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clay on colorless and transparent
polyimide nanocomposites: thermomechanical
properties, morphology, and optical transparency

Yeji Na,a Lee Ku Kwac,ab Hong Gun Kim,ab Yong Lak Joo c and Jin-Hae Chang *b

Although aromatic polyimide (PI) exhibits excellent mechanical performance and thermal stability, its dark

color limits applicability in optical displays. Therefore, it is desirable to manufacture colorless, transparent PI

(CPI) nanocomposite films that retain excellent physical properties. In this study, a solution intercalation

method was used to disperse organoclay (Cloisite 25A; CS25A) in poly(amic acid), which was prepared

using 4,4′-oxydiphthalic dianhydride and 3,4′-oxydianiline as monomers. This dispersion was then

subjected to thermal imidization to synthesize CPI hybrid films. The influence of the CS25A content (0–

1.00 wt%) on the thermomechanical properties, optical transmittance, and morphology of the prepared

films was investigated. The hybrid film with a CS25A content of 0.50 wt% exhibited the best

thermomechanical properties. However, upon further increasing the organoclay content to 1.00 wt%,

the physical properties deteriorated. At 0.50 wt% CS25A, some agglomeration occurred but most of the

clay was well dispersed as nano-sized particles, as revealed by transmission electron microscopy. In

contrast, when the CS25A content exceeded a critical content, most of the clay was agglomerated and

the physical properties were reduced. All the obtained CPI hybrid films were colorless and transparent,

regardless of the organoclay content.
1. Introduction

Aromatic polyimide (PI) is an important super-engineered
polymer with excellent mechanical properties and thermal
stability at high temperatures. Consequently, aromatic PI has
been widely used in electronic materials and in the aerospace
and military elds.1–5 However, owing to the charge-transfer
complex (CT-complex) effect resulting from intermolecular or
intramolecular interactions between polymer chains, aromatic
PI is inherently dark brown in color. In particular, when the PI
main chain has a rigid-rod-type linear aromatic structure, which
facilitates CT-complex formation, the color of PI becomes
darker. For this reason, the utility of conventional PI in optical
display applications is very limited, despite its advantageous
properties.

To overcome this issue, several methods have been devel-
oped to fabricate colorless and transparent PI (CPI):6,7 (1)
incorporating monomers with a bent structure into the main
chain to reduce the linearity of the structure, (2) introducing
substituents onto themain chain to prevent molecular stacking,
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the Royal Society of Chemistry
and (3) introducing strong electron-withdrawing groups such as
uorine or sulfone groups. In general, CPI lms with a low cut-
off wavelength (l0) can be synthesized by using monomers that
inhibit CT-complex formation or reduce intermolecular
interactions.8–10 Therefore, the method of synthesizing the CPI
lm mainly depends on the design of a new monomer capable
of imide reaction and various reaction conditions.11,12

Glass is commonly used in electronic materials, including
various types of display devices. Until recently, transparent and
exible indium tin oxide (ITO) glass has been widely applied in
display substrates and microelectronics. However, the use of
ITO glass as a general-purpose electronic material is compli-
cated by the scarcity and high cost of indium.7,13,14 In addition,
glass is heavy, brittle, and sensitive to sudden temperature
changes, making it difficult to process electronic devices at high
temperatures. In particular, the glass substrate for the cover
cannot be applied to foldable displays because they are fragile
and breakable due to continuous shape changes during use.

Although CPI is difficult to mass-produce due to its complex
synthesis method and low yield, CPIs can replace glass in
electronic materials for displays because of their high optical
transparency, and excellent thermomechanical properties.
Advantageously, CPIs can also be used to produce inexpensive
polymer lms with various properties by designing suitable
monomer structures.12,14 Consequently, recent studies have
focused on the application of CPIs in solar cell panels, trans-
parent electrodes, and electronic device displays such as light-
RSC Adv., 2023, 13, 16285–16292 | 16285
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emitting diode (LED) display, electroluminescent displays
(ELDs), and plasma display.2,5,15 Therefore, CPIs are not only
excellent polymer materials that can replace glass but also have
utility in future electronic materials such as wearable electronic
devices.16–18

Nanometer-sized organic–inorganic hybrids typically have
better thermal and mechanical properties than conventional
composites because interfacial adhesion is maximized. In
particular, compared with common micro-scale polymer
composites, polymer/clay hybrids have superior physical prop-
erties, even if only a small amount of clay is added. In addition,
in polymer/clay hybrids, the properties are greatly affected by
the dispersion and exfoliation degree of clay.19,20 Clay mont-
morillonite (MMT) has a layered structure with a large surface
area of 700–800 m2 g−1. Each layer is 1 nm thick and has a wide
plate shape with an aspect ratio (length/width) of approximately
218.21,22 However, pristine MMT is hydrophilic and has poor
dispersibility in or compatibility with lipophilic polymers.
Therefore, to increase bonding strength, it is necessary to
replace MMT with an appropriate organic agent. When organ-
ically modied clay (organoclay) is dispersed in a polymer
matrix and used as a nanoller, the thermodynamic properties,
gas barrier performance, and chemical resistance are greatly
improved owing to attractive forces between the organoclay and
polymer. The characteristics of organoclay allow such hybrids to
be applied not only to sensors, electrodes, and nonlinear optical
materials but also to printed circuit boards (PCBs) that require
high gas barrier properties and high thermal stability, at plate
or exible display lms that require high optical transparency,
and electronic products that require high strength and
mechanical properties.22–24

In this study, meta-substituted 4,4′-oxydiphthalic dianhy-
dride (ODPA) and 3,4′-oxydianiline (ODA) monomers were used
to design a CPI structure with a bent main chain containing
freely rotating ether functional groups to prevent CT-complex
formation and increase optical transparency. Poly(amic acid)
(PAA) was synthesized using ODPA and ODA under low-
temperature conditions, and then CPI hybrid lms were
prepared via a solution intercalation method by dispersing an
organoclay in PAA followed by heat treatment at various
temperatures and times. Cloisite 25A (CS25A) was used as the
organoclay, and the content of dispersed CS25A was varied from
0 to 1.00 wt%. To determine the application potential of these
CPI hybrid lms, the thermomechanical characteristics, optical
transparency, and morphology were evaluated according to the
degree of organoclay dispersion in the CPI matrix.
Scheme 1 Synthetic route for the preparation of CPI hybrid films.
2. Experimental
2.1. Materials

The ODPA and ODA monomers used for CPI synthesis were
purchased from TCI (Tokyo, Japan). The solvent N,N′-dimethy-
lacetamide (DMAc) was purchased from Junsei (Tokyo, Japan),
and then molecular sieves (4 Å) were added to completely
remove moisture. Organoclay CS25A was purchased from
Southern Clay (Gonzales, USA).
16286 | RSC Adv., 2023, 13, 16285–16292
2.2. Syntheses of PAA and CPI hybrid lms

PAA was synthesized from ODPA and ODA in DMAc under low-
temperature conditions, as follows: ODPA (17.28 g, 5.57 × 10−2

mol) and DMAc (100 mL) were placed in a three-necked ask,
and this mixture was reacted at 0 °C for 0.5 h under N2 gas. A
mixture of DMAc (100 mL) and ODA (11.15 g, 5.57 × 10−2 mol)
was added to the ODPA solution. The combined solutions were
vigorously stirred at 0 °C for 1 h and then reacted at 25 °C for
14 h.

The CPI hybrid synthesis method was identical for each
organoclay content. Therefore, the method for manufacturing
a CPI hybrid lm containing 0.50 wt% of CS25A is described as
a representative example. First, 0.15 g of CS25A, 30 g of PAA
solution, and excess DMAc (100mL) were placed in a beaker and
dispersion was achieved by vigorous stirring at room tempera-
ture for 2 h. The solution was then poured onto a glass plate,
stabilized at 50 °C for 2 h, and dried in a vacuum oven at 80 °C
for 1 h. Heat treatment of the PAA hybrid at 100, 150, and 200 °C
for 1 h each, at 250 °C for 2 h, and nally at 300 °C for 30 min
gave a CPI hybrid lm with a thickness of 81 mm. The synthetic
route is briey shown in Scheme 1, and the detailed thermal
imidization conditions for preparing the CPI hybrid lms are
summarized in Table 1. The synthesis of CPI hybrid lms with
more than 1.00 wt% organoclay was also attempted. However,
bubbles were generated during polymerization and the samples
broke into several pieces. Thus, it is believed that excess orga-
noclay prevents the formation of CPI hybrid lms.
2.3. Characterization

To conrm the structure of CPI, functional groups were iden-
tied using Fourier transform-infrared (FT-IR) spectroscopy
(PerkinElmer, L-300, London, UK) in the range of 4000–
1000 cm−1. The CPI structure was also veried using 13C-
nuclear magnetic resonance (NMR) spectroscopy (13C-NMR).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Heat treatment conditions for CPI hybrid films

Sample Temp., °C/time, h/pressure, torr

PAA 0/1/760 / 25/14/760
PAA hybrid 25/2/760 / 50/2/760 / 80/1/1
CPI hybrid 100/1/760 / 150/1/760 / 200/1/760 / 250/2/760 / 300/

0.5/760
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Solid-state 13C cross-polarized (CP)/magic angle spinning (MAS)
NMR spectroscopy (Bruker 400 DSX, Berlin, Germany) was
performed using a Larmor frequency of 100.61 MHz.

Wide-angle X-ray diffraction (XRD) was measured using a X-
ray diffractometer (Rigaku, D/Max-IIIB, Tokyo, Japan) with Ni-
ltered Cu-Ka radiation at a scan rate of 2° min−1 in the
range 2q = 2–12°. The dispersion morphology of the clay in the
hybrid lms was observed in detail using eld emission scan-
ning electron microscopy (FE-SEM; JEOL, JSM-6500F, Tokyo,
Japan). For FE-SEM measurements, the CPI hybrid lm was
broken in liquid nitrogen and then sputter coated with gold
using an SPI sputter coater to increase the conductivity of the
broken surface. The morphology of the clay dispersed in the CPI
matrix was also investigated using transmission electron
microscopy (TEM; JEOL, JEM 2100, Tokyo, Japan) at an accel-
eration voltage of 120 kV. For TEM measurements, an epoxy
resin sample was prepared by curing at 70 °C for 24 h and then
cut into 90 nm thick specimens with a microtome under
vacuum conditions. In order to observe the detailed shape of
the clay, it was observed while changing from a low magni-
cation to a high magnication by xing the position of the
object visible on the microscope.

Differential scanning calorimetry (DSC; F3200 Netzsch,
Munchen, Germany) and thermogravimetric analysis (TGA; TA
Q-500, New Castle, USA) were used simultaneously to measure
the thermal properties of the CPI hybrid lms. The temperature
was changed at a rate of 20 °C min−1 in a N2 atmosphere.
Thermal mechanical analysis (TMA; Seiko, TMA/SS100, Tokyo,
Japan) was used to measure the coefficient of thermal expan-
sion (CTE). The temperature was increased at 5 °C min−1 with
a load of 0.1 N, and the calculated values were obtained in the
range of 100–250 °C by secondary heating.

The mechanical tensile properties were measured using
a universal tensile machine (Shimadzu, JP/AG-50KNX, Tokyo,
Japan) at a crosshead speed of 5 mmmin−1. Aer performing at
least 10 measurements for each specimen, values outside the
error range were excluded and the rest were averaged.

Light transmittance (l0 and 500 nmtrans) and yellow index
(YI) were measured using a UV-vis spectrometer (Shimadzu, UV-
3600, Tokyo, Japan) and a spectrophotometer (Konica Minolta,
CM-3600d, Tokyo, Japan), respectively.
Fig. 1 FT-IR spectra of PAA and CPI.
3. Results and discussion
3.1. FT-IR and 13C-NMR analysis

The syntheses of PAA and CPI were conrmed using FT-IR
spectro-scopy (Fig. 1). The C]O stretching peaks at 1730 and
1634 cm−1 are due to the acid and amide groups of PAA,
© 2023 The Author(s). Published by the Royal Society of Chemistry
respectively. For CPI, the C]O peaks are shied to higher
wavenumbers, appearing at approximately 1778 cm−1 (C]O, in
phase) and 1698 cm−1 (C]O, out of phase). In addition, the
formation of the imide functional groups was conrmed by the
appearance of a characteristic peak corresponding to C–N–C
stretching at 1360 cm−1.25

The structure of CPI was further veried using solid-state
13C-NMR CP/MAS spectroscopy at room temperature (Fig. 2).
Peaks corresponding to carbon in the aromatic ring (a–d in the
structural formula) were observed at 118.66, 125.79, 133.51, and
158.57 ppm. A peak corresponding to the imide carbon (e in the
structural formula) was observed at 165.89 ppm.26 The chemical
shis of all carbons were consistent with the expected chemical
structure.
3.2. XRD analysis

XRD can be used to determine the distance between molecular
chains depending on the degree of ller dispersion in the
polymer matrix. Fig. 3 shows the XRD patterns of pure CS25A
and the CPI hybrids with various CS25A contents in the range of
2q = 2°–12°. CS25A exhibited a characteristic peak at 2q = 4.54°
(d= 19.44 Å). This peak was not observed for the CPI hybrid lm
with 0.25 wt% CS25A. However, at 0.50 wt% CS25A, a very weak
peak was observed at 2q = 6.24° (d = 14.15 Å), and the intensity
of this peak increased as the CS25A content increased to
1.00 wt%. The gradually increase in the intensity of this peak
with increasing organoclay content is likely due to the aggre-
gation of clay particles to form an intercalated structure without
complete exfoliation in the polymer matrix.27 The d value of the
hybrid lms (14.15 Å) was small than that of pure organoclay
(19.44 Å) because the interlayer spacing of the polymer chains
between the clay layers was reduced during the imidization
process.24
RSC Adv., 2023, 13, 16285–16292 | 16287
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Fig. 2 13C-NMR spectrum of CPI.

Fig. 3 XRD patterns of pure CS25A and CPI hybrids with various
CS25A contents.

Fig. 4 SEM images of CPI hybrids containing (a) 0 (pure CPI), (b) 0.25,
(c) 0.50, (d) 0.75, and (e) 1.00 wt% CS25A.
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XRD provides a simple method for determining the distance
between layers of clay dispersed in hybrid materials and has
been widely used to evaluate clay agglomeration. However, for
more accurate results, the detailed morphology of clay
dispersed in a polymer matrix can be investigated using elec-
tron microscopy.28,29
Fig. 5 TEM images of a CPI hybrid film containing 0.50 wt% CS25A
with increasing magnification from (a) to (c).
3.3. Morphological analysis using electron microscopy

Electron microscopy observations can complement XRD results
to reveal the detailed morphology of clay in hybrid lms. FE-
SEM was used to compare the fracture characteristics of pure
CPI and the CPI hybrid lms with various CS25A contents,
whereas TEM was used to observe the specic shape and
orientation of the dispersed clay particles.

As revealed by SEM imaging, no shape could be conrmed
on the fracture surface of the pure CPI lm without clay
(Fig. 4(a)), but rough fracture surfaces were observed for the CPI
hybrid lms containing 0.25–1.00 wt% CS25A (Fig. 4(b)–(e)).
The crown-shaped features on the rough fracture surfaces
gradually decreased in size as the CS25A content increased to
1.00 wt%. This change occurs because the clay dispersed in the
16288 | RSC Adv., 2023, 13, 16285–16292
matrix acts as a nucleating agent and small crystalline domains
are formed around the clay particles.30

Using TEM, it was possible to quantitatively explain the
interlayer structure of the dispersed clay and the efficiency of its
nanoscale dispersion within the CPI matrix. Fig. 5 and 6 show
TEM images of the hybrids containing 0.50 and 1.00 wt% of
CS25A, respectively. In each image, a black hair-like line is
observed, which represents a 1 nm thick layer of clay, and the
space between these lines represents the gap between the clay
layers. In addition, the dispersed phase was observed in more
detail by magnifying the region indicated by an arrow.

When the organoclay content in the hybrid lm was
0.50 wt%, the clay was very well dispersed with an average
thickness of less than 20 nm, as shown in Fig. 5. However, when
the content of CS25A was increased to 1.00 wt%, the clay
particles became more agglomerated, and nano-sized hybrids
were formed in which the aggregated clay had an average
thickness of less than 30 nm (Fig. 6). This result was consistent
with the XRD results in Fig. 3. Excess clay above the critical
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images of a CPI hybrid film containing 1.00 wt% CS25A
with increasing magnification from (a) to (c).

Fig. 7 DSC thermograms of CPI hybrids with various CS25A contents.
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content will have a detrimental effect on the thermomechanical
properties and optical transparency of the hybrid lm, as dis-
cussed below.
3.4. Thermal properties

The DSC results for the CPI hybrid lms with various CS25A
contents are summarized in Table 2, and the corresponding
DSC thermograms showing the glass transition temperature
(Tg) behavior are shown in Fig. 7. The Tg obtained in this study
was determined by the on-set temperature of the secondary
heated DSC curve. The Tg value of the pure CPI lm was 279 °C.
Upon adding organoclay, the Tg value initially increased and
then decreased above a critical concentration. For example,
when the CS25A content was 0.50 wt%, the Tg value increased to
289 °C. The increased Tg values of hybrids is due to two
factors.31,32 First, the small amount of clay layers dispersed in
the CPI matrix affects the free volume. Second, the intercalation
of polymer chains between the hard plate-like clay layers
hinders movement, and Tg increases when the motion of chain
segments is disturbed. However, when the content of CS25A was
increased to 1.00 wt%, Tg decreased to 281 °C. Above the critical
content, Tg decreased somewhat owing to the agglomeration of
excess clay,33,34 as demonstrated by the XRD and TEM results
(see Fig. 3, 5, and 6).

The TGA thermograms of the CPI hybrid lms with various
organoclay contents are shown in Fig. 8. The behavior of the
initial decomposition temperature (TD

i) was similar to that of
Tg. TD

i increased from 471 to 496 °C when the CS25A content
was increased from 0 to 0.50 wt% (Table 2). This increase
occurred because the clay evenly dispersed in the CPI matrix
effectively blocked the path of heat movement and suppressed
the volatilization of the CPI component when a high
Table 2 Thermal properties of CPI hybrid films

CS25A in CPI (wt%) Tg (°C) TD
i,a (°C) wtR

800,b (%) CTEc (ppm/°C)

0 (pure CPI) 279 471 25 69
0.25 286 490 25 67
0.50 289 496 25 63
0.75 286 484 25 69
1.00 281 482 26 70

a At a 2% initial weight-loss temperature. b Weight percent of residue at
800 °C. c CTE obtained in the second heating cycle between 100 and
250 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature was applied.35–37 In contrast, when the organoclay
content was increased to 1.00 wt%, TD

i decreased to 482 °C. As
higher organoclay contents, the thermal stability effect is
somewhat inhibited because the excess clay is agglomerated
and not evenly dispersed in the CPI matrix, as previously dis-
cussed. For the hybrids, the residual weight at 800 °C (wtR

800)
was constant (25–26%), regardless of the CS25A content. This is
because the inorganic silicate remains aer most of the organic
components with low heat resistance in CS25A are decomposed
at a high temperature of 800 °C.

When the hybrid is heated, the matrix PI chains relax in
a direction perpendicular to the direction of propagation, but
deformation of the ller clay is quite difficult. Consequently, the
clay effectively blocks heat transfer, thus suppressing the
thermal expansion of the PI matrix in the hybrid. To prepare
a hybrid lm with low thermal expansion, the ller must be
effectively dispersed in the matrix polymer.38–40 Table 2
summarizes the CTE values of the CPI hybrid lms with various
contents of organoclay aer secondary heating in the temper-
ature range of 100–250 °C, the corresponding TMA thermo-
grams are shown in Fig. 9. The CTE values of the hybrid lms
decreased until a critical CS25A content was reached and then
increased at higher CS25A contents. For example, the CTE value
decreased from 69 to 63 ppm/°C upon increasing the CS25A
content from 0 to 0.50 wt% but then increased to 69 ppm/°C at
Fig. 8 TGA thermograms of pure CS25A and CPI hybrids with various
CS25A contents.

RSC Adv., 2023, 13, 16285–16292 | 16289
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Fig. 9 TMA thermograms of CPI hybrids with various CS25A contents.

Table 3 Tensile properties of CPI hybrid films

CS25A in CPI (wt%)
Ult. str.
(MPa)

Ini. mod.
(GPa) E.B.a (%)

0 (pure CPI) 93 2.09 8
0.25 99 2.45 7
0.50 106 2.69 8
0.75 102 2.47 8
1.00 88 2.27 7

a Elongation percent at break.
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a CS25A content of 0.75 wt%. However, this value remained
constant (70 ppm/°C) when the organoclay content was
increased further to 1.00 wt%. The trends in the CTE values
were consistent with the behavior of the Tg and TD

i values.
3.5. Mechanical properties

Fig. 10 shows the effect of the organoclay content on the
mechanical properties of the CPI hybrid lms, and Table 3
summarizes the mechanical properties of pure CPI and the CPI
hybrid lms with various organoclay contents. To increase the
reliability of the results, all measurements were performed
using hybrid lms with similar thicknesses. The ultimate
tensile strength of the pure CPI lm was 93 MPa. With the
dispersion of 0.50 wt% CS25A, the tensile strength increased by
approximately 14% to 106 MPa, and the initial tensile modulus
increased by approximately 30% from 2.09 to 2.69 GPa. In
hybrids, the mechanical properties are critically affected by the
dispersion and orientation of the llers in the polymer matrix.
This enhancement of the mechanical properties can be
explained by the strength of the highly dispersed clay itself and
the excellent orientation of the dispersed clay in the matrix.41,42

However, when the CS25A content in the hybrid reached
1.00 wt%, both the tensile strength and initial modulus
Fig. 10 Effect of CS25A content on the ultimate strength and initial
modulus of CPI hybrid films.

16290 | RSC Adv., 2023, 13, 16285–16292
decreased (88 MPa and 2.27 GPa, respectively). This is because
the agglomerates formed by excess clay above a critical content
act like defects in the hybrid lm,43,44 as previously revealed by
the XRD and TEM results. A constant elongation at break (EB) of
7–8% was observed for all the hybrid lms, regardless of the
organoclay content, owing to the reinforcing effect provided by
the hard plate-like clay.
3.6. Optical transparency

The content of clay and the transmittance of light are closely
related. That is, as the clay content of the matrix increases, the
light transmittance of the composite material gradually
decreases. This is because, as already explained, plate-shaped
clay does not transmit light.20

The optical properties of the CPI hybrid lms were evaluated
using the values of l0 and the transmittance at 500 nm (500
nmtrans) in the visible region, which were determined using UV-
vis spectroscopy, as well as the YI. The UV-vis spectra of the
hybrid lms are shown in Fig. 11, and the corresponding values
are summarized in Table 4. To compare the optical properties
under the same conditions, the thickness of each lm was
adjusted to 79–82 mm. The l0 value, which represents the initial
transmission wavelength, was similar (315–316 nm) at each
CS25A content (0–1.00 wt%). In addition, the 500 nmtrans values
of all the CPI hybrid lms were very high (96–98%), regardless of
the CS25A content.
Fig. 11 UV-vis transmittance (%) of CPI hybrid films with various CS25A
contents.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Optical transparencies of CPI hybrid films

CS25A in CPI (wt%) Thicknessa (mm) l0
b (nm) 500 nmtrans (%) YIc

0 (pure CPI) 80 315 98 1.2
0.25 82 316 97 1.1
0.50 81 316 97 1.1
0.75 79 316 96 1.5
1.00 81 316 96 1.5

a Film thickness. b Cut-off wavelength. c Yellow index.

Fig. 12 Photographs of CPI hybrid films containing (a) 0 (pure CPI), (b)
0.25, (c) 0.50, (d) 0.75, and (e) 1.00 wt% CS25A.
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Clay is a multi-layered mineral with one layer thickness of
1 nm, and when the concentration of clay increases and
aggregates, it does not transmit light. However, when the clay is
highly dispersed in the matrix and exfoliated to nanometer
scale, the lm exhibits colorless and transparent optical prop-
erties and at the same time exhibits a very low value of YI.21,22 YI
is calculated using the formula below (ASTM E313-96, DIN
6167):

YI = 100 × (aX − bZ)/Y

where a and b are redness and yellowness, respectively. X, Y, and
Z are tristimulus values.45,46 The value of YI can be easily ob-
tained using a spectrophotometer that automatically calculates
the formula.

YI, which is a measure of the yellowness of a lm, also
revealed very good optical transparency regardless of the CS25A
content (YI = 1.1–1.5), consistent with the 500 nmtrans results.
The YI values obtained in this study are similar to that of pol-
y(methyl methacrylate) (PMMA; YI = 1.2),46 indicating that the
CPI hybrid lms are colorless and transparent, similar to glass.
These results suggest that the clay has excellent dispersibility in
the CPI matrix and is exfoliated to nano-sized particles, which
do not interfere with light transmission, consistent with the
TEM results (Fig. 5 and 6).
© 2023 The Author(s). Published by the Royal Society of Chemistry
For the CPI lm prepared in this study, the very low YI value
indicates that CT-complex formation by p-electrons was pre-
vented by introducing anm-substituted ether substituent that is
bent and also capable of free rotation. To conrm the optical
properties of the obtained lms, photographs of the actual CPI
hybrid lms are shown in Fig. 12. As the hybrid lms had
similar YI values, regardless of the CS25A content, they were all
colorless and transparent. Moreover, letters could be easily read
through the prepared lms.

4. Conclusions

In this study, CPI hybrid lms were synthesized using a solution
intercalation method, and the thermomechanical properties,
morphology, and optical transparency of hybrid lms with
various CS25A contents were compared. All the hybrid lms
exhibited excellent optical transparency, and the optimal
physical properties were observed at a CS25A content of
0.50 wt%.

The high interfacial adhesion between CPI and the nanoller
provided by uniform dispersion allows the fabrication of hybrid
lms with excellent physical properties that cannot be obtained
using conventional processes. In addition, the nanoscale
dispersion of a small amount of ller in CPI at a critical
concentration provided a hybrid lm with signicantly
improved physical properties. Owing to these enhanced prop-
erties, such hybrids have broad potential as lm materials for
electronic and optical applications.

Although traditional PI has been widely used in applications
requiring high-performance lms owing to its excellent ther-
momechanical properties, its dark color has limited applica-
tions in displays for electronic materials. As demonstrated in
this study, this disadvantage can be overcome by synthesizing
CPI using appropriately designed monomers, thus providing an
advanced polymer material as a promising replacement for
glass.
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