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1 Materials and methods 

 

Materials. Chemicals, reagents and solvents were purchased from commercial suppliers. 

Column chromatography was performed on silica gel (particle size 0.040–0.063 mm) with 

freshly distilled solvents as eluents. Tetrabutylammonium fluoride was purchased as its 

trihydrate but had a significantly higher water content due to its hygroscopic character. 

DPP derivatives 1S1, 2S2, and 3S3 as well as boronic ester 4S4 were synthesized according 

to literature known procedure. All other commercially available reagents and solvents 

were of reagent grade and used without further purification. 

 

NMR Spectroscopy. 1H, 11B and 13C NMR Spectra were recorded on a Bruker Avance 

III HD 400 or Bruker Avance III HD 600 spectrometer. 13C NMR Spectra are broad band 

proton decoupled. Chemical shifts (δ) are listed in parts per million (ppm) and are reported 

relative to tetramethylsilane (TMS). Spectra are referenced internally to residual proton 

solvent resonances (CDCl3: δ = 7.26, DMSO-d6: δ = 2.50, CD2Cl2: δ = 5.32) or natural 

abundance carbon resonances (CDCl3: δ = 77.00, CD2Cl2: δ = 53.84). 11B NMR spectra 

were referenced to external BF3  Et2O. Coupling constants (J) are quoted in Hertz 

(Hz).The data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet and/or multiple resonances, br = broad), coupling 

constant in Hertz (Hz), and integration.  

 

Mass Spectrometry. MALDI-TOF mass spectra were recorded on a Bruker Daltronik 

GmbH (Autoflex II) mass spectrometer using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) as matrix. High resolution ESI-TOF mass 

spectrometry was carried out on a microTOF focus instrument (Bruker Daltronik GmbH). 

 

UV/vis/NIR Absorption Spectroscopy. The solvents for the spectroscopic 

measurements were of spectroscopic grade. UV/vis/NIR absorption spectra were 

recorded on a Perkin Elmer Lamda 950 or a Jasco V-670 spectrometer. Measurements 

in solution were carried out using quartz cuvettes with path lengths of 10 mm at ambient 

temperature. Measurements in solid state were performed on freshly spin coated thin films 

on quartz wavers at ambient temperature (c = 2 · 10–3 M, 25 µL, ambient temperature, 

rpm = 3000, t = 30 s). 

 

UV/vis/NIR Spectroelectrochemistry. UV/vis/NIR spectroelectrochemical experiments 

in reflection mode were performed using an Agilent Cary 5000 Spectrometer and a self-

made sample compartment with a layer thickness of 100 µm, consisting of a cylindrical 

PTFE cell, a sapphire window and an adjustable three in one electrode (6 mm platinum 

disc working electrode, 1 mm platinum counter and pseudo reference electrode). 
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Titration Experiments. Unless otherwise specified, a solution of TBAF · 3 H2O 

(c = 1.90 · 10–3 M) in CH2Cl2 was added to the respective dye solution (c ≈ 2.85 · 10–5 M) 

in CH2Cl2 at room temperature according to the below mentioned equivalents (1.00 equiv. 

= 15.0 µL) and filled up to 3.00 mL with pure CH2Cl2. Due to a possibly increase water 

content of TBAF it cannot be excluded that the absolute TBAF amount was slightly lower 

than assumed. 

 

Cyclic Voltammetry. Cyclic voltammetry (CV) and square wave voltammetry (SWV) were 

performed using a standard commercial electrochemical analyzer (EC epsilon; BAS 

Instruments, UK). A Pt disc electrode was used as a working electrode, platinum wire as 

a counter electrode and Ag+/Ag as a reference electrode, at a scan rate of 100 mV/s at 

room temperature. The compounds were dissolved in dichloromethane, and 

tetrabutylammonium hexafluorophosphate (nBu4NPF6) was added as an electrolyte to 

give a concentration of 0.1 M. The supporting electrolyte was recrystallized from 

ethanol/water and dried under vacuum. The oxidation potentials were referenced against 

the ferrocenium/ferrocene redox couple (Fc+/Fc = 0.00 V). 

 

Fluorescence Spectroscopy. Fluorescence spectra and fluorescence quantum yields 

were recorded with a PTI QM-4/2003 spectrometer (Photon Technology International, 

USA) as an average out of 4 equidistant excitation wavelengths relatively to the references 

N-(7-(diethylamino)-3H-phenoxazine-3-ylidene)-N-methylmethanaminium perchlorateS5  

(ΦFl = 0.11 in EtOH) „Oxazin 1“ (for DPP2 und DPP3) und N,N-(2,6-Di-iso-propylphenyl)-

1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimideS6 (ΦFl = 0.96 in 

chloroform) „Perylene/ Lumogen red“ (for DPP1) in highly diluted solutions (OD < 0.05)S7. 

Measurements in solution were carried out using quartz cuvettes (Hellma optics, 

Germany) with path lengths of 10 mm and spectroscopic solvents at ambient temperature 

and atmosphere.  

 

Computational chemistry. Spin-Flip TDDFT calculations have been carried out using 

the Q-Chem5.0 program package.S8 (Ref1) For CASSCF calculations, the “Brilliantly 

Advanced General Electronic-structure Library” (BAGEL) by Shiozaki and coworkersS9 

has been employed. Starting orbitals have been generated by performing HF calculations 

and in the case of excited state calculations, they have been optimized in a state-averaged 

manner with equal weights for S0 and S1 state. 

 

Single Crystal X-Ray Diffraction. Single crystal X-ray diffraction data for DPP3q were 

collected at 100 K on a Bruker X8APEX-II  diffractometer  with  a  CCD  area  detector  

and  multi-layer  mirror  monochromated MoK radiation. Single crystal X-ray diffraction 

data for DPP1 were collected on a Bruker D8 Quest Kappa Diffractometer with a 

Photon100 CMOS detector and multi-layered mirror monochromated CuKα radiation. The 

structures were solved using direct methods, expanded with Fourier techniques and 
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refined with the Shelx software package.S10 All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were included in the structure factor calculation on 

geometrically idealized positions. Crystallographic data have been deposited with the 

Cambridge Crystallographic Data Centre as supplementary publication no. 

CCDC 2001481 (DPP3q) and CCDC 2001480 (DPP1). These data can be obtained free 

of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

 

EPR Spectroscopy. EPR measurements at X-band (9.38 GHz) were carried out using a 

Bruker ELEXSYS E580 CW EPR spectrometer equipped with an Oxford Instruments 

helium cryostat (ESR900) and a MercuryITC temperature controller. The spectral 

simulations were performed using MATLAB 8.6 and the EasySpin 5.0.18 toolbox.S11  
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2 Syntheses 
 

 
 

 

Scheme 1 (a) Synthetic routes to diketopyrrolopyrrole derivatives DPP1, DPP2 and 

DPP3. (b) Synthesis of biradical DPP1•• and quinones DPP2q and DPP3q, as well as 

generation of dianions DPP1–32- and radicalanions MV-DPP2 and MV-DPP3. Blue and 

red arrows in DPP1•• indicate spin polarization and illustrate antiferromagnetic coupling.  
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2.1 Synthesis of DPP1 

 

 
Scheme S2 Synthesis of DPP1 by Suzuki-Miyaura cross-coupling. 

 
 

Sodium carbonate (490 mg, 4.60 mmol, 17.7 equiv.), 1 (175 mg, 261 µmol, 1.00 equiv.), 

and tetrakis(triphenylphosphine)palladium(0) (20.0 mg, 17.0 µmol, 6.67 mol%) were 

dissolved in a degassed mixture of THF/H2O (10 mL/ 2mL) under an atmosphere of 

nitrogen. After the mixture was heated to 50 °C for 30 min., boronic ester 4 (176 mg, 

530 µmol, 2.03 equiv.) dissolved in THF (5 mL) was added and the reaction mixture was 

stirred at 80 °C for 15 h. Subsequently, the suspension was cooled down to room 

temperature and the crude product was extracted with CH2Cl2 (3 x 20 mL). The combined 

organic layers were washed with hydrochloric acid (1 M), water, dried over MgSO4 and 

the solvent was removed under reduced pressure. The crude product was purified by 

silica gel column chromatography (gradient from hexane/ CH2Cl2 (1:1) to pure CH2Cl2) to 

yield DPP1 as a bright orange solid. 

 

Yield: 168 mg (183 µmol, 70 %). Melting point: 290 – 291 °C.  1H NMR (400 MHz, CD2Cl2): 

δ = 0.72 – 0.77 (m, 6 H, CH3), 0.77 – 0.82 (m, 6 H, CH3), 1.04 – 1.39 (m, 18 H, βCH, alkyl-

CH2), 1.51 (s, 36 H, C(CH3)3), 3.74 – 3.85 (m, 4 H, αCH2), 5.40 (s, 2 H, OH), 7.50 (s, 4 H, 

aryl-CH), 7.73 (d, 4 H, aryl-CH, 3JHH = 8.6 Hz), 7.86 (d, 4 H, aryl-CH, 3JHH = 8.6 Hz). 13C 

NMR (101 MHz, CD2Cl2): δ = 10.7, 14.2, 23.2, 24.2, 28.8, 30.4, 30.7, 34.9, 39.0, 45.3, 

110.2, 124.4, 127.0, 127.3, 129.5, 131.6, 137.0, 144.9, 148.4, 154.7, 163.1. HRMS (ESI-

TOF, pos. mode, CHCl3/MeCN 1/1): calculated for C62H84N2O4
+: m/z 920.6426 [M]+, found 

920.6410. MS (MALDI-TOF, pos. mode, DCTB 3:1 in CHCl3): calculated for C62H84N2O4
+: 

m/z 920.6426 [M]+, found 920.514. UV/Vis (DCM, c = 9.80 · 10–6 M): λmax  [nm] (εmax  [L 

mol−1 cm−1]) = 269 (35000), 356 (20400), 486 (30100). IR (ATR): ṽ [cm–1] = 3438 (s, ν-O-

H,str), 2951 (s, ν-C-H,str), 2907 (s, ν-C-H,str), 2855 (s, ν-C-H,str), 1662 (vs, ν-C=O,str). Fluorescence 

(DCM, λex. = 430 nm): λmax = 565 nm (ϕ = 0.49 ± 0.07, standard: Perylene Orange). 
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2.2 Synthesis of DPP2 

 

Scheme S3 Synthesis of DPP2 by Suzuki-Miyaura cross-coupling. 
 

Sodium carbonate (825 mg, 7.78 mmol, 17.7 equiv.), 2 (300 mg, 440 µmol, 1.00 equiv.), 

bis(dibenzylideneacetone)palladium(0) (17.0 mg, 29.4 µmol, 6.67 mol%), boronic ester 4 

(366 mg, 1.10 mmol, 2.50 equiv.) and tri(o-tolyl)phosphine (18.0 mg, 58.8 µmol, 

12.7 mol%) were dissolved in a degassed mixture of THF/H2O (10 mL/ 2mL) under an 

atmosphere of nitrogen. After the mixture was heated to 80 °C for 18 h and  cooled down 

to room temperature, water (30 mL) was added and the crude product was extracted with 

CH2Cl2 (3 x 20 mL). The combined organic layers were washed with hydrochloric acid (1 

M), water, dried over MgSO4 and the solvent was removed under reduced pressure. The 

crude product was purified by silica gel column chromatography (eluent:  hexane/ CH2Cl2 

(1:1)) to yield DPP2 as a dark red solid. 
 

 

Yield: 219 mg (235 µmol, 53 %). Melting point: 247 – 248 °C. 1H NMR (400 MHz, CD2Cl2): 

δ = 0.87 (t, 6 H, CH3, 3JHH = 7.2 Hz), 0.93 (t, 6 H, CH3, 3JHH = 7.6 Hz), 1.24 – 1.46 (m, 16 

H, CH2), 1.49 (s, 36 H, C(CH3)3), 1.90 – 2.03 (m, 2 H, βCH), 4.00 – 4.15 (m, 4 H, αCH2), 

5.49 (s, 2 H, OH), 7.38 (d, 2 H, heteroaryl-CH, 3JHH = 4.1 Hz), 7.52 (s, 4 H, aryl-CH), 9.02 

(d, 2 H, heteroaryl-CH, 3JHH = 4.1 Hz). 13C NMR (101 MHz, CD2Cl2): δ = 10.8, 14.2, 23.5, 

24.1, 25.0, 28.9, 30.3, 30.4, 34.8, 39.8, 46.1, 108.1, 123.4, 123.7, 125.1, 128.1, 132.1, 

137.2, 137.3, 139.9, 151.7, 155.4, 162.1. HRMS (ESI-TOF, pos. mode, MeCN/ CHCl3 

1/1): calculated for C58H80N2O4S2
+: m/z 932.5554 [M]+, found 932.5534. MS (MALDI-TOF, 

pos. mode, DCTB 3:1 in CHCl3): calculated for C58H80N2O4S2
+: m/z 932.555 [M]+, found 

932.437. UV/Vis (DCM, c = 1.01 · 10–5 M): λmax [nm] (εmax [L mol−1 cm−1]) = 572 (48300), 

610 (55000). IR (ATR): ṽ [cm–1] = 3625 (s, ν-O-H,str), 2952 (s, ν-C-H,str), 2926 (s, ν-C-H,str), 

2867 (s, ν-C-H,str), 1660 (vs, ν-C=O,str). Fluorescence (DCM, λex. = 540 nm): λmax = 638 nm (ϕ 

= 0.39 ± 0.03, standard: Oxazine 1). 
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2.3 Synthesis of DPP2q 

 

 

 

Scheme S4 Synthesis of DPP2q by oxidation of DPP2 with lead(IV)oxide. 
 

Lead(IV) oxide (210 mg, 878 µmol, 14.0 equiv.) and DPP2 (59.0 mg, 63.0 µmol, 

1.00 equiv.) were suspended in dichloromethane (50 mL). After stirring the reaction 

mixture at room temperature for 30 minutes, the excess lead(IV) oxide was filtered off and 

the solvent was removed under reduced pressure to yield DPP2q.  
 

Yield 56.0 mg (60.0 µmol, 95 %). Melting point 279 °C. 1H NMR (400 MHz, CD2Cl2): δ = 

0.89 (t, 6 H, CH3, 3JHH = 7.1 Hz), 0.97 (t, 6 H, CH3, 3JHH = 7.5 Hz), 1.17 – 1.47 (m, 16 H, 

CH2), 1.34 (s, 18 H, (CH3)3), 1.35 (s, 18 H, C(CH3)3), 1.95 – 2.05 (m, 2 H, βCH), 3.99 – 

4.15 (m, 4 H, αCH2), 7.30 (d, 2 H, aryl-CH, 4JHH = 2.5 Hz), 7.47 (d, 2 H, aryl-CH, 4JHH = 

2.5 Hz), 7.62 (d, 2 H, heteroaryl-CH, 3JHH = 5.8 Hz), 9.38 (d, 2 H, heteroyral-CH, 3JHH = 

5.8 Hz). 13C NMR (100.6 MHz, CD2Cl2): δ = 10.8, 14.2, 23.5, 23.9, 28.7, 29.7, 29.8, 30.8, 

35.9, 36.1, 40.1, 46.5, 126.0, 126.5, 128.3, 129.3, 130.6, 131.4, 133.0, 142.5, 147.6, 

149.8, 155.1, 162.1, 185.9. HRMS (ESI-TOF, pos. mode, MeCN/ CHCl3 1/1): calculated 

for C58H78N2O4S2
+: m/z 930.5398 [M]+, found 930.5465. MS (MALDI-TOF, pos. mode, 

DCTB 3:1 in CHCl3): calculated for C58H78N2O4S2
+: m/z 930.540 [M]+, found 930.420. 

UV/Vis (DCM, c = 1.00 · 10–5 M): λmax [nm] (εmax [L mol−1 cm−1]) = 725 (67300), 782 

(151800). IR (ATR): ṽ [cm–1] = 2948 (s, ν-C-H,str), 2909 (s, ν-C-H,str), 2853 (s, ν-C-H,str), 1670 

(vs, ν-C=O,str), 1584 (vs, ν-C=O,str).  
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2.4 Synthesis of DPP3 

 
 

Scheme S5 Synthesis of DPP3 by Suzuki-Miyaura cross-coupling. 
 

Sodium carbonate (590 mg, 5.57 mmol, 18.1 equiv.), 3 (200 mg, 307 µmol, 1.00 equiv.), 

bis(dibenzylideneacetone)palladium(0) (11.3 mg, 19.6 µmol, 6.67 mol%), boronic ester 4 

(258 mg, 770 µmol, 2.50 equiv.) and tri(o-tolyl)phosphine (12.0 mg, 39.0 µmol, 

12.7 mol%) were dissolved in a degassed mixture of THF/H2O (10 mL/ 2mL) under an 

atmosphere of nitrogen. After the mixture was heated to 80 °C for 24 h and cooled down 

to room temperature, water (30 mL) was added and the crude product was extracted with 

CH2Cl2 (3 x 20 mL). The combined organic layers were washed with hydrochloric acid (1 

M), water, dried over MgSO4 and the solvent was removed under reduced pressure. The 

crude product was purified by silica gel column chromatography (eluent:  hexane/ CH2Cl2 

(1:1)) to yield DPP3 as a dark red solid. 

 

Yield: 177 mg (197 µmol, 64 %). Melting point: 126–127 °C. 1H NMR (400 MHz, CD2Cl2): 

δ = 0.78 (t, 6 H, CH3, 3JHH = 7.0 Hz), 0.86 (t, 6 H, CH3, 3JHH = 7.4 Hz), 1.14 – 1.41 (m, 16 

H, CH2), 1.50 (s, 36 H, C(CH3)3), 1.78 – 1.89 (m, 2 H, βCH), 4.12 – 4.24 (m, 4 H, αCH2), 

5.52 (s, 2 H, OH), 6.85 (d, 2 H, heteroaryl-CH, 3JHH = 3.8 Hz), 7.63 (s, 4 H, aryl-CH), 8.34 

(d, 2 H,  heteroaryl-CH, 3JHH = 3.8 Hz). 13C NMR (101 MHz, CD2Cl2): δ = 10.9, 14.1, 23.4, 

24.1, 29.0, 30.4, 30.8, 34.8, 39.9, 46.8, 106.8, 107.7, 121.6, 122.4, 122.6, 133.1, 137.2, 

143.9, 155.4, 158.6, 161.4. HRMS (ESI-TOF, pos. mode, MeCN/ CHCl3 1/1): calculated 

for C58H80N2O6
+: m/z 900.6011 [M]+, found 900.5951. MS (MALDI-TOF, pos. mode, DCTB 

3:1 in CHCl3): calculated for C58H80N2O6
+: m/z 900.601 [M]+, found 900.445. UV/Vis (DCM, 

c = 9.50 · 10–6 M): λmax  [nm] (εmax [M–1 cm−1]) = 561 (49600), 607 (82500). IR (ATR): ṽ 

[cm–1] = 3625 (s, ν-O-H,str), 2950 (s, ν-C-H,str), 2918 (s, ν-C-H,str), 2855 (s, ν-C-H,str), 1654 (vs, 

ν-C=O,str). Fluorescence (DCM, λex. = 540 nm): λmax = 624 nm (ϕ = 0.48 ± 0.08, standard: 

Oxazine 1). 
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2.5 Synthesis of DPP3q 

 

 

 

Scheme S6 Synthesis of DPP3q by oxidation of DPP3 with lead(IV)oxide. 
 

Lead(IV) oxide (210 mg, 878 µmol, 14.0 equiv.) and DPP3 (57.0 mg, 63.0 µmol, 

1.00 equiv.) were suspended in dichloromethane (50 mL). After stirring the reaction 

mixture at room temperature for 30 minutes the excess lead(IV) oxide was filtered off and 

the solvent was removed under reduced pressure to yield DPP3q.  
 

Yield: 56.0 mg (62.3 µmol, 99 %). Melting point: 274 °C. 1H NMR (400 MHz, CD2Cl2): δ = 

0.84 (t, 6 H, CH3, 3JHH = 7.0 Hz), 0.90 (t, 6 H, CH3, 3JHH = 7.4 Hz), 1.20 – 1.53 (m, 16 H, 

CH2), 1.35 (s, 18 H, C(CH3)3), 1.37 (s, 18 H, C(CH3)3), 1.84 – 1.95 (m, 2 H, βCH), 4.16 (d, 

4 H, αCH2, 3JHH = 7.7 Hz), 7.32 (d, 2 H, aryl-CH, 4JHH = 2.4 Hz), 7.40 (d, 2 H, heteroaryl-

CH, 3JHH = 5.5 Hz), 7.60 (d, 2 H, aryl-CH, 4JHH = 2.4 Hz), 8.85 (d, 2 H, heteroaryl-CH, 3JHH 

= 5.5 Hz). 13C NMR (100.6 MHz, CD2Cl2): δ = 10.9, 14.2, 23.4, 24.1, 28.9, 29.7, 29.9, 

30.7, 35.9, 36.2, 39.6, 47.7, 115.5, 119.9, 123.6, 124.5, 126.9, 130.6, 133.6, 146.8, 148.4, 

149.6, 161.3, 162.9, 185.8. HRMS (ESI-TOF, pos. mode, MeCN/ CHCl3 1/1): calculated 

for C58H78N2O6
+: m/z 898.5854 [M]+, found 898.5900. MS (MALDI-TOF, pos. mode, DCTB 

3:1 in CHCl3): calculated for C58H78N2O6
+: m/z 898.585 [M]+, found 898.457. UV/Vis (DCM, 

c = 1.00 · 10–5 M): λmax [nm] (εmax [M−1 cm−1]) = 695 (92200), 751 (172500). IR (ATR): ṽ 

[cm–1] = 3105 (m, ν-C=O,str_ot), 2953 (s, ν-C-H,str), 2918 (s, ν-C-H,str), 2860 (s, ν-C-H,str), 1660 (vs, 

ν-C=O,str), 1578 (vs, ν-C=O,str).  
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2.6 Preparation of DPP1•• sample 

 

 
 

Scheme S7 Synthesis of biradical DPP1•• by oxidation of DPP1 with potassium 
ferricyanide(III). 
 

DPP1 (3.00 mg, 3.26 µmol, 1.00 equiv.), potassium ferricyanide(III) (127 mg, 386 µmol, 

118 equiv.) and potassium hydroxide (200 mg, 3.56 mmol, 1092 equiv.) were dissolved in 

a biphasic mixture of CH2Cl2/ H2O (1.5 mL/ 2.0 mL) and vigorously stirred for 30 min. The 

organic layer was subsequently washed with water and dried over MgSO4 to give a 

solution of DPP1•• in CH2Cl2 (c = 2.17 mM). 

 

HRMS (ESI-TOF, pos. mode, CH2Cl2/MeCN 1/1): calculated for C62H82N2O4
+: m/z 

918.6269 [M]+, found 918.6250. UV/Vis (DCM, c = 9.80 · 10–6 M): λmax [nm] (εmax [L mol−1 

cm−1]) = 269 (35000), 356 (20400), 486 (30100). 
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3 Mass spectrometry 
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Fig. S1 ESI-TOF high resolution mass spectra of DPP1 (left) and DPP1•• (right). Inset: 

Isotopic distribution. 
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Fig. S2 ESI-TOF high resolution mass spectra of DPP2 (left) and DPP2q (right). Inset: 

Isotopic distribution. 
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Fig. S3 ESI-TOF high resolution mass spectra of DPP3 (left) and DPP3q (right). Inset: 
Isotopic distribution. 
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4 Single crystal X‐ray diffraction 
 

Single crystals of DPP3q were obtained by slow diffusion of methanol into a solution of 

DPP3q in CHCl3. Two almost identical structures were found with bond length deviations 

≤ 0.5 pm. 

Crystal data for DPP3q (C58H78N2O6 • 2 (CH4O)): Mr = 963.31, 0.489x0.361x0.327 mm3, 

monoclinic space group P21/n, a = 15.3311(16) Å, α = 90°, b = 23.844(3) Å, β = 95.515(3)°, 

c = 15.4674(16) Å, γ = 90°, V = 5627.9(10) Å3, Z = 4, ρ(calcd) = 1.137 g·cm–3, μ = 0.074 

mm–1, F(000) = 2096, GooF(F2) = 1.037, R1 = 0.0591, wR2 = 0.1454 for I>2(I), R1 = 0.0860, 

wR2 = 0.1599 for all data, 11128 unique reflections [ ≤ 26.158°] with a completeness of 

98.9 % and 718 parameters, 72 restraints. 

 

Single crystals of DPP1 were obtained slow diffusion of methanol into a solution of DPP1 

in CHCl3. 

Crystal data for DPP1 (C62H84N2O4): Mr = 921.31, 0.281x0.133x0.114 mm3, triclinic space 

group P1̅, a = 9.8347(4) Å, α = 118.5760(10)°, b = 12.6226(5) Å, β = 101.4230(10)°, c = 

12.8064(6) Å, γ = 94.6720(10)°, V = 1339.49(10) Å3, Z = 1, ρ(calcd) = 1.142 g·cm–3, μ = 

0.537 mm–1, F(000) = 502, GooF(F2) = 1.041, R1 = 0.0464, wR2 = 0.1195 for I>2(I), R1 = 

0.0492, wR2 = 0.1220 for all data, 5260 unique reflections [ ≤ 72.294°] with a 

completeness of 99.3 % and 426 parameters, 61 restraints. 
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Fig. S4 Solid state molecular structure of DPP1 in topview (top) and sideview (bottom) 

determined by single crystal X‐ray diffraction (ellipsoids set to 50 % probability, carbon 

gray, nitrogen blue, oxygen red). Hydrogen omitted for clarity. 
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Fig. S5 Solid state molecular structure of DPP1 determined by X-ray diffraction (ellipsoids 

set to 50 % probability) with intermolecular hydrogen bonding (hydrogen bond = green 

line, carbon gray, nitrogen blue, oxygen red, hydrogen white). Alkyl chains and hydrogen 

atoms partially omitted for clarity. 
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Fig. S6 Solid state molecular packing of DPP3q in herringbone type arrangement 

determined by single crystal X‐ray diffraction (ellipsoids set to 50 % probability, carbon 

gray, nitrogen blue, oxygen red). Solvent molecules (methanol) and hydrogen atoms 

omitted for clarity.  
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5 UV/vis/NIR spectroscopy and spectroelectrochemistry 
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Fig. S7 UV/vis/NIR absorption spectral changes of (a) DPP1 (c = 1.01 · 10–5 M in CH2Cl2), 

(c) DPP2 (c = 9.30 · 10–6 M in CH2Cl2) and (e) DPP3 (c = 9.60 · 10–6 M in CH2Cl2) upon 

titration with nBu4NF (TBAF) solutions (c = 7.50 · 10–2 M in CH2Cl2) to form dianions 

DPP12-, DPP22- and DPP32-, respectively. UV/vis/NIR absorption spectra of (b) DPP12- 

(red, c = 2.44 · 10–5 M in CH2Cl2), (d) DPP22- (red, c = 2.19 · 10–5 M in CH2Cl2) and (f) 

DPP32- (red, c = 2.26 · 10–5 M in CH2Cl2) freshly prepared by adding 100 eq. nBu4NF to a 

solution of the respective neutral dye (black line) and after addition of 100 eq. 

trifluoroacetic acid (TFA) (blue line) in CH2Cl2. Inset: Photographs of respective cuvettes. 

f) 
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c) 

e) 
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Fig. S8 Time-dependent UV/vis/NIR absorption spectral changes of (a, b) DPP12-, (c, d) 

DPP22- and (e, f) DPP32- under ambient conditions (c = 1.00 · 10–5 M in CH2Cl2, counter 

ion: nBu4N+). Arrows indicate spectral changes over time. 
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Fig. S9 Normalized UV/vis/NIR absorption spectra of (a) DPP1••, (b) DPP2q and (c) 

DPP3q obtained by chemical oxidation with K3[Fe(CN)6] or PbO2 (black solid line, c ≈ 

10 µM in CH2Cl2) and electrochemical oxidation (red solid line, c ≈ 3 mM in CH2Cl2) of the 

respective precursors DPP1, DPP2 and DPP3. Inset: Photographs of respective cuvettes. 

 

 

Fig. S10 Normalized UV/vis/NIR absorption spectra of DPP2q (left) and DPP3q (right) in 

solution (black dashed line, c ≈ 10 µM in CH2Cl2) and in the solid state (c ≈ 2 mM, 25 µL, 

ambient temperature, rpm = 3000, t = 30 s) as spincoated (red solid line) and after 3 days 

(black solid line) under ambient conditions. 

a) 

c) 

b) 

DPP2 ox 

= DPP2q 

DPP3 ox 

= DPP3q 

DPP1 ox = 

DPP1•• 
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Fig. S11 Time-dependent UV/vis/NIR absorption spectral changes of DPP1•• (c = 

1.00 · 10–5 M, ambient conditions) in (a) CH2Cl2 and (c) CCl4. Absorption spectral changes 

of DPP1•• (in CCl4) at 750 nm in (b) CH2Cl2 and (d) CCl4 plotted versus time using zero-, 

first- and second-order rate equations. Arrows indicate spectral changes over time. 

Triangles, dots and circles represent the experimental results and the solid lines 

correspond to the respective fit. 

 

 

Spectral changes observed were fitted with zero, first and second order kinetic models. 

As measurement data can be described with all three models with good accuracy, the 

minimum lifetime was chosen to be the lowest value obtained. 

 

 

 

 

a) 

c) 

b) 

d) 
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Table S1 Kinetic evaluation of the time-dependent UV/vis/NIR absorption spectral changes of DPP1•• in CH2Cl2                               

(c = 1.00 · 10–5 M, ambient conditions) upon decomposition under ambient conditions. [A]0 = initial absorption, [A]t = time 

dependent absorption. 

 

rate law 
equations 

linear regression 
rate constant 

k 

half-life   𝝉𝟏

𝟐

 

[h] 
Pearson R2 

rate equation half-life 

zero order [𝐴]0 − [𝐴]𝑡 = 𝑘𝑡 𝜏1
2

=  
𝐴0

2𝑘
 

y = 0.0000430284x  
+ 0.02372 

2.58 · 10–4  1

ℎ
 51 0.97590 

first order 𝑙𝑛
[𝐴]0

[𝐴]𝑡
= 𝑘𝑡 𝜏1

2
=  

𝑙𝑛2

𝑘
 

y = 0.000266114x  
+ 0.04563 

1.60 · 10–2  1

 ℎ
 43 0.99894 

second 
order 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 𝜏1

2
=  

1

𝑘𝐴0
 

y = 0.00162x  
- 0.11879 

9.72 · 10–2   
1

 ℎ
 39 0.99410 

 

Table S2 Kinetic evaluation of the time-dependent UV/vis/NIR absorption spectral changes of DPP1•• in CCl4                                    

(c = 1.00 · 10–5 M, ambient conditions) upon decomposition under ambient conditions. [A]0 = initial absorption, [A]t = time 

dependent absorption. 

 

rate law 
equations 

linear regression 
rate constant 

k 

half-life   𝝉𝟏

𝟐

 

[h] 
Pearson R2 

rate equation half-life 

zero order [𝐴]0 − [𝐴]𝑡 = 𝑘𝑡 𝜏1
2

=  
𝐴0

2𝑘
 

y = 0.0000220889x  
+ 0.00586 

1.33 · 10–3  1

ℎ
 78 0.99140 

first order 𝑙𝑛
[𝐴]0

[𝐴]𝑡
= 𝑘𝑡 𝜏1

2
=  

𝑙𝑛2

𝑘
 

y = 0.000136849x  
+ 0.01397 

8.21 · 10–3  1

 ℎ
 84 0.99901 

second 
order 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 𝜏1

2
=  

1

𝑘𝐴0
 

y = 0.000840573x  
- 0.02077 

50.4 · 10–3 
1

 ℎ
 96 0.99906 
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Table S3 Absorption maxima of neutral diketopyrrolopyrrole derivatives DPP1, DPP2 and 

DPP3, dianions DPP12-, DPP22- and DPP32-, mixed valent intermediates MV-DPP2 and 

MV-DPP3, biradical DPP1•• and quinones DPP2q and DPP3q in dichloromethane solution 

(c ≈ 10 µM, ambient conditions).  

 

Compound λmax [nm] ε [M–1 cm–1] (λ) 

DPP1 269, 356, 486 30100 (486 nm) 

DPP12- 312, 374, 704 55900 (704 nm) 

DPP1•• 352, 380, 399, 588, 749 18500 (749 nm) 

DPP2 572, 610 55000 (610 nm) 

DPP22- 813 95400 (813 nm) 

MV-DPP2 1083 152600 (1083 nm) 

DPP2q 725, 782 151800 (782 nm) 

DPP3 561, 607 82500 (607 nm) 

DPP32- 789 79400 (789 nm) 

MV-DPP3 1063 190800 (1063 nm) 

DPP3q 695, 751 172500 (751 nm) 

 
 

 

 

 

Scheme S8 Generation of MV-DPP2 by comproportionation of DPP2q and in situ 

generated DPP22-. 
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Scheme S9 Generation of MV-DPP3 by comproportionation of DPP3q and in situ 

generated DPP32-. 

 

 

 

Scheme S10 Generation of MV-DPP2 by single electron transfer of TDMAE to DPP2q. 

 

 

 

Scheme S11 Generation of MV-DPP3 by single electron transfer of TDMAE to DPP3q. 
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Fig. S12 UV/vis/NIR absorption spectra of equimolar mixtures of (a) DPP2 and DPP2q, 

and (b) DPP3 and DPP3q (each c = 1.00 · 10–5 M in CH2Cl2) before (black solid line) and 

after (red solid line, concentration corrected: Absorbance/2) addition of TBAF. 
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Fig. S13 UV/vis/NIR absorption spectral changes of (a) DPP2q, and (b) DPP3q (both c = 

1.00 · 10–5 M in CH2Cl2) upon addition of tetrakis(dimethylamino)ethylene (TDMAE) 

solutions (c = 2.00 · 10–3 M in CH2Cl2) to form mixed valent MV-DPP2 and MV-DPP3, 

respectively. 

 

 

 

 

 

a) b) 

a) b) 
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6 NMR spectroscopy 
 

 
Fig. S14 1H NMR spectrum (400 MHz) of DPP1 in CD2Cl2 at 295 K. 

 

 

 
 

Fig. S15 13C NMR spectrum (101 MHz) of DPP1 in CD2Cl2 at 295 K.  
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Fig. S16 1H NMR spectrum (400 MHz) of DPP2 in CD2Cl2 at 295 K. Hydrogen bonded 

proton highlighted in blue. 

 

 

 
 

Fig. S17 13C NMR spectrum (101 MHz) of DPP2 in CD2Cl2 at 295 K.  
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Fig. S18 1H NMR spectrum (400 MHz) of DPP2q in CD2Cl2 at 295 K. Hydrogen bonded 

proton highlighted in blue. 

 

 
 

Fig. S19 13C NMR spectrum (101 MHz) of DPP2q in CD2Cl2 at 295 K.  
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Fig. S20 1H NMR spectrum (400 MHz) of DPP3 in CD2Cl2 at 295 K. Hydrogen bonded 

proton highlighted in blue. 

 

 

 
 

Fig. S21 13C NMR spectrum (101 MHz) of DPP3 in CD2Cl2 at 295 K.  
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Fig. S22 1H NMR spectrum (400 MHz) of DPP3q in CD2Cl2 at 295 K. Hydrogen bonded 

proton highlighted in blue. 

 

 
 

Fig. S23 13C NMR spectrum (101 MHz) of DPP3q in CD2Cl2 at 295 K.  
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Fig. S24 Aromatic region of the 1H NMR spectrum (600 MHz) of DPP1 in CD2Cl2 before 

oxidation, and after oxidation to the biradical DPP1•• at 298 K, 225 K and 180 K (from the 

top).  
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Fig. S25 Aromatic region of the 1H NMR spectrum (400 MHz) of DPP2q in C2D2Cl4 at 

various temperatures from 303 K to 393 K (from the top) and after cooling back to 303 K 

(bottom).  
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Fig. S26 Aromatic region of the 1H NMR spectrum (400 MHz) of DPP3q in C2D2Cl4 at 298 

K (top) and at 373 K (bottom).  
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7 Band gap analysis and cyclic voltammetry (CV) 
 

Tauc plot 
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Fig. S27 Plot according to TaucS12-S14 and optical energy gap determination of (a) DPP1, 

(b) DPP2, (c) DPP3, (d) DPP2q and (e) DPP3q.  
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b) 
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Fig. S28 Cyclic voltammetry of DPP1, DPP2, DPP3, DPP2q and DPP3q (from the top) in 

CH2Cl2 at room temperature (c ≈ 20 µM, electrolyte: 0.1 M nBu4NPF6, scan rate: 

100 mVs-1).  
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Table S4 Reduction potentials of DPP1, DPP2, DPP3, DPP2q and DPP3q versus the 
ferrocenium/ferrocene redox couple. 
 

 E1/2
Red2 [V] E1/2

Red1 [V] E1/2
Ox1 [V] E1/2

Ox2 [V] 

DPP1  –1.711 0.683  

DPP2  –1.664 0.270 0.523 

DPP3  –1.780 0.145 0.392 

DPP2q –1.937 –0.764 0.489 0.943  

DPP3q –2.098 –0.911 0.552 1.019 

Fc+/Fc = 0.00 V  

 

 

 

 

Table S5 Frontier molecular orbital energies of DPP1, DPP2, DPP3, DPP2q and DPP3q 
as well as electrochemical and optical energy gap. 
 

 E(HOMO)a [eV] E(LUMO)b [eV] 𝑬𝒈 [eV]c 𝑬𝒈
𝐨𝐩𝐭

 [eV]d 

DPP1 –5.48 –3.09 2.39 2.33 

DPP2 –5.07 –3.14 1.93 1.95 

DPP3 –4.95 –3.02 1.93 1.98 

DPP2q –5.35 –4.04 1.31 1.57 

DPP3q –5.29 –3.89 1.40 1.57 

a) E(HOMO) = –4.80 eV – 𝐸1/2
Ox1. b) E(LUMO) = –4.80 eV – 𝐸1/2

Red1. c) Eg = E(LUMO) – E(HOMO). d) 

𝐸𝑔
opt

 according to Tauc.S12-S14 
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Fig. S29 Frontier orbital energies (in eV) of DPP1, DPP2, DPP3, DPP2q and DPP3q and 

electrochemical energy gap obtained from CV and differential pulse voltammetry (DP) 

data. 

 

 

For the sake of completeness, the redox behavior of DPP1, DPP2, DPP3, DPP2q and 

DPP3q was additionally investigated by cyclic voltammetry (CV) experiments and the 

results compared to optical band gap analysis. The order of first oxidation potentials 

DPP1 >> DPP2 > DPP3 can be explained by the more electron rich character of the 

heteroaromatic cores and is well in line with the higher autoxidation tendencies observed 

for DPP22- and DPP32- compared to DPP12-. Frontier orbital energies derived from CV are 

in good accordance with the optical band gap (Fig. S27–S29 and Table S5).  
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8 EPR spectroscopy 
 

 
 

Fig. S30 Temperature dependence of the X-band EPR spectra of DPP1•• in CH2Cl2 (c ≈ 

1 mM). The signal is centered at giso = 2.0044 with a peak-to-peak line width of 3.8 G. 

Temperature dependence of the double integral EPR intensity (A) of DPP1•• in CH2Cl2 

wherein circles (◯) represent the experimental results and the red line corresponds to the 

fit with the Bleaney-Bowers equation (inset).S15 
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Fig. S31 Continuous‐wave (CW) X‐band EPR spectrum in CH2Cl2 solution (c ≈ 1 mM) at 

280 K of DPP2q (a) and DPP3q (b) as well as in the solid state at 240 to 300 K (diluted 

with KBr) of DPP2q (c) and DPP3q (d).  

 

 

 

 

In the solid state VT-EPR measurements of DPP2q and DPP3q, no temperature 

dependence of the weak signal intensity could be observed. Accordingly, any fitting 

according to the Bleaney-Bowers equationS15 is not justified as these signals are not 

attributable to triplet states of DPP2q and DPP3q but rather to impurities.  

 

 

 

 

 

 

 

a) 

c) 

b) 
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9 Computational chemistry 
 

       

      

Fig. S32 Calculated frontier molecular orbital representations of DPP1•• (a) HOMO, (b) 

HOMO-1, (c) LUMO and (d) LUMO+1 (CASSCF(4,4)/def2-SVP level of theory). 

 

 

       

      
Fig. S33 Calculated frontier molecular orbital representations of DPP2q (a) HOMO, (b) 

HOMO-1, (c) LUMO and (d) LUMO+1 (CASSCF(4,4)/def2-SVP level of theory). 
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Fig. S34 Calculated frontier molecular orbital representations of DPP3q (a) HOMO, (b) 

HOMO-1, (c) LUMO and (d) LUMO+1 (CASSCF(4,4)/def2-SVP level of theory). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S35 Optimized geometries of (a) DPP1••, (b) DPP2q and (c) DPP3q (SF-TDDFT 

(BHHLYP/def2-SVP) level of theory). 
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Fig. S36 Spin density distribution of DPP1•• calculated on the CASSCF(4,4)/def2-SVP 

level of theory. 

 

 

 

 
 

Table S6 Natural orbital occupation numbers (NOONs) of the frontier orbitals, singlet 

biradical character (y0) and singlet-triplet energy gap (ΔEST) for DPP1••, DPP2q and 

DPP3q at the level of CASSCF(4,4)/def2-SVP. 
 
 

 HONO-1 HONO LUNO LUNO+1 y0 ΔEST (eV) 

DPP1•• 1.9111 1.1252 0.8754 0.0883 0.7540 0.0236 

DPP2q 1.9227 1.9194 0.0818 0.0761 0.0035 1.2186 

DPP3q 1.9555 1.9331 0.0707 0.0408 0.0025 1.3077 
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Fig. S37 Optimized N,X-trans geometries of DPP2q (top) and DPP3q (bottom) on the SF-

TD-DFT (BHHLYP/def2-SVP) level of theory with selected bond lengths in Å. 
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