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N-doping of perylene diimides (PDIs) to create stable radical anions is significant for harvesting photothermal energy due to their intensive absorption in the near-infrared (NIR) region and non-fluorescence. In this work, a facile and straightforward method has been developed to control the doping of perylene diimide to create radical anions using organic polymer polyethyleneimine (PEI) as a dopant. It was demonstrated that PEI is an effective polymer-reducing agent for the n-doping of PDI toward the controllable generation of radical anions. In addition to the doping process, PEI could suppress the self-assembly aggregation and improve the stability of PDI radical anions. Tunable NIR photothermal conversion efficiency (maximum 47.9%) was also obtained from the radical-anion-rich PDI-PEI composites. This research provides a new strategy to tune the doping level of unsubstituted semiconductor molecules for varying yields of radical anions, suppressing aggregation, improving stability, and obtaining the highest radical anion-based performance.
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1 INTRODUCTION
Perylene diimide (PDI) and its derivatives (PDIs) are among the most popular organic dyes and pigments. They are also excellent n-type organic semiconductors with high molecular absorption coefficients, high electronic affinity, high electron mobility, and good photothermal stability (Hu et al., 2021). Radical anions or dianions of PDIs can be easily generated via one-electron transfer or two-electron transfer pathways under chemical, electrochemical, or light/thermal-induced reduction. PDI radical anions feature intensive NIR light absorption and photo-energy conversion into heat via non-radiative relaxation pathways such as molecular vibrations (Jiao et al., 2015; Yang et al., 2017; Zhang et al., 2018; Yang and Chen, 2019), which makes them promising photothermal materials. Thanks to these features, PDIs’ radical anions are widely used as optoelectronic materials in the fields of solar cells (Zhao et al., 2018; Yao et al., 2020; Hu et al., 2021), transistors (Schmidt et al., 2009; Gao and Hu, 2014; Okamoto et al., 2020), electrochromic devices (Ma et al., 2016), thermoelectrics (Russ et al., 2014; Wu et al., 2017), photocatalysis (Ghosh et al., 2014; Gong et al., 2018; Zhang et al., 2020), and redox flow batteries (Li et al., 2018). Among the large family of PDIs, unsubstituted PDI is the simplest model molecule that is commercially available and inexpensive. However, it is rarely used directly as a photothermal or an organic optoelectronic material due to the instability of its reduced species and strong aggregation of PDI, which result in phase separation during solution processing.
Functionalization is a fundamental strategy used to suppress aggregation, improve solubility, and enhance the stability of reduced molecules (Gao et al., 2014; Zhou et al., 2019; Golshan et al., 2020). The amino-functionalized PDIs have been demonstrated as an especially effective self-n-doping system with enhanced doping capability under mild conditions, according to Powell and Whittaker-Brooks (Powell et al., 2022; Powell and Whittaker-Brooks, 2022). However, molecular functionalization not only requires complex synthesis procedures but also reduces the content of PDI chromophore in the overall molecular weight and elicits a risk of side effects. For example, the resulting functionalized PDIs normally have a larger torsion of the planar backbone and changes in their electronic structure, such as less compact π-π stacking, which is crucial for the intermolecular charge transport along the one-dimensional (1D) π-stacking direction (Chen et al., 2007) and novel properties such as room temperature ferromagnetism (Jiang et al., 2022). Therefore, it is necessary to avoid substituents when exploring the inherent photothermal, magnetic, and optoelectronic properties of the PDI molecule itself (Dong et al., 2020).
However, the inferior solution processability and strong aggregation of neutral and n-doped PDI need to be improved. To track those issues, our group first reported an ionization strategy that employs hydrazine hydrate as a solvent and a strong reducing agent to dissolve and reduce PDI (Jiang et al., 2020; Jiang et al., 2022). As a result, a homogenous mixture of PDI and hydrazine hydrate can be obtained, and the suspension is feasible for film casting. However, only the PDI dianion could be obtained directly after the reduction process because of the strong reducing ability and the excess amount of hydrazine hydrate. PDI radical anions were produced by subsequent spontaneous oxidation of the dry film in the air.
This method has two drawbacks. First, it is a challenge to precisely control the de-doping process of dianions to form anions that can be oxidized to neutral PDI in the following spontaneous oxidation process. Second, it was risky to use the strongly carcinogenic hydrazine hydrate under high temperatures and high pressure during the hydrothermal reaction. Therefore, diluting strong reducing agents or using mild reducing agents to obtain radical anions directly is significant for the controllable generation of PDI radical anions. In another aspect, using a cationic reducing polymer is also conducive to improving the stability of PDI radical anions via physical encapsulation and electrostatic interaction. For example, the positively polarized moiety, cucurbit [7]uril (CB [7]), was reported to suppress the quenching of PDI radical anions via a supramolecular strategy (Jiao et al., 2015), and tetra cationic cyclophane (ExBox4+) was found to improve the stability of radical anions via the surrounding Coulomb attraction and encapsulation (Jiao et al., 2019).
Polyethylenimine (PEI (C2H5N)n) with a large number of amine groups is a mild and non-toxic polymer reducing agent that has been used widely in the reduction of noble metal nanoparticles and preparation of corresponding core-shell nanocomposites, such as Au and Ag (Zhang et al., 2013; Mulens-Arias et al., 2019; Demchenko et al., 2020). It has been proved that PEI is an effective doping agent for various organic and inorganic semiconducting materials, such as fullerene derivative (PCBM) (Dong et al., 2016), poly(benzimidazobenzophenanthroline) (BBL) (Yang et al., 2021), naphthalene diimide derivative (P(NDI2OD-T2)) (Long et al., 2017), polythiophene derivatives (PDBTAZ, PPzDPDP-BT, PDBPyBT, and PDQT) (Sun et al., 2015), carbon nanotubes (Rdest and Janas, 2021), graphite oxide (Tadjenant et al., 2020), and MoS2 (Hong et al., 2017). In addition, the cationic polyelectrolyte also helps to improve the stability of reduced products via physical encapsulation and strong electrostatic attraction (Remant Bahadur and Uludağ, 2016). However, there is as yet no report on the doping of PEI on unsubstituted PDI or on the effect of PEI in suppressing the aggregation and stabilization of PDI radical anions.
Here, the polymer reducing agent PEI was employed for preparing PDI-PEI composites with varying doping intensity to explore new strategies for controllable doping of PDI and investigate the effect of dopants on aggregation and stability. UV-vis spectroscopy was used to characterize the doping evolution of PDI in the composite with increasing amounts of PEI and to reveal the effect of PEI on suppressing the aggregation of PDI radical anions and monomers together with field emission scanning electron microscopy. Electron paramagnetic resonance was used to demonstrate the formation of radical anions, and dynamic light scattering measurement was carried out to study the particle size of the PDI-PEI composites. The photothermal conversion efficiency of the radical-rich PDI-PEI composites was also investigated based on the amount of radical anions with tunable yield in the composite.
2 EXPERIMENTAL SECTION
2.1 PDI doping
To tune the doping degree of PDI-PEI composites, 0.04 mg/mL PDI (J&K Scientific) was dispersed in N, N-dimethylformamide (DMF, 99.9%, extra dry with molecular sieves, Innochem) with various amounts of PEI (branched, Mw = 600, Energy Chemical) content, then the suspensions were mixed and treated with an ultrasonic homogenizer at the power of 540 W (JY92-IIDN, Scientz), followed by incubation at 140°C for 24 h. The mass ratio of PEI to PDI is 0.5, 1, 2, 5, 10, 20, 50, 80, 100, 200, 300, 400, 500, 800, 1,000, 2000, and 3,000, which corresponds to a PEI repeat unit/PDI molar ratio of 4.5, 9.1, 18.1, 45.3, 72.6, 90.7, 181.3, 453.6, 725.7, 907.1, 1814.3, 4,535.8, 7,257.3, 9,071.6, 18,143.2, and 27,214.7.
2.2 Characterization
UV-vis absorption measurements of the series of reacted PDI-PEI suspensions were carried out with a demountable 2-mm quartz cuvette in a glovebox. UV-vis spectra of hydrazine-hydrate-reduced PDI and PEI-reduced PDI in DMF in exposure to air were conducted in an ambient atmosphere with quartz of diameter = 10 mm.
Electron paramagnetic resonance (EPR) was recorded on a Bruker E500 EPR spectrometer (300 K, 9.854 GHz, Xband, Karlsruhe, Germany). The microwave power was 6.325 mW, and the amplitude modulation was set to 1 G.
The twinning of PEI on PDI was demonstrated by microscopy and dynamic light scattering measurements. Microscopic images were obtained using a field-emission scanning electron microscope (SEM) (ZEISS, Oberkochen, Germany) at room temperature. The suspensions were deposited onto silicon, followed by drying at 60°C. The dry samples were gold coated for 30 s at 15 mA prior to fixing in the SEM holder for imaging. Dynamic light scattering (DLS, 90Plus PALS, Brookhaven Instruments Corporation) was used to measure the particle size of the PDI suspensions doped with varying PEI content.
The electronic level of PDI aggregates and monomer was estimated from cyclic voltammetry and spectroscopy. Cyclic voltammetry of pristine PDI with and without PEI and monomeric PDI with PEI was carried in a glass cell in a three-electrode system in a glovebox. Glassy carbon was used as the working electrode, Pt mesh was the counter electrode, and Ag/Ag+ was the reference electrode. The reference electrodes were calibrated with Fc/Fc+ before use. Tetrabutylammonium hexafluorophosphate (n-Bu4NPF6, 98%, J&K Scientific) was recrystallized from ethanol and dried at 120°C in an oven for 12 h before being dissolved in DMF and used as an electrolyte.
The LUMO energy level was calculated from the onset reduction potential in the voltammogram according to the following formula:
[image: image]
where [image: image] is the onset reduction potential of the neutral PDI and [image: image] is the redox potential of ferrocene/ferrocenium Fc/Fc+ ≈ 0.089 V vs. Ag/Ag+ in a DMF electrolyte with 0.1 M Bu4NPF6.
The HOMO energy level was obtained by
[image: image]
where [image: image] is the energy gap calculated according to ∆E = 1,240 nm/λonset and λonset is the long wavelength edge of the absorption band.
Photothermal conversion data were collected by recording the temperature changes of 2 mL of suspension when the laser irradiation was on and off (Blueprint, VCL-808nmM0-2W). The power was set to 1.4 W, and the laser spot radius was 10 mm. The photothermal conversion efficiency, η, was calculated from equation [image: image], where [image: image] is the heat transfer coefficient, [image: image] is the surface area of the container, [image: image] is the temperature change of the PDI-PEI suspension at the maximum steady-state temperature, I is the laser power, [image: image] is the absorbance of the composite suspension at 808 nm, and [image: image] is the heat associated with the light absorbance of the solvent.
Magnetization was measured using a Quantum Design PPMS-9 with a vibrating sample magnetometer at room temperature. The diamagnetic correction was performed using diamagnetic susceptibility from the sample holder.
3 RESULTS AND DISCUSSION
The PDI-PEI composite suspension was first prepared by the one-pot synthesis described in the experimental section. As shown in Figure 1, a color change from fuchsia to blue and purple can be recognized by the naked eye from the PDI suspensions with increasing content of PEI, visualizing the varied doping extent of PDI-PEI composite caused by the electron transfer from PEI to PDI. To define the PDI changes, UV-vis spectra of raw PDI and PDI monomer (depolymerized electrochemically) were collected (Supplementary Figure S1). The raw PDI suspension (0.04 mg/mL in DMF, treated with 5 min of high-power sonication) showed a broad UV-vis absorption around 480–550 nm and a new absorption around 590 nm due to aggregation. The neutral monomeric PDI (depolymerized electrochemically) showed a characteristic absorption around 453 nm, 486 nm, and 521 nm, denoted to their (0,2) (0,1), and (0,0) electronic transitions, close to the reported neutral PDI derivatives that featured main absorptions at 458 nm, 490 nm, and 526 nm, respectively (Golshan et al., 2020). The PDI radical was characterized by main absorptions at 707 nm, 797 nm, and 961 nm, and PDI dianions displayed absorptions at 566 nm and 637 nm. The chemically doped PDI is characterized by similar absorptions. With the gradual increase of PEI content (Figures 1B,C), absorption peaks around 698 nm, 791 nm, and 951 nm emerged and increased while the broad absorption around 480–550 nm decreased. This shift was assigned to the process of PDI aggregates being chemically reduced to radical anions ([image: image]). When the PEI repeat unit/PDI molar ratio increased to 725.7 (mass ratio of PEI/PDI = 80), the absorption of radical anions saturated, predicting a depletion of neutral PDI and the highest concentration of PDI radical anion (close to 0.04 mg/mL, that is, ∼1 electron/molecule on average). The absorption around 565 nm and 637 nm, assigned to the PDI dianion, arose slowly, far before the exhaustion of PDI radical anions, indicating that a small fraction of PDI experiences a chemical disproportionated reaction from a neutral state to dianion directly ([image: image]). The intensity of the PDI dianion absorption continued to increase dramatically when more PEI was added, and the concentration of PDI radical anion started to decrease, corresponding to the process of [image: image]. When the PEI repeat unit/PDI molar ratio increased to 27,214 (or a mass ratio of PEI/PDI = 3,000), the UV-vis absorptions around 698 nm, 791 nm, and 951 nm were comparable to those of the suspensions, which had a PEI repeat unit/PDI molar ratio of 9.1 and 18.1, suggesting a similar fraction of PDI∙− but a majority fraction of PDI2− instead of PDI. The largest yield of PDI dianions (∼2 electrons/molecule on average) might be obtained if PEI content were increased further. Therefore, the doping level of PDI and the yield of PDI radical anions can be controlled precisely in a wide range with varying content of PEI. The maximum yield of radical anions was a little smaller than 100% due to the disproportional reaction of the neutral to the dianion.
[image: Figure 1]FIGURE 1 | (A) Chemical doping of PDI (0.04 mg/mL in DMF) by various amounts of PEI to form radical anions/dianions; (B) UV-vis spectra of the reduced PDI-PEI suspensions, the molar ratio of PEI repeat unit/PDI increase from 4.5 to 27215; (C) a plot of the intensity of absorption at 698 nm, 564 nm assigned to PDI-and PDI2-, vs molar ratio of PEI repeat unit/PDI; (D) Electron paramagnetic resonance spectra of PDI suspension doped with PEI content under a molar ratio of PEI repeat unit to PDI equals to 9.1, 453.6 and 907.2.
DLS results of PDI-PEI composite in suspension exhibited a positive correlation of hydrodynamic diameter of PDI-PEI particles with PEI content in DMF. As shown in Supplementary Figure S2, the hydrodynamic diameter of the composite increased from 122 nm to 867 nm with an increase in PEI content (the PEI repeat unit/PDI molar ratio increased from 4.5 to 90.7), where neutral PDI was consumed to generate the radical anions. The highest amount of radical anion was created with a PEI repeat unit/PDI molar ratio of 725.7, as illustrated in Figure 1C. The particle size dependence in this range visualized the successful bonding of PEI to the PDI radical anion. The diameter plateau of PDI-PEI particles is around 1 μm. More PDI radical anions were expected to be generated when more PEI was added; the plateau suggests that an electrostatic and steric balance is reached on the PDI radical anion-PEI composite particles before the formation of the PDI dianion-PEI particles. The paramagnetic radical anion caused by electron transfer from PEI to PDI was also demonstrated by electron paramagnetic resonance spectroscopy (Figure 1D), with a well-resolved hyperfine splitting pattern and a g-factor value of 2.00305 (Supplementary Figure S3). Two equivalent N atoms (at imide rings) and two distinct sets of four core-H atoms of PDI∙− (Ha and Hb) were responsible for the splitting pattern, confirming that electron density is mostly delocalized within the conjugated π-system (Goodson et al., 2013). Even though the intensity of the radicals differs and depends on concentration correlated with the doping state of PDI suspension, a symmetrical pattern was observed in all EPR signals, suggesting a similar delocalization degree of the electrons. SEM images demonstrated morphological changes of self-assembly PDI in the absence and presence of PEI.
As shown in Figure 2, PDI aggregates can be dispersed into particles around 500 nm after sonication and cast on the silicon substrate. The hydrazine-hydrate-reduced PDI formed nanorods of 50–60 nm width and around 1 μm length by self-assembly of its dianions. A small amount of PEI in the composite (molar ratio of PEI repeat unit/PDI = 9.1) could lead to irregular debris shapes and clusters when the ratio is raised to 907.2. More PEI twinned onto PDI leads to a much more irregular cluster morphology, demonstrating that the presence of PEI in the solution suppressed the self-assembly of reduced PDI to form regular compact rods driven by π-π interactions (Jiang et al., 2022). This suppression of PEI in the self-assembly of the reduced PDI has also been visualized in the decreased ferromagnetism (Supplementary Figure S4).
[image: Figure 2]FIGURE 2 | SEM images of sonicated PDI (A); hydrazine hydrate reduced PDI (B), and PEI reduced PDI with a molar ratio of PEI repeats unit/PDI equals 9.1 (C) and 907.2 (D).
The effect of PEI in suppressing self-assembly aggregation of neutral PDI was also demonstrated by the UV-vis spectra presented in Figure 3. When the hydrazine-hydrate-reduced PDI was exposed to air, the absorption intensity of typical neutral PDI aggregates at 583 nm increased immediately due to the PDI radical anions being oxidized and becoming neutral aggregates, demonstrating a quick self-assembly-driven aggregation process of neutral PDI without PEI. The aggregation of PDI monomer is observed in hours in the presence of PEI. To be specific, the aggregation was identified to start after 5.5 h, accompanied by the appearance of the new peak around 583 nm, while the amount of neutral PDI monomer (485 nm, 520 nm) continued to increase for at least 13 min due to more PDI radical anions being oxidized into neutral PDI.
[image: Figure 3]FIGURE 3 | Stability of PDI radical anion and dianion using hydrazine hydrate and PEI as a dopant. (A) UV-vis spectra of hydrazine hydrate reduced PDI suspension that exposure to air or different time, 50 µL of the reduced suspension(10 mg/mL) was dropped cast on a clean glass substrate and dried at 120°C for 3 hours and then kept at 50°C overnight to remove excess hydrazine hydrate, then the dry film was scraped to dissolve in 5 ml DMF with a dropper in the glovebox before UV-vis spectroscopy, PDI concentration in DMF is ∼0.1 mg/mL; (B) UV-vis spectra of PEI reduced PDI suspension that exposure to air for a different time; (C) A plot of A0–1/A0–0 ratio as a function of time exposed to air, the data were obtained from Figure 3A; (D) Diagram of the calculated HOMO and LUMO energy of PDI monomer in DMF with or without PEI. The dashed lines are the LUMO energy levels of oxygen and water.
The twinning of PEI onto PDI not only limits the aggregating of PDI but also hinders the electron transfer between PDI dianion or radical/PEI composite and the oxidants, which can also improve the stability of PDI radical anions in the air due to physical encapsulation and electrostatic attraction. The UV-vis spectroscopy (Figure 3) illustrates the changes in ambient stability of PDI dianions and radial anions with or without PEI. The absorption peak of the PDI dianion in DMF solvent obtained by dissolving hydrazine-hydrate-reduced-film disappeared from the spectra, demonstrating that the PDI dianion is extremely unstable in DMF with little trace of oxide species as the DMF solvent and containers were deoxygenated overnight in a glovebox where the content of water was below 0.01 ppm, and oxygen was below 5 ppm. When exposed to the air for a longer time, the absorption of radical anions decreased gradually and disappeared in 20 min, while that of aggregated neutral PDI increased continuously. The maximum absorption ratio for the 0–1 vibronic transition (A0–1) and the absorption maxima of the 0–0 vibronic transition A0–0, that is, A0–1/A0–0 was observed to increase from 0.69 to 0.85, as shown in Figure 3C, indicating a more proximal packing of neutral PDI at higher monomer concentration according to Xin Wang (Wang et al., 2017) and Benjamin Fimmel et al. (Fimmel et al., 2015). Differently, the PEI-reduced PDI dianion and anion suspension in DMF is relatively stable in the same inert atmosphere and exists for more than a year when stored in a glovebox. However, the PEI-reduced PDI dianion was also very reactive in the air; its main absorption at 565 nm disappeared immediately in 3 s upon exposure to air. The main absorptions of the PDI radical anion at 700 nm, 791 nm, and 959 nm increased dramatically due to the spontaneous oxidation process of [image: image] and then decreased gradually due to the following oxidation of [image: image]. The radical anion was more stable than the PDI dianion, illustrated by the existing small absorption peaks at 700 nm and 791 nm after 13 min (radical anion monomer) and the small broad absorption at 700–800 nm (radical anion aggregates) after 5.5 h.
The stability of the PDI radical anions in the presence of PEI in DMF solution (up to 13 min for its monomer and up to 5.5 h for its aggregates in contact with air) falls between the imide-position-substituted derivatives and the bay-substituted derivatives reported. For example, Marcon et al. reported self-assembled N, N′-Bis(2phosphonoethyl)-3, 4, 9, 10-perylenediimide radical anions reduced by sodium dithionite persisted for several minutes in the presence of oxygen (Marcon and Brochsztain, 2007). Schmidt et al. synthesized zwitterionic perylene diimide-centered radicals from cationic imidazolium-substituted tetrachloro-substituted perylene-3,4:9,10-tetracarboxylic acid bisimide (Pr2Im-PDI-Cl4). The lifetime of its solution in CH2Cl2 (1.35*10–5 M) was about 1 day, as revealed by UV-vis spectra (Schmidt et al., 2015). He et al. reported the bay-substituted perylene diimide radical anion (N, N-diethylhexyl-1,7-di (pentafluoro-phenoxyl) perylene diimide, DFPDI) was not only stable to moderate oxidants in ambient air (O2) and moisture for prolonged times but also was not sensitive to strong oxidants, acid H+, and strong oxidization metal ions with low limit values (He et al., 2016).
The LUMO-HOMO energy evaluated through voltammetry and UV-vis spectra shows that the electronic state of PDI is affected by PEI, as shown in Figure 3D and Supplementary Figure S5. The LUMO energy level of pristine PDI aggregation is about −3.535 eV, estimated from the onset reduction potential at −1.176 V in a cyclic voltammogram. The presence of PEI (50 mg/mL) in suspension leads to a more positive onset reduction potential of PDI aggregates at −1.098 V, while that of the PDI monomer in the presence of PEI shifted ∼0.128 V positively, indicating a lower LUMO energy level for PDI aggregation and PDI monomer in the presence of PEI (−3.613 eV and −3.741 eV, respectively). The corresponding HOMO energies were −5.359 eV, −5.359 eV, and −5.955 eV, respectively, for PDI aggregate without PEI, PDI aggregates in the presence of PEI, and PDI monomer in the presence of PEI when taking their energy gap (1.824 eV, 1.746 eV, and 2.214 eV, respectively) into account. Thus, both the HOMO and LUMO energy levels of PDI monomer in the presence of PEI were found to be lower than those of the PDI aggregation (Figure 3D). Note that the LUMO energy levels of ubiquitous oxidants (oxygen: 3.526 eV, water: 3.724 eV, Supplementary Figure S5C) are close to those of PDI. Lower LUMO and HOMO energy were normally considered to account for the promotion of electron injection and transportation (Gao et al., 2014) and the enhancement of the air stability of the reduction products. Promoted formation of radical anions with extraordinary stability was also reported by Song et al. on naphthalenediimides (NDIs), which had a lower LUMO energy and HOMO energy (Song et al., 2015). Therefore, the decrease of PDI’s LUMO energy (0.106 eV for PDI monomer) is important in improving the ambient stability of PDI radical anions.
On the basis of the PDI-PEI composites with varying free radical yields, we anticipated that the highest yield of PDI radicals could attain a more effective NIR photothermal conversion. Hence, photothermal conversion experiments were performed with an 808-nm laser radiation at 1.8 W/cm2 at room temperature (29.8°C). The temperature elevations of PDI-PEI suspensions containing varied amounts of PDI radicals were measured and are presented in Figure 4. A blank test demonstrated that the temperature of a pure high concentration of PEI (150 mg/mL) and of pure PDI (0.04 mg/mL) in DMF increased only by 0.9°C and 1.1°C, respectively, within 400 s, while a significant increase in temperature was observed after irradiating DMF suspension with doped PDI-PEI. The consistent dependence of the increased temperature (∆T) and the photothermal conversion efficiency ([image: image]) on the molar ratio of PEI repeat unit/PEI indicates a direct correlation between them and the PDI free radical yield. (The yield of radical anions was estimated from the absorption at 698 nm with the Beer–Lambert law, A= ɛcL, where ɛ is the molar absorptivity, L is the length of the light path, and c is the concentration of the radical anions; the highest yield was normalized to 100% as shown in Figure 4B). The PDI-PEI suspension containing a higher yield of PDI radicals had a greater temperature increase than the suspension containing a lower yield of PDI radicals. An increase of PDI dianions and PEI content does not result in obvious photothermal conversion under irradiation due to no UV-vis absorption in the NIR range. Within 400 s, the temperature of a PDI-PEI suspension with a PDI radical yield of 92.2% (molar ratio of PEI repeat unit/PDI = 181.4) increased by 14.8°C, corresponding to a photothermal conversion efficiency of 47.9% calculated from its cooling curve. Meanwhile, the PDI-PEI suspension with a PDI radical yield of 14.0% (molar ratio of PEI repeat unit/PDI = 4.5) had a temperature increase of 2.3°C and a photothermal conversion efficiency η = 23.7%. The temperature of a PDI-PEI suspension with a PDI radical yield of 37.2% (molar ratio of PEI repeat unit/PDI = 18,143.2) increased by 4.8°C, corresponding to η = 32.0%.
[image: Figure 4]FIGURE 4 | Photothermal conversion performance of PEI-PDI suspensions: (A) temperature evolution as a function of time (0–400 s) under laser radiation by an 808 nm laser at a power of 1.8 W/cm2. PDI (0.04 mg/mL) and PEI (150 mg/mL) in DMF were used as the blank control, PEI-PDI suspensions are of a molar ratio of PEI repeat unit/PDI equals 4.5, 18.1, 181.4, 453.6, 725.7, 1314.3, 18143.2, respectively; (B) the evolution of maximum temperature (∆T), photothermal conversion efficiency (η) and the yield of free radicals in the PEI-PDI suspensions as a function of the molar ratio of PEI repeat unit/PDI. The experiment was conducted in a glovebox.
To summarize, the photothermal conversion efficiency was tuned in the range of 23.7% to 47.9% for the PDI-PEI suspensions that have different yields of radical anions generated by varying the amounts of PEI doping. Note that the highest photothermal conversion efficiency of the unsubstituted PDI radical anion (47.9%) is comparable to that of functionalized perylene diimide radical anion salts (54.4%) with tetraphenoxy moieties onto the PDI cores and diisopropylbenzene in the amine position (TPPDI) (10−4 M in DMF) (Li et al., 2019). The efficiency is larger than a bola-form amphiphile PDI derivative’s radical anions (BPDI radical anion, 16.3%) and the supramolecule composed of BPDI and cucurbit [n]urils (CB [7]) free radical anion (BPDI/(CB [7])2 radical anion, 31.6%) (Jiao et al., 2015). The efficient photothermal conversion exhibited in this benchmark PDI with the simplest molecular structure highlights the necessity to tune the PDI to explore novel properties of this fundamental PDI molecule.
4 CONCLUSION
In this work, PEI was employed as an effective n-doping agent for feasible and controllable doping of PDI to form radical anions and dianions. DLS and SEM results show that the twinning of PEI on PDI results in an irregular morphology and an increase in PDI diameter. UV spectroscopy reveals the presence of PEI hindered the aggregation of the neutral PDI monomer. The stability of radical anions was improved compared to imide-position-substituted derivatives, although it falls behind its bay-stable imide-position-substituted derivatives. The radical-rich PDI-PEI suspensions presented tunable NIR photothermal conversion properties (23.7 %–47.9%). This research provides a new strategy to tune the doping level of similar n-type molecules for varying yields of radical anions and also illuminates the control of radical anion-based photothermal conversion efficiency.
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SUPPLEMENTARY FIGURE S2 | Dynamic Light Scattering result of the PDI-PEI suspension.
SUPPLEMENTARY FIGURE S3 | g-factor of PDI suspension doped with PEI content under a molar ratio of PEI repeat unit to PDI equals to 9.1, 453.6, and 907.2.
SUPPLEMENTARY FIGURE S4 | (A) M-H hysteresis loops measured four times (1st: one day; 2nd: 13 days; 3rd: 22 days; 4th: one month) for the sample molar ratio of PEI repeat unit/PDI = 453.6; (B) ferromagnetic contribution extracted from Supplementary Figure S4A.
SUPPLEMENTARY FIGURE S5 | LUMO-HOMO energy of PDI with or without PEI: (A) Linear sweep voltammograms obtained in the glovebox of PDI aggregation in DMF without PEI (black), with various amounts of PEI (red) and the PDI monomer produced by oxidizing the doped PDI solution with air (blue); (B) UV-vis spectra of PDI aggregation in DMF with or without PEI used for the calculation of the energy gap between their HOMO and LUMO. The PDI suspensions in DMF with or without PEI are sonicated before cyclic voltammetry, PDI concentration: 0.05 mg/mL, the numbers in the brackets represent the PEI/PDI mass ratio 0, 1, 10, 50, 100, and 1000. Scan rate: 100 mV/s, working electrode: glassy carbon (Diameter = 3 mm); The LUMO energy for oxygen and water reduction was estimated from onset reduction potential from (C) linear sweep voltammograms of DMF electrolyte with saturated O2 or with deoxygenated H2O (glassy carbon as working electrode, scan rate:100 mV/s).
REFERENCES
 Chen, Z., Stepanenko, V., Dehm, V., Prins, P., Siebbeles, L. D. A., Seibt, J., et al. (2007). Photoluminescence and conductivity of self-assembled π–π stacks of perylene bisimide dyes. Chem. – A Eur. J. 13, 436–449.
 Demchenko, V., Riabov, S., Kobylinskyi, S., Goncharenko, L., Rybalchenko, N., Kruk, A., et al. (2020). Effect of the type of reducing agents of silver ions in interpolyelectrolyte-metal complexes on the structure, morphology and properties of silver-containing nanocomposites. Sci. Rep. 10, 7126.
 Dong, D., Li, Q., Hou, W., and Zhang, H. (2020). Synthesis, nonlinear optical, magnetic and electrical properties of ultra-stable open-shell pancake bonding linked perylene diimide anion radicals π-oligomer. J. Mol. Struct. 1199, 127002. doi:10.1016/j.molstruc.2019.127002
 Dong, S., Wan, Y., Wang, Y., Yang, Y., Wang, Y., Zhang, X., et al. (2016). Polyethylenimine as a dual functional additive for electron transporting layer in efficient solution processed planar heterojunction perovskite solar cells. RSC Adv. 6, 57793–57798. doi:10.1039/c6ra09976a
 Fimmel, B., Son, M., Sung, Y. M., Grüne, M., Engels, B., Kim, D., et al. (2015). Phenylene ethynylene-tethered perylene bisimide folda-dimer and folda-trimer: Investigations on folding features in ground and excited states. Chem. – A Eur. J. 21, 615–630. doi:10.1002/chem.201405231
 Gao, J., Xiao, C., Jiang, W., and Wang, Z. (2014). Cyano-substituted perylene diimides with linearly correlated LUMO levels. Org. Lett. 16, 394–397. doi:10.1021/ol403250r
 Gao, X., and Hu, Y. (2014). Development of N-type organic semiconductors for thin film transistors: A viewpoint of molecular Design. J. Mater. Chem. C 2, 3099–3117. doi:10.1039/c3tc32046d
 Ghosh, I., Ghosh, T., Bardagi Javier, I., and König, B. (2014). Reduction of aryl halides by consecutive visible light-induced electron transfer processes. Science 346, 725–728. doi:10.1126/science.1258232
 Golshan, M., Rostami-Tapeh-Esmail, E., Salami-Kalajahi, M., and Roghani-Mamaqani, H. (2020). A review on synthesis, photophysical properties, and applications of dendrimers with perylene core. Eur. Polym. J. 137, 109933. doi:10.1016/j.eurpolymj.2020.109933
 Gong, H.-X., Cao, Z., Li, M.-H., Liao, S.-H., and Lin, M.-J. (2018). Photoexcited perylene diimide radical anions for the reduction of aryl halides:a bay-substituent effect. Org. Chem. Front. 5, 2296–2302. doi:10.1039/c8qo00445e
 Goodson, F. S., Panda, D. K., Ray, S., Mitra, A., Guha, S., and Saha, S. (2013). Tunable electronic interactions between anions and perylenediimide. Org. Biomol. Chem. 11, 4797–4803. doi:10.1039/c3ob40703a
 He, E., Wang, J., Liu, H., He, Z., Zhao, H., Bao, W., et al. (2016). Facile synthesis of an isolable and ambient stable bay-substituted perylene diimide radical anion salt and its optical response to base–acid and metal ions. J. Mater. Sci. 51, 9229–9238. doi:10.1007/s10853-016-0168-1
 Hong, S., Yoo, G., Kim, D. H., Song, W. G., Le, O. K., Hong, Y. K., et al. (2017). The doping mechanism and electrical performance of polyethylenimine-doped MoS2 transistor. Phys. status solidi C. 14, 1600262. doi:10.1002/pssc.201600262
 Hu, M., Zhang, Y., Liu, X., Zhao, X., Hu, Y., Yang, Z., et al. (2021). Layer-by-Layer solution-processed organic solar cells with perylene diimides as acceptors. ACS Appl. Mater. Interfaces 13, 29876–29884. doi:10.1021/acsami.1c06192
 Jiang, Q., Sun, H., Zhao, D., Zhang, F., Hu, D., Jiao, F., et al. (2020). High thermoelectric performance in n-type perylene bisimide induced by the soret effect. Adv. Mater. 32, 2002752. doi:10.1002/adma.202002752
 Jiang, Q., Zhang, J., Mao, Z., Yao, Y., Zhao, D., Jia, Y., et al. (2022). Room-temperature ferromagnetism in perylene diimide organic semiconductor. Adv. Mater. 34, e2108103. doi:10.1002/adma.202108103
 Jiao, T., Cai, K., Nelson, J. N., Jiao, Y., Qiu, Y., Wu, G., et al. (2019). Stabilizing the naphthalenediimide radical within a tetracationic cyclophane. J. Am. Chem. Soc. 141, 16915–16922. doi:10.1021/jacs.9b08926
 Jiao, Y., Liu, K., Wang, G., Wang, Y., and Zhang, X. (2015). Supramolecular free radicals: Near-infrared organic materials with enhanced photothermal conversion. Chem. Sci. 6, 3975–3980. doi:10.1039/c5sc01167a
 Li, L., Gong, H. X., Chen, D. Y., and Lin, M. J. (2018). Stable bifunctional perylene imide radicals for high-performance organic-lithium redox-flow batteries. Chemistry 24, 13188–13196. doi:10.1002/chem.201801443
 Li, Q., Hou, W., Peng, F., Wang, H., Zhang, S., Dong, D., et al. (2019). Photothermal conversion performance of perylene diimide radical anion salts modified with tunable moieties. J. Mater. Sci. 54, 217–227. doi:10.1007/s10853-018-2822-2
 Long, D. X., Choi, E.-Y., and Noh, Y.-Y. (2017). High performance and stable naphthalene diimide based n-channel organic field-effect transistors by polyethylenimine doping. Dyes Pigments 142, 323–329. doi:10.1016/j.dyepig.2017.03.053
 Ma, W., Qin, L., Gao, Y., Zhang, W., Xie, Z., Yang, B., et al. (2016). A perylene bisimide network for high-performance n-type electrochromism. Chem. Commun. 52, 13600–13603. doi:10.1039/c6cc07962h
 Marcon, R. O., and Brochsztain, S. (2007). Highly stable 3,4,9,10-perylenediimide radical anions immobilized in robust zirconium phosphonate self-assembled films. Langmuir 23, 11972–11976. doi:10.1021/la702642h
 Mulens-Arias, V., Nicolás-Boluda, A., Gehanno, A., Balfourier, A., Carn, F., and Gazeau, F. (2019). Polyethyleneimine-assisted one-pot synthesis of quasi-fractal plasmonic gold nanocomposites as a photothermal theranostic agent. Nanoscale 11, 3344–3359. doi:10.1039/c8nr09849b
 Okamoto, T., Kumagai, S., Fukuzaki, E., Ishii, H., Watanabe, G., Niitsu, N., et al. (2020). Robust, high-performance n-type organic semiconductors. Sci. Adv. 6, eaaz0632. doi:10.1126/sciadv.aaz0632
 Powell, D., Rhodes, Z., Zhang, X., Miller, E. J., Jonely, M., Hansen, K. R., et al. (2022). Photoactivation properties of self-n-doped perylene diimides: Concentration-dependent radical anion and dianion formation. ACS Mater. Au 2, 482–488. doi:10.1021/acsmaterialsau.2c00019
 Powell, D., and Whittaker-Brooks, L. (2022). Concepts and principles of self-n-doping in perylene diimide chromophores for applications in biochemistry, energy harvesting, energy storage, and catalysis. Mater. Horizons 9, 2026–2052. doi:10.1039/d2mh00279e
 Rdest, M., and Janas, D. (2021). Effective doping of single-walled carbon nanotubes with polyethyleneimine. Materials 14, 65. doi:10.3390/ma14010065
 Remant Bahadur, K. C., and Uludağ, H. (2016). “Chapter 2: PEI and its derivatives for gene therapy,” in Polymers and nanomaterials for gene therapy ed . Editor R. Narain (Edmonton, AB: Woodhead Publishing), 29–54.
 Russ, B., Robb, M. J., Brunetti, F. G., Miller, P. L., Perry, E. E., Patel, S. N., et al. (2014). Power factor enhancement in solution-processed organic n-type thermoelectrics through molecular Design. Adv. Mater. 26, 3473–3477. doi:10.1002/adma.201306116
 Schmidt, D., Bialas, D., and Würthner, F. (2015). Ambient stable zwitterionic perylene bisimide-centered radical. Angew. Chem. Int. Ed. 54, 3682–3685. doi:10.1002/ange.201408067
 Schmidt, R., Oh, J. H., Sun, Y.-S., Deppisch, M., Krause, A.-M., Radacki, K., et al. (2009). High-performance air-stable n-channel organic thin film transistors based on halogenated perylene bisimide semiconductors. J. Am. Chem. Soc. 131, 6215–6228. doi:10.1021/ja901077a
 Song, Q., Li, F., Wang, Z., and Zhang, X. J. C. S. (2015). A supramolecular strategy for tuning the energy level of naphthalenediimide: Promoted formation of radical anions with extraordinary stability. Chem. Sci. 6, 3342–3346. doi:10.1039/c5sc00862j
 Sun, B., Hong, W., Thibau, E. S., Aziz, H., Lu, Z.-H., and Li, Y. (2015). Polyethylenimine (PEI) as an effective dopant to conveniently convert ambipolar and p-type polymers into unipolar n-type polymers. ACS Appl. Mater. Interfaces 7, 18662–18671. doi:10.1021/acsami.5b05097
 Tadjenant, Y., Dokhan, N., Barras, A., Addad, A., Jijie, R., Szunerits, S., et al. (2020). Graphene oxide chemically reduced and functionalized with KOH-PEI for efficient Cr(VI) adsorption and reduction in acidic medium. Chemosphere 258, 127316. doi:10.1016/j.chemosphere.2020.127316
 Wang, X., Zeng, T., Nourrein, M., Lai, B.-H., Shen, K., Wang, C.-L., et al. (2017). Concentration-dependent self-assembly structures of an amphiphilic perylene diimide with tri(ethylene glycol) substituents at bay positions. RSC Adv. 7, 26074–26081. doi:10.1039/c7ra04296e
 Wu, G., Zhang, Z. G., Li, Y., Gao, C., Wang, X., and Chen, G. (2017). Exploring high-performance n-type thermoelectric composites using amino-substituted rylene dimides and carbon nanotubes. ACS Nano 11, 5746–5752. doi:10.1021/acsnano.7b01279
 Yang, C.-Y., Stoeckel, M.-A., Ruoko, T.-P., Wu, H.-Y., Liu, X., Kolhe, N. B., et al. (2021). A high-conductivity n-type polymeric ink for printed electronics. Nat. Commun. 12, 2354. doi:10.1038/s41467-021-22528-y
 Yang, Y., He, P., Wang, Y., Bai, H., Wang, S., Xu, J.-F., et al. (2017). Supramolecular radical anions triggered by bacteria in situ for selective photothermal therapy. Angew. Chem. Int. Ed. 56, 16457–16460. doi:10.1002/ange.201708971
 Yang, Z., and Chen, X. (2019). Semiconducting perylene diimide nanostructure: Multifunctional phototheranostic nanoplatform. Accounts Chem. Res. 52, 1245–1254. doi:10.1021/acs.accounts.9b00064
 Yao, J., Qiu, B., Zhang, Z.-G., Xue, L., Wang, R., Zhang, C., et al. (2020). Cathode engineering with perylene-diimide interlayer enabling over 17% efficiency single-junction organic solar cells. Nat. Commun. 11, 2726. doi:10.1038/s41467-020-16509-w
 Zhang, A.-Q., Cai, L.-J., Sui, L., Qian, D.-J., and Chen, M. (2013). Reducing properties of polymers in the synthesis of noble metal nanoparticles. Polym. Rev. 53, 240–276. doi:10.1080/15583724.2013.776587
 Zhang, F., Li, W., Jiang, T., Li, X., Shao, Y., Ma, Y., et al. (2020). Real roles of perylene diimides for improving photocatalytic activity. RSC Adv. 10, 23024–23037. doi:10.1039/d0ra03421e
 Zhang, S., Li, J., Wei, J., and Yin, M. (2018). Perylenediimide chromophore as an efficient photothermal agent for cancer therapy. Sci. Bull. 63, 101–107. doi:10.1016/j.scib.2017.12.015
 Zhao, Y. Z., Li, K. X., Ding, S. Y., Zhu, M., Ren, H. P., Ma, Q., et al. (2018). The effect of reduction potential on the generation of the perylene diimide radical anions. Russ. Jounal Phys. Chem. 92, 1261–1265. doi:10.1134/s003602441807035x
 Zhou, Y., Xue, B., Wu, C., Chen, S., Liu, H., Jiu, T., et al. (2019). Sulfur-substituted perylene diimides: Efficient tuning of LUMO levels and visible-light absorption via sulfur redox. Chem. Commun. 55, 13570–13573. doi:10.1039/c9cc07040k
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Che, Tong, Jia, Yang, He, Han, Jiang and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_3.gif
gap





OPS/xhtml/nav.xhtml
Contents

		Cover

		Chemical doping of unsubstituted perylene diimide to create radical anions with enhanced stability and tunable photothermal conversion efficiency		1 Introduction

		2 Experimental section		2.1 PDI doping

		2.2 Characterization





		3 Results and discussion

		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/inline_2.gif
Eiare





OPS/images/inline_5.gif





OPS/images/inline_4.gif
= A8l Qg
1= 00 )





OPS/images/inline_15.gif





OPS/images/inline_14.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/inline_1.gif





OPS/images/inline_10.gif





OPS/images/fchem-11-1187378-g003.gif
O o i 34

o





OPS/images/fchem-11-1187378-g004.gif





OPS/images/inline_13.gif





OPS/images/inline_11.gif
PDIE, 2¢- PDI2





OPS/images/inline_12.gif





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Chemistry

Chemical doping of
unsubstituted perylene diimide
to create radical anions with
enhanced stability and tunable
photothermal conversion
efficiency





OPS/images/fchem-11-1187378-g001.gif





OPS/images/math_qu1.gif
E(LUMO) = (4.8 + E/" — EL/™),





OPS/images/fchem-11-1187378-g002.gif





OPS/images/math_qu2.gif





OPS/images/inline_7.gif





OPS/images/inline_6.gif





OPS/images/inline_9.gif
(Jis





OPS/images/inline_8.gif
Ay





