
 
 

S1 
 

Suppression of Dexter Transfer by Covalent Encapsulation for 

Efficient Matrix-Free Narrowband Deep Blue Hyperfluorescent 

OLEDs  

Hwan-Hee ChoaϞ, Daniel G. CongravebϞ,*, Alexander J. Gilletta, Stephanie Montanarob, Haydn E. 

Francisb,c, Víctor Riesgo-Gonzalezb,c, Junzhi Yea, Rituparno Chowdurya, Weixuan Zengb, Marc K. 

Etheringtond, Jeroen Royakkersb, Oliver Millingtonb, Andrew D. Bondb, Felix Plassere, Jarvist M. Frostf, 

Clare P. Greyb,c, Akshay Raoa, Richard H. Frienda, Neil C. Greenhama* and Hugo Bronsteina,b*  

aCavendish Laboratory, University of Cambridge, CB3 0HE, U.K.  
bYusuf Hamied Department of Chemistry, University of Cambridge, CB2 1EW, U.K. 
cThe Faraday Institution, Quad One, Harwell Science and Innovation Campus, Didcot OX11 0RA, U.K. 
dDepartment of Mathematics, Physics and Electrical Engineering, Northumbria University, Ellison Place, Newcastle upon 

Tyne, NE1 8ST, UK 
eDepartment of Chemistry, Loughborough University, Loughborough, LE11 3TU, UK. 
fDepartment of Physics, Imperial College London, London SW7 2AZ, U.K. 

Table of Contents 

1. Synthesis         S2 
2. X-Ray crystallography        S37 

3. Theoretical calculations        S45 

4. Thermal analysis        S52 

5. Absorption, photoluminescence and electrochemistry    S53 

6. Transient absorption spectroscopy      S82 

7. Electroluminescence        S93 

8. References         S120 

       

 

 

 

 

 

 

 

 

 

 

 

 



 
 

S2 
 

 

1. Synthesis 

General 

1H NMR spectra were recorded on a 400 MHz Avance III HD Spectrometer, 400 MHz Smart Probe 

Spectrometer or a 500 MHz DCH Cryoprobe Spectrometer in the stated solvent using residual protic 

solvent as the internal standard. 1H NMR chemical shifts are reported to the nearest 0.01 ppm. The 

coupling constants (J) are measured in Hertz. 13C NMR spectra were recorded on the 500 MHz DCH 

Cryoprobe Spectrometer in the stated solvent using the residual protic solvent as the internal 

standard. 13C NMR chemical shifts are reported to the nearest 0.1 ppm. Mass spectra were obtained 

using a Waters LCT, Finnigan MAT 900XP or Waters MALDI micro MX spectrometer at the Department 

of Chemistry, University of Cambridge. Elemental analyses were obtained on an Exeter Analytical Inc. 

CE-440 elemental analyser. Thermal gravimetric analysis was run under a nitrogen atmosphere at a 

rate of 10 °C minҍ1 using a Mettler Toledo TGA/DSC 2 instrument at a gas flow of 125 cm3minҍ1. 

Differential scanning calorimetry was run on a Mettler Toledo DSC822e under the following cycling 

conditions: 25ς380 °C at 10 K minҍ1; 10 min hold at 380 °C; 380ς25 °C at 50 K minҍ1; 10 min hold at 25 

°C; 25ς380 °C at 10 K minҍ1; 10 min hold at 380 °C; 380ς25 °C at 50 K minҍ1; 10 min hold at 25 °C. 

Reactions requiring an inert atmosphere were carried out under argon. Thin layer chromatography 

(TLC) was carried out on silica gel and visualized using UV light (254, 365 nm). Flash chromatography 

was carried out on a Biotage® Isolera automated flash chromatography machine on 60 micron silica 

gel cartridges purchased from Biotage®. 

!ƭƭ ŎƻƳƳŜǊŎƛŀƭ ŎƘŜƳƛŎŀƭǎ ǿŜǊŜ ƻŦ җфр҈ ǇǳǊƛǘȅ ŀƴŘ ǿŜǊŜ ǳǎŜŘ ŀǎ ǊŜŎŜƛǾŜŘ ǿƛǘƘƻǳǘ ŦǳǊǘƘŜǊ ǇǳǊƛŦƛŎŀǘƛƻƴΦ 

Anhydrous solvents were purchased from Sigma Aldrich or Acros Organics and used as received. 

2-Bromo-4-tert-butylbenzaldehyde was prepared starting from 4-tert-butyltoluene according to 

literature procedures. 4-tert-butyltoluene was sequentially brominated to 2-bromo-4-tert-butyl 

toluene1 and then 2-bromo-4-tert-butylbromomethylbenzene.2 Subsequent Hass-Bender oxidation 

afforded 2-Bromo-4-tert-butylbenzaldehyde.2 

2-Bromo-5-tert-butylbenzaldehyde was prepared starting from 4-tert-butylbromobenzene according 

to literature procedures. 4-tert-butylbromobenzene was nitrated to afford 4-tert-butyl-2-

nitrobromobenzene. Reduction and diazotisation followed by treatment with KI afforded 4-tert-butyl-

2-iodobromobenzene,3  which was converted to 2-bromo-5-tert-butylbenzaldehyde after 

chemoselective metal-halogen exchange and treatment with DMF.4 

En-DPA  was prepared according to the literature procedure.5
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Discussion 

 

Scheme S1.1: Synthetic scheme for NB-1. 

The encapsulated emitter NB-1 was synthesised starting from the brominated mDICz intermediate S1. 

As the ring closing intramolecular Ullmann reaction affording S1 operates at a comparatively low 

temperature of 120 °C, the peripheral bromine atoms are retained. S1 is too poorly soluble to 

characterise by NMR, but the structure and purity were confirmed by HRMS and elemental analysis, 

respectively. Fortunately, under dilute conditions in refluxing toluene S1 was sufficiently soluble to 

undergo Suzuki coupling with the boronic acid S3, affording the soluble intermediate S4 which could 

be obtained analytically pure after flash chromatography and recrystallization. Ring closing metathesis 

(RCM) selectively afforded S5 in quantitative yield, which was transformed to NB-1 via hydrogenation 

over Pd/C. 

NB-2 could not be obtained via an analogous route. Despite screening multiple metathesis catalysts 

(including ones optimised for RCM of sterically encumbered substrates such as Grubbs Catalyst® M205 

CAS: 927429-60-5) and different length alkene straps (octene, nonene and decene), it was not possible 

to observe clean RCM without appreciable polymeric impurities. This highlights the sensitivity of RCM 

to small changes in substrate molecular structure. The polymeric impurities could not be removed via 

flash chromatography or through recrystallization, and the authors did not have access to preparative 

GPC/SEC, prompting a different synthetic route. 
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Scheme S1.2: Synthetic scheme for NB-2 

The adopted route for NB-2 avoids the need for RCM, and starts with the Suzuki coupling of S6 with 

the bis(benzyl)-protected boronic acid S8. S9 was obtained in a satisfactory yield of 56%. The bulky 

benzyl groups afford sufficient solubility for purification by sequential flash chromatography and 

recrystallization. Removal of the benzyl protecting groups was carried out quantitatively through 

hydrogenation in a THF/ethanol mixture at 80 °C in a sealed tube ς conditions under which both S9 

and the product S10 are soluble. Fortunately, S10 is soluble in warm DMF under dilute conditions, 

enabling NB-2 to be obtained in a good yield of 70% after alkylation with 1,14-dibromotetradecane. 

 

Scheme S1.3: Synthetic scheme for En-Per 

En-Per was synthesised similarly to NB-2 through adopting benzyl protection. However, as 2,5,8,11-

tetrabromoperylene is challenging to obtain pure on an appreciable scale,6 the route was based on 

the tetra boronic ester S11. Four-fold Suzuki coupling with 10 molar equivalents of S7 afforded S12 in 

65% isolated yield, limited by the requirement to remove incompletely coupled/ deborylated 

materials. A larger excess of S7 may foreseeably improve this yield by simplifying purification,7 but we 

were limited by materials availability. Deprotection via hydrogenation over Pd/C followed by 

alkylation with 1,8-dibromooctane afforded En-Per after preparative HPLC purification. It is 
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noteworthy that En-Per has a different arrangement of encapsulating straps over each face of the 

perylene core - a different isomer to our previously reported PDI analogue.7 

In summary, an RCM-centred synthesis like that used for NB-1 benefits from the good solubility of all 

intermediates, high late-stage yields and the commercial availability of various terminal-

bromoalkenes, making NB-1 obtainable on gram-scale. However, the RCM conditions are very 

sensitive to steric hinderance, which may make this strategy less versatile if polymeric side-products 

cannot be avoided or removed. The NB-2 route based on alkylation with a dihalogenoalkane does not 

require bulky Grubbs catalysts, and so should be more tolerant of structural variation of the substrate, 

particularly if bulky shielding groups are desired. The versatility of the NB-2 route was proven on the 

doubly-encapsulated En-Per. However, the synthesis of larger luminophores may be restricted by the 

availability of longer dihalogenoalkanes, and the poor solubility of poly-alcohol intermediates. 

 

 

 

Scheme S1.4: Synthetic scheme for NB-3 
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Procedures 

NB-1 

 

 

S1.   This synthesis was inspired by literature procedures.8,9 5-Bromoindole (4.07 g, 20.7 mmol, 1.00 

eq.), 2-bromo-4-tert-butylbenzaldehyde (5 g, 20.7 mmol, 1.00 eq.) and HI (57 wt%. in water, 0.56 mL, 

4.23 mmol, 0.20 eq.) were heated to reflux overnight under air in MeCN (150 mL). The reaction 

mixture was cooled in a ҍ20 °C freezer for 6 h and the precipitate was isolated by filtration and washed 

with ҍ20 °C MeCN (3 × 20 mL). The isolated solid was suspended in MeCN (150 mL) with iodine (1.95 

g, 7.69 mmol, 0.37 eq.) and the resulting mixture heated again to reflux overnight under air. The 

reaction mixture was cooled in a ҍ20 °C freezer for 6 h and the presumed indolocarbazole 

intermediate was isolated as an yellow-white powder by filtration after washing with ҍ20 °C MeCN (3 

× 20 mL) and drying under suction (3.74 g, 4.47 mmol, 43%). The presumed indolocarbazole 

intermediate was suspended in dry DMF (150mL) with TBAOH (40 wt% in methanol, 6.50 g, 11.00 

mmol, 2.46 eq.) under argon. The resulting mixture was degassed for 10 min. CuI (852 mg, 4.47 mmol, 

1.00 eq.) was added and the mixture immersed in a 120 °C pre-heated oil bath overnight. The reaction 

mixture was cooled to room temperature. The yellow precipitate was isolated via filtration, washed 

with MeCN (3 × 20 mL) and then suspended in benzonitrile (100 mL). The suspension was refluxed for 

10 min and then cooled to room temperature. Filtration afforded S1 as a yellow powder sufficiently 

pure for the next step (870 mg, 1.29 mmol, 12% overall yield). This compound is too insoluble to obtain 

NMR spectra in common organic solvents. An analytical sample was obtained as fluffy yellow needles 

after recrystallization from benzonitrile (reflux Ҧ room temperature, hot filtered through paper under 

gravity). The UV spectra of the crude and recrystallized samples are essentially identical. Anal. Calcd. 

for C38H30Br2N2: C, 67.67; H, 4.48; N, 4.15. Calcd. for C38H30Br2N2·0.2PhCN: C, 68.08; H, 4.50; N, 4.43.  

Found:  C, 68.09; H, 4.49; N, 4.39 (average of two runs); HRMS (ASAP): m/z 673.0832 [MςH+]. Calcd. 

for C38H31Br79
2N2

+: 673.0854. 



 
 

S7 
 

300 350 400 450 500

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

lis
e

d
 a

b
s
o

rp
ti
o

n

Wavelength (nm)
 

Spectrum S1.4: Absorption spectrum of in S1 toluene.  

 

Spectrum S1.5: Mass spectrum of S1 
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S2. 2-Bromoresorcinol (2.90 g, 15.3 mmol, 1.00 eq.), K2CO3 (12.67 g, 91.7 mmol, 6.00 eq.) and KI (762 

mg, 4.59 mmol, 0.30 eq.) were combined in dry DMF (50 mL) under argon and the resulting mixture 

heated in a 60 °C oil bath. After 1 h 8-bromo-1-octene (7.32 g, 38.3 mmol, 2.50 eq.) was added and 

the heating was continued overnight. The reaction mixture was cooled to room temperature and 

diluted with hexane (100 mL) and water (300 mL). The layers were separated, and the aqueous layer 

was extracted with further hexane (3 × 50 mL). The extracts were combined, washed with 2 M NaOH 

(3 × 50 mL), dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue 

was purified by flash chromatography on silica gel (eluent: gradient 0:1ҍ1:9 EtOAc/ n-hexane v/v) to 

afford S2 as a clear oil (5.84 g, 14.3 mmol, 93%). 1H NMR data were in accordance with those reported 

in the literature.10 1H NMR (500 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ тΦму όǘΣ J = 8.3 Hz, 1H), 6.55 (d, J = 8.3 Hz, 2H), 

5.84 (ddt, J = 17.1, 10.2, 6.7 Hz, 2H), 5.03 (ddd, J = 17.1, 3.5, 1.7 Hz, 2H), 4.96 (ddt, J = 10.2, 2.2, 1.7 Hz, 

2H), 4.04 (t, J = 6.5 Hz, 4H), 2.13 ς 2.05 (m, 4H), 1.86 (dq, J = 13.0, 6.5 Hz, 4H), 1.58 ς 1.50 (m, 5H), 1.47 

ς 1.39 (m, 8H). 

 

Spectrum S1.6: 1H NMR spectrum of S2. 
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S3. A solution of S2 (5.81 g, 14.2 mmol, 1.00 eq.) in dry THF (80 mL) was cooled to ҍ78 °C in a dry ice-

acetone bath under argon. n-BuLi  (2.5 M in hexane, 7.37 mL, 18.4 mmol, 1.30 eq.) was added dropwise 

and the resulting mixture was stirred for 1 h. B(OMe)3 (5.54 mL, 49.7 mmol, 3.50 eq.) was added 

dropwise, and the resulting mixture warmed to room temperature overnight.. The reaction mixture 

was quenched with 1 M HCl (30 mL) and stirred for 1 h. The layers were separated and the aqueous 

layer extracted with DCM (3 × 50 mL). The extracts were combined, dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The residue was purified by flash chromatography on silica 

gel (eluent: gradient 0:1ҍ1:0 DCM/ n-hexane v/v) to afford S3 as a clear oil that solidified on standing 

(4.52 g, 12.1 mmol, 85%).  1H NMR data were in accordance with those reported in the literature.10 1H 

NMR (500 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ тΦоу ς 7.31 (m, 3H), 6.60 (d, J = 8.4 Hz, 2H), 5.80 (ddt, J = 17.1, 10.2, 

6.7 Hz, 2H), 5.00 (ddd, J = 17.1, 3.6, 1.6 Hz, 2H), 4.94 (ddt, J = 10.2, 2.2, 1.2 Hz, 2H), 4.06 (t, J = 6.6 Hz, 

4H), 2.06 (td, J = 6.8, 1.2 Hz, 4H), 1.85 (dq, J = 13.2, 6.6 Hz, 4H), 1.51 ς 1.36 (m, 12H). 

 

Spectrum S1.7: 1H NMR spectrum of S3. 
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S4. S1 (1.00 g, 1.48 mmol, 1.00 eq.), S3 (3.33 g, 8.90 mmol, 6.00 eq.), Pd(OAc)2 (20 mg, 88.9 ˃mol, 6 

mol%) and SPhos (73 mg, 178 m˃ol, 12 mol%) were combined in a 500 mL round bottomed flask which 

was evacuated and backfilled with argon 5 times. Degassed toluene (250 mL, w/ 5 drops Aliquat 336) 

and a degassed solution of K3PO4 (1.89 g, 8.90 mmol, 6.00 eq.) in water (32 mL) were added 

sequentially, and the resulting mixture was refluxed in a preheated 130 °C oil bath overnight. The 

reaction mixture was cooled to room temperature and acidified with 1 M HCl (100 mL). The layers 

were separated, and the aqueous layer extracted with DCM (3 × 50 mL). The extracts were combined, 

dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified 

by flash chromatography on silica gel (eluent: gradient 0:1ҍ35:65 DCM/ n-hexane v/v) and then 

recrystallized (100 mL ethanol and minimal CHCl3, reflux Ҧ ҍ20 °C) to afford S4 as yellow needles (950 

mg, 0.81 mmol, 55%). 1H NMR (400 MHz, CDCl3ύ ʵ (ppm) = 8.59 (s, 2H), 8.42 (d, J = 8.3 Hz, 2H), 8.13 ς 

8.05 (m, 4H), 7.67 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 7.34 (t, J = 8.3 Hz, 2H), 6.77 (d, J = 8.3 Hz, 

4H), 5.52 ς 5.39 (m, 4H), 4.73 ς 4.62 (m, 8H), 4.00 (t, J = 6.3 Hz, 8H), 1.75 ς 1.67 (m, 8H), 1.66 ς 1.58 

(m, 8H), 1.55 (s, 18H), 1.33 ς 1.24 (m, 8H), 1.13 ς 0.98 (m, 16H); 13C NMR (101 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ 

157.6, 150.1, 142.5, 139.2, 138.8, 137.6, 129.6, 128.9, 128.5, 127.5, 127.4, 126.9, 124.0, 120.9, 119.1, 

113.8, 112.4, 112.0, 111.1, 109.1, 105.8, 68.9, 35.4, 33.5, 31.8, 29.2, 28.7, 28.6, 25.9; Anal. Calcd. for 

C82H96N2O4: C, 83.92; H, 8.24; N, 2.39. Found:  C, 83.97; H, 8.14; N, 2.34 (average of two runs); HRMS 

(ASAP): m/z 1173.7407 [MςH+]. Calcd. for C82H97N2O4
+: 1173.7448. 

 

Spectrum S1.8: 1H NMR spectrum of S4. 
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Spectrum S1.9: 13C NMR spectrum of S4. 

 

 

Spectrum S1.10: Mass spectrum of S4. 
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S5. S4 (800 mg, 0.68 mmol) and Grubbs 2nd generation catalyst (36 mg, 41 ˃mol, 6 mol%) were stirred 

in degassed dry DCM (200 mL) under argon overnight at reflux. The solvent was evaporated and the 

residue purified by flash chromatography on silica gel (eluent: gradient 0:1ҍ35:65 DCM/ n-hexane v/v, 

a single yellow band was collected) to afford S5 as a yellow powder sufficiently pure for the next step 

after trituration with methanol and drying under suction (753 mg, 0.66 mmol, 96%). A mixture of E 

and Z isomers. 1H NMR (400 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ уΦсл όǎΣ нIύΣ уΦпо όŘΣ J = 8.2 Hz, 2H), 8.18 ς 8.08 (m, 

4H), 7.76 ς 7.67 (m, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.37 (t, J = 8.3 Hz, 2H), 6.80 (d, J = 8.3 Hz, 4H), 4.19 ς 

4.02 (m, 8H), 4.00 ς 3.91 (m, 4H), 1.62 ς 1.53 (m, 8H), 1.32 ς 1.08 (m, 16H), 0.96 ς 0.83 (m, 8H), 0.62 

ς 0.42 (m, 8H); 13C NMR (176 MHz, CDCl3ύ ʵ όǇǇƳύ мртΦуΣ мрлΦнΣ мпнΦсΣ мофΦпΣ мотΦсΣ мнфΦфΣ мнфΦмΣ 

128.9, 128.7, 127.6, 127.5, 127.1, 124.4, 121.4, 119.1, 112.3, 112.0, 111.3, 109.2, 106.0, 69.2, 35.5, 

32.2, 32.0, 29.8, 29.6, 29.3, 26.6; Anal. Calcd. for C78H88N2O4: C, 83.83; H, 7.94; N, 2.51. Found:  C, 

83.69; H, 7.94; N, 2.49 (average of two runs); HRMS (ASAP): m/z 1117.6803 [MςH+]. Calcd. for 

C78H89N2O4
+: 1117.6822. Shoulder peaks in the 1H NMR spectrum are assigned to a mixture of E and Z 

isomers, considering that no shoulder peaks are present after alkene reduction in the next step. 

Shoulders are also present in the 13C NMR spectrum. Only peaks for the major compound are listed. 

 

Spectrum S1.11: 1H spectrum of S5. 
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Spectrum S1.12: Mass spectrum of S5 
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NB-1. A mixture of S5 (710 mg, 0.64 mmol) and Pd/C (10 wt% Pd, 150 mg) in THF (125 mL) was bubbled 

with H2 for 30 min at room temperature and then refluxed overnight under H2 (balloon). The warm 

reaction mixture was filtered through celite and the solvent removed under reduced pressure. The 

residue was recrystallized (100 mL ethanol and minimal CHCl3, reflux Ҧ ҍ20 °C) to obtain NB-1 as a 

yellow powder (610 mg, 0.54 mmol, 86%). 1H NMR (400 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ уΦсм όǎΣ нIύΣ уΦпт ς 8.37 

(m, 2H), 8.15 ς 8.01 (m, 4H), 7.70 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 7.34 (t, J = 8.3 Hz, 2H), 6.78 

(t, J = 8.3 Hz, 4H), 4.09 ς 3.92 (m, 8H), 1.56 (s, 18H), 1.35 ς 1.18 (m, 8H), 0.94 ς 0.80 (m, 8H), 0.56 ς 

0.32 (m, 16H), 0.21 ς -0.02 (m, 8H); 13C NMR (126 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ мртΦуΣ мрлΦмΣ мпнΦрΣ мофΦоΣ 

137.5, 130.0, 128.9, 128.6, 127.6, 127.5, 127.1, 124.5, 120.9, 119.0, 112.3, 112.0, 111.2, 109.3, 105.7, 

69.2, 35.5, 32.0, 29.9, 29.8, 29.8, 29.6, 29.3, 26.9; Anal. Calcd. for C78H92N2O4: C, 83.53; H, 8.27; N, 

2.50. Found:  C, 83.39; H, 8.26; N, 2.50 (average of two runs); HRMS (ASAP): m/z 1121.7126 [MςH+]. 

Calcd. for C78H93N2O4
+: 1121.7135. 

 

 

Spectrum S1.13: 1H spectrum of NB-1. 



 
 

S15 
 

 

Spectrum S1.14: 13C spectrum of NB-1. 

 

 

Spectrum S1.15: Mass spectrum of NB-1. 
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NB-2 

 

 

S6.   This synthesis was inspired by literature procedures.8,9 5-Bromoindole (4.07 g, 20.7 mmol, 1.00 

eq.), 2-bromo-5-tert-butylbenzaldehyde (5 g, 20.7 mmol, 1.00 eq.) and HI (57 wt%. in water, 0.56 mL, 

4.23 mmol, 0.20 eq.) were heated to reflux overnight under air in MeCN (50 mL). The reaction mixture 

was cooled in a ҍ20 °C freezer for 6 h and the presumed indolocarbazole intermediate was isolated as 

an yellow-white powder by filtration after washing with ҍ20 °C MeCN (3 × 20 mL) and drying under 

suction (3.29 g, 3.93 mmol, 38%). Aromatisation with I2 was not carried out during the synthesis of S6 

as it caused the yield to drop by a factor of nearly 5. The presumed indolocarbazole intermediate was 

suspended in dry DMF (100mL) with TBAOH (40 wt% in methanol, 5.72 g, 9.68 mmol, 2.46 eq.) under 

argon. The resulting mixture was degassed for 10 min. CuI (750 mg, 3.93 mmol, 1.00 eq.) was added 

and the mixture immersed in a 120 °C pre-heated oil bath overnight. The reaction mixture was cooled 

to room temperature. The yellow precipitate was isolated via filtration, washed with MeCN (3 × 20 

mL) and then suspended in benzonitrile (50 mL). The suspension was refluxed for 10 min and then 

cooled to room temperature. Filtration afforded S6 as a yellow powder sufficiently pure for the next 

step (730 mg, 1.08 mmol, 10% overall yield). This compound is too insoluble to obtain NMR spectra in 

common organic solvents. HRMS (ASAP): m/z 673.0826 [MςH+]. Calcd. for C38H31Br79
2N2

+: 673.0854. 
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Spectrum S1.16: Absorption spectrum of in S6 toluene. 
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Spectrum S1.17: Mass spectrum of S6. 
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S7. 2-Bromoresorcinol (13.6 g, 71.6 mmol, 1.00 eq.), K2CO3 (21.8 g, 158 mmol, 2.20 eq.) and KI (1.36 

mg, 8.16 mmol, 0.11 eq.) were combined in dry acetone (100 mL) under argon. Benzyl bromide (19.0 

mL, 160 mmol, 2.23 eq.) was added and the resulting mixture was heated overnight to reflux. The 

reaction mixture was cooled to room temperature and filtered through celite eluting with additional 

acetone (500 mL). The solvent was removed under reduced pressure and the residue recrystallized 

from hexane (700 mL, reflux Ҧ r.t.) to afford S7 as colourless needles (21.3 g, 57.9 mmol, 81%). 1H 

NMR data were in accordance with those reported in the literature.11 1H NMR (400 MHz, CDCl3ύ ʵ 

(ppm) = 7.49 (d, J = 7.4 Hz, 4H), 7.41 ς 7.36 (m, 4H), 7.34 ς 7.30 (m, 2H), 7.15 (t, J = 8.3 Hz, 1H), 6.61 

(d, J = 8.3 Hz, 2H), 5.17 (s, 4H). 

 

 

Spectrum S1.18: 1H spectrum of S7. 
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S8. A solution of S7 (9.44 g, 25.6 mmol, 1.00 eq.) in dry THF (200 mL) was cooled to ҍ78 °C in a dry ice-

acetone bath under argon. n-BuLi  (2.5 M in hexane, 13.3 mL, 33.3 mmol, 1.30 eq.) was added dropwise 

and the resulting mixture was stirred for 1 h. The mixture set to a solid that could not be stirred. The 

mixture was transferred to an ice bath until full dissolution was observed, and then transferred back 

into a dry ice-acetone bath. B(OMe)3 (9.92 mL, 89.0 mmol, 3.48 eq.) was immediately added dropwise, 

and the resulting mixture warmed to room temperature overnight. The reaction mixture was 

quenched with 1 M HCl (30 mL) and stirred for 1 h. The layers were separated and the aqueous layer 

extracted with DCM (3 × 50 mL). The extracts were combined, dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The residue was purified by flash chromatography on silica 

gel (eluent: gradient 0:1ҍ1:0 EtOAc/ DCM v/v) to afford S8 as an off-white solid (6.84 g, 20.5 mmol, 

80%).  1H NMR data were in accordance with those reported in the literature.11 1H NMR (400 MHz, 

CDCl3ύ ʵ όttaύ Ґ тΦпр ς 7.33 (m, 11H), 7.20 (s, 2H), 6.71 (d, J = 8.4 Hz, 2H), 5.15 (s, 4H). 

 

Spectrum S1.19: 1H spectrum of S8. 
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S9. S6 (400 mg, 0.59 mmol, 1.00 eq.), S8 (1.00 g, 3.00 mmol, 5.08 eq.), Pd(OAc)2 (12 mg, 54 ˃mol, 9 

mol%) and SPhos (44 mg, 107 m˃ol, 18 mol%) were combined in a 250 mL round bottomed flask which 

was evacuated and backfilled with argon 5 times. Degassed toluene (100 mL, w/ 3 drops Aliquat 336) 

and a degassed solution of K3PO4 (637 mg, 3.00 mmol, 5.08 eq.) in water (13 mL) were added 

sequentially, and the resulting mixture was refluxed in a preheated 130 °C oil bath overnight. The 

reaction mixture was cooled to room temperature and acidified with 1 M HCl (100 mL). The layers 

were separated, and the aqueous layer extracted with DCM (3 × 50 mL). The extracts were combined, 

dried over MgSO4, filtered and the solvent removed under reduced pressure. The residue was purified 

by flash chromatography on silica gel (eluent: gradient 0:1ҍ3:1 DCM/ n-hexane v/v) and then 

recrystallized (100 mL ethanol and minimal CHCl3, reflux Ҧ r.t.) to afford S9 as yellow crystals (360 

mg, 0.33 mmol, 56%). 1H NMR (400 MHz, CDCl3ύ ʵ όǇǇƳ) = 8.82 (s, 2H), 8.53 (s, 2H), 8.11 (d, J = 8.2 Hz, 

2H), 8.02 (d, J = 8.3 Hz, 2H), 7.83 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.34 (t, J = 6.8 Hz, 10H), 

7.10 ς 7.02 (m, 12H), 6.88 (d, J = 8.4 Hz, 4H), 5.17 (s, 4H), 1.40 (s, 18H); 13C NMR (126 MHz, CDCl3ύ ʵ 

(ppm) = 157.3, 144.6, 142.7, 137.8, 137.3, 136.9, 130.3, 129.2, 128.8, 128.7, 128.5, 127.8, 127.5, 127.1, 

126.7, 124.2, 121.5, 121.2, 112.8, 112.7, 111.8, 111.4, 107.1, 70.9, 34.9, 31.9; Anal. Calcd. for 

C78H64N2O4: C, 85.68; H, 5.90; N, 2.56. Found:  C, 85.55; H, 5.79; N, 2.95 (average of two runs); HRMS 

(ASAP): m/z 1093.4896 [MςH+]. Calcd. for C78H65N2O4
+: 1093.4944. 

 

Spectrum S1.20: 1H spectrum of S9. 
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Spectrum S1.21: 13C spectrum of S9. 

 

 

Spectrum S1.22: Mass spectrum of S9. 
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S10. S9 όнрл ƳƎΣ ннф ˃ƳƻƭύΣ tŘκ/ όмл ǿǘ҈ tŘΣ ту ƳƎύΣ ¢IC όол Ƴ[ύ ŀƴŘ ŜǘƘŀƴƻƭ όр Ƴ[ύ ǿŜǊŜ ǎŜŀƭŜŘ ƛƴ 

a 50 mL microwave vial with a crimped septum cap. The resulting mixture was bubbled with H2 gas via 

a balloon for ca. 30 min. The balloon was removed and the vial was stirred in a preheated 80 °C oil 

bath overnight. The reaction mixture was cooled to room temperature, diluted with THF (50 mL) and 

filtered through a plug of silica gel (eluent: ca. 100 mL THF). The solvent was removed and residue was 

triturated with hexane and filtered to obtain S10 as a yellow powder that was used as obtained in the 

ƴŜȄǘ ǎǘŜǇ ŀŦǘŜǊ ŘǊȅƛƴƎ ǳƴŘŜǊ ƘƛƎƘ ǾŀŎǳǳƳ όмсу ƳƎΣ ннф ˃ƳƻƭΣ млл҈ύΦ 1I baw όплл aIȊΣ ¢ICύ ʵ όǇǇƳύ 

= 8.81 (d, J = 1.1 Hz, 2H), 8.67 (d, J = 1.7 Hz, 2H), 8.23 (d, J = 8.4 Hz, 2H), 8.18 (d, J = 8.5 Hz, 2H), 7.95 

(s, 4H), 7.81 (dd, J = 8.3, 1.5 Hz, 2H), 7.76 (dd, J = 8.5, 1.8 Hz, 2H), 6.99 (t, J = 8.1 Hz, 2H), 6.49 (d, J = 

8.1 Hz, 4H); 13/ baw όмтс aIȊΣ ¢ICύ ʵ όǇǇƳύ Ґ мруΦпΣ мптΦлΣ мппΦсΣ мофΦуΣ мофΦоΣ монΦсΣ момΦрΣ момΦлΣ 

130.4, 130.2, 129.8, 126.5, 123.2, 118.8, 114.8, 114.8, 114.0, 113.7, 36.9, 33.7; HRMS (ESI): m/z 

733.3053 [MςH+]. Calcd. for C50H41N2O4
+: 733.3066. 

 

Spectrum S1.23: 1H spectrum of S10. 
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Spectrum S1.24: Mass spectrum of S10. 
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NB-2. A mixture of S10 όмрм ƳƎΣ нлс ˃ƳƻƭΣ мΦлл ŜǉΦύ ŀƴŘ мΣмп-dibromotetradecane (147 mg, 412 206 

˃ƳƻƭΣ нΦлл ŜǉΦύ ǿŀǎ ƘŜŀǘŜŘ ǘƻ пл °C in dry DMF (50 mL) under argon until full dissolution was observed 

(ca. 30 min). K2CO3 (142 mg, 1.03 mmol, 5.00 eq.) was added, and the mixture stirred at 40 °C for 24 

h and then at 80 °C for 48 h. After evaporation of the reaction solvent, the residue was purified by 

flash chromatography on silica gel (eluent: gradient 0:1ҍ1:1 DCM/ n-hexane v/v, the product is the 

first fluorescent band to elute and drags, use a small column) to afford NB-2 as a yellow powder after 

trituration with methanol and drying under suction (162 mg, 144 ˃ƳƻƭΣ тл҈ύΦ 1H NMR (400 MHz, 

CDCl3ύ ʵ όǇǇƳύ Ґ уΦсс όŘΣ J = 1.2 Hz, 2H), 8.55 (d, J = 1.7 Hz, 2H), 8.07 (d, J = 8.3 Hz, 2H), 8.00 (d, J = 8.5 

Hz, 2H), 7.75 (dd, J = 8.3, 1.5 Hz, 2H), 7.68 (dd, J = 8.5, 1.8 Hz, 2H), 7.32 (t, J = 8.3 Hz, 2H), 6.75 (d, J = 

8.4 Hz, 4H), 4.08 (dt, J = 8.9, 4.5 Hz, 4H), 4.00 ς 3.91 (m, 4H), 1.64 ς 1.55 (m, 8H), 1.53 (s, 18H), 1.44 ς 

1.23 (m, 12H), 0.89 (dd, J = 13.6, 6.9 Hz, 8H), 0.48 ς 0.37 (m, 12H), 0.28 ς 0.18 (m, 4H), 0.06 (d, J = 13.0 

Hz, 4H); 13C NMR (126 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ мртΦсΣ мппΦоΣ мпнΦоΣ мотΦрΣ мосΦфΣ молΦоΣ мнфΦрΣ мнуΦсΣ 

128.5, 128.0, 127.2, 124.1, 121.5, 120.3, 112.7, 112.5, 111.8, 111.0, 105.3, 69.0, 35.0, 32.2, 30.1, 29.9, 

29.8, 29.7, 29.3, 26.9; Anal. Calcd. for C78H92N2O4: C, 83.53; H, 8.27; N, 2.50. Found:  C, 83.37; H, 8.30; 

N, 2.74; HRMS (ASAP): m/z 1121.7108 [MςH+]. Calcd. for C78H93N2O4
+: 1121.7135. 

 

Spectrum S1.25: 1H spectrum of NB-2. 
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Spectrum S1.26: 13C spectrum of NB-2. 

 

 

Spectrum S1.27: Mass spectrum of NB-2. 
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NB-3 

 

 

NB-3.This synthesis was inspired by literature procedures8,9 Indole (1.94 g, 16.6 mmol, 1.00 eq.), 2-

bromo-4-tert-butylbenzaldehyde (4.00 g, 16.6 mmol, 1.00 eq.) and HI (57 wt%. in water, 0.45 mL, 3.40 

mmol, 0.20 eq.) were heated to reflux overnight under air in MeCN (50 mL). The reaction mixture was 

cooled in a ҍ20 °C freezer for 6 h and the precipitate was isolated by filtration and washed with ҍ20 

°C MeCN (3 × 20 mL). The isolated solid was suspended in MeCN (50 mL) with iodine (1.56 g, 6.15 

mmol, 0.37 eq.) and the resulting mixture heated again to reflux overnight under air. The reaction 

mixture was cooled in a ҍ20 °C freezer for 6 h and the presumed indolocarbazole intermediate was 

isolated as an off-white powder by filtration after washing with ҍ20 °C MeCN (3 × 20 mL) and drying 

under suction (890 mg, 1.31 mmol, 16%). The presumed indolocarbazole intermediate was suspended 

in dry DMF (20 mL) with TBAOH (40 wt% in methanol, 1.89 g, 3.20 mmol, 2.44 eq.) under argon. The 

resulting mixture was degassed for 10 min. CuI (280 mg, 1.47 mmol, 1.12 eq.) was added and the 

mixture immersed in a 120 °C pre-heated oil bath overnight. The reaction mixture was cooled to room 

temperature. The yellow precipitate was isolated via filtration, washed with MeCN (3 × 20 mL) and 

recrystallized (100 mL ethanol and minimal CHCl3, reflux Ҧ room temperature, hot filtered through 

paper under gravity) to afford NB-3 as fluffy yellow needles (133 mg, 0.26 mmol, 2% overall yield). 1H 

baw όплл aIȊΣ ¢/9ύ ʵ όǇǇƳύ Ґ уΦну όŘΣ J = 7.7 Hz, 2H), 8.23 (d, J = 8.3 Hz, 2H), 7.94 ς 7.88 (m, 4H), 

7.64 (td, J = 7.7, 1.2 Hz, 2H), 7.57 (dd, J = 8.3, 1.7 Hz, 2H), 7.48 (td, J = 7.6, 1.0 Hz, 2H), 1.62 (s, 18H); 
13/ baw όмтс aIȊΣ ¢/9ύ ʵ όǇǇƳύ Ґ мрлΦоΣ мпмΦрΣ моуΦсΣ моуΦмΣ мнуΦсΣ мнсΦнΣ мнсΦмΣ мнпΦмΣ мноΦуΣ мнмΦрΣ 

119.4, 112.2, 111.3, 111.2, 109.1, 35.2, 31.7; Anal. Calcd. for C38H32N2: C, 88.34; H, 6.24; N, 5.42. Calcd. 

for C38H32N2·0.15CHCl3: C, 85.80; H, 6.02; N, 5.40.  Found:  C, 85.71; H, 6.06; N, 5.24 (average of two 

runs); HRMS (ASAP): m/z 517.2625 [MςH+]. Calcd. for C38H33N2
+: 517.2624. 
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Spectrum S1.28: 1H spectrum of NB-3. 
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Spectrum S1.29: 13C spectrum of NB-3. 

 

 

Spectrum S1.30: Mass spectrum of NB-3. 
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En-Per 

 

 

S11. In an argon glovebox, perylene (5.00 g, 19.4 mmol, 1.00 eq.), bis(pinacolato)diboron (21.87 g, 

85.3 mmol, 4.39 eq.), [Ir(COD)OMe]2 (306 mg, 0.46 mƳƻƭΣ нΦп Ƴƻƭ҈ύ ŀƴŘ пΣпΩ-di-tert-butyl-нΣнΩ-

bipyridine (260 mg, 0.92 mƳƻƭΣ пΦт Ƴƻƭ҈ύ ǿŜǊŜ ǎŜŀƭŜŘ ƛƴ ŀ мнл Ƴ[ ǇǊŜǎǎǳǊŜ ǘǳōŜ ǿƛǘƘ ŀ ¸ƻǳƴƎΩǎ ǘŀǇ 

side port (FengTecEx GmbH product number: P260006). Outside the glovebox, anhydrous degassed 

THF (60 mL) was added and the tube was heated in an 80 °C oil bath overnight. Initially everything 

dissolved upon heating before a yellow precipitate slowly formed which eventually prevented stirring 

and set to a yellow mass overnight. After the mixture was cooled to room temperature, it was carefully 

slurried into ca. 300 mL methanol (warning: H2 evolution). The precipitate was filtered and washed 

with further methanol (ca. 300 mL) to afford S11 as a yellow solid sufficiently pure for the next step 

after drying under suction (14.5 g, 19.2 mmol, 99%). 1H NMR data were in accordance with those 

reported in the literature.12 1H NMR (500 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ уΦсн όǎΣ пIύΣ уΦнп όǎΣ пIύΣ мΦпо όǎΣ пуIύΦ 

 

 

 

 

 

Spectrum S1.31: 1H spectrum of S11. 
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S12. S11 (2.00 g, 2.64 mmol, 1.00 eq.), S7 (9.75 g, 26.4 mmol, 10.00 eq.), Pd(OAc)2 (60 mg, 0.27 mmol, 

10 mol.%) and SPhos (217 mg, 0.53 mmol, 20 mol.%) were combined in a 250 mL round bottomed 

flask which was evacuated and backfilled with argon 5 times. Degassed toluene (100 mL, w/ 5 drops 

Aliquat 336) and a degassed solution of K3PO4 (4.50 g, 21.1 mmol, 8.00 eq.) in water (20 mL) were 

added sequentially, and the resulting mixture was refluxed in a preheated 130 °C oil bath overnight. 

The reaction mixture was cooled to room temperature and acidified with 1 M HCl (100 mL). The layers 

were separated, and the aqueous layer extracted with toluene (1 × 50 mL). The extracts were 

combined, dried over Na2SO4, filtered and the solvent removed under reduced pressure. The residue 

was purified by flash chromatography on silica gel (eluent: gradient 0:1ҍ70:30 DCM/ n-hexane v/v). 

The fractions consisting predominantly of the product (the main fluorescent blue band observed in 

the crude reaction mixture) by TLC were combined and recrystallized (200 mL ethanol and minimal 

CHCl3, reflux Ҧ r.t.) to afford S12 as shiny yellow flakes after drying under suction (1.43 g). The filtrate 

was combined with the impure fractions from the first column and further purified similarly by flash 

chromatography (eluent: gradient 0:1ҍ70:30 DCM/ n-hexane v/v) and recrystallization (200 mL 

ethanol and minimal CHCl3, reflux Ҧ r.t.) to afford a second crop of comparable purity (970 mg). Total 

yield (2.40 g, 1.71 mmol, 65%). 1H NMR (400 MHz, CDCl3ύ ʵ (ppm) = 8.37 (d, J = 1.5 Hz, 4H), 7.82 (d, J 

= 1.3 Hz, 4H), 7.26 ς 7.21 (m, 20H), 7.05 (dd, J = 8.4, 6.9 Hz, 16H), 6.99 ς 6.94 (m, 8H), 6.73 (d, J = 8.4 

Hz, 8H), 5.02 (s, 16H); 13C NMR (101 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ мртΦлΣ мотΦоΣ мопΦуΣ монΦмΣ молΦуΣ молΦлΣ 

128.5, 128.3, 127.3, 127.3, 126.7, 123.7, 121.7, 106.9, 70.5; HRMS (ESI): m/z 1405.5581 [MςH+]. Calcd. 

for C100H77O8
+: 1405.5618. 

 

Spectrum S1.32: 1H spectrum of S12. 



 
 

S31 
 

 

 

Spectrum S1.33: 13C spectrum of S12. 

 

 

Spectrum S1.34: Mass spectrum S12. 
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S13. S12 (2.27 g, 1.61 mmol, 1.00 eq.), Pd/C (5 wt% Pd, 2.17 g), THF (100 mL) and ethanol (20 mL) 

were sealed in an Ace glass 500 mL pressure flask (product number: 8415-25). The resulting mixture 

was bubbled with H2 gas via a balloon for ca. 30 min. The balloon was removed and the flask was 

stirred in a preheated 80 °C oil bath overnight. The warm reaction mixture was filtered through celite 

eluting with additional THF. After evaporation of the solvent, analysis by 1H NMR indicated ca. 75% 

debenzylation. The residue was hydrogenated again with Pd/C (5 wt% Pd, 700 mg) in THF (50 mL) and 

ethanol (10 mL) overnight, and worked up similarly. Analysis by 1H NMR indicated complete 

debenzylation. The residue was purified by flash chromatography on silica gel (eluent: gradient 

лΥмҍмΥм 9ǘh!Ŏκ 5/a ǾκǾύ ǘƻ ƻōǘŀƛƴ S13 as a yellow powder after trituration with hexane and drying 

under suction (1.12 g, 1.60 mmol, 100%). 1I baw όплл aIȊΣ 5a{hύ ʵ όǇǇƳύ Ґ фΦнл όǎΣ уIύΣ уΦлс όŘΣ J 

= 1.5 Hz, 4H), 7.65 (d, J = 1.3 Hz, 4H), 6.98 (t, J = 8.1 Hz, 4H), 6.46 (d, J = 8.2 Hz, 8H); 13C NMR (101 MHz, 

5a{hύ ʵ όǇǇƳύ Ґ мрсΦнΣ мопΦуΣ мооΦтΣ молΦлΣ мнфΦуΣ мнуΦтΣ мнсΦмΣ мноΦтΣ ммсΦпΣ млтΦоΤ Iwa{ ό9{LύΥ m/z 

683.1729 [Mς1]ҍ. Calcd. for C44H27O8
ҍ: 683.1706. 

 

Spectrum S1.35: 1H spectrum of S13. 

 



 
 

S33 
 

 

Spectrum S1.36: 13C spectrum of S13. 

 

 

 

Spectrum S1.37: Mass spectrum of S13. 
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En-Per. S13 (1.10 g, 1.61 mmol, 1.00 eq.) and 1,8-dibromooctane (1.19 mL, 6.44 mmol, 4.00 eq.) were 

dissolved in dry DMF (900 mL) under argon at 40 °C. After 30 min K2CO3 (4.17 g, 32.2 mmol, 20.0 eq.) 

was added and resulting mixture was stirred at 80 °C for a further 48 h. The mixture was cooled to 

room temperature, filtered, and the solvent removed under reduced pressure. The residue was 

purified by flash chromatography on silica gel (eluent: gradient 0:1ς1:0 DCM/ n-hexane v/v). All 

material that eluted was combined, affording a mixture presumably constituting material that had 

been predominantly alkylated as a yellow solid (430 mg, 24% mass yield). Analysis by NMR suggested 

that S14 constituted the majority of this material (җ 60 mol.% pure ς see NMR spectrum below). 120 

mg of the material was purified by preparative HPLC (eluent: 1:1 DCM/n-hexane v/v) to afford En-Per 

as a yellow powder after trituration with methanol and drying under suction (74 mg, 0.07 mmol, 4%). 

Based on this, if all DCM-mobile material was purified by preparative HPLC a yield of ca. 14% is 

anticipated. 1H NMR (400 MHz, CDCl3ύ ʵ όǇǇƳύ Ґ уΦмм όŘΣ J = 1.4 Hz, 4H), 7.52 (d, J = 1.3 Hz, 4H), 7.25 

(t, J = 8.3 Hz, 4H), 6.72 ς 6.64 (m, 8H), 3.98 ς 3.85 (m, 16H), 1.56 ς 1.41 (m, 16H), 1.20 (q, J = 7.3 Hz, 

8H), 1.13 ς 0.88 (m, 24H); 13C NMR (101 MHz, CDCl3ύ ʵ όttaύ Ґ мртΦтΣ мртΦтΣ мопΦтΣ монΦсΣ молΦуΣ мнфΦпΣ 

128.4, 127.1, 123.1, 122.3, 106.9, 106.4, 70.1, 69.4, 30.1, 29.7, 29.1, 29.0, 27.1, 26.5; HRMS (ESI): m/z 

1125.6226 [MςH+]. Calcd. for C76H85O8
+: 1125.6244. 

 

Spectrum S1.38: 1H spectrum of En-Per mixture after flash chromatography. Product peaks are 

marked with an asterisk.  
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Spectrum S1.39: 1H spectrum of En-Per. 

 

 

Spectrum S1.40: 13C spectrum of En-Per. 
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Spectrum S1.41: Mass spectrum of En-Per. 
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2. X-Ray crystallography 

General 

X-ray data were collected on a Bruker D8-QUEST diffractometer, equipped with an Incoatec ImS Cu 

microsource (l = 1.5418 Å) and a PHOTON-III detector operating in shutterless mode. Crystals were 

mounted on a MiTeGen crystal mount using inert polyfluoroether oil and the analysis was carried out 

under an Oxford Cryosystems open-flow N2 Cryostream operating at 180(2) K. The control and 

processing software was Bruker APEX4. The diffraction images were integrated using SAINT in APEX4, 

and a multi-scan correction was applied using SADABS. The final unit-cell parameters were refined 

against all reflections. Structures were solved using SHELXT13 and refined using SHELX.14 All of the 

crystal structures include CHCl3 solvent molecules, and the crystals were generally prone to solvent 

loss and degradation on removal from the mother liquour. In some cases (see below), the SQUEEZE 

algorithm within PLATON was applied to complete the refinement.15 Summary details of the data 

collections and structure/refinement parameters are given in Table S2.1. 

Discussion 

S4: The core of the S4 molecule and one substituent chain (C26-C33) are ordered, except for the 

penultimate C atom in the chain (C32). The other substituent chain shows disorder. The first 

component of the disordered chain (C34-C41) has an extended conformation. If this were the only 

component, voids would exist within the structure in the region between these chains in neighbouring 

molecules. Instead, it appears that the chain on one molecule adopts the extended conformation, and 

its neighbour adopts the bent conformation (C34'-C41'), with a CHCl3 molecule filling the remaining 

space. Hence, the two refined disorder components are grouped as {C34-C41} and {C34'-C41;CHCl3}. 

A single site occupancy factor (sof) is refined, with the sofs for the two groups constrained to sum to 

unity. The molecule is situated (on average) on an inversion centre in the applied space group (P21/c), 

but it could be that a given molecule has two extended chains or two bent chains, or one of each. The 

modelled disorder is the best attempt to define this unclear intermolecular region. 

 

Figure S2.1: Molecular unit in S4 showing displacement ellipsoids at 50% probability (H atoms omitted) 
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S5: The S5 molecule is situated on an inversion centre with one molecule per unit cell in space group 

Pς1. The CHCl3 molecule included in the structure is reasonably well resolved, although the C atom is 

modelled as split between two sites (i.e. the CHCl3 molecule adopts two alternative orientations) and 

the largest residual peak suggests that further orientations might be modelled. The alternative 

approach of omitting the CHCl3 molecule from the model and applying SQUEEZE improves the R-

factors quite significantly (to R1 ca 6%, wR2 ca 17%), which demonstrates that the relatively high 

reported R-factors can be attributed principally to difficulties with modelling of the solvent molecules. 

The explicit CHCl3 model was retained to maximise chemical clarity. The structure does not contain 

any further significant voids, so the reported empirical formula is quite clear. 

 

Figure S2.2: Molecular unit in S5 showing displacement ellipsoids at 50% probability (H atoms 

omitted). 
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NB-1: The NB-1 molecule is situated on an inversion centre with 9 molecules per unit cell in space 

group Rς3. The structure contains two CHCl3 molecules per NB-1 molecule that are clearly resolved 

and included in the refinement model. Significant further voids in the structure (ca 10% of the unit-

cell volume) must contain further CHCl3, which is difficult to model as discrete molecules. SQUEEZE 

was applied to handle this part of the structure. SQUEEZE corrects for 648 electrons per unit cell, which 

suggests up to 12 further CHCl3 molecules per unit cell. This would give a total empirical formula of 

3.3 CHCl3 per NB-1 molecule. After application of SQUEEZE, the largest residual peak in the structure 

is associated with the CHCl3 molecule that is defined in the model. 

 

Figure S2.3: Molecular unit in NB-1 showing displacement ellipsoids at 50% probability (H atoms 

omitted) 

 

 

 

 

 

 

Figure S2.4: Additional space-fill plots of NB-1. 
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NB-2: The NB-2 molecule is situated on an inversion centre with 4 molecules per unit cell in space 

group P4/n. The core of the NB-2 molecule is well ordered, while the encapsulating alkyl chain shows 

larger displacement ellipsoids, particularly at the centre of the chain. Residual peaks in the difference 

Fourier map suggest likely disorder, but efforts to model that became cumbersome without 

significantly improving the R-factors; hence the region was left as a single component. The structure 

contains large channels running along the 4-fold axis (the c axis), which must contain CHCl3 solvent. 

There are two channels per unit cell, summing to ca 25% of the unit-cell volume. It was not possible 

to identify discrete molecules within the voids, so the SQUEEZE algorithm was applied to model the 

entire solvent region. SQUEEZE corrects for 606 electrons per unit cell, which corresponds to ca 20 

CHCl3 molecules (i.e. ca 5 CHCl3 per NB-2 molecule). The continuous 1-D nature of the channels makes 

these crystals particularly prone to solvent loss, and rapid crystal degradation was evident on removal 

of the crystals from the mother liquor. Several crystals were analysed from two different batches and 

the reported result is the best obtained. The crystallographic R-factors are high, but the overall packing 

arrangement of the NB-2 molecules and the channel-like nature of the structure is clear. 

 

Figure S2.5: Molecular unit in NB-2 showing displacement ellipsoids at 30% probability (H atoms 

omitted) 
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Figure S2.6: View along channels in crystal structure of NB-2. Voids are visualised using CCDC 

Mercury. 
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En-Per: The molecule of En-Per is well ordered in the crystal, including the alkyl chains. The perylene 

core is twisted quite substantially, with an angle of 12.7° between the planes defined by the two 

naphthalene rings. The crystal structure contains four DCM molecules per formula unit. The positions 

of these molecules are clear, but conventional refinement of the C and Cl atoms does not proceed 

especially well, yielding wR2 Ғ 0.25. An alternative approach of omitting the DCM molecules and 

applying SQUEEZE improves wR2 to 0.15, adding confidence that the moderately high R-factors can 

be attributed principally to inadequate modelling of the solvent molecules. The conventional 

refinement of the DCM molecules is ultimately preferred, however, since it shows the interaction 

between the DCM molecules and the perylene core. 

 

Figure S2.7: Molecular unit in En-Per showing displacement ellipsoids at 50% probability (H atoms 

omitted). 
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Figure S2.8: Interaction between DCM molecules and the twisted perylene core in the crystal 

structure of En-Per. 
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Table S2.1. Summary of crystal and refinement data 

 S4 S5 NB1_sq** NB2_sq** En-Per 

CCDC number 2236338 2236336 2236337 2236339 2282946 

Cambridge data 
number 

HB_B1_0044 HB_B1_0045 HB_B2_0024 HB_B1_0055 HB_B2_0042 

Chemical formula C82.83H96.83Cl2.48N2O4 C80H90Cl6N2O4 C80H94Cl6N2O4 C78H92N2O4 C80H92Cl8O8 

Moiety formula C82H96N2O4 + 0.83 
CHCl3 

C78H88N2O4 + 
2CHCl3 

C78H92N2O4 + 
x CHCl3 

C78H92N2O4 + 
x CHCl3 

C76H84O8 + 
4CH2Cl2 

Formula weight 1272.08 1356.23 1360.27 1121.53 1465.13 

Temperature / K 180(2) 180(2) 180(2) 180(2) 180(2) 

Crystal system monoclinic triclinic trigonal tetragonal triclinic 

Space group P 21/c P ς1 R ς3 P 4/n P ς1 

a / Å 14.2866(5) 10.6437(5) 34.5344(14) 30.2147(7) 12.4929(7) 

b / Å 34.2877(13) 12.5447(6) 34.5344(14) 30.2147(7) 12.7370(7) 

c / Å 7.5834(3) 15.1157(7) 17.3470(8) 8.2131(4) 24.8820(13) 

alpha / ° 90 101.774(2) 90 90 79.782(3) 

beta / ° 93.380(2) 92.373(2) 90 90 85.461(3) 

gamma / ° 90 110.794(2) 120 90 78.677(3) 

Unit-cell volume / Å3 3708.3(2) 1832.77(15) 17916.7(17) 7498.0(5) 3816.6(4) 

Z 2 1 9 4 2 

Calc. density / g cmς3 1.139 1.229 1.135 0.994 1.275 

F(000) 1364 718 6498 2424 1544 

Radiation type Cu Ka Cu Ka Cu Ka Cu Ka Cu Ka 

Absorption 
coefficient / mmς1 

1.322 2.524 2.324 0.461 3.123 

Crystal size / mm3 0.20 x 0.20 x 0.10 0.30 x 0.15 x 
0.10 

0.32 x 0.32 x 
0.14 

0.16 x 0.08 x 
0.08 

0.20 x 0.16 x 
0.12 

2-Theta range / ° 5.15ς133.23 6.02ς133.55 5.89ς133.23 4.14ς133.37 7.18ς133.58 

Completeness to max 

2q 

0.973 0.976 0.999 0.998 0.980 

No. of refl. Measured 39977 20627 85158 37903 58996 

No. of independent 
refl. 

6361 6342 7035 6636 13272 

R(int) 0.0422 0.0306 0.0420 0.0888 0.0471 

No. parameters / 
restraints 

516 / 200 419 / 6 449 / 54 379 / 283 871 / 86 

Final R1 values (I > 

2s(I)) 

0.0883 0.0909 0.0670 0.1728 0.0936 

Final wR(F2) values 
(all data) 

0.2695 0.2539 0.1771 0.5074 0.2555 

Goodness-of-fit on F2 1.031 1.085 1.078 1.024 1.045 

Largest diff. peak & 
hole / e Åς3 

0.708, ς0.404 1.431, ς1.221 1.357, ς0.974 1.340, ς0.630 1.473, ς
1.164 

** The SQUEEZE algorithm has been applied to account for un-modelled solvent content in these 

structures (see descriptions above). 
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3. Theoretical calculations 

Computational details 

Computations were performed using (time-dependent) density functional theory (TD-DFT) as 
implemented in Orca 5.0.16 Ground- and excited-state structure optimizations, Hessians, and vibronic 

coupling parameters were computed at the wB97X-D3/def2-SVP level of theory.17,18 Vertical 

excitations are reported at the LC-BLYP/def2-TZVP level using a range separation parameter of m = 0.1 
a.u. chosen to reproduce experimentally observed singlet and triplet excitation energies.19 
 
Absorption and emission spectra were computed using a path integral approach20 as implemented in 

the ORCA ESD module, employing  wB97X-D3/def2-SVP Hessians along with LC-BLYP/def2-TZVP 
excitation energies. 
 
A linear vibronic coupling model (LVC)21 was used for interpreting spectral line shapes. Here, the 
Huang-Rhys factor for normal mode i was computed as 
 

Ὓ
‖

‫
 

where ‖ is the vibronic coupling parameter and is the wavenumber for mode Ὥ, both inserted in ‫ 
atomic units and computed with respect to ground-state modes. These computations were carried 
out using the LVC functionality of SHARC.18,19 
 
Natural transition orbitals24 were computed using the TheoDORE program.25 
 
 
Molecular volume 

Table S3.1 Calculated molecular volumes 

Molecule Volume / Å
3 (a)

 Extra volume compared to 

mDICz / Å
3

 

mDICz 476.3 - 

NB-1 1496.1 1019.8 

NB-3 647.2 170.9 

(a)Calculated on B3LYP/6-31G* optimised structures via a marching tetrahedron model.26 
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Narrowband emission 

Within this section we present a discussion of the molecular structure, vertical excitations and 

computed spectra of mDICz. Results on mDICz are contrasted to perylene-diimide (PDI) to highlight 

the unique properties of the former. 

In its ground-ǎǘŀǘŜ ǎǘǊǳŎǘǳǊŜ Ƴ5L/Ȋ ƛǎ ŘƛǎǘƛƴƎǳƛǎƘŜŘ ōȅ ŀ ǎǘǊƻƴƎƭȅ ŘƛǎǘƻǊǘŜŘ ōŜƴȊŜƴŜ ǊƛƴƎ ǘƘŀǘ άǇǊŜ-

ǊŜƭŀȄŜǎέ ǘƘŜ ƳƻƭŜŎǳƭŜ ŦƻǊ ǘƘŜ {1 state. An analysis of the vertical excitations shows that these are 

mostly of locally excited character, but some charge transfer character is present due to the 

involvement of the nitrogen atoms. 

The computed emission spectrum reflects the narrow shape found in experiment. An analysis of the 

emission spectrum shows that the second peak seen in the spectrum is a vibronic feature related to 

breathing and distortion of the central benzene ring. The Franck-Condon activity of this breathing 

mode is strongly reduced when compared to the analogous mode in PDI. 

Molecular structure of mDICz 

The ground-state optimized molecular structure of mDICz is shown in Figure S3.1 (a). The crucial 

feature of this structure is the strongly strained central benzene ring. Bond angles around this ring are 

133.9̄  and 113.1̄ strongly deviating from the idealized value of 120 ̄found for an isolated benzene 

molecule. The S1-optimized structure of mDICz is shown in Figure 1 (b). Its bond angles are even more 

strongly distorted (135.1̄ and 112.5̄) away from the idealized values for benzene. A superposition of 

ground- and excited state is shown in Figure 1 (c). This representation highlights the structural rigidity 

of the system. However, structural rigidity alone is not sufficient to explain the narrow line width as 

seen for the PDI case, below. 

 

 

Figure S3.1: Molecular structures of mDICz optimized for (a) the ground state and (b) the S1 state. A 

superposition of the structures is shown in (c). Bond angles around the central benzene ring are shown 

in (a) and (b). 

Vertical excitations of mDICz 

Time-dependent density functional theory (TD-DFT) computations were performed to elucidate the 

excited states of mDICz. Vertical excitation energies of singlet and triplet states computed at the S0 

and S1 minimum geometries are presented in Table S3.2. The T1 and T2 states at the S0 geometry lie at 

2.317 and 2.570 eV respectively. These are followed by the S1 state with a vertical absorption energy 

of 2.891 eV. Relaxation of S1 lowers its energy only slightly and the vertical emission is at 2.794 eV. 
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Table S3.2: Vertical excitation energies (DE, eV) and oscillator strengths for selected excited states of 

meta-dicz computed at the S0 and S1 geometries using the LC-BLYP level of theory. 

 

Geom. State DE f 

S0 min. T1 2.317 - 
S0 min. T2 2.570 - 
S0 min. S1 2.891 0.128 

S1 min. S1 2.794 0.203 

 

For a graphical representation of the electronic transition we computed the natural transition orbitals 

(NTO) for the S1 and T1 states (Figure S3.2). The NTOs are distributed fairly evenly over the molecule 

with the exception that the two nitrogen atoms only contribute to the hole (i.e. they act as donors). 

Thus, the excited state possesses a partial charge transfer character. When comparing the S1 and T1 

states one finds that the hole for S1 is more strongly localized on the nitrogen atoms whereas 

enhanced contribution for the central benzene ring is found for T1. This produces enhanced charge 

transfer character for S1 and enhanced local character for T1. These variations in excited-state 

character may be responsible for the comparatively small singlet-triplet gap despite large orbital 

overlap. 

 

 Hole Electron 

S1 
(94%) 

  
T1 
(99%) 

  
 

Figure S3.2: Dominant pair of natural transition orbitals for the S1 and T1 states of mDICz computed at 

the LC-BLYP level of theory. 
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Absorption and emission spectra of mDICz 

Absorption and emission spectra were computed as described in the Computational Details. The 

simulated spectra for mDICz are presented in Figure S3.3. The simulated spectra resemble the 

experimental ones showing one narrow peak with substantial overlap between absorption and 

emission. The absorption maximum is computed at 430 nm (23,269 cm-1), the emission maximum at 

433 nm (23,101 cm-1) featuring a Stokes shift of only 168 cm-1. 

In line with experiment, the emission spectrum features a second smaller peak. This peak is located at 

463 nm (21,593 cm-1) shifted from the main peak by 1508 cm-1. 

 

 
Figure S3.3: Computed absorption and emission spectra for mDICz. 

 

To obtain more insight into the spectral broadening we computed Huang-Rhys factors as described in 

the Computational Details (above). Larger Huang-Rhys factors are generally associated with Franck-

Condon active modes producing enhanced spectral broadening. Specifically, the overlap of the 

ground-state vibrational wavefunctions is given as27  

 

 …ȟᴂ…ȟ ÅØÐὛ  (1) 
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where Ὓ is the Huang-Rhys factor for mode i. Thus, the intensity of the 0-0 transition decays 

exponentially with the Huang-Rhys factor. 

 

The computed Huang-Rhys factors are presented in Figure S3.4. The largest Huang-Rhys factor (0.285) 

is observed for a mode lying at 139 cm-1 involving in-plane motion of the four phenyl rings. Note, 

however, that this mode is hidden within the overall width of the main peak and does not contribute 

to any noticeable vibronic progression. For all Huang-Rhys factors corresponding to modes above 250 

cm-1 values below 0.15 are obtained meaning that according to Eq. (1) these contribute to the main 0-

0 peak with over 86%.  We can now proceed to assign the second peak shown in the emission spectrum 

(Figure S3.3), which appears 1508 cm-1 below the main peak. Two modes with substantial Huang-Rhys 

factors are found around this area (at 1469 cm-1 and 1553 cm-1) and we suggest that both contribute 

to this peak. Both modes involve breathing of the central benzene ring as well shortening of the 

adjacent CN bonds. In addition, they feature further distortion of the central benzene ring from an 

ideal hexagon (see also Figure S3.1). 

 

 
Figure S3.4: Huang-Rhys factors computed for mDICz. Selected modes are shown as inset. 
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Comparison to perylene-diimide 

Having discussed the spectra of mDICz, we will now proceed to a discussion of perylene-diimide (PDI). 

On the one hand, PDI resembles mDICz in being a heteroaromatic polycyclic system. On the other 

hand, it is crucially different through its broad vibronic progression. 

 

We start by a presentation of the molecular structures optimized for the ground state and S1 state 

(Figure S3.5). This representation resembles mDICz, as shown in Figure 3.1 c), in the sense that there 

is almost no apparent difference between the structures. They have the same symmetry, with a 

central benzene ring fused into a polycyclic structure. This indicates that structural rigidity alone is not 

enough to explain the narrow emission of mDICz. 

 

Figure S3.5: Superposition of optimized structures for PDI in the ground state (black) and S1 state 

(green). 

 

The computed absorption and emission spectra of PDI are shown in Figure S3.6. A clear vibronic 

progression is seen with peaks separated by about 1600 cm-1. This vibronic progression is reflected by 

enhanced Huang-Rhys factors as shown in Figure S3.7. Importantly, the dominant modes (at 1454 and 

1700 cm-1) have a similar appearance to the dominant modes of mDICz, i.e. breathing of the central 

ǊƛƴƎ ŀƴŘ άǎǉǳŜŜȊƛƴƎέ ƻŦ ǘƘŜ ŀŘƧŀŎŜƴǘ ōƻƴŘǎΦ ¢ƘŜ ŀǎǎƻŎƛŀǘŜŘ IǳŀƴƎ-Rhys factors are significantly 

enhanced causing the difference in spectral shape. 

 

In summary, we conclude that the mechanism for spectral broadening in mDICz and PDI is very similar 

involving related breathing modes. But mDICz is distinguished in suppressing the activity of these 

modes. 
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Figure S3.6: Computed absorption and emission spectra for PDI. 

 

 

Figure S3.7: Huang-Rhys factors for PDI. Selected modes are shown as inset.
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4. Thermal analysis 
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Figure S4.1 TGA traces for NB-1, NB-2 and NB-3. 5% Mass loss (Td) occurs at and 450 °C, 440 °C, 410 

°C and 450 °C for NB-1, NB-2, NB-3 and En-Per, respectively. The initial mass loss below 100 °C for NB-

2 is ascribed to trapped solvent. OLED films were fabricated in temperature ranges of 200ς220 °C and 

220ς240 °C for NB-3 and NB-1/ NB-2, respectively. 
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5. Absorption, photoluminescence and electrochemistry 

General 

Solution absorption spectra were measured using a Shimadzu UV-1800. Molar extinction coefficients 

were determined from triplicate runs using a method intended to minimise weighing and dilution 

error. For each run >3 mg of the compound was accurately weighed into a 25 mL volumetric flask to 

make a stock solution. 100 uL of the stock solution was titrated 5 times into a 1 cm path length cuvette 

(2 mL starting blank solvent volume) measuring absorption spectra after each addition. Fluorescence 

and time correlated single photon counting experiments were carried out on an Edinburgh 

instruments FS5. Solution photoluminescence quantum yield measurements were carried out in an 

integrating sphere on an Edinburgh instruments FS5.  

For organic films for photophysics, glass substrates (steady-state PL and absorption, PLQE, and 

transient PL) and quartz substrates (TA) were prepared, and they were cleaned with acetone and 

isopropyl alcohol with sonification for ten minutes before loading them into an evaporator 

(manufactured by Angstrom Engineering). 50 nm and 100 nm thick films were formed on glass and 

quartz substrates, respectively. The thermal evaporating process was conducted in a vacuum chamber 

under < 5 Ǝ 10-7 mBar.  

Steady-state PL spectra were measured by an Edinburgh Instruments fluorescence spectrometer 

όC[{фулύ ǿƛǘƘ ŀ ƳƻƴƻŎƘǊƻƳŀǘŜŘ ȄŜƴƻƴ ŀǊŎ ƭŀƳǇ ŀǘ ˂Ex = 330 nm under a nitrogen flow. FLS980 with 

an integrating sphere under a nitrogen flow was used to measure PLQE, and the films were excited by 

330 nm laser. Transient PL was recorded by using an Andor electrically gated intensified charge-

coupled device (ICCD) with 330 nm laser excitation; the decay kinetics were obtained from the 

integration of the total spectrum at each time. 

Cyclic voltammetry was carried out using a PalmSens EmStat4S at a scan rate of 100 mV sҍ1. Solutions 

were prepared in dry, degassed THF with 0.1 M n-Bu4NPF6 as the supporting electrolyte. All 

experiments were run under argon with a glassy carbon working electrode, Ag/AgCl wire quasi-

reference and a Pt wire counter electrode. The potentials were referenced internally to the half 

potential of the fcH/ fcH
+
 redox couple. 
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Absorption and photoluminescence in solution 

 

Table S5.1 PL data for NB-1, NB-2, NB-3 and En-Per in toluene 

 Abs 0-0 
(nm) 

PL 0-0  
(nm)a 

Stokes 
shift (nm) 

FWHM 
(nm) 

PLQY raw 
(%)a 

PLQY tail 
fit (%)b 

ˍ 
(ns)c 

kr (sҍм)  knr (sҍм) 

NB-1 445 447 2 11 81 96 5.8 1.7 × 108 6.9  × 106 

NB-2 451 454 3 11 75 93 6.2 1.5 × 108 1.1  × 107 

NB-3 440 443 2.5 10 75 100 5.6 1.8 × 108 - 

En-
Per 

453.5 453.5 0 44 80 100 4.1 2.4 × 108 - 

aexc 370 nm for NB, 420 nm for En-Per; bCorrected for self-reabsorption; c exc 360 nm 
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Figure S5.1 Extinction coefficient spectra of NB-1, NB-2, NB-3 and En-Per in toluene. For reference, 

the molar extinction coefficient for the perylene 0ς0 band has been reported at 38,500 Mҍ1 cmҍ1.28 
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Figure S5.2 PL spectra of NB-1, NB-2, NB-3 (exc 370 nm) and En-Per (420 nm) in toluene. 
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Figure S5.3 PL spectra (exc 370 nm) of NB-1 in different solvents. 
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Figure S5.4 Example tail-fit for determining the PLQY of NB-1 corrected for self-reabsorption. 
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Figure S5.5 PL decays (exc 360 nm) of NB-1, NB-2 and NB-3 in toluene, measured using TCSPC. 
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Figure S5.6 PL decay (exc 360 nm) of En-Per in toluene, measured using TCSPC. 
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Electrochemistry 

The oxidation processes for NB-1, NB-2 and En-Per are electrochemically reversible (based on the 

equal intensity of the corresponding anodic and cathodic peaks). A clearly reversible oxidation could 

not be observed for NB-3, potentially due to its very low solubility (which also adds greater error to 

the HOMO estimation). Therefore, for consistency the oxidation potential for all emitters was 

determined from the oxidation onset (E
onset

ox
) rather than the half wave potentials. Convincing 

reduction processed could not be observed for all emitters despite scanning to potentials where the 

reduction was expected for the NB molecules.29 Therefore, for consistency across the series the LUMO 

energy was extrapolated from the optical gap. 
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Figure S5.7 Cyclic voltammograms. 

Table S5.2 Electrochemical data. 

Compound  E
onset

ox 
[E

pa
] / V

a
  HOMO / eV

b LUMO / eV
c E

g

opt
 / eV

d 

NB-1 0.65 [0.77] ҍрΦтр ҍоΦлм 2.74 

NB-2 0.64 [0.84] ҍрΦтп ҍоΦлп 2.70 

NB-3 0.59 [0.79] ҍрΦсф ҍнΦфн 2.77 

En-Per 0.35 [0.50] ҍ5.45 ҍнΦтп 2.71 

 

 

 

 

 

a 
Referenced to E

1/2
 of the fcH/ fcH

+
 redox couple; 

b
HOMO level calculated from CV potentials using the HOMO of 

ŦŜǊǊƻŎŜƴŜ ό рΦмл Ŝ±ύ ŀǎ ǘƘŜ ǎǘŀƴŘŀǊŘΣ Ihah Ґ ҍрΦмл Ҍ όҍE
onset

ox
); 

c
LUMO = HOMO + E

g

opt
;
 d
Onset of the UV-Vis spectrum 

in toluene  
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Photostability in solution 

Samples were prepared in degassed toluene and irradiated 400 nm upconverted pump laser. PL 
intensity was monitored as a function of time with an iCCD camera. Below a fluence of ca. 4000 
˃²κŎƳ2 it was not possible to observe any appreciable decrease in PL intensity over hours of 
exposure. 
 
¢ƻ ƻōǎŜǊǾŜ ŘŜƎǊŀŘŀǘƛƻƴ ŀ ƘƛƎƘ ŦƭǳŜƴŎŜ ƻŦ уллл ˃²κŎƳ2 was necessary. Both NB-1 and NB-3 are highly 

photostable, retaining over 90% PL intensity over an experiment time of 500 seconds.  

 

 

Figure S5.8 a), b) Plots of PL intensity over time for NB-1 and NB-3 in photostability experiments. 
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Data in Zeonex 

The samples were prepared via drop-casting onto a sapphire substrate from a mixture of the 

compound at 1 wt.% to zeonex in toluene. The films were then dried in a vacuum oven at room 

temperature for 1 hour to remove any trace solvent. 

The time-resolved photoluminescence spectra were recorded using nanosecond gated luminescence 

and lifetime measurement setup (from 400 ps to 1 s). The sample was loaded into a Janis Research 

VNF-100 cryostat which was placed under vacuum and kept at room temperature. The excitation 

pulses were provided by an Ekspla Nd:YAG laser at the third harmonic of 355 nm and the emission 

was collected after passing through a spectrograph on a Stanford Computer Optics iCCD camera to 

produce the time-resolved emission spectra. 
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Figure S5.9 Prompt fluorescence and phosphorescence spectra of NB-1 in 1 wt.% Zeonex film. ɲEST ca. 

0.5 eV. The higher energy emission in the PH spectra is delayed fluorescence, hence the very similar 

onset to the PF spectra. 
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Figure S5.10 Prompt fluorescence and phosphorescence spectra of NB-3 in 1 wt.% Zeonex film. ɲEST 

ca. 0.5 eV. The higher energy emission in the PH spectra is delayed fluorescence, hence the very similar 

onset to the PF spectra. 
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Figure S5.11 Steady state PL spectra for a concentration series of NB-1 in zeonex. 
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Data in pristine samples 
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Figure S5.12 Steady-state PL spectrum for single crystals of NB-1. 

Table S5.3 Single crystal PL data NB-1. 

PLQY (%) a̱verage (ns) 1̱ (ns) A1 2̱ (ns) A2
 

3̱ (ns) A3
 

6.2 5.6 2.4 0.6 6.3 0.3 16.2 0.02 

 

 

Figure S5.13 Steady-state PL spectrum for an evaporated film of NB-1. 
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Data in wide-gap hosts 
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Figure S5.13 Steady-state PL spectra for NB-1 and NB-3 doped into mCBP at 1 wt.% (exc = 330 nm). 
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Figure S5.14 Time-resolved PL spectra for NB-1 doped into CBP at 1 wt.% (exc = 330 nm). 
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Figure S5.15 Time-resolved PL spectra for NB-3 doped into CBP at 1 wt.% (exc = 330 nm). 
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Figure S5.16 Plots of integrated PL intensity over time for NB-1 and NB-3 doped into CBP at 1 wt.%  

(exc = 330 nm). The slower decay of NB-3 is ascribed to energy transfer to aggregates, in-line with 

Figure S5.10. 
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Data in TADF and HF systems 

 

Figure S5.17 PL spectra of the neat film hosts (exc = 330 nm) plotted alongside the solution extinction 

coefficient spectra of NB-1 and NB-2 to show spectral overlap for energy transfer. 
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1) Exciton decay kinetics  

To study exciton decay kinetics in this hyperfluorescence system, transient PL measurements were 

conducted with 330 nm laser excitation. Figure S5.15 shows the transient PL data for the NB-1 and 

NB-3 doped films and the DMAC-DPS neat film. The radiative decay rate constants of prompt (kp) and 

delayed (kd) fluorescence for the films can be calculated by, 

Ὧ                (S5-1)    

Ὧ                (S5-2) 

where    and    are the PLQEs of prompt and delayed emission, and † and † are the decay lifetime 

of prompt and delayed emission. The total PLQE (  ) is expressed by the sum of    and   , 

expressed by the following equations, 

                     (S5-3) 

   ὶ                       (S5-4) 

   ὶ                               (S5-5) 

where ὶ and ὶ are the intensity ratio of prompt and delayed components, defined by 

 ὶ                              (S5-6)  

 ὶ                              (S5-7)  

where ὃ and ὃ  are the fitting parameters in the double exponential equation  (ὃὩ Ⱦ

ὃὩ Ⱦ ). Figure S5.18 and S5.19 show the biexponential fittings for the transient PL profiles of the 

films. Based on these results, the decay time and rate constants for the films are calculated,30 as 

summarised in Tables S5.4 and S5.5. Similar analysis was also carried out for the DPAc-DCzBN:NB-2 

system (Figure S5.20 and S5.21, Tables S5.6 and S5.7)
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Figure S5.18. Transient PL profiles of DMAC-DPS-based films. (a) DMAC-DPS. (b),(c) NB-1 0.5% and 
1.0%. (d),(e) NB-3 0.5% and 1.0%. 
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Figure S5.19. Transient PL profiles of DPEPO:DMAC-DPS 20% and DPEPO:DMAC-DPS 20%: NB-1 1% 
films.  

 

 

Table S5.4. The summary of PLQEs (total, prompt, and delayed), decay time, and decay rate for DMAC-
DPS neat and NB-1 and NB-3 doped in DMAC-DPS.  

 

Host DMAC-DPS 

Dopant 
Non-doped 

NB-1 NB-3 

Doping (%) 0.5 1 0.5 1 

ʊtotal 0.96 0.75 0.63 0.43 0.35 

r1 0.15 0.15 0.23 0.24 0.32 

r2 0.85 0.60 0.77 0.76 0.68 

ʊp 0.14 0.20 0.14 0.11 0.11 

ʊd 0.82 0.55 0.49 0.32 0.24 

†p (10-9 s) 13.80 11.37 8.57 13.75 13.60 

†d (10-6 s) 1.24 1.47 1.43 1.37 1.15 

kp (107 /s) 1.04 1.32 1.67 0.76 0.81 

kd (105 /s) 6.61 4.08 3.40 2.36 2.08 
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Table S5.5. The summary of PLQEs (total, prompt, and delayed), decay time, and decay rate for 
DPEPO:DMAC-DPS 20% neat and NB-1 doped in DMAC-DPS.  

Host DPEPO:DMAC-DPS 20% 

Dopant 
Non-doped 

NB-1 

Doping (%) 1 

ʊtotal 1.00 0.83 

r1 0.24 0.42 

r2 0.76 0.58 

ʊp 0.24 0.35 

ʊd 0.76 0.48 

†p (10-9 s) 20.38 13.08 

†d (10-6 s) 3.15 2.23 

kp (107 /s) 1.18 2.68 

kd (105 /s) 2.4 2.16 
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Figure S5.20. Transient PL profiles of the DPAc-DCzBN and DPAc-DCzBN: NB-2 system. (a) DPAc-
DCzBN. (b),(c) NB-2 0.5% and 1.0%. (d),(e) NB-2 0.5% and 1.0%. 

 

 


