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Abstract

:

Electrochromism of organic compounds is a well-known phenomenon; however, nowadays, most research is focused on anodic coloring materials. Development of efficient, cathodic electrochromic materials is challenging due to the worse stability of electron accepting materials compared with electron donating ones. Nevertheless, designing stable cathodic coloring organic materials is highly desired—among other reasons—to increase the coloration performance. Hence, four phthalimide derivatives named 1,5-PhDI, 1,4-PhDI, 2,6-PhDI and 3,3′-PhDI were synthesized and analyzed in depth. In all cases, two imide groups were connected via naphthalene (1,5-PhDI, 1,4-PhDI, 2,6-PhDI) or 3,3′-dimethylnaphtidin (3,3′-PhDI) bridge. To observe the effect of chemical structure on physicochemical properties, various positions of imide bond were considered, namely, 1,5- 1,4- and 2,6-. Additionally, a compound with the pyromellitic diimide unit capped with two 1-naphtalene substituents was obtained. All compounds were studied in terms of their thermal behavior, using differential calorimetry (DSC) and thermogravimetric analysis (TGA). Moreover, electrochemical (CV, DPV) and spectroelectrochemical (UV–Vis and EPR) analyses were performed to evaluate the obtained materials in terms of their application as cathodic electrochromic materials. All obtained materials undergo reversible electrochemical reduction which leads to changes in their optical properties. In the case of imide derivatives, absorption bands related to both reduced and neutral forms are located in the UV region. However, importantly, the introduction of the 3,3′-dimethylnaphtidine bridge leads to a noticeable bathochromic shift of the reduced form absorption band of 3,3′-PhDI. This indicates that optimization of the phthalimide structure allows us to obtain stable, cathodic electrochromic materials.
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1. Introduction


Electrochromic materials are able to change their color hue upon applied potential, due to redox processes [1]. Such features might be applied in various devices, such as smart windows, auto-dimming car mirrors, adaptive camouflage, wearable displays, data storage, energy storage or e-paper [2,3,4,5,6,7,8]. Among various classes of organic materials investigated for this effect, such as metal complexes [9] or coordination polymers [10,11], conjugated polymers and small molecules seem to be particularly interesting [6,12]. They exhibit high coloration efficiency, vivid colors at low potential range and durable and fast switching [13]. Moreover, color tunability of organic molecules, through structural modification, might be easily achieved, which is another important feature of this class of compounds. Depending on the redox process, as a result of which color hue appears, electrochromic materials may be divided into anodically colored (reversible oxidation) or cathodically colored (reversible reduction). Most research is focused on the development of novel anodically colored materials, consisting of electron-donating groups such as triarylamines, thiophene or carbazole [14,15,16]. Materials which have an electrochromic effect, resulting from reversible reduction, draw much less interest, on account of the charge trapping effect of H2O/O2—complex [17]. Development of efficient, cathodically colorable materials would, however, be highly desired to increase the coloration performance through reduction of energy consumed by cathodes, when utilized together with anodically coloring material for device fabrication.



The most promising materials for cathodic coloring are arylene diimides (DI), which are n-type semiconductors. The number of reports regarding electrochromic diimides is, however, scarce [18,19,20,21,22] due to their limited solubility required for thin film formation on the transparent electrode. This could be overcome by various strategies, such as electropolymerization which leads to deposition of the active film directly on the working electrode surface [19,20]. Another approach relies on in situ growth of a metal–organic framework on the substrate [21,22]. Finally, a soluble poly (amylic acid) might be deposited on the electrode and subsequently imidized under thermal treatment [23]. Most of the interest is focused on novel naphthalene (NDI) and perylene diimides (PDI) due to their superior photophysical properties [24]. Pyromellitic diimides (PMDI), as well as phthalimides (PhDI), have been almost completely omitted as a building block when developing new electrochromic compounds. Such units might provide a better solubility compared to NDI or PDI. There has already been a report presented which describes the use of PMDI-based salts for construction of a dual-mode photochromic and intrinsically electrochromic device [25].



In this work, we focus on phthalimides, being model compounds for polymers with PMDI building blocks. According to our best knowledge, when it comes to electrochromic cathodic materials, such units have virtually not been investigated. Hence, we decided to study, in depth, the impact of chemical structure of some model PhDI and PMDI derivatives on their properties, especially on their electrochemical reduction and the products of this process. For these purposes, PhDI units were coupled with naphthalene moieties, due to their advantageous properties [24]. To observe the effect of chemical structure on physicochemical properties, various positions of imide bond were considered, namely 1,5- 1,4- and 2,6-. Moreover, a compound with the pyromellitic diimide unit was obtained, capped with two 1-naphtalene substituents. Finally, a compound with 3,3′-dimethylnaphtidine was obtained, due to the promising properties of polyimide consisting of such a building unit, as reported in [23]. All of the compounds were studied in terms of their thermal behavior, using differential calorimetry (DSC) and thermogravimetric analysis (TGA). Absorption measurements (UV–Vis) of their solutions, as well as electrochemical and spectroelectrochemical (UV–Vis and EPR) analyses, were performed to evaluate the obtained materials in terms of their application as cathodic electrochromic materials.




2. Results


All of the studied imides were obtained by solution condensation of various anhydrides and amines in dimethylacetamide (DMA). The chemical structures, together with detailed synthetic protocols, as well as 1H-NMR and FTIR characterization data, are given in the experimental section, while the registered spectra are presented in Supplementary Materials (see Figures S1–S5 and Figure S6 for 1H-NMR and FTIR spectra, respectively).



2.1. Structural and Solubility Studies


The imides were obtained in good yields, and of high purity (good agreement between calculated and found elemental composition). In any of the registered NMR spectra neither an amine nor a carboxylic proton could be found. This supports reaction occurrence and excludes the formation of amylic acids. Proton spectra of 3,3′-PhDI and 1-PMDI are well resolved and the number of signals together with their integrals are in a very good agreement with the number of aromatic protons. The spectra of 1,5-PhDI, 1,4-PhDI and 2,6-PhDI are worse resolved, probably due to their worse solubility; however, the number of signal groups and their integrals also supports the expected chemical structure. The FTIR spectra of all compounds revealed characteristic absorption bands assigned to either asymmetric or symmetric C=O stretching in ranges of 1781–1776 cm−1 or 1727–1716 cm−1, respectively. Solubility of obtained imides was investigated in several solvents (Table 1).



All of the synthesized compounds were very well soluble in DMF and NMP. In DMSO, imides based on naphthalene core (1,5-PhDI; 1,4-PhDI and 2,6-PhDI) are required to be heated to dissolve, contrary to compounds synthesized from naphthalene monoamine (1-PMDI) or methyl-substituted diaminonaphtidine (3,3′-PhDI). Moreover, the presence of methyl substituents in 3,3′-PhDI also provides a solubility in much less polar THF.




2.2. Thermal Properties


The glass transition temperatures (Tg) were designated using differential scanning calorimetry (DSC—Figures S7–S11) and thermogravimetric analyses (TGA—Figure S12), respectively. Almost all (except 2,6-PhDI) DSC curves registered during the first heating stage did not reveal endotherms related to melting, suggesting an amorphous character of the samples. Simultaneously a characteristic inflection on the curves was observed, which was ascribed to the glass transition. The temperatures of Tg, taken from the midpoint of the inflection, are gathered in Table 2.



Imide based on 2,6-diaminonaphtalene (2,6-PhDI) during the first heating stage showed a double endotherm at 451 °C and 484 °C connected with melting, after which decomposition of material took place (Figure S9). The glass transition temperature was registered during the second heating stage for a sample annealed to the temperature of the first endotherm and quenched. No mass loss was registered.



All of the studied imides showed high glass transition temperatures. The highest Tg was observed for 1-PMDI, consisting of two naphthalene moieties (Table 2). This might result from the most rigid structure of this imide. Slightly lower Tg was registered for compounds based on 1,5-naphtalene (1,5-PhDI) and 3,3′-dimanonaphtidine (3,3′-PhDI). Interestingly, a change of imide substituent’s position from 1,5- to 1,4- or 2,6- resulted in the lowering of the glass transition temperature, which could be a result of coplanarity deterioration along two aromatic moieties, weakening the π-π stacking.




2.3. Optical Properties


The absorption of synthesized imides was recorded for 10−4 M solutions using DMF as a solvent. Registered spectra (Figure 1) showed a rather narrow absorption range in near ultraviolet, which is characteristic for core-unsubstituted naphthalene diimides [26,27].



Electronic spectra of all compounds revealed a single absorption band, connected with electron transitions between π→π * levels. The position of this band was identical (291 nm) for solutions of imides based on 1,5-naphtalene (1,5-PhDI) and 1,4-naphtalene (1,4-PhDI). A change of imide bonds positions to 2,6- (2,6-PhDI) resulted in a slight bathochromic shift of the lowest energy absorption band to 292 nm. Comparing these spectra with spectra of core substituted phthalimides, it can be noticed that N-substituted ones exhibit absorption at lower wavelengths in the UV region [28,29]. This can be advantageous due to the fact that it can result in electrochromic materials with colorless and colored states.



The spectra of imide 1-PMDI was characterized by a slightly pronounced vibronic structure. The energy peak corresponding to 0–1 transition, localized at 285 nm, was of the highest energy and was accompanied by peak of lower energy 0–0 (294 nm) and of higher energy (0–2), visible as a deflection at 273.0 nm [30,31,32]. The π→π * absorption band of 3,3′-PhDI was localized at the highest wavelengths (297 nm), suggesting enhanced π-conjugation area. Even though this could be attributed to the presence of additional naphthalene moiety, it is known that due to the twist of two aromatic units, a deterioration of co-planarity might take place, reducing the effective π-conjugation area [33]. Thus, the observed bathochromic shift is probably a result of substitution with methyl groups of a slight electron-donating character. Moreover, an additional well-pronounced deflection is visible on the absorption edge at 324 nm, which could be attributed to the charge transfer band between acceptor naphthalene diimide and capping phenyl groups [34].




2.4. Electrochemical Behavior


All investigated imides underwent reversible or quasi-reversible electrochemical reduction. Reduction of 1-PMDI proceed as a two-step process, whereas the rest of the analyzed imides showed a one-step electrochemical reduction (Figure 2 and Figure S13, Table 3). The CV voltammogram of 1-PMDI (Figure 2a) corresponds to a known mechanism of arylene diimides reduction [35,36,37,38]. In the first stage, a radical anion is generated; in the second stage, dianion. The minimum of cathode peak associated with the first stage of 1-PMDI reduction was observed at −1.21 V, and the potential of the corresponding anode peak was −1.10 V. In turn, for the second step, the potential of the minimum of the cathode peak was registered at −1.86 V and the corresponding anode peak was observed at −1.75 V. The remaining compounds exhibited one redox couple in a similar manner, such as in the case of compounds with only one imide group, indicating the fact that the reduction of both phthalimide units occurs concomitantly at the same potential; hence, there is no interaction between them.



Among all investigated compounds, 1-PMDI underwent reduction at the highest value of potential, which means that it is easiest to reduce. This indicates the fact that pyromellitic diimide exhibits stronger electron accepting properties compared with the phthalimide unit. Considering the reduction potentials of the investigated imides, 3,3′-PhDI is the easiest to reduce. Potential for the reduction of investigated compounds decreases (is shifted to more negative potentials) in order: 1-PMDI (−1.22 V) > 3,3′-PhDI (−1.77 V) > 1,4-PhDI (−1.90 V) > 2,6-PhDI (−1.93 V) > 1,5-PhDI (−1.96 V). Hence, the introduction of the 3,3′-dimethylnaphtidine unit between the imide group leads to the noticeable increase in the reduction potential compared with naphthalene unit, confirming the promising properties of polyimide consisting of such a building unit.




2.5. EPR Spectroelectrochemistry


Electrochemical reduction of all investigated derivatives leads to radical anion generation, which was confirmed by EPR spectroelectrochemical measurement. In the case of radical anion of 1-PMDI, which is the product of the first step of the 1-PMDI reduction, the EPR spectrum consisted of eleven spectral lines (Figure 3a). Such a hyperfine structure can be fitted assuming isotropic hyperfine interactions of the unpaired electron with the nuclei of two nitrogen and two hydrogen atoms of pyromellitic diimide, indicating the lack of interaction of the radical with N-substituents. The lowering of working electrode potential to the value corresponding to the second reduction step 1-PMDI led to the decrease in the intensity of the EPR signal. This is associated with the formation of spinless dianions. Registered EPR spectra of radical anions of all analyzed phthalimides are similar, showing hyperfine structure (Figure 3b and Figure S14) which can be simulated assuming isotropic hyperfine interactions of the unpaired electron with the nuclei of one nitrogen and four hydrogen atoms of phthalimide units (Table 4). Radicals are characterized by the same g-factor, which additionally confirms that in the case of all studied phthalimides, reduction takes place on the same structural unit. EPR measurements clearly show that independently from the bridge between imide groups, the obtained radical anions localize only on phthalimide units. The simulated spectrum of 3,3′-PhDI radical anion is characterized by broader linewidth due to the fact that it is less resolved compared with the rest of phthalimides. This can be associated with the different rate of relaxation of this radical compared with the rest of the radicals.




2.6. UV–Vis Spectroelectrochemistry


To evaluate the potential electrochromic properties of investigated compounds, a UV–Vis spectroelectrochemical experiment was applied (Figure 4a,b). The neutral form of each of the tested compounds in DMF-based electrolyte was characterized by the presence of a single absorption band (see Section 2.3 Optical properties). The experiments were repeated using DCM-based electrolyte as well (as DMF substitute) and the UV–Vis spectra were recorded again. The negligible impact of the solvent was observed; absorption maxima of individual bands were observed at similar wavelengths as for DMF. For 1-PMDI, the wavelength of absorption maximum was observed at 288 nm, for 1,5-PhDI, at 291 nm, for 2,6-PhDI, at 292 nm and for 1,4-PhDI, at 289 nm. Compounds were further electrochemically reduced using a potential range from 0 to −2 V; during the measurement, the potential of the working electrode was gradually lowered. In the case of 1-PMDI, UV–Vis spectroelectrochemical results showed two-stage character of the pyromellitic diimide derivative reduction (Figure 4a) The first step led to a rise of low intensity band with the maximum at 717 nm. The gradual increase of this peak was observed in the potential range from −0.9 to −1.2 V and is associated with the formation of radical anions. Further decreasing of the working electrode potential led to bleaching of this band and the appearance of an absorption band of higher intensity with a maximum at 552 nm, which is a result of the dianions generation. In the literature, there have been already reported results associated with UV–Vis spectroelectrochemical analysis of the PMDI derivative with triphenylamine units as N-substituents [35]; however, in the case of 1-PMDI, the electrochromic effect is more evident. What is more, in the case of the previously reported PMDI derivative, its reduction proceeds as a one-step process due to the fact that the surplus electron density in the formed radical anion could not be efficiently delocalized [35]. Evidently, the change of N-substituents has led to better distribution of electron density which results in two-step reduction of 1-PMDI. This provides the multi-electrochromic material, as absorption bands associated with radical anion and dianion are located at different wavelengths.



For all investigated phthalimide derivatives, at a potential of about −1.6 V, a decrease in the intensity of the band assigned to the neutral form was noticed. Simultaneously, the appearance of a new band was observed, the intensity of which was increasing, while the potential value was decreasing. The maximum of absorption band related to the reduced form was registered at 340 nm for 1,4-PhDI (Figure 4b), 337 nm for 2,6-PhDI, 336 nm in the case of 1,5-PhD and at 340 nm for 3,3-PhDI (Figure S15 and Table 5). The presence of this band can be attributed to the formation of the radical anions of the compounds.




2.7. Theoretical Calculation


To deepen the analysis and confirm our findings, the DFT and TDDFT calculations were conducted. The theoretical HOMO and LUMO energies are given in Table 6. The values of LUMO levels are different from the values of EA calculated based on CV (Table 3) measurements. It is worth to note that, although DFT calculations are useful to model orbital energies of organic electroactive materials, differences between theory and experiment exist often. HOMO energies obtained from theoretical calculations are rather considered consistent with the experiment and can be used to predict oxidation potentials. On the other hand, the calculation of LUMO energies very often gives values that are less negative compared with what is experimentally determined [39,40], such as in our case. The reason for such discrepancy is the lack of an electron in this orbital [39]. Nevertheless, in the case of theoretical calculation, as well as experimental results, the 1-PMDI molecule is characterized by the lowest value of the LUMO and EA energy, which shows again that pyromellitic diimide exhibits stronger electron accepting properties compared with the phthalimide unit and it is a promising building block for cathodically colored stable electrochromic materials. The LUMO energy values of the rest of the investigated compounds are similar (around ca. −2.50 eV), showing that this value is little dependent on the bridge between imide groups. This is in agreement with the electrochemical results, which show that the bridge between phthalimide units has little impact on reduction potential. This is directly connected with the fact that for all investigated molecules, HOMO and LUMO orbitals are separated (Table 7). There is no interaction between imide groups and N-substituent; hence, the N-substituent did not affect the reduction potential as well as the LUMO level of the investigated compounds. Interestingly, in the cases of 1,5-PhDI and 2,6-PhDI, LUMO orbital localizes on both imide groups; whereas for 1,4-PhDI and 3,3′-PhDI, LUMO orbital localized on one of them. This can be associated with slightly higher angles between imide group and bridge in 1,4-PhDI. In the case of 3,3′-PhDI, the additional twist between naphthalene units in the linker probably also contributes to it (Table 8 and Table S1).





3. Materials and Methods


3.1. Materials


Commercially available 1,5-diaminonaphthalene (97%), 1-aminonaphthalene (99+%), 2,6-diaminonaphthalene (95+%) AmBeed, 1,4-diaminonaphthalene (95+%) AmBeed, Benzene-1,2,4,5-tetracarboxylic dianhydride (99%), phthalic anhydride (98+%) and 3,3′-dimethylnaphtidine (95+%) were used as received. Solvents, namely, N,N-dimethylformamide (DMF; 99.8%), N,N-dimethylacetamide (DMA; 99.8%), methanol (99.8%), dimethylsulphoxide (DMSO; 99.9%), N-methylpyrrolidone (NMP; 99.5%) and tetrahydrofuran (THF; 99.9+%) were used as received.




3.2. Synthesis


3.2.1. Synthesis of 1,5-PhDI


Phthalic anhydride (3 mmol, 355.36 mg) and 1,5-diaminonaphthalene (1 mmol, 157.69 mg) and 1,5 mL of DMA were added to a 10 mL round-bottom flask (Scheme 1). The temperature was gradually elevated by 50 °C every 30 min until achieving the boiling point of the solvent (170 °C). The mixture was then refluxed for 24 h. After the reaction had been completed, the mixture was cooled to room temperature and precipitated in methanol. The precipitation was filtered, washed with cold methanol and dried in air, providing a brown-violet crystal solid (337.40 mg, yield 81%).



FTIR (KBr, cm−1) υ: 3089–3048 (Ar-H stretching), 1777 (imide assym. C=O), 1713 (imide symm. C=O), 727 (imide ring deformation).



1H NMR (600 MHz, CDCl3) δ ppm 7.66–7.72 (m, 1 H) 7.75–7.80 (m, 1 H) 7.94–8.04 (m, 2 H) 8.05–8.11 (m, 1 H).



Anal Cald. C26H14N2O4 C: 74.64%, H: 3.37%, N: 6.70%, found: C: 75.01%; H: 3.66%; N: 7.18%.




3.2.2. Synthesis of 1,4-PhDI


Phthalic anhydride (3 mmol, 350.98 mg) was dissolved in 1 mL of DMA and heated to 50 °C in a 10 mL round-bottom flask. Afterwards, 1,4-diaminonaphthalene (1 mmol, 159.59 mg) was added and the mixture temperature was rapidly increased to the boiling point of the solvent (170 °C) and refluxed for 6 h (Scheme 2). After cooling to room temperature, the mixture was precipitated in methanol. The precipitation was filtered, washed with cold methanol and dried in air, providing a brown crystal solid.



FTIR (KBr, cm−1) υ: 3097–3067 (Ar-H stretching), 1779 (imide assym. C=O), 1726 (imide symm. C=O), 716 (imide ring deformation).



1H NMR (600 MHz, CDCl3) δ ppm:7.60–7.65 (m, 1 H) 7.85 (m, 1 H) 7.93–7.97 (m, 1 H) 8.00 (dd, J = 5.46, 3.20 Hz, 2 H) 8.08 (dd, J = 5.27, 3.01 Hz, 2 H).



Anal Cald. C26H14N2O4 C: 74.64%, H: 3.37%, N: 6.70%, found: C: 74.52%; H: 3.30%; N: 6.51%.




3.2.3. Synthesis of 2,6-PhDI


Phthalic anhydride (3 mmol, 346.98 mg) was dissolved in 1 mL of DMA and heated to 50 °C in a 10 mL round-bottom flask. Afterwards, 1,4-diaminonaphthalene (1 mmol, 159.59 mg) was added and the mixture temperature was gradually elevated by 50 °C every 30 min until achieving the boiling point of the solvent (170 °C) and refluxed for 24 h (Scheme 3). After cooling to room temperature, the mixture was precipitated in methanol. The precipitation was filtered, washed with cold methanol and dried in air, providing a brown crystal solid.



FTIR(KBr, cm−1) υ: 3090–3045 (Ar-H stretching), 1777 (imide assym. C=O), 1716 (imide symm. C=O), 722 (imide ring deformation).



1H NMR (600 MHz, CDCl3) δ ppm: 7.66–7.72 (m, 1 H) 7.74–7.79 (m, 1 H) 7.94–8.01 (m, 2 H) 8.01–8.04 (m, 1 H) 8.04–8.10 (m, 1 H).



Anal Cald. C26H14N2O4 C: 74.64%, H: 3.37%, N: 6.70%, found: C: 74.75%; H: 3.47%; N: 6.71%.




3.2.4. Synthesis of 1-PMDI


Benzene-1,2,4,5-tetracarboxylic dianhydride (1 mmol, 219.26 mg) was dissolved in 2.75 mL of DMA and heated to 50 °C in a 10 mL round-bottom flask. Afterwards, 1-aminonaphtalene (2.5 mmol, 348.85 mg) was added and the mixture temperature was gradually elevated by 50 °C every 30 min until achieving the boiling point of the solvent (170 °C) and refluxed for 6 h (Scheme 4). After cooling to room temperature, the mixture was precipitated in methanol. The precipitation was filtered, washed with cold methanol and dried in air, providing a yellow crystal solid (438.38 mg, yield 94%).



FTIR(KBr, cm−1) υ: 3105–3018 (Ar-H stretching), 1776 (imide assym. C=O), 1723 (imide symm. C=O), 724 (imide ring deformation).



1H NMR (600 MHz, CDCl3) δ ppm:7.57–7.62 (m, 2 H) 7.63–7.68 (m, 2 H) 7.71–7.75 (m, 2 H) 7.76–7.79 (m, 2 H) 7.89 (d, J = 8.28 Hz, 1 H) 7.94 (d, J = 8.28 Hz, 1 H) 8.12 (d, J = 8.28 Hz, 2 H) 8.18 (d, J = 7.91 Hz, 2 H) 8.53 (d, J = 3.76 Hz, 2 H).



Anal Cald. C30H16N2O4 C: 76.92%, H: 3.44%, N: 5.98%, found: C: 76.33%; H: 3.37%; N: 5.82%.




3.2.5. Synthesis of 3,3′-PhDI


Phthalic anhydride (3 mmol, 342.64 mg) was dissolved in 3 mL of DMA and heated to 50 °C in a 10 mL round-bottom flask. Afterwards, 3,3′-dimethylnaphtidine (1 mmol, 314.64 mg) was added and the mixture temperature was gradually elevated by 50 °C every 30 min until achieving the boiling point of the solvent (170 °C) and refluxed for 6 h (Scheme 5). After cooling to room temperature, the mixture was precipitated in methanol. The precipitation was filtered, washed with cold methanol and dried in air, providing a brown crystal solid (418.32 mg, yield 73%).



FTIR(KBr, cm−1) υ: 3068–3027 (Ar-H stretching), 2925 (C-H aliphatic stretching), 1781 (imide assym. C=O), 1723 (imide symm. C=O), 724 (imide ring deformation).



1H NMR (600 MHz, CDCl3) δ ppm: 2.37 (s, 3 H) 7.35 (d, J = 8.28 Hz, 1 H) 7.45 (t, J = 7.72 Hz, 1 H) 7.55 (t, J = 7.72 Hz, 1 H) 7.73 (s, 1 H) 7.85 (d, J = 8.66 Hz, 1 H) 8.00–8.06 (m, 2 H) 8.09–8.16 (m, 2 H).



Anal Cald. C38H24N2O4 C: 79.71%, H: 4.22%, N: 4.89%, found: C: 79.15%; H: 4.18%; N: 4.78%.





3.3. Characterisation Methods


1H-NMR spectra of synthesized polyazomethines have been recorded on an Avance IIUltrashield Plus spectrometer, operating at 600 MHz, using deuterated chloroform (99.95%) as a solvent and tetramethylsilane (TMS) as an internal reference. The FTIR spectra have been recorded on a JASCO FTIR 6700 Fourier transform infrared spectrometer, in a transmittance mode, in the range of 4000–400 cm−1 at a resolution of 2 cm−1 and for 64 accumulated scans. DSC measurements have been taken with a DSC Q2000 apparatus (TA Instruments, Newcastle, DE, USA), in a range of −50–380 °C under the nitrogen atmosphere (flow rate was 50 mL/min), using aluminum sample pans. The instrument has been calibrated with a high-purity indium. In this study, the glass transition temperature (Tg) has been taken as a midpoint of heat capacity change for amorphous samples obtained by quenching from the melt in liquid nitrogen. Thermogravimetric analysis (TGA) has been performed with TGA/DSC1 Mettler Toledo thermal analyses, in a range of 25 to 600 °C at a heating rate of 10°/min in a stream of nitrogen (60 mL/min). The obtained TGA data have been analyzed with the Mettler Toledo Star System SW 9.30. The absorption spectra of solutions have been recorded in ranges of 270–800 nm (DMF). Concentration of all investigated solutions was 1 × 10−4 M.



Electrochemical analysis (cyclic voltammetry, CV; differential pulse voltammetry; DPV) was performed in a three-electrode system using an electrochemical cell equipped with the platinum working electrode, the platinum auxiliary electrode in the form of a coil and the silver pseudo-reference electrode, using an Eco Chemie (Utrecht, the Netherlands) Autolab M101 potentiostat. The potential of the pseudo-reference electrode was calibrated versus the ferrocene/ferrocenium (Fc/Fc+) redox couple. An amount of 0.1 M solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6; 98+%) in dichloromethane (DCM; HPLC grade) or N,N-dimethylformamide (DMF; HPLC grade) serves as a supporting electrolyte. Electrochemical analysis was conducted for 1 × 10−3 M solutions of investigated compounds dissolved in the previously prepared electrolyte. The CVs and DPVs were registered using a scan rate of 0.1 V/s. In the case of CV, the step potential was equal to 0.00244, whereas DPVs were registered using the step potential of 0.01 V and the modulation amplitude of 0.07 V.



Spectroelectrochemical measurements were carried out using a UV-Vis Hewlett Packard (Palo Alto, CA, USA) 8453 spectrophotometer and JEOL (Tokyo, Japan) JES-FA 200, an X-band CW-EPR spectrometer operating at 100 kHz field modulation and an Cypress Systems (California, USA) OMNI 90 or Eco Chemie (Utrecht, The Netherlands) AUTOLAB PGSTAT100N potentiostat.



The UV–Vis spectroelectrochemical cell made of a quartz cuvette was equipped with the ITO working electrode, an auxiliary electrode made of platinum, and a silver pseudo-reference electrode. The EPR spectroelectrochemical cylindrical cell consists of the platinum wire as a working electrode, the platinum spiral as an auxiliary electrode and the silver wire as a pseudo reference electrode. Microwave power and modulation width were adjusted in each case in order to provide non-saturated and well-resolved spectra. The spectra of the radical anions were registered during the potentiostatic reduction at potentials determined from CV measurements. Simulation of EPR spectra lineshape was conducted with the WinSim software [41].



Spectroelectrochemical analysis was performed for 0.5 and 1.0 mM solutions of investigated compounds dissolved in supporting electrolyte such as in the case of electrochemical measurements. All of the electrochemical and spectroelectrochemical investigations were conducted on argon-purged solutions.




3.4. Theoretical Calculation


DFT calculations were carried out with a B3LYP hybrid functional [42,43,44,45] combined with a def2SVP basis set [46]. Ground state and diradical dianion geometry optimalization was followed by frequency calculations; in all cases, no imaginary frequencies were found. All calculations in this work were conducted with a polarizable continuum model (PCM) using dichloromethane as a solvent and were performed with Gaussian 09.E software [47] using PLGrid structure.





4. Conclusions


Summarizing, four phthalimides derivatives consists of two imide groups connected via naphthalene (1,5-PhDI, 1,4-PhDI, 2,6-PhDI) or 3,3′-dimethylnaphtidin (3,3′-PhDI) bridge were synthesized and analyzed in depth. Additionally, a compound with the pyromellitic diimide unit capped with two 1-naphtalene substituents was obtained. All synthesized materials undergo electrochemical reduction. The reduction potential is almost the same for all compounds with naphthalene bridge. However, the introduction of 3,3′-dimethylnaphtidine leads to the noticeable increase in the reduction potential compared with the naphthalene unit, confirming the promising properties of polyimides with such a building unit. The pyromellitic diimide derivative is the easiest to reduce out of all the investigated molecules due to the fact that the diimide unit is a stronger electron-acceptor compared with monoimide moiety. The reduction of all compounds leads to the generation of stable radical anions which was confirmed by EPR spectroelectrochemistry. The analysis of the hyperfine structure of obtained EPR spectra allows us to conclude that in all cases, radical anions localize on the imide or diimide core, which is in agreement with theoretical calculations. This also shows that there is no interaction between the imide/diimide unit and N-substituents. To evaluate the potential electrochromic properties of investigated compounds, a UV–Vis spectroelectrochemical experiment was performed. In all cases, electrochemical reduction leads to reversible changes in UV–Vis spectra; however, for imide derivatives, the absorption bands related to the reduced, as well as for neutral form, are located in the UV region. Nevertheless, the introduction of 3,3′-dimethylnaphtidine leads to the noticeable bathochromic shift of the absorption band associated with radical anion generation, leaving the absorption of the neutral form in the UV region. This indicates that even though the bridge between the imide groups has little impact on the reduction potential and optical properties of neutral forms, it is quite important when it comes to the absorption features of reduced forms. This is important due to the fact that the change of the bridge between imide groups can result in the obtaining of cathodic electrochromic materials possessing colorless and colored states, which indicates that the optimization the N-substituted phthalimide structure allows us to obtain stable, cathodic electrochromic materials. Similarly, in the case of the pyromellitic diimide unit, which has been rather overlooked as a building block for electrochromic materials, the obtained results clearly showed that the proper choice of N-substituents can improve the electrochromic response of pyromellitic diimide derivatives.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28041740/s1, Figures S1–S5: 1H-NMR spectra of investigated compounds; Figure S6: FTIR spectra of investigated compounds; Figures S7–S11: DSC curves registered for investigated compounds during first heating stage; Figure S12: TGA curves registered for investigated compounds; Figure S13: Differential pulse voltammogram of 2,6-PhDI and cyclic voltammograms of 1,5 PhDI and 3,3′-PhDI registered in 0.1 M Bu4NPF6/DCM electrolyte; scan rate of 0.1 V/s; Figure S14: Experimental (black line) and simulated (red dashed line) EPR spectra of electrochemically generated radical anions of 2,6-PhDI, 1,5-PhDI and 3,3′-PhDI in 0.1 M Bu4NPF6/DCM electrolyte; fitting parameters are listed in Table 4; Figure S15: UV–Vis spectra of 2,6-PhDI, 1,5-PhDI and 3.3′-PhDI collected for decreasing working electrode potential in 0.1 M Bu4NPF6/DMF electrolyte; Table S1: Calculated angles between the bridge and imide groups in neutral and reduced form.





Author Contributions


Conceptualization, S.P.-M. and M.Ł.; methodology S.P.-M.; software. D.H.; validation, S.P.-M. and M.Ł.; formal analysis, D.H.; investigation, P.N., M.M., M.S. and M.Z.; resources, M.Ł.; data curation, M.Z. and S.P.-M.; writing—original draft preparation, P.N., S.P.-M. and M.Z.; writing—review and editing, S.P.-M. and M.Z.; visualization, P.N., D.H. and S.P-M.; supervision, S.P.-M. and M.Ł.; funding acquisition, M.Ł. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Polish Budget Founds for Scientific Research in 2022 as a core funding for R&D activities in the Silesian University of Technology—funding for young researchers (grant number: 04/040/BKM22/0209) and PLGrid Infrastructure. The research was supported in part by 2021/41/B/ST5/03221, founded by the National Science Center (NCN), Poland.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are presented in the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



Higuchi, M.; Kurth, D.G. Electrochemical Functions of Metallosupramolecular Nanomaterials. Chem. Rec. 2007, 7, 203–209. [Google Scholar] [CrossRef]

	



Korgel, B.A. Composite for Smarter Windows. Nature 2013, 500, 278–279. [Google Scholar] [CrossRef]

	



Deb, S.K. Opportunities and Challenges in Science and Technology of WO3 for Electrochromic and Related Applications. Sol. Energy Mater. Sol. Cells 2008, 92, 245–258. [Google Scholar] [CrossRef]

	



Higuchi, M. Stimuli-Responsive Metallo-Supramolecular Polymer Films: Design, Synthesis and Device Fabrication. J. Mater. Chem. C 2014, 2, 9331–9341. [Google Scholar] [CrossRef]

	



Mortimer, R.J.; Dyer, A.L.; Reynolds, J.R. Electrochromic Organic and Polymeric Materials for Display Applications. Displays 2006, 27, 2–18. [Google Scholar] [CrossRef]

	



Österholm, A.M.; Eric Shen, D.; Kerszulis, J.A.; Bulloch, R.H.; Kuepfert, M.; Dyer, A.L.; Reynolds, J.R. Four Shades of Brown: Tuning of Electrochromic Polymer Blends Toward High-Contrast Eyewear. ACS Appl. Mater. Interfaces 2015, 7, 1413–1421. [Google Scholar] [CrossRef] [PubMed]

	



Roy, S.; Chakraborty, C. Metallo-Macrocycle Camouflages: Multicolored Electrochromism in a Fe(II) Based Metallo-Supramolecular Macrocycle Utilizing the Redox of Metal Centers and Carbazole Containing Ligand. ACS Appl. Electron. Mater. 2019, 1, 2531–2540. [Google Scholar] [CrossRef]

	



Cai, G.; Chen, J.; Xiong, J.; Lee-Sie Eh, A.; Wang, J.; Higuchi, M.; See Lee, P. Molecular Level Assembly for High-Performance Flexible Electrochromic Energy-Storage Devices. ACS Energy Lett. 2020, 5, 1159–1166. [Google Scholar] [CrossRef]

	



Roy, S.; Chakraborty, C. Nanostructured Metallo-Supramolecular Polymer-Based Gel-Type Electrochromic Devices with Ultrafast Switching Time and High Colouration Efficiency. J. Mater. Chem. C 2019, 7, 2871–2879. [Google Scholar] [CrossRef]

	



Roy, S.; Chakraborty, C. Interfacial Coordination Nanosheet Based on Nonconjugated Three-Arm Terpyridine: A Highly Color-Efficient Electrochromic Material to Converge Fast Switching with Long Optical Memory. ACS Appl. Mater. Interfaces 2020, 12, 35181–35192. [Google Scholar] [CrossRef]

	



Roy, S.; Chakraborty, C. Transmissive to Blackish-Green NIR Electrochromism in a Co(Ii)-Based Interfacial Co-Ordination Thin Film. Chem. Commun. 2021, 57, 7565–7568. [Google Scholar] [CrossRef]

	



Madasamy, K.; Velayutham, D.; Suryanarayanan, V.; Kathiresan, M.; Ho, K.C. Viologen-Based Electrochromic Materials and Devices. J. Mater. Chem. C 2019, 7, 4622–4637. [Google Scholar] [CrossRef]

	



Shah, K.W.; Wang, S.X.; Soo, D.X.Y.; Xu, J. Viologen-Based Electrochromic Materials: From Small Molecules, Polymers and Composites to Their Applications. Polymers 2019, 11, 1839. [Google Scholar] [CrossRef] [PubMed]

	



Tarkuc, S.; Sahmetlioglu, E.; Tanyeli, C.; Akhmedov, I.M.; Toppare, L. Electrochromic Properties of a Soluble Conducting Polymer of 1-Benzyl-2,5-Di(Thiophene-2-Yl)-1H-Pyrrole. Sens. Actuators B Chem. 2007, 121, 622–628. [Google Scholar] [CrossRef]

	



Santra, D.C.; Nad, S.; Malik, S. Electrochemical Polymerization of Triphenylamine End-Capped Dendron: Electrochromic and Electrofluorochromic Switching Behaviors. J. Electroanal. Chem. 2018, 823, 203–212. [Google Scholar] [CrossRef]

	



Hsiao, S.H.; Chiu, Y.T. Electrosynthesis and Electrochromic Properties of Poly(Amide-Triarylamine)s Containing Triptycene Units. RSC Adv. 2015, 5, 90941–90951. [Google Scholar] [CrossRef]

	



De Leeuw, D.M.; Simenon, M.M.J.; Brown, A.R.; Einerhand, R.E.F. Stability of N-Type Doped Conducting Polymers and Consequences for Polymeric Microelectronic Devices. Synth. Met. 1997, 87, 53–59. [Google Scholar] [CrossRef]

	



Li, F.; Huang, Z.J.; Zhou, Q.H.; Pan, M.Y.; Tang, Q.; Gong, C. Bin Energy-Saving and Long-Life Electrochromic Materials of Naphthalene Diimide-Cored Pyridinium Salts. J. Mater. Chem. C 2020, 8, 10031–10038. [Google Scholar] [CrossRef]

	



Hsiao, S.H.; Chen, Y.Z. Electroactive and Ambipolar Electrochromic Polyimides from Arylene Diimides with Triphenylamine N-Substituents. Dye. Pigment. 2017, 144, 173–183. [Google Scholar] [CrossRef]

	



Hsiao, S.H.; Chen, Y.Z. Electrochemical Synthesis of Stable Ambipolar Electrochromic Polyimide Film from a Bis(Triphenylamine) Perylene Diimide. J. Electroanal. Chem. 2017, 799, 417–423. [Google Scholar] [CrossRef]

	



AlKaabi, K.; Wade, C.R.; Dincă, M. Transparent-to-Dark Electrochromic Behavior in Naphthalene-Diimide-Based Mesoporous MOF-74 Analogs. Chem 2016, 1, 264–272. [Google Scholar] [CrossRef]

	



Wu, X.; Wang, K.; Lin, J.; Yan, D.; Guo, Z.; Zhan, H. A Thin Film of Naphthalenediimide-Based Metal-Organic Framework with Electrochromic Properties. J. Colloid Interface Sci. 2021, 594, 73–79. [Google Scholar] [CrossRef]

	



Łapkowski, M.; Zagórska, M. Spectroelectrochemical Study of Polyimide Films Derived from Pyromellitic Dianhydride and 3, 3′-Dimethylnaphtidine. Pol. J. Chem. 1995, 745, 742–745. [Google Scholar]

	



Yang, J.; Xiao, B.; Tajima, K.; Nakano, M.; Takimiya, K.; Tang, A.; Zhou, E. Comparison among Perylene Diimide (PDI), Naphthalene Diimide (NDI), and Naphthodithiophene Diimide (NDTI) Based n-Type Polymers for All-Polymer Solar Cells Application. Macromolecules 2017, 50, 3179–3185. [Google Scholar] [CrossRef]

	



Abdinejad, T.; Zamanloo, M.R.; Esrafili, M.D.; Seifzadeh, D. Constructing a Dual-Mode Photochromic and Intrinsically Electrochromic Device Based on Organic Salts Prepared by Acid-Base Neutralization of Pyromellitic Diimides Bearing a Carboxyl Group with Aliphatic Amines. J. Photochem. Photobiol. A Chem. 2020, 388, 112162. [Google Scholar] [CrossRef]

	



Licchelli, M.; Orbelli Biroli, A.; Poggi, A. A Prototype for the Chemosensing of Ba2+ Based on Self-Assembling Fluorescence Enhancement. Org. Lett. 2006, 8, 915–918. [Google Scholar] [CrossRef] [PubMed]

	



Alp, S.; Erten, Ş.; Karapire, C.; Köz, B.; Doroshenko, A.O.; Içli, S. Photoinduced Energy–Electron Transfer Studies with Naphthalene Diimides. J. Photochem. Photobiol. A Chem. 2000, 135, 103–110. [Google Scholar] [CrossRef]

	



Payne, A.J.; Hendsbee, A.D.; McAfee, S.M.; Paul, D.K.; Karan, K.; Welch, G.C. Synthesis and Structure-Property Relationships of Phthalimide and Naphthalimide Based Organic π-Conjugated Small Molecules. Phys. Chem. Chem. Phys. 2016, 18, 14709–14719. [Google Scholar] [CrossRef]

	



Çakal, D.; Ertan, S.; Cihaner, A.; Önal, A.M. Electrochemical and Optical Properties of Substituted Phthalimide Based Monomers and Electrochemical Polymerization of 3,4-Ethylenedioxythiophene-Polyhedral Oligomeric Silsesquioxane (POSS) Analogue. Dye Pigment. 2019, 161, 411–418. [Google Scholar] [CrossRef]

	



Pron, A.; Reghu, R.R.; Rybakiewicz, R.; Cybulski, H.; Djurado, D.; Grazulevicius, J.V.; Zagorska, M.; Kulszewicz-Bajer, I.; Verilhac, J.-M. Triarylamine Substituted Arylene Bisimides as Solution Processable Organic Semiconductors for Field Effect Transistors. Effect of Substituent Position on Their Spectroscopic, Electrochemical, Structural, and Electrical Transport Properties. J. Phys. Chem. C 2011, 115, 15008–15017. [Google Scholar] [CrossRef]

	



Erten, S.; Alp, S.; Icli, S. Photooxidation Quantum Yield Efficiencies of Naphthalene Diimides under Concentrated Sun Light in Comparisons with Perylene Diimides. J. Photochem. Photobiol. A Chem. 2005, 175, 214–220. [Google Scholar] [CrossRef]

	



Thalacker, C.; Röger, C.; Würthner, F. Synthesis and Optical and Redox Properties of Core-Substituted Naphthalene Diimide Dyes. J. Org. Chem. 2006, 71, 8098–8105. [Google Scholar] [CrossRef]

	



Nitschke, P.; Jarząbek, B.; Damaceanu, M.-D.; Bejan, A.-E.; Chaber, P. Spectroscopic and Electrochemical Properties of Thiophene-Phenylene Based Shiff-Bases with Alkoxy Side Groups, towards Photovoltaic Applications. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 248, 119242. [Google Scholar] [CrossRef] [PubMed]

	



Rybakiewicz, R.; Ganczarczyk, R.; Charyton, M.; Skorka, L.; Ledwon, P.; Nowakowski, R.; Zagorska, M.; Pron, A. Low Band Gap Donor-Acceptor-Donor Compounds Containing Carbazole and Naphthalene Diimide Units: Synthesis, Electropolymerization and Spectroelectrochemical Behaviour. Electrochim. Acta 2020, 358, 136922. [Google Scholar] [CrossRef]

	



Pluczyk, S.; Zassowski, P.; Rybakiewicz, R.; Wielgosz, R.; Zagorska, M.; Lapkowski, M.; Pron, A. UV-Vis and EPR Spectroelectrochemical Investigations of Triarylamine Functionalized Arylene Bisimides. RSC Adv. 2015, 5, 7401–7412. [Google Scholar] [CrossRef]

	



Olech, K.; Sołoducho, J.; Laba, K.; Data, P.; Lapkowski, M.; Roszak, S. The Synthesis and Characterization of -3,4-Ethylenedioxythiophene Derivatives with Electroactive Features. Electrochim. Acta 2014, 141, 349–356. [Google Scholar] [CrossRef]

	



Gawrys, P.; Louarn, G.; Zagorska, M.; Pron, A. Solid State Electrochemistry and Spectroelectrochemistry of Poly(Arylene Bisimide–Alt-Oligoether)S. Electrochim. Acta 2011, 56, 3429–3435. [Google Scholar] [CrossRef]

	



Pluczyk, S.; Kuznik, W.; Lapkowski, M.; Reghu, R.R.; Grazulevicius, J. V The Effect of the Linking Topology on the Electrochemical and Spectroelectrochemical Properties of Carbazolyl Substituted Perylene Bisimides. Electrochim. Acta 2014, 135, 487–494. [Google Scholar] [CrossRef]

	



McCormick, T.M.; Bridges, C.R.; Carrera, E.I.; Dicarmine, P.M.; Gibson, G.L.; Hollinger, J.; Kozycz, L.M.; Seferos, D.S. Conjugated Polymers: Evaluating DFT Methods for More Accurate Orbital Energy Modeling. Macromolecules 2013, 46, 3879–3886. [Google Scholar] [CrossRef]

	



Pluczyk-Malek, S.; Honisz, D.; Akkuratov, A.; Troshin, P.; Lapkowski, M. Tuning the Electrochemical and Optical Properties of Donor-Acceptor D-A2-A1-A2-D Derivatives with Central Benzothiadiazole Core by Changing the A2 Strength. Electrochim. Acta 2021, 368, 137540. [Google Scholar] [CrossRef]

	



Duling, D.R. Simulation of Multiple Isotropic Spin-Trap EPR Spectra. J. Magn. Reson. Ser. B 1994, 104, 105–110. [Google Scholar] [CrossRef] [PubMed]

	



Becke, A.D. Density-Functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648–5652. [Google Scholar] [CrossRef]

	



Vosko, S.H.; Wilk, L.; Nusair, M. Accurate Spin-Dependent Electron Liquid Correlation Energies for Local Spin Density Calculations: A Critical Analysis. Can. J. Phys. 1980, 58, 1200–1211. [Google Scholar] [CrossRef]

	



Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623–11627. [Google Scholar] [CrossRef]

	



Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti Correlation-Energy Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37, 785–789. [Google Scholar] [CrossRef] [PubMed]

	



Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.A.; et al. Gaussian 09; Revision E.01; Gaussian, Inc.: Wallingford, CT, USA, 2016. [Google Scholar]








[image: Molecules 28 01740 g001 550] 





Figure 1. Absorption spectra of imide’s solutions in DMF. Concentration 10−4 M. 
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Figure 2. Cyclic voltammograms of 1-PMDI (a) and 1,4-PhDI (b), registered in 0.1 M Bu4NPF6/DCM electrolyte. Scan rate of 0.1 V/s. 
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Figure 3. Experimental (black line) and simulated (red dashed line) EPR spectra of electrochemically generated radical anions of 1-PMDI (a) and 1,4-PhDI (b) in 0.1 M Bu4NPF6/DCM electrolyte. Fitting parameters are listed in Table 4. 
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Figure 4. UV–Vis spectra of 1-PMDI (a) and 1,4-PhDI (b) collected for decreasing working electrode potential in 0.1 M Bu4NPF6/DMF electrolyte. 
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Scheme 1. Synthetic procedure of 1,5-PhDI. 
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Scheme 2. Synthetic procedure of 1,4-PhDI. 
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Scheme 3. Synthetic procedure of 2,6-PhDI. 
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Scheme 4. Synthetic procedure of 1-PMDI. 
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Scheme 5. Synthetic procedure of 3,3’-PhDI. 






Scheme 5. Synthetic procedure of 3,3’-PhDI.



[image: Molecules 28 01740 sch005]







[image: Table] 





Table 1. Solubility tests of investigated imides.
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	Compound
	DMSO

(ε = 47.00)
	DMF

(ε = 38.25)
	NMP

(ε = 33.00)
	THF

(ε = 7.58)





	1,5-PhDI
	+/−
	+/+
	+/+
	−/−



	1,4-PhDI
	+/−
	+/+
	+/+
	−/−



	2,6-PhDI
	+/−
	+/+
	+/+
	−/−



	1-PMDI
	+/+
	+/+
	+/+
	−/−



	3,3′-PhDI
	+/+
	+/+
	+/+
	+/+







1 mg/mL, (+/+) soluble in room temperature; (+/−) soluble when heated; (−/−) partially soluble or not soluble when heated.
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Table 2. Thermal parameters of studied imides.
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	Compound
	Tg [°C]





	1,5-PhDI
	204



	1,4-PhDI
	162



	2,6-PhDI
	170



	1-PMDI
	248



	3,3′-PhDI
	205
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Table 3. Electrochemical data collected for investigated compounds dissolved in 0.1 M Bu4NPF6/DCM electrolyte.
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	Compound
	Ered [V]
	∆E a [V]
	Eredonset [V]
	EA b [eV]
	Ered2 [V]
	∆E2 [V]





	1,5-PhDI
	−1.96
	0.17
	−1.74
	−3.06
	-
	-



	1,4-PhDI
	−1.90
	0.19
	−1.70
	3.10
	-
	-



	2,6-PhDI
	−1.93 *
	-
	−1.88 *
	
	-
	-



	1-PMDI
	−1.22
	0.12
	−1.06
	−3.74
	−1.86
	0.11



	3,3′-PhDI
	−1.77
	0.13
	−1.63
	−3.17
	-
	-







a peak separation; b electron affinity: EA = −(Ered nset + 4.8) [eV]; * determined from DPV curve.
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Table 4. Fitting parameters for simulation of EPR spectra of radical anions, together with g-factor estimated from experimental spectra.
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	Radical Anion of:
	g-Factor
	Hffc [G]
	Linewidth [G]





	1,5-PhDI
	2.0038
	N: 2.55; 2xH: 2.35; 2xH: 0.29
	0.14



	1,4-PhDI
	2.0039
	N: 2.55; 2xH: 2.34; 2xH: 0.29
	0.12



	2,6-PhDI
	2.0038
	N: 2.55; 2xH: 2.35; 2xH: 0.29
	0.11



	1-PMDI
	2.0041
	2xN: 1.22; 2xH: 0.66
	0.08



	3,3′-PhDI
	2.0039
	N: 2.56; 2xH: 2.35; 2xH: 0.28
	0.19







Hfcc—hyperfine coupling constant.
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Table 5. UV–Vis spectroscopic data obtained for the studied derivatives dissolved in 0.1 M Bu4NPF6/DMF electrolyte in their neutral and reduced states.
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Compound

	
λmax [nm]




	
Neutral

	
Radical Anion

	
Dianion






	
1,5-PhDI

	
291

	
336

	
-




	
1,4-PhDI

	
291

	
340

	
-




	
2,6-PhDI

	
292

	
337

	
-




	
1-PMDI

	
294

	
717

	
552




	
3,3′-PhDI

	
297

	
367

	
-
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Table 6. Theoretical values of HOMO and LUMO levels.
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	Compound
	HOMO [eV]
	LUMO [eV]





	1,5-PhDI
	−6.44
	−2.48



	1,4-PhDI
	−6.44
	−2.49



	2,6-PhDI
	−6.19
	−2.51



	1-PMDI
	−6.39
	−3.28



	3,3′-PhDI
	−6.18
	−2.48
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Table 7. Calculated HOMO and LUMO orbitals of investigated compounds.
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	Compound
	HOMO
	LUMO





	1,5-PhDI
	[image: Molecules 28 01740 i001]
	[image: Molecules 28 01740 i002]



	1,4-PhDI
	[image: Molecules 28 01740 i003]
	[image: Molecules 28 01740 i004]



	2,6-PhDI
	[image: Molecules 28 01740 i005]
	[image: Molecules 28 01740 i006]



	1-PMDI
	[image: Molecules 28 01740 i007]
	[image: Molecules 28 01740 i008]



	3,3′-PhDI
	[image: Molecules 28 01740 i009]
	[image: Molecules 28 01740 i010]
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Table 8. Calculated angles between the bridge and imide groups in neutral and reduced form.






Table 8. Calculated angles between the bridge and imide groups in neutral and reduced form.





	
Compound

	
D.Ang

(Neutral Form)

	
D.Ang. (Dianion)

	
D.Ang (Neutral Form)

	
D.Ang. (Dianion)




	
C-N-C-C

	
C-N-C-C

	
C-C-C-C

	
C-C-C-C






	
1,5-PhDI

	
76.4

	
60.0

	
-

	
-




	
1,4-PhDI

	
76.8

	
61.7

	
-

	
-




	
2,6-PhDI

	
46.4

	
35.1

	
-

	
-




	
1-PMDI

	
89.5

	
61.3

	
-

	
-




	
3,3′-PhDI

	
77.5

	
69.9

	
80.2

	
82.9
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