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ABSTRACT 

The development of wholly aromatic polyimides (Ar-PIs) in the field of fluorescence material 

has long been hindered by the charge-transfer complex (CTC) effect, typically causing weak or 

non-detectable fluorescence intensity. Few studies have aimed to reduce the CTC effect through 

molecular design, enabling Ar-PIs to exhibit blue to yellow emission in solid films with high 

quantum efficiency (ΦPL). However, current complex molecular designs pose inherent 

limitations for further reducing the emission energy gap toward the orange-red regions. To 

address this issue, in this work, we strategically designed and synthesized a series of 

triphenylamine (TPA)-based fluorescence diimides with various electron-donating/extended -

conjugation pendant groups to probe their emissive behaviors and the corresponding Ar-PIs 

properties. Notably, along a series of new Ar-PIs, PI-TPE, PI-TPPA-TPE, and PI-TPPA 

exhibit a systematic bathochromic shift emission at 540 nm, 598 nm, and 608 nm, respectively, 

in the film state, where PI-TPPA and PI-TPPA-TPE fill up and realize the full-spectrum 

emission by utilizing the TPA architecture.  
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1. Introduction 

Polyimides (PIs) are favored in numerous applications due to their excellent and attractive 

properties, such as thermal stability, processability, electrical properties, and chemical 

stability.[1] Their exploitations span various fields, encompassing engineering plastics,[2] low-

dielectric printed circuit boards,[3] and photoresists[4]. For example, PIs are utilized in aerospace 

applications as structural components and thermal insulation layers due to their outstanding 

thermal stability and mechanical properties.[5] Recently, some research has used PI materials to 

apply to the Li, Na, K, or Mg-ion batteries as anodic/cathodic and separator materials due to 

the high polarity imide ring and ample scope for designing molecules, realizing high-

performance battery properties.[6] In contrast, research on luminescent applications of PIs is still 

limited, although their corresponding monomeric congener, such as perylene diimide, has been 

exploited as laser dyes[7]. Photoluminescent (PL) applications typically require high quantum-

efficiency (ΦPL) materials to ensure efficient energy conversion for emissive performance. 

Aside from ΦPL, emission color is also essential, especially for the white-light display 

application. Unfortunately, for the wholly aromatic polyimides (Ar-PIs), whose stability is 

beneficial for practical applications, the formation of charge transfer complexes (CTCs) often 

results in poor emission performance.[8] CTC includes two types of charge transfers (CT): (i) 

intermolecular CT caused by the well-packing PI chains and (ii) intramolecular CT induced by 

adjacent diamine moieties as donors and dianhydride moieties as acceptors. Both CT effects 

make conventional Ar-PIs films weakly emissive and limited in blue-to-yellow regions. 

Overcoming or ameliorating their intrinsic CTC formation is thus crucial and an ongoing 

issue.[9]  For example, Hasegawa and Horie conducted extensive research on the formation and 

effects of CTC in PIs, reporting that general Ar-PIs films exhibit CT fluorescence and show 

extremely low ΦPL.[8] To enhance the emissive behaviors of PIs, Ando et al. systematically 

investigated the structure-fluorescence relationship of the PIs by combining theoretical 

calculations and experimental results. They proposed an effective method to reduce inter- and 

intramolecular CT by incorporating alicyclic diamine and flexible ether linkages in the 

dianhydride moiety. As a result, the semi-aromatic PIs (Al-PIs) were prepared, achieving a 

film-state ΦPL of 11%.[10] Recently, studies have demonstrated that incorporating aggregation-

induced emission luminogen (AIEgen) and alicyclic linkages enables PIs to attain considerable 

film-state ΦPL. Our previous report on Al-PIs using 4-cyanotriphenylamine-based diamine as 

an AIEgen and an alicyclic dianhydride moiety resulted in a film-state ΦPL of 65%.[11] Zhang 

et al. reported triphenylethylene-based AIEgen with alicyclic dianhydride moiety to obtain a 
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high ΦPL Al-PI in film-state up to 89%.[12] Hence, incorporating AIEgens or alicyclic moiety in 

PIs becomes a practical and common way to prepare high ΦPL films.[13] 

Although the alicyclic bond effectively reduces the CTC effect and thereby increases the 

emissivity, Al-PIs commonly sacrifice their excellent thermal properties at the same time.[10, 14] 

To address this issue, our previous works found that using triphenylamine (TPA)-based 

dianhydride luminophores was an effective and judicious strategy for designing highly emissive 

Ar-PI films while simultaneously preserving thermal properties. This intriguing PL behavior is 

due to the electron-donating TPA unit effectively reducing the electron-withdrawing ability of 

the anhydride moieties, suppressing intramolecular CT within the Ar-PI backbone.[14a, 14b, 15] 

We then reported on a series of Ar-PIs with high ΦPL by combining TPA-based dianhydride 

with twisted and bulky moieties that can prevent dense chain packing. Among the resulting Ar-

PIs, the naphthalene pendant group exhibits the highest ΦPL of 22% in the film state.[15b] In a 

subsequent study, a series of Ar-PIs derived from TPA-based dianhydride and other p-

phenylenediamines containing various numbers of methyl groups were designed by introducing 

multi-methyl substituents in the dianhydride and diamine moieties generating a highly twisted 

conformation between the diamine and dianhydride moieties,[14a] which effectively suppresses 

intra and intermolecular CT, exhibiting high ΦPL. As a result, the film state ΦPL rises from 35% 

without methyl groups in the diamine moiety (PI3M-0M) to 61% in the tetramethyl one (PI3M-

4M). At the same time, this series of Ar-PIs also demonstrates high Tg, among which Tg of 

PI3M-4M can reach as high as 470 ℃. 

The abovementioned reports have displayed various Al- or Ar-PIs with high ΦPL. 

Unfortunately, their emission colors are usually limited to blue to greenish-yellow. Thus, 

developing more extended and red-shifted emissive PIs is essential and urgent, which is 

challenging.[16] Reports have shown that introducing polycyclic aromatic hydrocarbons (PAHs) 

like perylene into the semi-aromatic system can achieve red emission in solution.[17] However, 

these rigid and highly coplanar structures often result in aggregation-caused quenching (ACQ) 

behavior, revealing none or weak emissive behavior in the film state.[16e, 18] Ando et al. designed 

a series of semi-aromatic PIs with hydroxyl groups modified on the dianhydride moieties to 

achieve longer emission wavelengths so that excited-state intramolecular proton transfer 

(ESIPT) can occur.[19] Among them, 3H-PI exhibits a noticeable orange-red emission at 590 

nm with ΦPL of 6.8% in the film state. However, these red-emitting PIs are based on semi-

aromatic moieties, resulting in a reduction of thermal properties. 

In this work, we report a series of new full aromatic Ar-PIs, which successfully 

demonstrate intense red emission and excellent thermal stability. Four TPA-architecture 
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diimide compounds were designed and synthesized according to two strategies: (i) We 

incorporate the electron-donating methoxy group at the para position of the phenyl ring or 4,4′-

dimethoxy diphenylamine group to the TPA-diimide, generating a strong donor-acceptor 

structure. (ii) We introduce the AIE-active triphenylethylene (TPE) at the para position of the 

phenyl moiety within the TPA-diimide to induce red-shifted emission through the extended -

conjugation, preventing π-π stacking and hence ACQ in the film state (see Scheme 1). Among 

them, PI-TPA and PI-TPE exhibited remarkable film-state ΦPL values of 23% and 47%, 

respectively, with yellowish emission. In particular, PI-TPPA and PI-TPPA-TPE 

demonstrated noticeable orange-red emission at 608 nm and 598 nm in the film state while 

preserving outstanding thermal stability with Tg values up to 365 and 325 °C, respectively. 

 

 

Scheme 1. (a) Chemical structures of all observed model compounds and polyimides. (b) The 

design concept for bathochromic emission in TPA-based Ar-PIs. 
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2. Results and Discussion 

2.1. Synthesis, characterization, and photophysical properties  

The new series of diimide compounds with different electron-donating or withdrawing pendant 

groups were successfully synthesized through the Buchwald–Hartwig amination reaction to 

probe the photophysical properties systematically.[14a, 14b, 15b, 20] Synthetic routes are 

summarized in Schemes S1-S2, and detailed preparation procedures are depicted in the 

Supporting Information. All diimide model compound structures were confirmed by FT–IR, 1H, 

13C, 1H–1H COSY, and 13C–1H HSQC NMR spectra (Figures S1–S17). In Figure S1, all 

diimide model compounds showed imide ring C=O symmetric and asymmetric stretching peaks 

around 1710 and 1770 cm⁻¹, respectively, and confirmed no primary or secondary amine 

stretching peaks in the 3300-3500 cm⁻¹ range. The photophysical properties of these model 

compounds were measured by PL and UV-vis spectra, as demonstrated in Figures 1a,b and 

S18a,b and tabulated in Table 1. All the model compounds exhibited a characteristic absorption 

peak around 420 to 440 nm in both solid and solution states. These peaks could be attributed to 

the characteristic of hybridized local-charge transfer (HLCT) absorption, involving locally 

excited (LE) π–π* transition and intramolecular CT π–π* transition between the electron-

accepting phthalic imide and the electron-donating arylamine moiety.[14a, 14b, 21] The HLCT 

excitation peaks could also be found in the PL excitation spectra in both solid and solution 

states, as illustrated in Figures S19-S20. The non-substitution at the para position TPA diimide 

(M-TPA-H) exhibited green fluorescence at 512 nm in the solid state. [14a] Upon extending the 

conjugation length by triphenylethylene building block, M-TPE exhibited a bathochromic 

emission to 542 nm and a solid-state ΦPL of 22.1%. 
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Table 1. Photophysical properties of diimide compounds in the solution and the solid states and 

photographs under room light and UV-365 nm irradiation in the solid state. 

Code 

λmax
abs 

[nm] 

λmax
em 

[nm] a) 

ΦPL 

[%] b) 
 

λmax
abs 

[nm] 

λmax
em 

[nm] a) 

𝜈 

[cm-1] c) 

ΦPL 

[% ] d) 
αAIE 

e) Room light UV-365 

Solution d)  Solid 

M-TPA 422 550 8.2  423 558 5720 39.6 4.8 

  

M-TPE 430 542 2.9  422 542 5246 22.1 7.6 

  

M-TPPA 441 598 0.1  430 610 6862 1.6 16.0 

  

M-TPPA-

TPE 
437 597 0.1  425 593 6666 1.3 13.0 

  

a) λ
max

em were excited at λmax
abs. 

b) The quantum yield was measured using quinine sulfate (dissolved in 1 N H2SO4 with a 

concentration of 10 µM, assuming its ΦPL = 0.546) as a standard at 25 °C. 

c) Stokes shift was calculated by equation 𝜈 = 107 × (
1

𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 −

1

𝜆𝑚𝑎𝑥
𝑒𝑚). 

d) ΦPL in the solid state was determined using a calibrated integrating sphere. 

e) Calculated by the equation 𝛼𝐴𝐼𝐸 =  
𝛷𝑃𝐿(𝑆𝑜𝑙𝑖𝑑)

𝛷𝑃𝐿(𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
. 

f) Solution state was measured in chloroform (concentration 10 𝜇M). 

 

Meanwhile, the methoxy-substituted M-TPA displayed a further bathochromic emission 

to 558 nm and gained a high solid-state ΦPL of 36.9%, implying that extending conjugation or 

introducing electron-donating substitutions is beneficial to the induction of red-shifted emission, 

where the latter seems to show better effectiveness as well as higher solid-state ΦPL. 

Accordingly, more substantial electron-donating groups or building blocks in the TPA 
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architecture are expected to develop further red-shifted Ar-PIs emitter. This concept was 

supported by M-TPPA, in which the para-methoxy-diphenylamine building block, possessing 

stronger electron-donating characteristics compared to the methoxy group in M-TPA (see 

Scheme 1), exhibited significant bathochromic emission at 610 nm in the solid state. In 

comparison, adding a π-extended TPE building block to replace one of the para-methoxy-

phenyl arms in M-TPPA forms M-TPPA-TPE (Scheme 1), which reveals a blue-shifted 

emission at 593 nm (cf. 610 nm in M-TPPA) in the solid state. The results reaffirm that 

electron-donating strength is more crucial than extending -conjugation in lowering the 

emission gap. While further bathochromic tuning is successful, M-TPPA and M-TPPA-TPE 

reveal low emission ΦPL of 1.6% and 1.3%, respectively, in the solid state. Comparing the high 

emission ΦPL of 22.1% for M-TPE (542 nm) and 36.9% for M-TPA (558 nm) in the green-

yellowish region, the results of low emission ΦPL in the red can be rationalized by the 

nonradiative decay rate associated with internal conversion (kic), that is expressed empirically 

by  

𝑘𝑖𝑐~1013𝑒−𝛼∆𝐸 (1) 

where E is the emission energy gap, which is unitless but could be assessed by kcal/mol, 

α is the positive proportionality constant ( 0). Therefore, kic increases as both ΔE and α 

decrease, aligning with the empirical energy gap law in Equation 1. The parameter α 

decreases with an increase in the reorganization energy λ. For example, polyatomic molecules 

possessing -* transition, rigid structure, and long -conjugation commonly have small , and

α is in an average of ~0.18.[22] kic is expected to increase significantly when E decreases from 

green to red region. In addition, the synthesized PIs in this study all possess CT character with 

extensive , as supported by significant Stokes shift (Δν) between absorption and emission peak 

frequencies (see Table 1); hence, αis expected to be < 0.18 for all studied Ar-PIs. Moreover, 

to tune emission toward the red region, an increase of electron-donating strength, hence stronger 

CT character, is necessary (vide supra), resulting in a further increase of , i.e., a decrease of 

α. The more minor E and α thus lead to a drastic increase of kic, rationalizing the much 

decrease of ΦPL for M-TPPA and M-TPPA-TPE. To further investigate this, TR-PL 

measurements of this series of diimides were performed to calculate the emission lifetime (τ), 

emission decay rate (kobs), and radiative and nonradiative decay rate (kr/ knr) presented in Figure 

S21 and Table 2. The observed emission decay rate kobs give additional support for M-TPA, 

M-TPE, M-TPPA, and M-TPPA-TPE. Theoretically, ΦPL is expressed by ΦPL= kr/kobs, where 

kr is the emission radiative decay rate constant. kobs = kr + knr where knr is the sum of all 
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nonradiative decay rates. Assuming that knr is dominated by kic in the rigid solid state, kic for 

M-TPPA and M-TPPA-TPE is nearly fivefold as large as that of M-TPA and M-TPE. 

Furthermore, kr values of M-TPA and M-TPE are significantly higher than those of M-TPPA 

and M-TPPA-TPE, indicating that the stronger electron-donating groups in M-TPA and M-

TPE lead to a higher kr and a lower kic, ultimately resulting in a higher quantum yield. This 

observation further supports the operation of the energy gap law. 

 
Figure 1. PL spectra of diimide model compounds and Ar-PIs under a,c) solid state, and b,d) 

dissolved in CHCl3 with a concentration of 10 µM. All PL spectra were excitation at the 

maximum absorption wavelength.  
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Table 2. Photophysical properties, observed lifetime (τobs), observed emission decay rate 

constants (kobs), and radiative/nonradiative rate constants (kr/knr) of diimide compounds in the 

solid states. 

Code 
λmax

abs 

[nm] 

λmax
em 

[nm] a) 

τobs 

[ns]  

kobs 

[s-1] b) 

kr 

[s-1] c) 

knr 

[s-1] c)
 

ΦPL 

[% ] d) 

M-TPA 423 558 2.45 4.1×108 1.5×108 2.6×108 39.6 

M-TPE 422 542 3.80 2.6×108 5.8×107 2.1×108 22.1 

M-TPPA 430 610 0.65 1.5×109 2.5×107 1.5×109 1.6 

M-TPPA-TPE 425 593 1.04 9.6×108 1.3×107 9.5×108 1.3 

a) λ
max

em were excited at λmax
abs. 

b) Calculated by the equation k𝑜𝑏𝑠 = 𝑘𝑟 + 𝑘𝑛𝑟. 

c) Calculated by the equation Φ𝑃𝐿 = 𝜏𝑜𝑏𝑠 × 𝑘𝑟 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
. 

d) ΦPL was determined using a calibrated integrating sphere. 

 

To gain further insight into the impact of donating groups and π-extending building block, 

the time-dependent density functional theory (TD-DFT) was applied to elucidate the electron 

distribution, energy level, band gap (Eg in Equation 1), and oscillator strength (f). The results 

are shown in Figure 2 and summarized in Tables S1-S2. As a comparison, the values of the 

optical Eg calculated through the UV-vis spectra are tabulated in Table S3. Figure 2 

demonstrates that the lowest unoccupied molecular orbital (LUMO) of all diimide compounds 

is symmetrically on the phthalic imide moieties; the energy level shifts slightly with different 

pendant groups. Comparatively, the distribution and corresponding energy level of the highest 

occupied molecular orbital (HOMO) strongly depend on the pendant groups. In the case of M-

TPA-H and M-TPA, the HOMOs are across all the TPA moieties. f values are obtained to be 

as large as 0.2774 and 0.2649, respectively, supporting the hybridized local (-*) and charge 

transfer (CT) character, i.e., the aforementioned HLCT transitions. 

In contrast, for M-TPE, M-TPPA, and M-TPPA-TPE, the HOMOs were almost only 

distributed on the pendant building blocks, revealing a tendency of shifting from the HLCT to 

the CT transition with smaller f values (see Figure 2 and Tables S1-S2). For M-TPA-H and 

M-TPA, simply introducing a methoxy group at the para position of the phenyl ring, Eg reduced 

from 3.51 eV to 3.34 eV. Extending the conjugation is exemplified by comparing M-TPA-H 

and M-TPE, where incorporating M-TPA-H (Eg~3.51 eV) with a triphenylethylene moiety, Eg 

of M-TPE decreased to 3.24 eV. The results of the calculation are consistent with the 
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experimental observation in that using an electron-donating group and/or π-extending building 

block could significantly uplift the HOMO energy levels. In contrast, the LUMO energy level 

remains almost unchanged, leading to a smaller Eg value, hence a bathochromic absorption and 

emission. Calculations also show that M-TPPA and M-TPPA-TPE exhibited a much smaller 

Eg than M-TPA and M-TPE, with values as low as 2.79 eV and 2.78 eV, respectively. Thus, 

TPPA moiety, having stronger electron-donating strength than TPA, effectively reduces the Eg, 

resulting in a further bathochromic emission shift. 

The dipole moments of the ground state (µg) and excited state (µe) for the titled compounds 

were also computed to gain solvatofluorochromic properties. Detailed calculation methodology 

and the resulting data are described in the Supporting Information (Figures S22-S26 and Table 

S4-S8). From Table S8, M-TPA (µg = 5.19 D) and M-TPE (µg = 4.03 D) exhibited similar 

ground-state dipole moment (µg) values. In comparison, M-TPA (µe = 26.31 D) showed a 

significantly higher µe than M-TPE (µe = 16.24 D), indicating that introducing electron-

donating groups should be more effectively than extending the conjugation length to facilitate 

polarization in the excited state. Meanwhile, M-TPPA and M-TPPA-TPE revealed lower ΦPL 

values in the various organic solvents, and all the diimide compounds performed similar 

emission colors in the CHCl3 solution but lower ΦPL values correspondingly compared to the 

solid state (Table 1).  

We also performed test aggregation-induced emission (AIE) by gradually adding poor 

solvent (water) in the THF solution to investigate the fluorescent behavior from the isolated to 

aggregated states, as shown in Figures S27-S30. In pure THF solution (as a good solvent), all 

the model compounds exhibited weak emission intensity and low ΦPL, attributed to numerous 

free rotors in the structure, undergoing nonradiative dissipation via rotations in the solution 

state. A slight decrease in PL intensity could be observed when increasing the water (as a poor 

solvent) fraction (fw) to 10% due to the protonation of water and the twisted intramolecular 

charge transfer (TICT) effect.[23] Subsequently, as fw increased at around 50%–70%, the 

nanoparticles started generating a prominent PL intensity increment caused by the restriction 

of the intermolecular motions (RIMs) of AIE, demonstrating that all the diimide compounds 

can be classified as the AIE luminophores (Figure S31).[24] In particular, M-TPPA-TPE 

performs more AIE-active characteristics with the most significant relative emission intensity 

ratio of 77.2-fold. 
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Figure 2. Molecular simulation results of diimide model compounds with TD-DFT method at 

the B3LYP/6-311G (d,p). 

 

2.2. Basic Properties and Thermal Properties of Polyimides 

In order to explore the photophysical behaviors of the corresponding Ar-PIs, all diimide 

compounds are synthesized into dianhydrides by hydrolysis and cyclodehydration reactions, as 

described in our earlier research.[14a, 14b, 15b, 20] Next, these dianhydrides are polymerized with 

2,3,5,6-tetramethyl-p-phenylenediamine in m-cresol or NMP at 180 °C via the one-step 

imidization to yield a series of fluorescent Ar-PIs. Detailed synthetic and purification 

procedures are elaborated in the Supporting Information. The structures of dianhydride 

compounds and Ar-PIs were confirmed by FTIR (Figure S32–S33) and 1H–NMR (Figures 

S34–S41). In Figure S32, the dianhydride compounds showed anhydride C=O symmetric and 

asymmetric stretching peaks around 1770 and 1840 cm⁻¹. After polymerization, the anhydride 

stretching peaks disappeared, and imide ring C=O symmetric and asymmetric stretching peaks 

appeared around 1720 and 1770 cm⁻¹ (Figure S33). The elemental analysis data of the 

dianhydride compounds also demonstrate their purity, enabling the preparation of Ar-PIs with 

high inherent viscosity and molecular weight from 0.36 – 0.77 dL/g and 12.9 – 64.3 kDa, as 

tabulated in Tables S9 and S10. In the same table, the prepared Ar-PIs were well dissolved in 

various organic solvents, even in low-polarity solvents like chloroform, THF, or DCM, 

manifesting excellent processability. Thus, we could also prepare the free-standing, flexible, 

and transparent films through simple drop or blade coating, as shown in Table 3 and Figures 

3d and 3e. In TGA and TMA measurements (Figure 3a, 3b, and Table S11), all the resulting 

Ar-PIs exhibited excellent thermal stability and glassy transition temperature (Tg). For example, 

due to the high aromatic content, rigid backbone, and smaller methoxy pendant group, PI-TPA 



  

14 

 

revealed the highest Tg at 435 °C. As bulky pendant building blocks like diphenylamine or TPE 

were introduced, the free volume increased in the structure, and Tg decreased. Nevertheless, 

this series of Ar-PIs maintained the Tg values above 325 °C and exhibited the decomposition at 

5 wt% loss temperatures (Td
5) above 455 °C owing to the wholly aromatic structure. 

 

2.3. Optical Behavior of Polyimides 

The optical properties of the Ar-PIs were measured by UV-vis and PL spectroscopies, with the 

results presented in Figures 1c,1d, S18c, and 18d and summarized in Table 3. Like the M-

series model compounds (vide supra), all Ar-PIs exhibited, to a certain extent, an HLCT 

absorption peak around 420 to 440 nm in both solid and solution states. PL excitation spectra 

in Figures S42-S43 also showed corresponding HLCT excitation peaks. The AIE test was 

applied to observe the aggregate state of the resulting Ar-PIs from the isolated state, as depicted 

in Figures S44–S48. In the case of PI-TPA and PI-TPE, since the twisted diamine moiety 

could fix the molecular chain and TPA and TPE diimide moieties were the strong fluorophore 

as afore-studied, these two Ar-PIs exhibited delectable and noticeable emission intensity in the 

pure THF solution. Upon adding the water fraction (fw) to THF up to 10%, PI-TPA and PI-

TPE exhibit a slight decrease in PL intensity, probably caused by water protonation and the 

TICT effect.[23] Subsequently, along with the fw increased to around 70%–90%, the formation 

of nanoparticles starts to be observed, which restricts intramolecular motions (RIMs) of Ar-PIs, 

resulting in a dramatic increase in PL intensity.[24] Therefore, PI-TPA and PI-TPE could be 

regarded as aggregation-induced emission enhancement (AIEE) characteristics. On the contrary, 

PI-TPPA and PI-TPPA-TPE showed relatively poor emission intensity in pure THF solution. 

As fw increased to around 70%–90%, the PL intensities could enhance 12.5-fold and 18.1-fold 

for PI-TPPA and PI-TPPA-TPE, respectively. Hence, PI-TPPA and PI-TPPA-TPE could be 

regarded as polymers having AIE characteristics. 

In the film state, with the help of the highly twisted diamine moiety, the resulting Ar-PIs 

displayed similar emission colors with the corresponding diimide compounds. Also, they 

preserved the ΦPL, as shown in Table 3. PI-TPA (558 nm) exhibited a longer emission 

wavelength than PI-TPE (540 nm) in the film state. At the same time, PI-TPE (ΦPL = 47.4%) 

revealed higher film-state ΦPL than PI-TPA (ΦPL = 23.0%) due to the bulky TPE pendant group 

preventing intermolecular charge transfer. Notably, PI-TPPA-TPE and PI-TPPA manifested 

the orange (598 nm) and red (608 nm) emission colors under UV-365 nm irradiation, filling the 

gap at the longer wavelength of panchromatic emission region for TPA-based Ar-PIs, as 

depicted in Figure 3c. Additionally, the film-state emission lifetime profiles also indicated that 
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the kr values of PI-TPA and PI-TPE are higher than those of PI-TPPA and PI-TPPA-TPE, 

echoing the results from the model compounds, as shown in Figure S49 and Table S12. In 

order to address the effect of pendant groups on the emission color more clearly, the emission 

CIE 1931 color coordinates of the Ar-PIs are presented in Figure 4 and summarized in Table 

4. The color coordinate distance was calculated using PI-TPA-H without substituent groups as 

the reference point. When comparing distances, PI-TPA (distance = 98) indicated a much more 

extended shift than PI-TPE (distance = 51), proving again that the electron-donating group 

could more beneficially facilitate a bathochromic emission color. 

 

Table 3. Optical properties of Ar-PIs and photographs under room light and UV-365 irradiation 

in the film state. 

Code 

λmax
abs 

[nm] 

λmax
em 

[nm] a) 

ΦPL 

[%] b) 
 

λmax
abs 

[nm] 

λmax
em 

[nm] a) 

𝜈  

[cm-1] c) 

ΦPL 

[% ] d) 
αAIE 

e) Room light UV-365 

Solution f)  Solid 

PI-TPA 423 561 12.0  422 558 5776 23.0 1.91 

  

PI-TPE 406 564 5.3  410 540 5872 47.4 8.83 

  

PI-TPPA 433 591 0.7  430 608 6808 1.04 1.48 

  

PI-TPPA-

TPE 
435 598 0.8  425 598 6807 1.13 1.41 

  

a) λ
max

em were excited at λmax
abs. 

b) The quantum yield was measured using quinine sulfate (dissolved in 1 N H2SO4 with a 

concentration of 10 µM, assuming its ΦPL = 0.546) as a standard at 25 °C. 

c) Stokes shift was calculated by equation 𝜈 = 107 × (
1

𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 −

1

𝜆𝑚𝑎𝑥
𝑒𝑚). 

d) ΦPL in the solid state was determined using a calibrated integrating sphere. 

e) Calculated by the equation 𝛼𝐴𝐼𝐸 =  
𝛷𝑃𝐿(𝑆𝑜𝑙𝑖𝑑)

𝛷𝑃𝐿(𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
. 

f) Solution state was measured in chloroform (concentration 10 𝜇M). 
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Figure 3. a) TMA and b) TGA thermograms of Ar-PIs c) Normalized emission spectra of a 

series of fluorescent PIs try to achieve whole-spectrum emission and their relative photographs 

under room light and UV-365 irradiation. Photographs of PI-TPE big film with an area of 9.5 × 

17.5 cm2 and thickness of ca. 7±3 𝜇𝑚 under d) room light and e) UV-365 irradiation. 

 

Additionally, introducing the more substantial electron-donating 4,4'-dimethoxy 

diphenylamine pendant group in PI-TPPA brings about an even more significant shift for a 

distance of 263 than PI-TPPA-TPE of 238. In the case of PI-TPPA-TPE, the extended 

conjugation from TPE moiety gives rise to a slightly blue-shifted emission, possibly because 

TPE could be considered a weak electron acceptor, thus reducing the electron-donating 

capability of the pendant groups. As shown in Figure 3c, our previous works have reported 

TPA-containing PIs behaving blue and green emissions with high ΦPL in the film state.[11, 14a] 

In this study, by modifying the pendant groups of TPA-based dianhydride, we successfully 
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achieved the emission color tuning of Ar-PIs from yellow to red, attaining the challenging 

research goal of panchromatic emission in the wholly aromatic polyimide film state. 

Table S13 collects and summarizes the fluorescence properties and Tg values from the previous 

references for Ar or Al-PIs for comparison. We could not almost notice the results on Ar-PIs 

films with yellow or red emissions. For those of the solid-state emission wavelength from 530 

to 570 nm, the listed Al-PIs showed the solid-state ΦPL of 29.0% and 14.5 % with the Tg of 331 

and 317 ℃, respectively, and the Ar-PIs only revealed lower solid-state ΦPL than 3% with lower 

Tg than 275 ℃.[12-13, 25] On the contrary, in this work, PI-TPA and PI-TPE exhibit yellow 

emission at 558 nm and 540 nm with remarkably high ΦPL of 23.0% and 47.4% in the film state 

and also maintain outstanding high Tg of 435 and 390 °C, respectively. In addition, for those of 

the solid-state emission wavelength longer than 570 nm, the reported Al-PIs could only achieve 

solid-state ΦPL up to 6.8%, but without the Tg value in the references.[19b, 19c, 26] To our best 

knowledge, only one reported Ar-PI showed an emission wavelength of 585 nm with ΦPL of 

1.7%. Still, it also indicates a low Tg value of only 245 ℃ owing to multi-flexible ether linkages 

and bulky pendant groups.[27] Although PI-TPPA and PI-TPPA-TPE exhibit a slightly lower 

ΦPL of 1.04% and 1.13% at more red-shifted 608 and 598 nm, respectively, they display high 

Tg values of 365 and 325 °C. By judiciously designing TPA architectures, we thus successfully 

demonstrate a series of Ar-PIs with bathochromic emission colors and high Tg simultaneously 

to accomplish the panchromatic emission research goal of the Ar-PI film system. 
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Figure 4. CIE1931 coordinates in the solid state of Ar-PIs. 

 

 

Table 4. PL properties and emission CIE 1931 color coordinates of Ar-PIs in film state. 

Code 
λmax

abs 

[nm] 

λmax
em 

[nm] a) 

CIE 1931 b) 

x y 
Distance 

[1×10-3] c) 

PI-TPA-H 408 523 0.30479 0.56439 0 

PI-TPA 422 558 0.40284 0.55279 98.73 

PI-TPE 410 540 0.35582 0.56641 51.06 

PI-TPPA 430 608 0.53893 0.44328 263.60 

PI-TPPA-TPE 425 598 0.51604 0.45448 238.13 

a) λ
max

em was excited at λmax
abs. 

b) CIE 1931 coordinate calculated by PL spectrum. 

c) Distance Calculated by the equation: √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)22  , PI-TPA-H as 𝑥1
 and 𝑦1. 
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3. Conclusion 

This work successfully designed and synthesized a series of fluorescent Ar-PIs with remarkably 

red-shifted emission and outstanding ΦPL in the solid state. The effects of electron-donating 

pendant groups and extended -conjugation approaches on the bathochromic emission were 

investigated through the optical measurements and simulations of diimide model compounds. 

Furthermore, the resulting corresponding Ar-PIs of PI-TPA and PI-TPE demonstrate that 

introducing electron-donating groups and extended conjugation should be beneficial and 

practical approaches to facilitate inducing bathochromic emission while maintaining higher ΦPL. 

PI-TPPA and PI-TPPA-TPE, with the TPPA architecture, reveal reddish emissive color by 

merging electron-donating groups and extended conjugation approaches, enabling the Ar-PIs 

to demonstrate red emissive with specific film-sate ΦPL values. Importantly and practically, the 

resulting Ar-PIs preserve high Tg and decomposition temperatures simultaneously. 
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4. Experimental Section 

Materials 

N-Methyl-4-bromophthalimide,[15b] 4-tetraphenylethenylamine,[28] 4-amino-4′,4″-

dimethoxytriphenylamine,[29] and 4-methoxy-4′-nitrodiphenylamine  were prepared as previous 

report.[30] Commercially available chemical reagents, including 4-iodoanisole (ACROS), 4-

nitroaniline (ACROS), benzophenone (Alfa Aesar), titanium (IV) chloride (SHOWA), zinc dust 

(ACROS), Copper (II) nitrate trihydrate (SHOWA), acetic anhydride (ECHO), 

diphenylmethane (Alfa Aesar), 4-bromobenzophenone (Alfa Aesar), N-butyllithium (n-BuLi) 

(2.0M in hexane) (ACROS), p-toluenesuflonic acid monohydrate (ACROS), palladium (10% 

on carbon)  (ACROS), hydrazine monohydrate (Alfa Aesar), palladium (II) acetate (UR), (±)-

2,2′-bis(diphenylphosphine)-1,1′-binaphthalene (rac-BINAP) (Alfa Aesar), cesium carbonate 

(Alfa Aesar), tris(dibenzylideneacetone)di-palladium(0) (Pd2(dba)3) (ACROS), tri-tert-butyl 

phosphonium tetrafluoroborate (HPtBu3BF4), sodium tert-butoxide (ACROS), 2,3,5,6-

tetramethyl-p-phenylenediamine (TCI) where purified before polymerization by 

recrystallization, N-methyl-2-pyrrolidone (NMP), toluene and xylene were dry by distillation 

under reduced pressure over calcium hydride before used, tetrahydrofuran (THF) were dry by 

reflux with benzophenone and sodium for 12 hours and distillation. 

 

Preparation of the Ar-PIs Films  

For photographs, TGA, and TMA measurement, 40 mg of Ar-PIs was dissolved in 3 mL of 

DMF, then the solution was slowly dropped onto a 2.5×7.5 cm2 glass substrate, and most of the 

solvent was removed under vacuum at 60°C. Subsequently, the temperature was raised to 160°C 

to dry the film further. After removing the substrate, a free-standing, flexible, and transparent 

film with a thickness of ca. 25 µm was obtained. For optical measurement, 15 mg of Ar-PIs 

was dissolved in 1 ml CHCl3. Then 450 µL of Ar-PIs solution was cast on a 2×2 cm2 quartz 

substrate by spin coating with the condition of 2000 rpm for 1 minute. After spin coating, the 

substrate was heated on a hot plate at 80°C to remove the remaining solvent, resulting in a film 

with a thickness of ca. 110 nm. 

 

Supporting Information ((delete if not applicable)) 

Supporting Information is available from the Wiley Online Library or from the author. 
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TOC figure 

 

A series of triarylamine-based fluorescence polyimides with different pendant groups are 

designed in this work to attempt the bathochromic emission from yellow to red. PI-TPE 

results in a bathochromic shift emission at yellow emission at 540 nm with 47% quantum 

efficiency, and PI-TPPA achieves a remarkable red emission at 608 nm. 


