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Abstract: A new aromatic polyimides (PIs) having asymmetric aromatic diamine with methyl groups at the ortho
position of amino group has been developed to prepare transparent film in the visible region. The all aromatic Pls
presented here are derived from 4-(4-aminophenoxy)-2,6-dimethylaniline (APDMA) and aromatic dianhydride, 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA), 4,4'-oxydiphthalic anhydride (ODPA), 4,4"-biphthalic anhydride
(BPDA), and pyromellitic dianhydride (PMDA) via a two-step polycondensation. All PIs show good thermal prop-
erties: 5% weight loss at a temperature range of 510-529 °C and their glass transition temperature found above 290 °C.
The PIs exhibit good optical transparency, such as cut-off wavelength in the region of 296-358 nm and above 92-99% at
550 nm. In addition, all PIs show low refractive indices in the range of 1.567-1.637 at wavelength of 637 nm and

low birefringence.
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Introduction

In recent years, thermally stable and optically transparent
polymers have found wide application to various optoelec-
tronic components such as plastic substrates, color filters,
roll-up displays, and portable devices.! In particular, aromatic
polyimides (APIs) are one of the few high performance poly-
mers that possess various outstanding properties, such as
excellent thermal dimensional stability, adhesion to metal,
chemical resistance, and low dielectric constant.? Therefore,
much attention has been focused on the application of APIs
for optical and electronic devices. However, APIs show strong
absorption in the visible region originating from the forma-
tion of charge-transfer complex (CTC) between electron donor
and electron acceptor in the polymers, which can disturb their
optical applications.?

The general approach to improve optical transparency of
polyimides is the introduction of substituents, such as fluorinated
components, flexible linkages, bulky substituents, and alicyclic
moieties.* Although the incorporation of flexible linkages
and fluorinated substituents in polyimide backbone can improve
optical transparency, their mechanical and thermal proper-
ties, such as glass transition temperature and coefficient of

*Corresponding Author. E-mail: polymer@kist.re.kr

thermal expansion (CTE), are decreased due to the decrease
of the APIs’ packing density.’ In contrast, the introduction
of large pendant or unsymmetrical groups in the APIs back-
bone is a relatively effective way to enhance optical trans-
parency while maintaining thermal properties.®

In this study, we report effective ways to improve optical
transparency and thermal properties simultaneously in the APIs.
The new asymmetric aromatic diamine, 4-(4-aminophenoxy)-
2,6-dimethylaniline (APDMA), was designed and synthe-
sized to prepare APIs with commercial aromatic dianhydrides,
such as 4.4'-(hexafluoroisopropylidene)diphthalic anhydride
(6FDA), 4,4'-oxydiphthalic anhydride (ODPA), 4,4"-biphthalic
anhydride (BPDA), and pyromellitic dianhydride (PMDA).
The asymmetric aromatic diamine with methyl groups at the
ortho position of amino group can not only improve optical
transparency because of a twisted structure between C-N imide
bonds which reduces CTC but also enhances the glass tran-
sition temperature because the methyl groups increase chain
rigidity in APIs, preventing free rotation of the C-N imide
bond.” Moreover, the new diamine induces a low-dielectric
constant and refractive index for APIs. The structure-property
relationships, thermal properties, and dielectric constant of
the APIs are investigated in detail.
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Experimental

Measurements. 'H (600 MHz) and "*C (150 MHz) NMR
spectra were recorded on an Agilent 600 MHz Premium
COMPACT NMR spectrometer. '"H and *C NMR spectra
were obtained by using tetramethylsilane (TMS) as an inter-
nal standard and CDCl; as a solvent. The functional surface
groups of the polymer film were analyzed by using a Fourier
transform-infrared spectroscopy (FTIR Spectrophotometer,
Nilcolet IS10, USA). Thermogravimetric analysis (TGA) was
carried out with a TA 50 (TA Instruments, USA) under nitro-
gen gas flow at a heating rate of 10 °C/min. Glass transition
temperatures of the synthetic compounds were measured by
DSC analysis with a Q 20 (TA Instruments, USA) under nitro-
gen gas flow at a heating rate of 10 °C/min. Dynamic mechani-
cal thermal analysis (DMA) was evaluated from PI films
(30 mm length, 5 mm wide, and ca. 60 pm thickness) on a
DMA (TA Instruments, DMA Q 800, USA) at a heating rate
of 3 °C/min with a load frequency of 1 Hz in air. The UV-
visible spectra were recorded on a JASCO V-670 spectrom-
eter. The out-of-plane (n7,,) and in-plane (r7;) refractive indi-
ces of polymer films were measured with a Metricon PC-
2000 prism coupler with a He-Ne laser light source (wave-
length: 637 nm). The birefringence (An) was calculated to
measure the difference between ny; and ny,. The average
refractive index was calculated according to the equation:
nav:[(znTE2+n TMZ)/ 3] 2,

Materials. 4-Amino-3,5-xylenol and 1-chloro-4-nitrobenzene
were obtained from TCI and Sigma-Aldrich and were used
without further purification. Aromatic dianhydrides, 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA), 4,4'-
oxydiphthalic anhydride (ODPA), 4,4'-biphthalic anhydride
(BPDA), and pyromellitic dianhydride (PMDA) were pur-
chased from TCI and used after sublimation. Dimethylfor-
mamide (DMF) and N-methyl-2-pyrrolidone (NMP) were
purified by a two-column solid-state purification system (Glass
contour system, Joerg Meyer, Irvine, CA). All reactions were
performed under an argon atmosphere.

Monomer Synthesis.

Synthesis of 2,6-Dimethyl-4-(4-nitrophenoxy)aniline (DMNPA):
4-Amino-3,5-xylenol (10.0 g, 72.9 mmol), 1-chloro-4-nitro-
benzene (11.5 g, 72.9 mmol), K,CO; (15.0 g, 109.4 mmol),
and 150 mL of dimethylformamide (DMF) were mixed. The
solution was stirred at 120 °C for 12 h under Ar atmosphere.
The product was poured into brine and extracted with ethyl
acetate, after drying over MgSO,, and solvent was removed
under vacuum. The product was purified by silica gel chro-
matography (ethyl acetate:hexane=1:5, R,=0.3) and recrys-
tallization in dichloromethane. The product DMNPA (13.5 g,
52.2 mmol, 71% yield) was obtained as a brown solid. m.p.:
109.7 °C, 'H NMR (600 MHz, CDCl;): 6=8.16 (d, /=9.3 Hz,
2H), 6.95 (d, J/=9.3 Hz, 2H), 6.71 (s, 2H), 3.59 (s, 2H, -NH),),
2.20 (s, 6H) ppm. *C NMR (150 MHz, CDCly): 5=164.77,
145.51, 141.93, 140.43, 125.81, 123.33, 120.46, 116.16, 17.78
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ppm. MS (+ESI): caled for C,H ,N,O; + H': 259.10; found:
259.10.

Synthesis of 4-(4-Aminophenoxy)-2,6-dimethylaniline
(APDMA): After DMNPA (13.5 g, 52.2 mmol) and 10%
Pd/C (0.1 g) were dissolved in ethanol (140 mL), hydrazine
(15 mL) was added by dropwise to the mixture within 1 h.
After the mixture was refluxed for overnight, the solution
was filtered through celite to remove Pd/C and placed in a
freezer to obtain a pale-yellow crystal product APDMA (5.2 g,
22.8 mmol, 43.8% yield). m.p.: 122.6 °C, '"H NMR (600 MHz,
CDCl,): 0=6.79 (d, /=8.78 Hz, 2H), 6.62 (d, /=8.78 Hz, 2H),
6.60 (s, 2H), 3.49 (s, 2H, -NH,), 3.39 (s, 2H, -NH,), 2.13 (s,
6H) ppm. *C NMR (150 MHz, CDCl;): 6=150.81, 149.72,
141.51, 138.07, 123.06, 119.52, 118.43, 116.18, 17.82 ppm.
MS (API+): caled for C4H,(N,O +H": 229.13; found: 229.24.

Polymer Synthesis. PI films were prepared through the
traditional two-step method.® First, a solution of diamine and
dianhydride in equal proportion were dissolved in NMP
(solid content in 16-20 wt%). The mixture was stirred for 1 day
at room temperature under an argon atmosphere to acquired
viscous poly(amic acid) (PAA) precursors. Second, the result-
ing PAA solutions were cast on the variety substrates, such
as glass, quartz, and silicon wafer, and thermally imidized in
curing conditions at 90 °C for 1 h, 150 °C for 1 h, 200 °C for
1 h, 250 °C for 1 h, and 300 °C for 30 min under Ar atmo-
sphere. After curing, the plates were placed in water to remove
substrates, and free standing flexible polyimide films were
obtained. The diamine monomer APDMA was polymerized
with four types of dianhydride, 6FDA, ODPA, BPDA, and PMDA,
and the films were named as 6FDA-APDMA, ODPA-APDMA,
BPDA-APDMA, and PMDA-APDMA, respectively. In addi-
tion, PMDA-ODA was prepared as a reference PI film. The
PAA solutions were prepared as follows, diamine monomer
APDMA (1.0 g, 4.4 mmol) and NMP (10.3 g, solid content
in 16 wt%) were put into a 20 mL flask and stirred under an
argon atmosphere. After the monomer was completely dis-
solved, PMDA (1.0 g, 4.4 mmol) was added in the flask. The
mixed solution was stirred at room temperature for 1 day to
gain a viscous PAA solution. Other PAA solutions were pre-
pared in a similar method and their inherent viscosities mea-
sured in NMP at 30 °C were 0.77-1.52 dL/g.

Results and Discussion

Synthesis and Characterization of Monomer. The new
asymmetric diamine monomer, 4-(4-aminophenoxy)-2,6-dimethyl-
aniline (APDMA), which contains a dimethyl groups, was
composed in two steps, as shown in Scheme I. First, the
monomer was synthesized from 4-amino-3,5-xylenol and 1-
chloro-4-nitrobenzene by nucleophilic aromatic substitution
reaction (SNAr). Second, nitro groups were reduced to amino
groups by Pd/C catalyst and hydrazine. The chemical struc-
tures of diamines were identified by the 'H, *C NMR spectro-
scopies, mass measurement, and FTIR investigation.
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Scheme I. Synthesis of monomer.
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Figure 1. NMR spectra of APDMA (a) 'H NMR and (b) *C NMR.

The 'H and *C NMR spectra of APDMA are shown in
Figure 1. The protons and carbon atoms were assigned without
undesired structure. To be specific, the peaks of aromatic protons
were observed at 6.79, 6.62, 6.60 ppm and the peak of pro-
tons on methyl groups was shown at 2.13 ppm in '"H NMR.
In addition, the characteristic signals of the amines were
observed at 3.49 and 3.39 ppm. In the *C NMR, the peaks
of aromatic carbons were assigned in the range of 115-150 ppm.
In addition, the peak of benzylic carbons was shown in 17.8 ppm.
Furthermore, intermediate DMNPA and final product APDMA
were investigated by FTIR. The FTIR spectra are shown in
Figure 2. The FTIR spectra of DMNPA showed characteris-
tic bands at 1581, 1344 cm™ assigned to N-O asymmetric and
symmetric stretching. After reduction, the adsorption peak of
the nitro group disappeared, and the amino group expanded
N-H stretching bands located in 3347 and 3440 cm™. The
observed results from NMR and FTIR studies were in good
agreement with the expected structure of APDMA.

Synthesis and Characterization of Polymer. The new
polyimides (PIs) were prepared by two-step thermal imidization
method, as shown in Scheme II. First, diamine monomer
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Figure 2. FTIR spectra of (a) DMNPA and (b) APDMA.
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Scheme II. Synthesis of polyimides.

APDMA was dissolved in NMP with stoichiometric amounts
of four types of dianhydride monomer, 6FDA, ODPA, BPDA
and PMDA, respectively. The solution was stirred at room
temperature for 24 h to obtain desired PAA through ring-
opening polyaddition. Second process was that the PAA
solutions were cast on the glass, quartz or silicon wafer, and
imidized on the substrates by a sequential heating process
under Ar atmosphere. The prepared PAA solid content was
in the range of 16-20 wt% and their inherent viscosities were
measured as 0.77-1.52 dL/g in NMP at 30 °C (Table I).

The chemical structure of PI films was characterized by
FTIR spectroscopy. The FTIR spectra were shown in Figure 3.
All PI films showed similar absorptions derived from imide
structure. The characteristic imide group absorption peaks
were observed around 1780 and 1720 cm™ (imide carbonyl
asymmetric and symmetric stretching, respectively) and
1370 cm™ (C-N stretching vibration).” These peaks of imide
groups indicated the conversion of the poly(amic acid)s to
the polyimides.
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Table L. Inherent Viscosities of PAA and Thermal Properties of PI Films

Polymer [7]’ (dL/g) DSC 1 (9 DMA T, (°C) T (°C) Char Yield? (%)
6FDA-APDMA 0.90 315 335 520 540 57
ODPA-APDMA 0.77 295 316 510 535 62
BPDA-APDMA 1.52 352 368 529 555 67
PMDA-APDMA 1.20 414 400 524 540 62

PMDA-ODA 0.78 - - 581 596 57

“Inherent viscosity of PAAs in 0.5 g/dL NMP solution at 30 °C. “7,,: glass transition temperature. “Tsy;, Tiov: temperatures at 5% and 10% weight

loss, respectively. “Remaining weight percentage after TGA analysis at 800 °C under N, atmosphere.
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Figure 3. FTIR spectra of PI films.
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Figure 4. TGA curves of PI films (in nitrogen atmosphere, 10 °C/min).

Thermal Properties of Polyimides. The thermal properties
of the PIs were investigated by TGA, DSC, and DMA mea-
surement. The measured thermal properties are summarized
in Table 1. In the TGA measurement (Figure 4), the PI films
were heated up to 800 °C at a heating rate of 10 °C/min in
nitrogen atmosphere. All the PI films showed high decomposi-
tion temperature (7,) without impressive weight loss up to
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400 °C, and 5% weigh-loss temperatures (7s,) were mea-
sured around 510-581 °C. In addition, their char yield at 800 °C
was more than 57%. In particular, the BPDA-APDMA film
showed the highest T, and 7', due to its linear and rigid-
rod-like polymer chain structures.

The DSC and DMA curves are shown in Figures 5 and 6,

6FDA-APDMA
315°C

ODPA-APDMA
=) 295 °C
2 | sppa-APDMA
=
E 352°C
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1]
Q
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Figure 5. DSC curves of PI films (in nitrogen atmosphere, 10 °C/min).
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Figure 6. DMA curves of PI films (1 Hz, 3 °C/min): (a) storage
modulus (£"), (b) loss modulus (£"), (c) tan 9.
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respectively. The glass transition temperatures (7,) of the
PIs were determined by DSC and DMA. The DSC measure-
ment was recorded at a heating rate of 10 °C/min in nitrogen
atmosphere. In addition, the DMA measurement was car-
ried out at a heating rate of 3 °C/min with a load frequency
of 1 Hz in air, and 7 s were determined by the peak temperature
of tan J curve. The Ts of the PI films were in the range of
295-414 °C and 316-400 °C, measured by DSC and DMA
respectively. The glass transition temperatures were observed
in the following order: PMDA > BPDA > 6FDA > ODPA. The
observed tendency indicated the influence of chain rigidity
by dianhydrides.'” The PMDA-APDMA, which retained a rigid
backbone structure, represented the highest 7,, while ODPA-
APDMA exhibited the lowest T, value because of the effect
of the flexible ether linkage and spatially extended molecu-
lar structure.

Optical Properties of Polyimides. The transparency in the
visible region is one of important factors for optical applica-
tion. The transmittances of PI films with a thickness of 10 um
on the quartz were measured by UV-visible spectrometer as
shown in Figure 7. In addition, the optical properties of the
PIs are summarized in Table II. The cutoff wavelengths of Pls
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Figure 7. UV-vis absorption spectra of PI films (film thickness:
ca. 10 pm).

Table II. Optical Properties of PI Films

were in the range of 296-368 nm. In particular, 6(FDA-APDMA
film exhibited the lowest cutoff wavelength (296 nm) and
the highest transmittance at 450 nm (87%). The outstanding
optical properties of 6FDA-APDMA were obtained due to the
bulky trifluoromethyl group of 6FDA component and dimethyl
groups of APDMA unit. Steric hindrance from both of the
functional groups inhibited the intermolecular chain packing
and formation of charge transfer complex (CTC) between
the polymer chains. Consequently, the 6FDA-APDMA showed
optical cutoff of high energy and improved transparency.

To further investigate the improved transmittance of the
film which derived from APDMA, the authors demonstrated
theoretical calculation by density functional theory (DFT),
employing model compounds of PMDA-APDMA and PMDA-
ODA." The resulting 3D molecular structures, orbital diagrams,
and energy levels are depicted in Figure 8. The model com-
pounds were composed by a repeating imide unit and calcu-
lated by B3LYP/6-31G function. The torsion angle of PMDA-
APDMA between the phenylene ring and imide ring was
71.21° at ground state while the angle of PMDA-ODA was
40.96°. The steric hindrance of ortho-substituted methyl
groups of PMDA-APDMA causes a greater torsion angle,
which induces more transparent property derived from less
intermolecular stacking than PMDA-ODA. In addition, the
larger tilted backbone of PMDA-APDMA makes more local-
ized HOMO orbital rather than that of PMDA-ODA. More-
over, the band gap energy of PMDA-APDMA (2.61 eV) is
larger than that of PMDA-ODA (2.54 ¢V), which induces
absorption cut at higher energy areas. In this regard, the molecu-
lar orbital calculation of model compounds showed a good
consensus of experimental results.

The refractive indices and birefringence of the PI films
were measured by the prism-coupling method using a laser beam
at 637, 1306.5, and 1549.5 nm. The relationship between n,,
and wavelength is shown in Figure 9. Table II exhibits the
in-plane (n7z), out-of-plane (n7,), average refractive index
(n.,), in-plane/out-of-plane birefringence (An), and thickness of
the PI films used in refractive index measurement. The g,
nny, and n,, at 637 nm of PIs polymerized from APDMA
monomer were in the range of 1.5689-1.6653, 1.5619-1.6540,

. ¢ Transmittance®  d° Refractive Indices and Birefringence at 637 nm? D/
Polymer (‘I";’r”-g) %) (um) M’ (x10%
K nre Ny gy An

6FDA-APDMA 296 87 7.9 1.5689 1.5619 1.5666 0.0070 1.54 1.2097
ODPA-APDMA 322 86 8.8 1.6471 1.6374 1.6438 0.0097 1.60 1.5781
BPDA-APDMA 358 72 7.1 1.6653 1.6540 1.6615 0.0113 1.62 1.7619
PMDA-APDMA 353 39 7.5 1.6485 1.6142 1.6371 0.0343 1.59 1.5870
PMDA-ODA 368 17 6.5 1.7287 1.6445 1.7011 0.0842 1.65 1.8859

“Cut-off wavelength. *Transmittance at 450 nm and film thickness: ca. 10 pm. ‘Film thickness for refractive index measurement. “Measured at
637 nm, see measurements. ‘Refractive index at the infinite wavelength. ‘Dispersion coefficient of refractive index obtained from the fitting by
the simplified Cauchy formula (n,=n,.+D1?).
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Figure 8. Molecular orbital diagrams of PMDA-APDMA and
PMDA-ODA model compounds (calculated by B3LYP/6-31G
function).

and 1.5666-1.6615, respectively. In particular, the n,, values
of PIs were in the decreasing order BPDA > ODPA > PMDA >
6FDA, and the trend was determined by the chemical structure
of polymer. In general, the refractive indices of polymer
were affected by diverse factors, such as molecular geometry,
chain flexibility or linearity of polymer backbone, and molecu-
lar packing. In this experiment, the molecular packing of in-
plane orientation was reduced by the methyl group of APDMA
monomer, consequently the 6FDA-APDMA polymer had the
lowest refractive index (1.567) and birefringence (0.007) at
637 nm. While bulky dimethyl groups increase free volume
of polymer and dense molecular packing generally results in
high refractive index, ODPA-APDMA exhibited higher refrac-
tive indices than PMDA-APDMA in this study because PMDA -
APDMA had a larger effect on the increase of free volume
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Figure 9. Wavelength dispersion of the refractive indices of PI
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than that of ODPA-APDMA. In particular, in the compari-
son between PMDA-APDMA and PMDA-ODA containing
rod-like dianhydride, PMDA-APDMA had lower refractive
indices and birefringence than those of PMDA-ODA because
the ortho position of amino groups made a large free molecular
volume, which caused interruption of intermolecular packing.

Conclusions

In summary, we demonstrated the synthetic method of a
new diamine monomer, APDMA, having ortho-substituted
methyl groups on only one side of the phenylene ring of
4,4'-oxydianiline. The APDMA were polymerized with sev-
eral aromatic dianhydrides, such as 6FDA, ODPA, BPDA, and
PMDA, by a typical thermal imidization method. The glass
transition temperatures of the synthesized PIs were in the
region of 295-414 °C and the decomposition temperatures of
those at 10% weight loss were in the region of 535-555 °C. In
particular, 6FDA-APDMA exhibited high thermal stability
due to decrease of intermolecular torsional potentials originated
from ortho-substitited methyl groups of APDMA unit. In addition,
the PIs from APDMA showed a highly improved transparency
and lower refractive indices and birefringence values than
the PIs from ODA. To be specific, the transparency of 6FDA-
APDMA and ODPA-APDMA were over 85% at 450 nm, while
PMDA-ODA’s transparency was 17%. In addition, the refrac-
tive index and birefringence of 6FDA-APDMA at 637 nm
was 1.5666 and 0.0070, respectively. These optical proper-
ties were able to be improved by simply introducing methyl
substituents on diamine structure, which could induce less
intermolecular stacking and rigid chain formation. This mole-
cule design provides a new approach on development of
improved organic materials.
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