incorporation of
the active CB increased the thermal decomposition temperature
by 76 °C and the glass transition temperature by 204 °C, respec-
tively. However, the elongation at break of the PI films de-
creased from 46.9% to 6.3% when the CB content was 40%
in the films. Thus, the intrinsically black PI films with main-
tained electrical and mechanical properties are highly desired in
many high-tech fields. However, to the best of our knowledge,
few works have been reported on research and development of
intrinsically black PI films via molecular design methodology.

As illustrated in Fig. 1, the color of PI films can actually be
deepened by enhancing the CTC formation in the PIs; that is
increasing the electron density of diamine units while main-
taining the electron transfer pathway at the same time (conju-
gated molecular skeleton) when the dianhydride is fixed. It
has been well established that the nitrogen-containing di-
amines usually possess the electron-rich feature and have been
widely used in the R&D of PI films with color-adjustable
functions, such as electrochromic and photochromic applica-
tions [21]. The common nitrogen-containing diamines with

Fig. 1 Color tailoring of PI films by adjustment of CTCs

Fig. 2 Potential applications of black PI films
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high electron density are shown in Fig. 3. For example, the PI
films derived from the electron-rich triphenylamine (TPA) di-
amine (DA-2) have been widely used for electrochromic ap-
plication [22]. The triarylamine unit can be easily oxidized to
form stable radical cations and the oxidation process is always
associated with a noticeable change of coloration [23].

In the current work, an electron-rich aromatic diamine,
4,4′-diaminodiphenylamine (NDA) was incorporated into
the structure of poly(pyromellitic dianhydride-co-4,4′-
oxydianiline) (PMDA-ODA) film in order to enhance the
CTC formation and blacken the color of the yellow PI films.
Effect of the incorporation of NDA on the thermal, tensile, and
optical properties of the PI films were investigated in detail.

Experimental

Materials

Pyromellitic dianhydride (PMDA) were purchased from
Tokyo Chemical Industry Co., Ltd., Japan and dried in vacu-
um at 180 °C overnight prior to use. 4,4’-Oxydianiline (ODA)
was purchased from Wakayama Seika Kogya Co. Ltd., Japan
and used as received. 4,4′-Diaminodiphenylamine sulfate hy-
drate was purchased from Tokyo Chemical Industry Co., Ltd.,
Japan and used as received. Hydrazine monohydrate (NH2-
NH2·H2O) was purchased from Sigma-Aldrich, USA and
used as received. N,N-dimethylacetamide (DMAc) was dis-
tilled over CaH2 prior to use.

Measurements

Inherent viscosity was measured using an Ubbelohde viscom-
eter with a 0.5 g/dL DMAc solution at 25 °C. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectrum
was obtained on a Bruker Tensor-27 FT-IR spectrometer. 1H-
NMR was performed on a AV 400 spectrometer operating at

300 MHz us i ng DMSO-d 6 a s t h e so l v en t and
tetramethylsilane as the reference. The number average mo-
lecular weight (Mn) and weight average molecular weight
(Mw) of the PI resins were measured using a gel permeation
chromatography (GPC) system developed by Shimadzu Co.
Ltd., Japan with a LC-20 AD dual-plunger parallel-flow
pumps (D1-LC), a SIL-20A is a total-volume injection- type
autosampler, a CTO-20A column oven, and a RID-20A de-
tector. HPLC grade N-methyl-2- pyrrolidone (NMP) was used
as the mobile phase at a flow rate of 1.0 mL/min. Polystyrene
(Shodex, Type: SM-105, Showa Denko Co. Ltd., Japan) was
used as the standard. Wide-angle X-ray diffraction was con-
ducted on a Rigaku D/max-2500 X-ray diffractometer with
Cu-Kα1 radiation, operated at 40 kV and 200 mA. UV-Vis
spectra were recorded on a Hitachi U-3210 spectrophotometer
at room temperature. Prior to test, PI films were dried at
100 °C for 1 h to remove the absorbed moisture. Yellow index
and haze values of the PI films were measured using an X-rite
color i7 spectrophotometer with PI film samples at a thickness
of 20μm. The color parameters were calculated according to a
CIE Lab eq. 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.

Thermogravimetric analysis (TGA) was performed on a
TA-Q50 thermal analysis system at a heating rate of
20 °C/min in nitrogen. Dynamic mechanical analysis
(DMA) was recorded on a TA-Q800 thermal analysis system
at a heating rate of 5 °C/min and a frequency of 1 Hz in
nitrogen. Thermomechanical analysis (TMA) was recorded
on a TA-Q 400 thermal analysis system in nitrogen at a
heating rate of 10 °C/min. The tensile properties were per-
formed on an Instron 3365 Tensile Apparatus with 80 mm×
10 mm× 0.05 mm specimens at a drawing rate of 2.0 mm/
min. At least six test specimens were tested for each PI film
and results were averaged. Volume resistivity (ρV) of the PI
films was measured with a HEST-200 surface and volume

Fig. 3 Diamine monomers with
high electron density and
conjugated electron transfer
pathway
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resistivity tester (Beijing HuaCe Co. Ltd., China) according to
GB/T 1410–2006 at room temperature.

Synthesis of 4,4′-diaminodiphenylamine (NDA)

NDAwas synthesized in our laboratory by the alkalization of
the commercially available 4,4′-diaminediphenylamine sul-
fate hydrate (NDA·H2SO4) via hydrazine monohydrate
(NH2-NH2·H2O) as follows or synthesized according to a re-
ported procedure [24]. NDA·H2SO4 (89.20 g, 0.3 mol), active
carbon powder (1.0 g) and anhydrous ethanol (100 mL) were
added into a 500-mL three-necked flask equipped with a me-
chanical stirrer, a nitrogen inlet, a thermometer, and a
dropping funnel. The reaction mixture was heated and main-
tained at 60 °C for 1 h. Then, hydrazine monohydrate
(24.04 g, 0.75 mol) was added dropwise into the mixture
during 1 h under the nitrogen flow. After addition, the reaction
mixture was heated to reflux for another 3 h. The mixture was
then filtered hot in a glove box. The filtrate was cooled to
room temperature and placed in the glove box overnight.
The precipitated pale-brown crystals were filtrated, washed
with deionized water, and dried in vacuo at 80 °C overnight.
The crude solid was recrystallized from ethanol to afford pale-
brown crystals (Yield: 45.43 g, 76%); mp: 163.1 °C (DSC
peak temperature).

FT-IR (KBr, cm−1): 3408, 3389, 3333, 1612, 1510, 1312,
1275, 802, and 517. 1H-NMR (300 MHz, DMSO-d6, ppm):
6.75 (m, 1H), 6.66–6.64 (m, 4H), 6.46–6.44 (m, 4H), and 4.47

(s, 4H). Elemental analysis: C12H13N3: Cald. C, 72.33%, H,
6.58%, N, 21.09%; Found: C, 72.17%, H, 6.63%, N, 21.03%.

Polyimide synthesis

Five PIs, including two homopolymers derived from PMDA
and ODA for PI-1 and PMDA and NDA for PI-5, respectively,
and four copolymers from PMDA, ODA, and NDA (PI-2~PI-
4), were synthesized via a two-step polycondensation reaction
with DMAc as the solvent, followed by high temperature
imidization procedure of the poly(amic acid) (PAA) intermedi-
ates. The preparation can be illustrated by the synthesis of PI-4.

For the synthesis of PI-4, ODA (4.0048 g, 0.02 mol) and
NDA (15.9400 g, 0.08 mol) were added to a 500-mL three-
necked flask equipped with a mechanical stirrer, a nitrogen inlet
and a cold water bath. DMAc (160.2 g) was added and a gentle
stream of nitrogen was passed through the solution. After stir-
ring for 10 min, a clear diamine solution was obtained. PMDA
(21.8120 g, 0.10 mol) was then added in one batch and an
additional volume of DMAc (30.0 g) was added to wash the
residual dianhydride, and at the same time to adjust the solid
content of the reaction system to be 18wt%. The coldwater bath
was removed after 4 h. The mixture was stirred at room temper-
ature for 20 h to yield a viscous deep brown PAA-4 solution.

The viscous PAA-4 solution was diluted with DMAc to afford
a solid content of 12wt%. Then, the obtained PAA-4 solutionwas
filtered through a 0.45 μm Teflon syringe filter. The purified so-
lution was cast onto a clean glass substrate with a doctor’s blade.
The thickness was controlled by adjusting the distance of the slit

Fig. 4 Preparation of PI films
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between the knife and the substrate. The thickness of the PI films
for the FT-IR and UV-Vis measurements was controlled to be
10 μm and 20 μm, respectively. Those for the thermal and me-
chanical property measurement were adjusted to be 30–50 μm.

PI-4 film was obtained by thermally baking the PAA-4 solu-
tion in an air oven with the following procedure: 80 °C/2 h,
150 °C/1 h, 200 °C/1 h, 250 °C/1 h, 300 °C/1 h, and 350 °C/
1 h. The glass substrate was cooled to room temperature and
immersed into the deionized water. Free-standing PI-4 film was
obtained as a black film.

PI-1, PI-2, PI-3 and PI-5 were prepared according to the
similar procedure mentioned above, except that themolar ratio
of ODA:NDAwas 100:0 for PI-1, 50:50 for PI-2, 40:60 for PI-
3, and 0:100 for PI-5.

Results and discussion

PI synthesis and film preparation

A series of PI films were designed and prepared according to the
procedure shown in Fig. 4. The PAA precursors were

synthesized first and the inherent viscosities and molecular
weights were measured. As tabulated in Table 1, the PAAs
had inherent viscosity values in a range from 0.98 to 1.33 dL/
g. As we know, inherent viscosity is a viscometric method for
measuring the molecular size of the polymer. The inherent vis-
cosity values indicated moderate to high molecule weights of
the PAAs. The relative molecular weights and the distribution of
the PAAswere determined byGPCmeasurements. As shown in
Table 1, the number average molecular weights (Mn) of the
PAAs decreased with the increased NDA contents in the poly-
mers. Meanwhile, the polydispersity indices (PDI: Mw/Mn) of
the PAAs increased correspondingly. The decrease of the mo-
lecular weights and the increased PDI value of the PAA might
be due to the side reaction of the PMDA with the secondary
amine (-NH-) in NDA. Although the secondary amine had low-
er reactivity compared to the primary amine (-NH2) in NDA,
some side reactions, such as branch reaction might occur; thus
causing the unbalanced molar ratio of anhydride to amine. This
might deteriorate the mechanical properties of the derived PI
films to some extent, which will be discussed below.

Fig. 5 ATR-FTIR spectra of PI films and NDA

Table 1 Inherent viscosities and molecular weights of PAAs

PAA [η]inh
a

(dL/g)
Molecular weight (g/mol)b

Mn

(×105)
Mw

(×105)
PDI

PAA-1 1.33 1.07 1.71 1.59
PAA-2 1.26 0.92 1.57 1.71
PAA-3 1.22 0.90 1.69 1.87
PAA-4 1.07 0.79 1.58 2.00
PAA-5 0.98 0.58 1.30 2.23

a Inherent viscosities measured with a PAA solution at a concentration of
0.5 g/dL in DMAc at 25 °C; b Mn: number average molecular weight;
Mw: weight average molecular weight; PDI: polydispersity index,Mw/Mn

Fig. 6 Stress-strain plots of PI films

Table 2 Thermal and mechanical properties of the PI films

PI Thermal properties a Tensile properties b

Tg
(°C)

T5%
(°C)

Rw750
(%)

CTE
(×10 − 6 /
K)

TS
(MPa)

TM
(GPa)

Eb
(%)

PI-1 418.8 581.0 61.6 29.5 131.0 1.8 73.2
PI-2 420.5 570.3 61.4 28.9 124.5 2.5 27.6
PI-3 4209 559.9 59.6 26.7 119.6 2.6 22.9
PI-4 431.3 516.3 62.0 21.0 115.3 2.6 22.4
PI-5 431.6 515.7 59.6 18.8 96.0 2.5 18.1

a Tg: Glass transition temperature measured by DMA; T5%: Temperatures
at 5% weight loss; Rw750: Residual weight ratio at 750 °C in nitrogen;
CTE: Coefficient of thermal expansion in the range of 50–250 °C; b TS:
Tensile strength; TM: Tensile modulus; Eb: Elongation at break
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The chemical structure of the PI films was confirmed by the
ATR-FTIR measurements. Figure 5 shows the ATR-FTIR
spectra of PI films along with that of NDA. The characteristic
absorptions of primary amino (-NH2) in NDA (3408 and
3389 cm−1) disappeared in the spectra of PIs, while the ab-
sorption of secondary amino (-NH) in NDA (3333 cm−1)
existed in the spectra of PI-2~PI-5, indicating successful in-
troduction of the NDA unit in the polymers. In addition, the
absorptions at 1772 and 1707 cm−1, due to the asymmetric and
symmetric carbonyl stretching vibrations of the imide groups,
were all observed in the spectra of PI films. Also, the absorp-
tion at 1375 cm−1 assigned to the C-N stretching vibration of
the imide structure could be observed for the PI films.

All the PI films exhibited flexible and tough nature al-
though they showed different tensile behaviors in the stress-
strain measurements, as could be depicted from Fig. 6 and the
tensile property data in Table 2. The PI films showed tensile

strength (Ts) of 96.0–131.0 MPa, which gradually decreased
with the increased NDA contents in the films. The elongation
at break values exhibited similar trend. The deterioration of
the tensile properties of the PI films could mainly be attributed
to the decreased molecular weights of the PAAs, as discussed
above. Interestingly, although the tensile strength and elonga-
tion at break values of the PI films incrementally deteriorated
with the increased NDA contents, the tensile modulus of the
PI films increased apparently. PI-5 film showed a TM value of
2.5 GPa, which was 0.7 GPa higher than that of PI-1.
Although the NDA-containing PI films showed inferior ten-
sile properties to their PI-1 analogue, they were high enough
to meet the demands of practical applications.

The PI films exhibited an amorphous nature and the
WXRD spectra are shown in Fig. 7. The PI films exhibited
similar molecular packing status with the broad peaks around
14-15o and 29–30 o, respectively. This is mainly due to the
similar molecular configuration of ODA and NDA diamines.

Fig. 7 WXRD pattern of PI films

Fig. 8 Appearance of PAA
solutions and the derived PI films
(thickness: 20 μm)

Fig. 9 UV-Vis spectra of PI films
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Optical properties

The purpose of the current work is to endow the common
yellow PI films black colors via enhancement of CTC forma-
tion. Figure 8 illustrates the appearance of PAA solutions and
the derived PI films at the thickness of 20 μm. Basically, the
color of the PI films gradually deepens with the increased
NDA content in the film. It can be clearly seen that the PI
films containing NDA components all exhibited deep colors
and PI-4 and PI-5 were almost opaque.

The UV-Vis spectra of the NDA-PI films are shown in
Fig. 9 and the optical data are tabulated in Table 3. It can be
clearly seen from spectra that the UV cutoff wavelength (λcut)
values of the PI films increased from 428 nm of PI-1 to
555 nm of PI-5. Incorporation of NDA unit in the PI films
greatly decreased the optical transmittance of the films. For
example, the 10um-thick PI films became totally opaque at the

wavelength of 500 nmwhen the content of NDA reached 80%
(molar ratio) in the diamine components, while PI-1 filmwith-
out NDA showed a 63.2% of transmittance at the same
wavelength.

In order to clarify the colors of the NDA-containing PI
films, the CIE Lab parameters of the films were tested. As
for the evaluation system, L* represents lightness of the film
and the value of 100 means white and 0 implies black. The
parameter of positive a* stands for red color and negative
value green color. The positive b* indicates yellow and nega-
tive value blue color. Thus, in the current work, the lower L*

value and positive a* (red) plus negative b* (blue) values are

Table 3 Optical transparency of the PI films

PI λcut
a

(nm)
T500

b

(%)
L* a* b* Haze

(%)

PI-1 428 63.2 89.93 −11.09 84.23 0.68

PI-2 476 2.0 51.28 40.48 76.06 0.81

PI-3 471 1.6 36.12 51.04 62.18 0.03

PI-4 542 0 30.38 20.14 52.36 0

PI-5 555 0 23.36 46.43 40.26 0

a λcut:Cutoff wavelength;
b T500:Transmittance at 500 nm

Fig. 11 TGA plots of black PI films
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preferred for the PI films in order to obtain a black color (the
presence of all three primary colors, red, green and blue) [25,
26]. Figure 10 shows the CIE lab color parameters of the PI
films and the data are summarized in Table 3. It can be de-
duced the color change trend of the PI films with the increased
NDA content. With the increase of NDA content in the PI
films, the L* value of the film decreased from 89.93 (PI-1)
to 23.36 (PI-5), a* value changed from the negative value of
PI-1 (−11.09) to the positive values of PI-2~PI-5, and the b*

value also decreased gradually. Therefore, the colors of the PI
films basically changed from white to black (L* value de-
creased), from yellow to blue (b* value decreased) and from
green to red (a* value increased). All the trends are toward to
the direction of black color. Although there is still some dis-
tance between the color of the NDA-containing PI films (L* as
low as 23.36 for PI-5) to the ideal black color (L* = 0), the
molecular design of deepening the colors of common wholly
aromatic PI films via enhancing the formation of CTC by
introducing NDA component into the film was proven to be
effective. The future work might be focused on the molecular
and structural design for further decreasing the L* value and
adjusting the a* and b* values of the PI films.

Thermal properties

Good thermal stability is also one of the most important prop-
erty requirements for the applications of black PI films. The
effects of incorporation of NDA component on the thermal
properties of the PI films were tested by TGA, DMA and
TMA measurements and the data are summarized in
Table 2. Figure 11 depicts the TGA plots of the PI film record-
ed in the range of 50 to 750 °C in nitrogen. It can be seen that
incorporation of NDA slightly decreased the initial thermal
decomposition temperature of the PI films due to the unstable
nature of secondary amine (-NH-) at elevated temperatures.
The 5% weight loss temperature (T5%) of PI-5 was 514.6 °C,
which was 66.4 °C lower than that of PI-1 film. After 500 °C,
the thermal decomposition of the PI films accelerated and left
around 60% of their original weight at 750 °C.

The effect of NDA component on the glass transition tem-
peratures (Tg) and coefficient of thermal expansion (CTE)
values of the PI films exhibited different trend with that of
thermal decomposition, as evidenced by the DMA and TMA
plots of the PI films. According to the storage modulus
(Fig. 12a) and tan delta (Fig. 12b) curves revealed by DMA
measurement, respectively, the incorporation of NDA silghtly
increased the modulus and Tg values of the PI films. For in-
stance, PI-5 exhibited a storage modulus of 1050 MPa at
400 °C, whereas PI-1 showed a value of only 370 MPa at
the same temperature. In addition, PI-5 showed a Tg value of
431.6 °C (Table 2), which was 12.8 °C higher than that of PI-1
film. As for the high temperature dimensional stability, PI-5
exhibited a CTE value of 18.8 × 10−6/K in the temperature

Fig. 12 DMA plots of black PI films. a storage modulus; b tan delta

Fig. 13 TMA plots of black PI films

171 Page 8 of 10 J Polym Res (2019) 26: 171



range of 50–250 °C according to the TMA plots in Fig. 13,
which is also slightly lower than that of PI-1 film (CTE =
29.5 × 10−6/K). The improvement of glass transition behavior
and dimensional stability of NDA-containing PI films might
be attributed to the slightly crosslinked molecular structure of
the PIs at elevated temperatures. The network structure caused
by the partly crosslink of active -NH- unit at elevated temper-
ature showed positive effects on the Tg and CTE values of the
PI films; however negative effects on the T5% values. This
might be due to the thermally unstable feature of the network
structure at temperatures over 500 °C.

Electrical properties

The volume resistivities (ρV) of the PI films were measured
and the data were compared so as to estimate the effect of
NDA component on the electrical properties of the PI films.
Figure 14 compares the volume resistivity values of all PI
films. The values decreased slightly with the increased NDA
contents in the films. For example, PI-1 showed a ρV value of
1.36 × 1016 Ω cm, while PI-5 showed a bit smaller value of
0.81 × 1016Ω cm. This is mainly due to the electrical conduc-
tivity of the electron in NDA diamine along the conjugated
migrating pathway in the PI molecules. Nevertheless, the ρV
value of high than 1015 Ω cm guaranteed the good electrical
insulating feature for the current PI films.

Conclusions

Color tailoring has been becoming one of the noticeable re-
search topics for the research and development of functional
PI films. The driven force mainly comes from the increasing
demands of advanced optical PI films in microelectronics and
display engineering. In the current work, the endeavors for
blackening the conventional yellow PI film via molecular mod-
ification were performed. Experimental results revealed that it

might be effective to achieve the purpose by incorporation of
the electron-rich NDA diamine component. The derived PI
films showed black and red colors with extended UV cutoff
wavelength and decreased optical transmittance in the visible
light region. Meanwhile, the intrinsic thermal stability of the PI
films was maintained or slightly improved. The incorporation
of NDA slightly decreased the volume resistivity values of the
PI films; however, still maintained at a high level of electrical
insulating class. Although the tensile properties of the PI films
were deteriorated, the current properties could still meet the
demand of practical applications. In our future work, the black-
ness of the PI films would be further enhanced by decreasing
the L* value and adjusting the a* and b* values of the PI films
via incorporation of novel electron-rich aromatic diamines.
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