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Article 
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Abstract: In this study, various diamine monomers were used to synthesize aramid polymer films 

via a low-temperature solution condensation reaction with diacid chloride. For diamines with 

relatively high basicity, the reaction system became opaque because amine salt formation inhibited 

polymer synthesis. Meanwhile, low-basicity diamines with strong electron-withdrawing groups, 

such as CF3 and sulfone, were smoothly polymerized without amine salt formation to provide 

highly viscous solutions. The acid byproduct HCl generated during polymerization was removed 

by adding propylene oxide to the reaction vessel and converting the acid into highly volatile inert 

substances. The resulting solutions were used as varnishes without any additional purification, and 

polymer films with an excellent appearance were easily obtained through a conventional casting 

and convection drying process. The films neither tore nor broke when pulled or bent by hand; 

furthermore, even when heated up to 400°C, they did not decompose or melt. Moreover, polymers 

prepared from 2,2-bis (trifluoromethyl) benzidine (TFMB) and bis (4-aminophenyl) sulfone (pAPS) 

did not exhibit glass transition until decomposition. The prepared polymer films showed a high 

elastic modulus of more than 4.1 GPa and a high tensile strength of more than 52 MPa. In particular, 

TFMB-, pAPS-, and 2,2-bis (4-aminophenyl) hexafluoropropane-based polymer films were colorless 

and transparent, with very high light transmittances of 95%, 96%, and 91%, respectively, at 420 nm 

and low yellow indexes of 2.4, 1.9, and 4.3, respectively. 

Keywords: aramid film; acid removal; tensile strength; elastic modulus; transmittance; yellow index 

 

1. Introduction 

Aramids (aromatic polyamides), as well as polyimides and polyamideimides, are well-known 

excellent engineering polymers [1–3]. Poly (p-phenylene terephthalamide) (PPTA), commercially 

known as Kevlar, is a representative aramid polymer [1,4]. PPTA not only has high resistance to heat 

and chemicals but also has extremely high tensile strength, affording fibers stronger than steel. 

Because aramid polymers have a rigid rod-like backbone based on an sp2 hybridized, coplanar 

structure comprising aromatic and amide groups, the conformational change that inevitably 

accompanies thermodynamic phase changes is extremely limited, resulting in slight entropy changes. 

In addition, because hydrogen bonding between the polymer chains is greatly amplified by the amide 

groups, the internal cohesion in the solid state is significantly enhanced, thereby requiring an 

extremely high amount of enthalpy for phase change. Therefore, aramids are widely used in materials 

that require high thermal resistance, thermodynamic dimensional stability, and mechanical 

robustness. Further, because aramids are highly (electro)chemically stable due to their resonance 

structure, they can be applied to materials that require insulation and chemical resistance. Despite 

these advantages, aramid polymers are infusible, and the production and processing of aramids into 

films is difficult due to their poor solubility in common organic solvents. Particularly, because 

conventional aramids are yellow, processing them into transparent films seems impossible. 
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contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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Moreover, owing to their intrinsically low hydrodynamic chain mobility, their molecular weight 

cannot be significantly increased during polymerization, and salt bridge gelation may occur. 

Common manufacturing methods for aramid polymers include low-temperature solution 

condensation polymerization and interfacial polymerization using diamine and diacid chloride as 

monomers [1]. Interfacial polymerization requires additional processes, such as filtration, drying, and 

redissolution, after polymerization, which is unattractive because it increases manufacturing costs. 

Meanwhile, in solution condensation polymerization, because aprotic polar amide solvents such as 

N,N-dimethylacetamide (DMAc) and N-methyl-2-pyrrolidone are used to increase polymer 

solubility, relatively high molecular weight polymer films can be obtained. In addition, as these 

solvents serve as agents that trap HCl acid byproducts from a reaction system at a low temperature 

of approximately 0°C, they suppress the formation of insoluble amine salts, allowing polymerization 

to proceed without diamine loss. However, the formation of amine salts may significantly depend on 

the basicity of the diamine monomer used, and once formed, the amine salts may cause salt bridge 

gelation, thereby preventing smooth polymerization. Even if polymerization is achieved successfully, 

an additional purification process to remove the acid byproducts should be preceded to produce a 

film. 

Aiming at alleviating the above issues, we found an excellent method in U.S. patents that can 

easily and conveniently produce colorless and transparent aramid polymer films without any special 

purification process. Harris et al [5,6]. used 2,2-bis(trifluoromethyl) benzidine (TFMB) as a diamine 

monomer and reacted it with a diacid chloride mixture of terephthaloyl chloride (TPC) and 

isophthaloyl chloride (IPC) in DMAc to produce high-viscosity varnishes. Then, propylene oxide 

(PO) was added to the same reaction vessel to convert the HCl acid byproducts into inert, highly 

volatile substances, eliminating the need for additional purification (Case 1 in Figure 1). Notably, 

colorless and transparent films were obtained using the solution immediately after polymerization 

as a varnish. The polymer films were not only optically colorless and transparent but also had a low 

thermal expansion coefficient of less than 10 ppm/°C, ultimately resulting in excellent 

thermodynamic dimensional stability. Despite the convenience and ease of colorless and transparent 

aramid film production, applications of this manufacturing method to other aramid films have not 

yet been reported. 

 

Figure 1. Synthetic route for aramids in this study. 

In this study, we applied Harris’ method to other diamine monomers and examined the thermal, 

mechanical, and optical properties of the produced films. As in TFMB, diamines with low basicity 

provided high-viscosity polymer solutions without amine salt formation. Subsequently, by adding 

PO to the reaction vessel, the HCl acid byproduct was easily removed, and the reaction solution was 

used as varnish without any additional purification to produce films with a good appearance (Case 

1 in Figure 1). Meanwhile, diamine monomers with relatively high basicity lost their reactivity by 

forming amine salts during polymerization. Owing to salt formation, the reaction system became 
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opaque, and polymers were not obtained (Case 2 in Figure 1). The varnishes manufactured from Case 

1 had a high viscosity in a wide range depending on the monomer used, from which polymer films 

of appropriate thickness could be obtained. Through 1H nuclear magnetic resonance (1H-NMR) and 

Fourier-transform infrared (FTIR) spectroscopic analysis, we confirmed that the polymers were well 

combined with aromatic and amide groups, as desired. The heat resistance as well as thermodynamic 

and mechanical excellence of the polymer films were confirmed through thermogravimetric analysis 

(TGA), differential scanning calorimetry (DSC), and universal testing machine (UTM) analyses. All 

polymers had very high decomposition temperatures (greater than 424°C) and did not melt until 

decomposition. All polymers showed high elastic moduli of more than 4.1 GPa and tensile strengths 

of more than 52.6 MPa. In particular, the polymers obtained from TFMB, 2,2-bis (4-aminophenyl) 

hexafluoropropane (6FPD), and bis (4-aminophenyl) sulfone (pAPS) showed considerably high 

elastic moduli of 8.15, 5.07, and 5.26 GPa, respectively, and high tensile strengths of 118.9, 83.0, and 

52.6 MPa, respectively. Through ultraviolet–visible (UV–Vis) spectroscopic analysis, at 420 nm, the 

TFMB, 6FPD-, and pAPS-based polymers had high transmittances of 95.1%, 96.2%, and 91.2%, 

respectively, and low yellow indices of 2.37, 1.91, and 4.34, respectively, to produce mechanically 

robust, colorless, and transparent aramid films. Meanwhile, the polymer films obtained from the 

other diamines appeared slightly yellow. The details are described below. [1] or [2,3], or [4–6].  

2. Materials and Methods 

2.1. Materials 

TFMB was purchased from ITCHEM (Cheong-ju, South Korea); a, aʹ-bis (4-aminophenyl)-1,4-

diisopropylbenzene (APIPB), 2,2-bis[4-(4-aminophenoxy)phenyl] 

hexafluoropropane (APPFP), 3,4ʹ-diaminodiphenylether (3,4-ODA), 6FPD, pAPS, 2,2ʹ,5,5ʹ-
tetrachlorobenzidine (TCB), 4,4ʹ-diaminodiphenylmethane (MDA), 4,4ʹ-methylenebis 

(cyclohexylamine) (MBCHA), 4,4ʹ-diaminodiphenylether (ODA), TPC, and IPC were purchased from 

TCI (Tokyo, Japan); 4,4ʹ-methylenebis (2-chloroaniline) (MOCA), DMAc (anhydrous grade), and PO 

were purchased from Sigma-Aldrich (St. Louis, MO). All reagents were used as received. 

2.2. Synthesis of aramids 

Aramid polymers were synthesized in a 250-mL three-necked flask equipped with a reflux 

condenser, three-way stopcock, and magnetic bar. DMAc and diamine (10 mmol) were added to the 

flask and stirred until all amines were dissolved. The flask was then immersed in an ice bath and 

cooled to 0°C. IPC (3 mmol) was added to the flask and stirred for 10 min, and then TPC (7 mmol) 

was added and stirred for 2 h. Afterward, PO was added to remove the HCl generated as a byproduct, 

and varnish was obtained. 

2.3. Film preparation 

After casting the varnish on a glass substrate, it was dried in a convection oven at 40°C for 30 

min and 200°C for 1 h to produce polymer films with thicknesses of several tens of micrometers. 

2.4. Measurements 

The viscosities of the varnishes were measured at 25°C at a speed of 150 rpm using a DV2T 

viscometer (Brookfield) equipped with a cone plate spindle CPA-52Z. FTIR absorption spectroscopy 

was performed in ATR mode using an FTIR-4100 spectrophotometer (Jasco, Japan). 1H-NMR analysis 

was performed using an AVANCE III 500 NMR spectrometer (Bruker) with DMSO-d6 as the solvent. 

DSC was performed using a Q2000 DSC (TA Instruments) under a nitrogen atmosphere in a 

temperature range of 25°C–350°C at a heating/cooling rate of 10°C/min. TGA was performed using a 

Discovery SDT 650 TGA (TA Instruments) under a nitrogen atmosphere in a temperature range of 

25°C–900°C at a heating rate of 10°C/min. Elastic moduli and tensile strengths were measured using 
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UTM equipment (Yeonjin S-tech, Korea) at a tensile rate of 1 mm/s. Visible-light transmittance and 

yellow index were measured using a V-650 UV–Vis spectrophotometer (Jasco, Japan). 

3. Results and Discussion 

3.1. Synthesis of aramids and basicity effect of diamine monomers 

Diamine monomers serve as nucleophiles in a nucleophilic acyl substitution reaction with diacid 

chloride to produce polyamides along with an acid byproduct, HCl, through the low-temperature 

solution condensation reaction [7]. However, diamine monomers may also act as bases, so they react 

with the acid byproduct to form an amine salt insoluble in organic solvents, resulting in loss of 

reactivity and gelation. Therefore, in the low-temperature solution condensation reaction, the basicity 

of diamine is a crucial factor for efficient polymerization. For TFMB, a high-viscosity transparent 

varnish was obtained without salt formation, [5,6] attributable to TFMB having a relatively low 

basicity due to the inductive effect of the strong electron-withdrawing CF3 group. In this study, for 

comparison with TFMB, various diamine monomers (TCB, pAPS, TFMB, MOCA, 6FPD, 3,4-ODA, 

APPFP, ODA, APIPB, MDA, MBCHA in Table 1) were examined for the low-temperature solution 

condensation reaction. Among them, TCB, pAPS, TFMB, MOCA, 6FPD, 3,4-ODA, and APPFP have 

electron-withdrawing groups (EWG), such as CF3, sulfone, and atomic halogen. As expected, they 

have relatively low basicity (pKa < 4.80) compared with other monomers because of the inductive 

effect of strongly withdrawing electrons from the functional amine group. Exceptionally, the 

relatively low basicity of 3,4-ODA despite the absence of EWG probably results from its asymmetric 

structure. Meanwhile, ODA, APIPB, MDA, and MBCHA with no EWG have higher basicity (pKa > 

5.20). In particular, MBCHA (an aliphatic diamine) has the highest basicity (pKa 10.97) due to the 

lone pair localization in the amine group. The pKa values of these diamine monomers are listed in 

Table 1 [8]. As is known from a comparison between PPTA (a para-type aramid) and Nomex (a meta-

type aramid), the diacid chloride linkage structure may also affect the reactivity and solubility during 

polymerization [9,10]. In this study, this effect was neglected to examine only the basicity effect of 

diamine monomers. Thus, diacid chloride was used with a mixture of TPC and IPC at a fixed molar 

ratio of 70:30 (Figure 1). 

Table 1. pKa values of diamine monomers and properties of aramids. 

    Polymer properties 

Run 

Number 
Polymer 

Salt  

formation 1 
PKa 

Viscosity 

(cP) 

Thickness 

(μm) 

Td5% 

(℃) 

Tg 

(℃) 

Young’s 
modulus 

(Gpa) 

Tensile 

strength 

(Mpa) 

Elongation 

at break 

(%) 

T% at 

420nm 
Y.I 

1 TCB X 1.58 160 NM 459 ND 2 NM 3 NM NM NM NM 

2 pAPS X 2.41 280 50 443 ND 5.26 52.60 11.78 91.28 4.34 

3 TFMB X 3.23 2520 50 470 ND 8.15 118.90 5.93 95.13 2.37 

4 MOCA X 3.33 1060 60 424 176 4.95 107.84 11.58 71.87 10.94 

5 6FPD X 3.98 340 60 461 257 5.07 82.97 5.62 96.24 1.91 

6 3,4-ODA X 4.78 350 50 447 214 7.58 99.98 23.96 54.51 17.03 

7 APPFP X 4.80 1810 60 472 207 4.07 81.38 37.68 79.34 9.56 

8 ODA O 5.20 - - - - - - - - - 

9 APIPB X 5.31 820 60 463 121 4.76 89.60 3.14 85.50 7.16 

10 MDA O 5.32 - - - - - - - - - 

11 MBCHA O 10.97 - - - - - - - - - 

1 O: salt formation, X: no salt formation; 2 ND: not detected; 3 NM: not measured. 

For the seven diamine monomers with lower basicity, an amine salt was not formed when diacid 

chloride was added to the solution, and the viscosity increased while the reaction system remained 

transparent (Case 1 in Figure 1). Notably, the rate of viscosity increase differed for the various 

monomers. The TFMB solution came close to gelation within approximately 10 min after adding the 

diacid chloride, showing the fastest increase in viscosity, attributable to the high rigidity of the 

growing polymer chain. Meanwhile, the other six monomers showed a gradual increase in viscosity. 

Among them, the rate of increase in viscosity for TCB was noticeably slow, so the viscosity increased 
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to reach equilibrium over several hours, attributable to its very low nucleophilicity. The four atomic 

chlorine groups likely caused a strong inductive effect, significantly lowering the nucleophilicity of 

the monomer. All seven monomers could produce varnishes and films using the same method as that 

reported for TFMB in the literature (Case 1 in Figure 1). After adding diacid chloride to the diamine 

monomer solutions, when the reaction system reached an appropriate viscosity, PO was added to 

remove HCl, and the reaction solution was used as a varnish without purification to obtain films with 

a superb appearance and several tens of micrometer thickness. Consequently, diamine monomers 

with relatively low basicity could easily and conveniently provide aramid films through the one-pot 

reaction with diacid chloride in the same vessel. Meanwhile, when the other aromatic diamine 

monomers, ODA and MDA, which have relatively higher basicity, were reacted in the same manner, 

amine salts were formed immediately after the addition of diacid chloride, making the reaction 

system opaque and insoluble. As expected, when these reaction solutions were poured into a mixed 

solvent of water and alcohol, almost no polymer was obtained. The cycloaliphatic diamine MBCHA 

also showed a similar result. This is because these highly basic monomers formed salts through an 

acid–base reaction with the acid byproduct during polymerization and lost their reactivity (Case 2 in 

Figure 1). In addition, the formation of an insoluble gel probably occurred because the terminal amine 

groups of the growing polymer chains reacted with HCl to become positively charged. Consequently, 

strong ion–dipole interactions occurred with the amide groups in other polymer chains, ultimately 

resulting in salt bridge gelation (Figure 2). Once the amine salt was formed, it did not dissolve again, 

even if more solvent was added or the temperature was increased. Notably, APIPB provided a fairly 

high-viscosity reaction solution without amine salt formation, despite having almost the same 

basicity as MDA. Therefore, APIPB belongs to the Case 1 monomers in this study. The reason is 

thought to be as follows. Unlike MDA with one methylene linkage (two Csp2–Csp3 single bonds), 

APIPB has two methylene linkages (four Csp2–Csp3 single bonds), which could have increased the 

main chain flexibility. As a result, the amine ends of the growing polymer chain were probably given 

great mobility, and the condensation reaction proceeded quickly enough to surpass the salt formation 

reaction with HCl. This result suggests that not only the diamine monomer basicity but also the 

growing polymer chain flexibility can greatly affect reactivity. According to the literature, although 

ODA has a fairly high basicity, when reacted with IPC alone, a solution with a fairly high viscosity is 

obtained without salt formation, from which a polymer film can be easily obtained, but it appears 

quite yellow [11]. However, because the polymer chain flexibility and coloring do not meet the 

purpose of this study, aramid film manufacturing using IPC alone was not examined.  

 

Figure 2. Salt bridge gelation between amide and terminal ammonium ion groups through ion–dipole 

interaction. 

Because the obtained polymers were all insoluble in THF, gel permeation chromatography 

analysis was impossible using this solvent as the eluent. Instead, the molecular weight and chain 

rigidity were inferred by measuring the viscosity of the polymer solutions in DMAc. The varnishes 

used in film production showed a high viscosity in the range of 160–2520 cP, even at a low 

concentration of 12 wt% (Table 1). Particularly, polymers from TFMB, MOCA, and APPFP had an 
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extremely high viscosity over 1000 cP. This indicates that the polymers have a high molecular weight 

and/or chain rigidity. Because of the high viscosity, casting on a glass substrate was very easy, and 

thick films with a thickness of approximately 50–60 μm were produced through a typical convection 
drying process. The films had a smooth surface and a superb appearance and did not tear or break 

when pulled or bent by hand. Figure 3 shows images of the film manufactured from TFMB. 

 

Figure 3. Aramid film (Run 3 in Table 1) manufactured from TFMB. 

3.2. Characteriazation of aramids 

FTIR analysis of the polymers was performed (Figure 4a). For the fabricated polymers, 

absorption peaks were observed at ~1,650 and 1,575 cm−1, attributable to the amide C=O and C–N 

stretching, respectively. A broad absorption peak due to amide N–H stretching was observed within 

3,500–3,100 cm−1, suggesting that the amide groups strongly interacted with each other through 

hydrogen bonding. In addition, absorption peaks due to specific functional groups (e.g., CF3 and 

sulfone) present in each monomer were observed. 1H-NMR analysis was performed using DMSO-d6 

as a solvent (Figure 4b). All polymers showed peaks due to aromatic protons around 7–9 ppm, and 

the peak due to amide protons shifted further downfield to appear at around 10–11 ppm. These 

results confirm that the aramid polymers were successfully synthesized as desired. 

 

Figure 4. a) FTIR (in ATR mode) and b) 1H-NMR (in DMSO-d6) spectra of aramids prepared from 

different diamines. The run numbers in parentheses are from Table 1. 

3.3. Thermal properties of aramids 

The thermal decomposition stability of the polymers was evaluated using TGA (TGA curves in 

Figure 5a, Table 1). The thermal decomposition temperature (Td5) at a weight loss of 5 wt% under a 

nitrogen atmosphere was greater than 400°C for all polymers, indicating that the polymers have very 

high thermal decomposition resistance. This thermal stability is attributable to the coplanar resonance 

structure comprising aromatic and amide groups in main chain [12,13]. DSC analysis was also 

performed to evaluate the thermodynamic stability of the polymers (Figure 5b). The polymers did 

not show any endothermic peak due to enthalpy change over a wide temperature range from room 

temperature to 350°C, indicating that they do not melt even when the temperature is increased to 

near the decomposition temperature. Moreover, the TFMB-, pAPS-, and TCB-based polymers did not 

show any significant phase change due to glass transition. This is attributable the polymers having a 

rigid rod-like chain structure and strong hydrogen bonds between the chains, thereby requiring a 

b) a) 
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very low entropy change and a high enthalpy change for the phase transition. For the APIPB-, APPFP-

, 3,4-ODA-, 6FPD-, and MOCA-based polymers, which are thought to be relatively flexible, peaks 

due to glass transition were clearly observed around 121°C, 207°C, 214°C, 257°C, and 176°C, 

respectively.  

 

Figure 5. a) TGA and b) DSC curves of aramids prepared from different diamines (under N2 flow, a 

heating rate of 10°C/min). The run numbers in parentheses are from Table 1. 

3.4. Mechanical properties of aramids 

The stress–strain curves were analyzed using UTM (Figure 6, Table 1). All polymer films 

exhibited an elastic modulus of more than 4.1 GPa and a tensile strength of more than 52.6 MPa. 

Among them, the TFMB-based film had the highest elastic modulus and tensile strength of 8.2 GPa 

and 119 MPa, respectively, indicating a very rigid chain. The pAPS- and 6FPD-based films exhibited 

relatively high elastic moduli of 5.26 and 5.07 GPa, respectively, and high tensile strengths of 52.6 

and 83.0 MPa, respectively. Meanwhile, the APPFP-based film had a lower elastic modulus and 

tensile strength of 4.1 GPa and 81 MPa, respectively, and the highest value of elongation at break 

(38%), indicating a less rigid chain. These values are comparable to those of the colorless and 

transparent polyimide and polyamideimide films reported so far [14–16]. For example, fluorinated 

polyimide obtained from TFMB and 4,4′-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) 

has an elastic modulus of 3.1 GPa and a tensile strength of 120 MPa. The polyamideimide film 

synthesized by reacting 0.4-eq 6FDA and subsequently 0.6-eq TPC with TFMB has an elastic modulus 

of 5.1 GPa and a tensile strength of 110 MPa.  

 

Figure 6. Stress–strain curves of aramid films prepared from different diamines. The run numbers in 

parentheses are from Table 1. 

  

a) b) 
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3.5. Optical properties of aramids 

In fluorinated polyimides, a strong EWG, such as CF3, effectively suppresses intramolecular 

charge transfer to prevent yellowing [17,18]. This was true for all aramid films obtained in this study. 

The TFMB-based film had a high transmittance of 95.1% at 420 nm and a low yellow index of 2.4 

(Figure 7, Table 1). The 6FPD-based film is optically superior with a slightly higher transmittance 

(96.2%) and lower yellow index (1.91). The pAPS-based film is also quite colorless and transparent; 

the transmittance and yellow index were 91.3% and 4.3, respectively. Although the pAPS-based film 

is somewhat inferior to the TFMB- and 6FPD-based films in terms of optical performance, these three 

films are colorless and transparent enough to be used as a transparent substrate or cover window for 

electronic devices. Aramid films obtained from diamines other than TFMB, 6FPD, and pAPS 

appeared slightly yellow and had relatively low light transmittance in the visible region. For the 

MOCA-based film, the optical transmittance was 71.9% and the yellow index was 10.9; this 

chlorinated aromatic polymer is vulnerable to attack by radicals or anions because of the relatively 

low dissociation energy of the Csp2–Cl bond, so they probably formed unexpected color species 

during polymerization or convection drying. Similarly, the 3,4-ODA-based film showed the lowest 

light transmittance (54.5%) and the highest yellow index (17.0).  

 

Figure 7. a) UV–Vis spectra and b) images of aramid films made from different diamines. The run 

numbers in parentheses are from Table 1. 

5. Conclusions 

In this study, aramid polymers were synthesized via a low-temperature solution condensation 

reaction with diacid chloride using various diamine monomers. Diamines with relatively low basicity 

were smoothly polymerized without amine salt formation, resulting in highly viscous solutions. 

Meanwhile, more basic diamines generated amine salts during polymerization, rendering the 

reaction system opaque and failing to produce polymers. The acid byproduct generated during the 

polymerization process was removed without purification by converting it into an inert, highly 

volatile substance by adding PO. The obtained high-viscosity solutions were used as varnishes to 

obtain polymer films with excellent appearance. The films did not tear or break easily. In addition, 

the polymers did not easily decompose or melt, even when heated to 400°C. For some polymers, glass 

transition was not observed until decomposition. The polymer films had high elastic modulus and 

tensile strength and were comparable to colorless transparent polyimide or polyamideimide films 

reported so far. Polymer films obtained from TFMB, 6FPD, and pAPS were particularly colorless and 

transparent. The synthesized polymer films are expected to be used as transparent substrates and 

cover windows for rollable and foldable display devices [19]. The method for removing acid 

byproducts by adding PO to the reaction system was very useful for easily and conveniently 

producing aramid films without a purification process. This study provides guidelines for the 

synthesis of colorless and transparent aramid films. 

Author Contributions: Conceptualization, methodology, validation, H.K. and G.K.; software, formal analysis, 

investigation, H.K., J.H.N. and Y.R.K.; writing—original draft preparation, visualization, H.K.; writing—review 

a) b) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2024                   doi:10.20944/preprints202401.0133.v1

https://doi.org/10.20944/preprints202401.0133.v1


 9 

 

and editing, supervision, G.K.; funding acquisition, H.K. All authors have read and agreed to the published 

version of the manuscript. 

Funding: This work is the result of the project for fostering the vision aids industry based on advanced functional 

materials, supported by the ministry of trade, industry and energy. 

Data Availability Statement: Data are contained within the article. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. García, J. M.; García, F. C.; Serna, F.; de la Peña, J.L. High-performance aromatic polyamides. Prog. Polym. 

Sci. 2010, 35, 623-686. 

2. Banerjee, S.; Maji, S. High‐performance processable aromatic polyamides. High performance polymers and 

engineering plastics. 2011, 111-166. 

3. Reglero Ruiz, J. A.; Trigo-López, M.; García, F. C.; García, J. M. Functional aromatic polyamides. 

Polymers 2017, 9, 414. 

4. Prasad, V. V.; Talupula, S. A review on reinforcement of basalt and aramid (Kevlar 129) fibers. Mater. Today: 

Proc. 2018, 5, 5993-5998. 

5. Harris, F. W.; Zhang, D.; Sun, L.; Jing, J.; Umeda, H.; Okada, J. Aromatic polyamide films for solvent 

resistant flexible substrates. U.S. Patent US2014/0175683 A12014. 

6. Sun, L.; Harris, F. W.; Jing, J.; Erdem, H. B.; Harvey, J. D.; Zhang, D. Aromatic polyamide films for 

transparent flexible substrates. U.S. Patent US2017/0022336 A12017. 

7. Morgan, P. W. Synthesis and properties of aromatic and extended chain polyamides. Macromolecules 1977, 

10, 1381-1390. 

8. Synthesis of Polyimides. In Polyimides : Fundamentals and Applications.; Ghosh, K. M.;  Mittal, K. L.; 

Marcel Dekker: New York, 1996. 

9. Chae, H. G.; Kumar, S. Rigid-rod polymeric fibers. J. Appl. Polym. Sci. 2006, 100, 791-802. 

10. Akato, K.; Bhat, G. High Performance Fibers from Aramid Polymers. In Structure and Properties of High-

Performance Fibers; Woodhead Publishing: Sawston, 2017; pp 245-266. 

11. Zulfiqar, S.; Ahmad, Z.; Sarwar, M. I. Soluble aromatic polyamide bearing ether linkages: synthesis and 

characterization. Colloid Polym. Sci. 2007, 285, 1749-1754. 

12. Damaceanu, M. D.; Rusu, R. D.; Nicolescu, A.; Bruma, M.; Rusanov, A. L. Organosoluble asymmetric 

aromatic polyamides bearing pendent phenoxy groups. Polym. Int. 2011, 60, 1248-1258. 

13. Delocalized and Localized Lone Pairs. In Organic Chemistry, 2nd ed.; Klein, D. R., Ed.; Wiley: New 

York, 2013; Section 2.12 in Chapter 2. 

14. Hasegawa, M. Development of solution-processable, optically transparent polyimides with ultra-low 

linear coefficients of thermal expansion. Polymers, 2017, 9, 520. 

15. Kim, Y. L.; Lee, J.; Kim, H.; Jeon, Y.; Kim, Y. S.; Seong, H. M.; Kwak, G. Mechanically robust and transparent 

polyamideimide films via consecutive polycondensation, amidation, acid removal, and bluing agent 

addition. ACS Appl. Polym. Mater. 2022, 4, 9399-9406. 

16. Kim, H.; Kim, Y. R.; Lee, J.; Lee, H.; Jeon, Y.; Park, S.; Kim, Y. S.; Seong, H. M.; Kwak, G. Highly tough, 

colorless, transparent polyamide-imide films from one reaction vessel without purification. Macromol. Res. 

2023, 31, 213-222. 

17. Kotov, B. V.; Gordina, T. A.; Voishchev, V. S.; Kolninov, O. V.; Pravednikov, A. N. Aromatic polyimides as 

charge transfer complexes. Polym. Sci. USSR, 1977, 19, 711-716. 

18. Tsai, C. L.; Yen, H. J.; Liou, G. S. Highly transparent polyimide hybrids for optoelectronic applications. 

React. Funct. Polym. 2016, 108, 2-30. 

19. Chen, J.; Liu, C. T. Technology advances in flexible displays and substrates. IEEE Acess. 2013, 1, 150. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2024                   doi:10.20944/preprints202401.0133.v1

https://doi.org/10.20944/preprints202401.0133.v1

