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Synthesis

General 

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 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 min−1 using a Mettler Toledo TGA/DSC 
2 instrument at a gas flow of 125 cm3min−1. 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®. Cyclic voltammetry was recorded using a Princeton Applied Research VersaSTAT 3. A glassy 
carbon disk, Pt wire, and Ag/Ag+ (AgNO3 in acetonitrile) were used as the working, counter, and 
reference electrodes, respectively. Measurements were corrected to the ferrocene/ferrocenium 
redox couple as an internal standard. Tetrahydrofuran was used as the solvent with an analyte 
molarity of ca. 10−5 M in the presence of 10−1 M n-Bu4NPF6 as a supporting electrolyte. Solutions were 
degassed with Ar and experiments run under a blanket of Ar.

Chemicals

All commercial chemicals were of ≥95% purity and were used as received without further purification. 
Anhydrous solvents were purchased from Sigma Aldrich or Acros Organics and used as received.

Procedures
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2. Bromotriphenylamine 1 (10.0 g, 30.8 mmol, 1.00 eq.) was combined in an oven dried flask with AlCl3 
(12.3 g, 9.22 mmol, 0.30 eq.) which was subsequently evacuated and backfilled with argon three times. 
Anhydrous CS2 (100 mL) was added and the reaction mixture was cooled in an ice bath before the 
dropwise addition of benzoyl chloride (9.54 g/ 7.90 mL, 67.9 mmol, 2.20 eq.). The reaction mixture 
was stirred in the ice bath and allowed to warm to room temperature overnight. It was then poured 
onto a mixture of ice and 1 M HCl (ca. 500 mL) and concentrated under reduced pressure to remove 
the majority of the CS2. The residue was extracted with DCM (3 × 150 mL) and the extracts were 
combined, dried over MgSO4, filtered and the solvent removed under reduced pressure. This afforded 
a green semi-solid which as triturated with hexane and collected by filtration. Recrystallisation from 
ethanol (250 mL, reflux → r.t.) afforded yellow/ gold crystals of 2 (6.90 g, 13.0 mmol, 42%). 1H NMR 
(400 MHz, CDCl3) δ (ppm) = 7.81 – 7.75 (m, 8H), 7.60 – 7.55 (m, 2H), 7.51 – 7.46 (m, 6H), 7.18 – 7.13 
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(m, 4H), 7.11 – 7.07 (m, 2H); 13C NMR (101 MHz, CDCl3) δ (ppm) = 195.3, 150.4, 145.2, 138.0, 133.2, 
132.3, 132.2, 129.9, 128.4, 128.1 (2C), 122.7, 118.6; HRMS (ASAP): m/z 531.0815 [M+]. Calcd. for 
C32H22NO2

79Br+: 531.0828.
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3. n-BuLi (1.6 M in hexane, 16.8 mL, 26.9 mmol, 2.20 eq.) was added dropwise to a solution of 
diphenylmethane (4.72 g, 28.1 mmol, 2.30 eq.) in dry THF (250 mL) under argon at room temperature. 
The mixture was stirred at room temperature for 30 min before it was cooled to −78 °C and 2 (6.50 g, 
12.2 mmol, 1.00 eq.) was added in a single portion. The reaction mixture was allowed to warm to 
room temperature overnight before it was quenched with satd. NH4Cl solution (300 mL) and extracted 
with DCM (3 × 100 mL). The extracts were combined, dried over MgSO4, filtered and the solvent 
removed under reduced pressure. The residue was dissolved in toluene (250 mL) with p-TSA (200 mg) 
and heated to reflux overnight under air. The reaction mixture was cooled to room temperature, the 
solvent removed under reduced pressure and the residue purified by flash chromatography on silica 
gel (eluent: gradient 5 → 30% vol. DCM in hexane with 1% NEt3 to elute the product 3, followed by 
55% vol. DCM in hexane with 1% NEt3 to elute mono-reacted intermediate 3 int). After trituration with 
methanol, filtration and drying under suction, 3 was obtained as a light yellow powder (1.54 g, 1.85 
mmol, 15%). The recovered 3 int (4.5 g, 6.59 mmol, 54%) was subjected to the same reaction 
conditions again with diphenylmethane (3.55 g, 21.2 mmol) and n-BuLi (1.6 M in hexane, 12.4 mL, 19.8 
mmol) in THF (200 mL), followed by dehydration in toluene (250 mL) with p-TSA (200 mg). A second 
portion of 3 was obtained after the same purification procedure (4.48 g, 5.38 mmol. Total yield = 6.02 
g, 7.23 mmol, 59%).

3. 1H NMR (400 MHz, CDCl3) δ (ppm) = 7.28 (d, J = 8.8 Hz, 2H), 7.13 – 7.01 (m, 30H), 6.88 – 6.81 (m, 
6H), 6.73 (d, J = 8.6 Hz, 4H); 13C NMR (101 MHz, CDCl3) δ (ppm) = 146.7, 145.3, 144.1, 143.8, 143.6, 
140.9, 140.7, 138.7, 132.4, 132.1, 131.5, 131.5, 131.5, 127.8, 127.8, 127.7, 126.6, 126.5, 126.5, 125.3, 
123.3, 114.9; HRMS (ASAP): m/z 831.2475 [M+]. Calcd. for C58H42N79Br+: 831.2495.

3 int. 1H NMR (400 MHz, CDCl3) δ (ppm) = 7.78 – 7.74 (m, 2H), 7.71 – 7.67 (m, 2H), 7.56 (dd, J = 8.5, 
6.3 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.42 – 7.37 (m, 2H), 7.15 – 6.94 (m, 21H), 6.86 (d, J = 8.6 Hz, 2H).
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overnight
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3

4. Prepared based on a literature procedure for an analogue.1 3 (2.00 g, 2.40 mmol, 1.00 eq.), B2pin2 
(640 mg, 2.52 mmol, 1.05 eq.), KOAc (636 mg, 6.48 mmol, 2.70 eq.) and Pd(dppf)Cl2 (53 mg, 72.0 μmol, 
3%) were combined in an oven dried flask which was subsequently evacuated and backfilled with 
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argon three times. Dry, degassed dioxane (50 mL) was added and the reaction mixture was heated in 
a 90 °C oil bath overnight. The reaction mixture was cooled to room temperature and the solvent 
removed under reduced pressure. The residue was purified by flash chromatography on silica gel 
(eluent: gradient 0 → 30% vol. DCM in hexane to elute unreacted starting material followed by 50% 
vol. DCM in hexane to elute 4.). After trituration with methanol, filtration and drying under suction, 4 
was obtained as a yellow powder (1.27 g, 14.4 mmol, 60%). 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 8.6 
Hz, 2H), 7.14 – 7.00 (m, 30H), 6.91 (d, J = 8.6 Hz, 2H), 6.88 – 6.84 (m, 4H), 6.78 – 6.74 (m, 4H), 1.34 (d, 
J = 7.1 Hz, 12H); 13C NMR (176 MHz, CDCl3) δ (ppm) = 150.3, 145.4, 144.1, 143.9, 143.6, 140.9, 140.8, 
138.9, 135.8, 132.3, 131.5, 131.5 (4C), 127.8, 127.8, 127.7, 126.6, 123.9, 122.0, 83.7, 25.0; HRMS 
(ASAP): m/z 880.4297 [M–H+]. Calcd. for C64H55BNO2

79Br+: 880.4326.
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36%

CAT-TPE. 4 (1.26 g, 1.43 mmol, 1.10 eq.), 5-bromo-6-cyanoacenaphthenedione (374 mg, 1.30 mmol, 
1.00 eq.) and Pd(PPh3)4 (90 mg, 0.08 mmol, 6 mol%) were combined in degassed THF (100 mL). 
Degassed 2 M Na2CO3 (10 mL) was added and the reaction was submerged in a preheated 70 °C oil 
bath for 4 h. The reaction mixture was cooled to room temperature and poured into a mixture of DCM 
(200 mL) and 1 M HCl (200 mL). The layers were separated and the aqueous layer was further 
extracted (2 × 50 mL). The extracts were combined, washed with brine (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 → 50% vol. DCM in hexane to elute residual 4, 
followed by 100% vol. DCM) to afford the presumed Suzuki-coupled dione intermediate (710 mg, 0.69 
mmol). It was suspended in degassed acetic acid (50 mL) with diaminomaleonitrile (90 mg, 0.83 mmol) 
and heated to reflux overnight. The reaction mixture was cooled to room temperature and the solvent 
removed under reduced pressure. The residue was purified by flash chromatography on silica gel 
(eluent: gradient 0 → 100% vol. DCM in hexane). The dark band was collected, and after evaporation 
of the column solvent the obtained solid was refluxed in ethanol (100 mL) overnight and then 
recovered by hot filtration. The filtrand was washed with further boiling ethanol (3 × 50 mL) and then 
dried under suction to afford CAT-TPE as a dark green powder (488 mg, 0.47 mmol, 36%). 1H NMR 
(400 MHz, CDCl3) δ (ppm) = 8.59 – 8.56 (m, 2H), 8.31 (d, J = 7.3 Hz, 1H), 7.95 (d, J = 7.3 Hz, 1H), 7.29 
(d, J = 8.6 Hz, 2H), 7.17 – 7.01 (m, 32H), 6.95 – 6.88 (m, 8H); 1H NMR (400 MHz, d5-pyridine) δ (ppm) = 
8.65 (d, J = 7.2 Hz, 2H), 8.40 (d, J = 7.3 Hz, 1H), 7.93 (d, J = 7.3 Hz, 1H), 7.54 (d, J = 8.2 Hz, 2H), 7.42 (d, 
J = 8.2 Hz, 2H), 7.37 – 7.11 (m, 38H); HRMS (ESI): m/z 1031.3845 [M–H+]. Calcd. for C75H47N6: 
1031.3862.
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NMR spectra 
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Spectrum S1. 1H NMR spectrum of 2.
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Spectrum S2. 13C NMR spectrum of 2.
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Spectrum S3. 1H NMR spectrum of 3.
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Spectrum S4. 13C NMR spectrum of 3.
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Spectrum S5. 1H NMR spectrum of 3 int.
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Spectrum S6. 1H NMR spectrum of 4.
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Spectrum S7. 13C NMR spectrum of 4.
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Spectrum S8. 1H NMR spectrum of CAT-TPE in pyridine-d5.
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Spectrum S9. 1H NMR spectrum of CAT-TPE in CDCl3.
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Photophysics

Sample preparation

All sample preparation was carried out in a nitrogen environment. CAT-TPE was dissolved at 70 °C 
overnight at 0.1 mg/ mL in toluene for solution studies and 10mg/ml in chlorobenzene for film studies. 
Borosilicate glass substrates were pre-cleaned by sequential use of a non-ionic detergent solution, 
deionised water, acetone and propan-2-ol. CAT-TPE:TPBi doped films were drop-cast at 5 wt.%, 40 
wt.% and 100 wt.% of CAT-TPE onto the substrates at 70 °C.

Steady-state photophysics

A Shimadzu UV-3600 Plus spectrophotometer was used to measure the steady-state absorbance of 
samples, which comprises a photomultiplier tube for the ultraviolet and visible regions. 

Steady-state PL and PLQY measurements were performed in an integrating sphere using an Andor 
Shamrock spectrometer and Andor iDus CCD array and laser excitation at λex = 405 nm. PLQY was 
measured and calculated according to the de Mello method.2 For pristine and doped films the PLQY 
values were determined on triplicate samples, which were each measured twice – the quoted values 
are an average of six measurements. The PLQY was measured in an ambient environment then 
corrected by the ratio of integrated PL of linear measurements of the films in an ambient environment 
vs. under vacuum (Fig. S2).

Transient & Cryogenic PL Measurements

Time-resolved PL spectra were recorded using an electrically-gated intensified charge-coupled device 
(ICCD) camera (Andor iStar DH740 CCI-010) connected to a calibrated grating spectrometer (Andor 
SR303i). Pulsed 400 nm photoexcitation was provided by second harmonic generation (SHG) in a BBO 
crystal from the fundamental 800 nm output (pulse width = 80 fs) of a Ti:Sapphire laser system 
(Spectra Physics Solstice), at a repetition rate of 1 kHz. A 425 nm long-pass filter (Thorlabs) was used 
to prevent scattered laser signal from entering the camera. Temporal evolution of the PL emission was 
obtained by stepping the ICCD gate delay with respect to the excitation pulse. The minimum gate 
width of the ICCD was ca. 5 ns. Time-resolved PL was carried out in under a high vacuum (10-5 mbar) 
to exclude oxygen and moisture from the samples unless stated otherwise that measurements were 
carried out under ambient conditions to demonstrate quenching of triplet contribution to 
luminescence. Cryogenic measurements were carried out using an Oxford Instruments Optistat Static 
continuous flow cryostat with liquid helium coolant, and an ITC 502 S temperature control unit. For all 
cryogenic measurements, the sample chamber was kept under high vacuum (10-6 mbar) to exclude 
oxygen and moisture from the samples.

The 1 kHz repetition rate of the laser used in this experiment precludes accurate measure of lifetimes 
beyond 1 ms. Prompt lifetimes were calculated by fitting a monoexponential to the early time 
component. Measurement of prompt lifetimes is limited by the ICCD 5 ns time step. For non-
exponential luminescence decay in the solid state, a characteristic time rather than monoexponential 
decay time is quoted. We choose the time taken for the delayed component to reach 63% (1 - (1/e)) 
of the total emission integrated from the onset of delayed emission until the end of the measurement. 
This to allow direct comparison to lifetimes extracted from monoexponential decays.
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Figure S1. Absorption spectra of CAT-TPE films. The bottom spectra are normalised to the intensity 
of the ICT band.
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Figure S2. PL spectra of CAT-TPE/TPBi films recorded under air and vacuum to highlight quenching 
by oxygen.
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Figure S3. Time slice PL spectra of CAT-TPE/TPBi films.
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Figure S4. Plots of integrated PL intensity vs. temperature for CAT-TPE/ TPBi films, used to 
determine activation energy of TADF (EA).

Table S1. PL data for CAT-TPE and CAT-1 films.

Wt.% CAT-1 in 
TPBi evaporated 
film

λmax PL / nm PLQY/ % Wt.% CAT-TPE in 
TPBi drop-cast 
film

λmax PL / nm PLQY/ %

10 756 4.8 ± 0.1 5 752 11.3 ± 0.5
20 785 2 ± 0.05 10 784 2.7 ± 0.1
40 835 0.9 ± 0.02 40 842 0.64 ± 0.03
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Additional AIE discussion
In THF, when excited at 400 nm weak emission is observed and the spectrum consists of two distinct 
bands (Figure S5, b)). The higher energy band is ascribed to local excited (LE) π–π* emission, consistent 
with PL data reported for the non-brominated analogue of 3 i.e. the donor moiety.3 The lower energy 
broad PL centred at 727 nm is assigned to CT fluorescence. Similar dual emission has been previously 
reported for an AIE luminogen with an ICT state.4 Upon increasing the water fraction, the CT band red-
shifts due to increased solvent polarity and aggregation (Figure S5, a), b)). The intensity of the CT band 
initially drops, before increasing in intensity to a value greater than that of the THF solution, with 
maximum CT intensity recorded at 70 vol% water. We ascribe this trend to solvent polarity quenching 
at lower water fractions, which gives way to AIE behaviour as the solubility of CAT-TPE decreases at 
higher water fractions (Figure S5, c)). This behaviour has been commonly reported for ICT AIE 
emitters.4–7 

Figure S5. a) Plot of charge-transfer type photoluminescence intensity vs. vol% water in THF for 100 
μM CAT-TPE mixtures; b) Intensity normalized PL spectra recorded for CAT-TPE mixtures at different 
vol% water (λexc= 400 nm) with charge-transfer (CT) and local excited (LE) type emission features 
labelled; c) A photograph of CAT-TPE samples at different vol% water in THF.
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Electroluminescence
To demonstrate the practical potential of CAT-TPE, we fabricated OLED devices by solution-processing 
method. The champion device structure employed was: ITO / PEDOT:PSS (40nm) / PVK (10 nm) / CAT-
TPE in TPBi (40 nm) / 10 wt.% TPBi:TSPO1 (10 nm) / TSPO1 (40 nm) / LiF (0.8 nm) / Al (100 nm). 
Fabrication of the solution-processed devices with a small molecule host is a challenging target. Many 
transport layers were examined, and we found that a thin layer of PVK can optimise the energy 
alignment and a thin layer of TSPO1 doped with 10% of TPBi improves the charge balance. For 5 wt% 
CAT-TPE, champion devices show deep-red electroluminescence (EL, λmax = 680 nm, Figure S6) with a 
maximum external quantum efficiency (EQE) of 2.1% and small roll-off at practical brightness of 100 
W/sr-1m-2. The EL spectrum remains stable even at very high voltage, without any emergence of 
additional high-energy peaks from host emission. We optimised the OLED device stack to achieve a 
charge balance and almost negligible current leakage (for current density–voltage and radiance–
voltage characteristics of the devices see Figures S8 and S9).

The electroluminescence spectrum was measured using a calibrated fibre-coupled Ocean Optics 
Flame spectrometer. J-V curves were measured using a Keithley 2635 source-meter. The on-axis 
photon flux was calculated from the output of a calibrated 1 cm2 silicon photodiode positioned at a 
distance of 15 cm from the OLED surface. External quantum efficiency was calculated from the overlap 
between electroluminescence spectrum (in units of photon counts) and photodiode quantum 
efficiency. Radiance was calculated from the overlap between electroluminescence spectrum (in units 
of spectral irradiance) and photodiode responsivity. The photodiode was approximated to represent 
a small solid angle and the OLED was approximated as a point source. Lambertian emission was 
assumed.

Table S2. Summary of OLED performance.

CAT-TPE wt% EL λmax/ nm Turn on/ V EQE max/ % EQE at 100 W/sr-1m-2/ %

5 680 12.0 2.1 1.1
10 710 8.7 1.2 0.9
15 720 8.0 0.8 0.7
Pristine 755 16.5 0.2 -
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Figure S6. EL spectra of CAT-TPE OLEDs with doping concentration of 5%, 10%, 15% and pristine.
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Figure S7. EQE vs. current density plots for CAT-TPE OLEDs with doping concentration of 5%, 10%, 
15% and pristine.
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Figure S8. Current density vs. voltage plots for CAT-TPE OLEDs with doping concentration of 5%, 10% 
and 15%.
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Figure S9. Radiance vs. voltage plots for CAT-TPE OLEDs with doping concentration of 5%, 10% and 
15%.
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Figure S10. (a) current density vs. voltage (b) radiance vs. voltage (c) EQE vs. current density (d) EL 
spectra of the champion 15% CAT-TPE:TPBi OLED, the 15% CAT-TPE:TPBi OLED without PVK as the 
hole injection layer and the 15% CAT-TPE:TPBi OLED without TPBi as the electron transport layer.

The energy gap between the hole transport layer (PEDOT:PSS) and the host (TPBi) is too large to enable 
an efficient hole transport. Therefore, PVK is crucial here to facilitate hole injection and keep a good 
charge balance. As we can see from the current density vs. voltage plot, without PVK, the charge 
leakage before the turn-on is significant arising from an unbalanced charge carries. The purpose to 
add an extra TPBi layer is to improve electron transport. The combination of these transport layers 
can achieve an optimum electron and hole charge balance.
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DFT calculations
All calculations were carried out with the Gaussian 09 package.8 All optimised S0 geometries were 
calculated using B3LYP/6–31G*.9–12 All S0 geometries were true minima based on no imaginary 
frequencies found. Electronic structure calculations were carried out on the optimised geometries at 
TDA–PBE0/def2-SVP.13–15 The MO diagrams and orbital contributions were generated with the aid of 
Gabedit16 and GaussSum17 packages, respectively.

Figure S11. HOMO and LUMO plots for CAT-TPE (isovalue = 0.04).

Table S3. TD-DFT data obtained for CAT-TPE.

State Energy (eV) Wavelength (nm) ƒ Major contributors

T1 1.29 959 0 HOMO->LUMO (95%)

S1 1.37 904 0.1025 HOMO->LUMO (99%)

T2 1.98 627 0 HOMO-1->LUMO (90%)

S2 1.98 625 0.0035 HOMO-1->LUMO (100%)
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Thermal analysis
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Figure S12. (Top) TGA trace for CAT-TPE. 5% mass loss (Td) occurs at 514 °C. (Bottom) DSC trace for 
CAT-TPE, glass transition temperature (Tg) = 173 °C, inset is expansion of region around Tg.
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