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Abstract  

Three multichromophore thermally activated delayed fluorescence (TADF) molecules, p-

di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN, were synthesized and characterized. These 

molecules were designed by connecting the TADF moiety 4,5-di(9H-carbazol-9-

yl)phthalonitrile (2CzPN) to different positions of a central benzene ring scaffold. Three highly 

soluble emitters all exhibited near quantitative photoluminescence quantum yields (FPL) in 

toluene. High FPLs were also achieved in doped films, 59% and 70% for p-di2CzPN and m-

di2CzPN in 10 wt% DPEPO doped films, respectively, and 54% for 1,3,5-tri2CzPN in 20 wt% 

doped CBP film. The rate constant of reverse intersystem crossing (kRISC) for p-di2CzPN and 

m-di2CzPN in DPEPO films reached 1.1 × 105 and 0.7 × 105 s−1, respectively, and kRISC for 

1,3,5-tri2CzPN in CBP film reached 1.7 × 105 s−1. A solution-processed organic light-emitting 

diode based on 1,3,5-tri2CzPN exhibited a sky-blue emission with CIE coordinate of (0.22, 

0.44), and achieved a maximum external quantum efficiency of 7.1%.  
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Introduction 

Given their huge potential in displays and solid-state lighting technologies, there remains 

continued strong interest in improving the performance of organic light-emitting diodes 

(OLEDs).1–4 The emitters utilized in OLEDs dictate the performance and efficiency of the 

electroluminescent (EL) device. Over the years, researchers have explored different classes of 

emitters in OLEDs.5–8 Fluorescence emitters were firstly employed to generate stable 

electroluminescence.1,5,6 However, as these emitters cannot harvest the triplet excitons 

generated in the device, 75% of the excitons are lost as heat and the maximum internal quantum 

efficiency (IQE) is limited to 25%.9 Phosphorescence emitters were developed to harness the 

triplet excitons and thereby improve the IQE of the device.10 The spin-orbit coupling mediated 

by the heavy metal atoms in the organometallic complexes that act as emitters facilitate both 

intersystem crossing of singlet excitons to triplets and radiative decay from the lowest triplet 

excited state (T1) to the ground state (S0) as phosphorescence, making it possible to realize unity 

IQE.10,11 Detracting features of organometallic phosphors include the unstable emission of blue 

emitters and the scarcity of the noble metals, which has prompted researchers to look for new 

materials classes.11–13 The discovery that thermally activated delayed fluorescence (TADF) 

emitters can be effectively utilized in EL devices has brought about a breakthrough in the 

development of OLEDs.14–16 In TADF molecules, triplet excitons can be thermally up-

converted to singlet excitons via reverse intersystem crossing (RISC).15–17 The excitons then 

decay radiatively to S0 without the assistance of heavy metals.15–17 The highly tunable emission, 

high photoluminescence (PL) quantum yields (FPL), and ready availability of the compounds 
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at frequently low expense have earned TADF-based OLEDs the title of the third generation of 

OLEDs.4 Efficient TADF emitters rely on a small singlet-triplet energy splitting (DEST) to 

achieve high RISC rates.18–20 The molecular design is based on a small exchange integral 

between frontier molecular orbitals that is frequently obtained by separating and/or 

electronically decoupling the donor and acceptor fragments of the TADF molecule.18–21 

However, most TADF emitters exhibit low FPL as the limited overlap between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) also 

leads to a low oscillator strength (f), resulting in an inefficient radiative decay from lowest 

singlet excited state (S1) to S0.22,23 Tremendous efforts have been devoted to designing 

molecules that achieve simultaneously small DEST and high FPL.24–27  

 

Increasing the oscillator strength will enhance the radiative decay and can lead to higher 

FPL, considering the molecule as a classical oscillating dipole, the f value is proportional to the 

integral of absorption coefficients (ε) over entire the absorption band (equation 1):28 

																																					𝑓 = 4.3 × 10!"*𝜀 (𝑣)𝑑𝑣																																																																															(1) 

Where 𝜀 is the absorption coefficient and 𝑣 is the energy of the transition in wave numbers. 

Thus, the FPL of TADF molecules can be increased by intensifying light absorption, which can 

occur by incorporating two luminophores into one emitter molecule.29,30 Lee et al. firstly 

explored a dual emitting core design where two TADF luminophores were directly connected 

via a single bond.29–31 The blue TADF emitter, 4,6-di(carbazol-9-yl)isophthalonitrile (DCzIPN) 

was utilized as the luminophore and dual cores emitters, named DDCzIPN, 33TCzPN, 

34TCzPN, and 44TCzPN were obtained by connecting two DCzIPN molecules at different 
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positions (Figure 1).29,30 The common feature of these emitters is that DEST remains largely 

unaffected but the FPL increases.29,30 As a result, the maximum external quantum efficiency 

(EQEmax) of the OLEDs improved from 16.4% for DCzIPN to 18.9% (DDCzIPN), 17.4% 

(33TCzPN), 20.5% (34TCzPN), and 19.5% (44TCzPN).29,30 Deep blue emission with narrowed 

full width at half-maximum (FWHM) was also achieved in CzBPCN, which contains dual 

TADF cores.31 The carbazoles from the dual cores form an interlocked structure to suppress the 

rotation of the central biphenyl ring. The molecule exhibited deep blue emission with maximum 

wavelength of photoluminescence (lPL) at 453 nm and FPL of 76% in toluene.31 The OLED 

showed an EQEmax of 14.0% with a narrow FWHM of 48 nm leading to deep blue emission 

with CIE coordinates of (0.14, 0.12).31 Lee et al. also reported the triazine- and carbazole-

containing dual core emitter mCBPTrz-1.32 This emitter exhibited ultra-high FPL of 94% in 

DPEPO film compared to 17% for the reference emitter CzTrz, showing a slightly red-shifted 

PL spectrum in the film (λPL of 455 nm and 460 nm for CzTrz and mCBPTrz-1, respectively).32 

The OLED with mCBPTrz-1 exhibited over 20% EQEmax with maximum wavelength of 

electroluminescence (λEL) of 503 nm and CIE coordinates of (0.23, 0.52), which was double the 

efficiency compared to the device based on CzTrz.32,33 This dual emitting strategy was adopted 

by other groups towards high-efficiency TADF emitter design. Yang et al. reported two TADF 

emitters bearing dual emitting cores 2,2′-DPXZ-PN and 3,3′-DPXZ-PN.34 Compared to the 

mono emitter PXZ-PN, 2,2′-DPXZ-PN and 3,3′-DPXZ-PN showed increased molar 

absorptivity coefficients in toluene for the charge transfer (CT) state and the FPL values also 

increased from 49% of PXZ-CN to 67% and 82%, respectively, for 2,2′-DPXZ-PN and 3,3′-

DPXZ-PN in 10 wt% doped CBP films.34 As a result, the devices with 2,2′-DPXZ-PN and 3,3′-
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DPXZ-PN showed respective EQEmax of 13% and 15%, together with small efficiency roll-off 

(12% and 14% at 1000 cd m−2, respectively).34 Choi et al. reported a treble core TADF emitter 

IAcTr-out wherein diphenyltriazine acceptors were linked to three indenoacridine donors that 

are attached around a central benzene ring.35 The IAcTr-out possessed a small DEST of 0.05 eV 

and FPL of 48% in 25 wt% doped mCP film. The TADF emitter exhibited aggregation-induced 

emission (AIE) and the solution-processed OLED showed an EQEmax of 17.5% with CIE of 

(0.29, 0.54).35 These examples demonstrate that the multiple emitting cores design is an 

effective approach to improve molecular photophysics and electroluminescence properties.31–

35 

 

In this work, we connect 4,5-di(9H-carbazol-9-yl) phthalonitrile (2CzPN) to a central 

benzene ring to construct dual and treble core TADF emitters and these emitters achieved both 

high FPL and small DEST. The different connecting positions to a central benzene ring, namely 

1,4 positions, 1,3 positions and 1,3,5 positions, offering three multichoromphore emitters: p-

di2CzPN, m-di2CzPN and 1,3,5-tri2CzPN, respectively. The FPL values of these three 

emitters all reached 100% in toluene, and the kRISC values reached 105 s−1 in small molecule host 

matrices. The three emitters also exhibited high solubility in most organic solvent, making it 

possible to fabricate solution-processed OLEDs. An initial version of this work was deposited 

in ChemRxiv on 08/05/2021.36 
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Figure 1. Multichoromophore molecular structures discussed in this paper. 

 

Results and Discussion 

Synthesis 

Three multi-donor structures were synthesized first (Scheme 1). Carbazole was regioselectively 

brominated using NBS in acetonitrile (MeCN),37 and then the carbazole was protected as its N-

triisopropylsilyl ether.38 3-BrTIPSCz was converted to 3-BpinTIPSCz under palladium-

catalysed Miyaura borylation conditions.39,40 This intermediate was then reacted with 1,4-

dibromobenzene, 1,3-dibromobenzene or 1,3,5-tribromobenzene under Suzuki-Miyaura 

coupling conditions. The crude products were washed with a tetrabutylammonium fluoride 

(TBAF) solution to afford, respectively, para-2Cz, meta-2Cz and tri-3Cz in moderate yield (~ 

55%). 
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Scheme 1. Synthesis of multi-carbazole donor intermediates. 

     

CzFPN was synthesized by an SNAr reaction between carbazole and 4,5-difluorophthalonitrile 

in good yield (80%). The three multichromophore emitters p-di2CzPN, m-di2CzPN and 1,3,5-

tri2CzPN were obtained in good yield (~55%) from the SNAr reaction of CzFPN with para-

2Cz, meta-2Cz or tri-3Cz. The identity and purity of the three emitters were verified by a 

combination of melting point, determination 1H NMR, 13C NMR, HRMS, elemental analysis 

and HPLC analysis. 
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Scheme 2. Synthesis of multichromophore emitters. 

 

Theoretical calculations 

To gain insight into their optoelectronic properties, we performed density functional theoretical 

(DFT) calculations and time-dependent DFT calculations using the Tamm-Dancoff 

approximation (TDA-DFT) calculations on p-di2CzPN, m-di2CzPN, 1,3,5-tri2CzPN and the 

reference compound, 2CzPN.41 The ground state, singlet and triplet excited state geometries 

were calculated in the gas phase using PBE0/6-31g(d, p).42,43 As shown in Figure 2, the HOMO 

of 2CzPN is localized on the two carbazoles and the central benzene while the LUMO is 

localized on the phthalonitrile moiety. For the multichoromophore emitters, due to the extended 

conjugation, the HOMOs are delocalized across the carbazole-phenyl-carbazole motif and the 

LUMOs are located on the phthalonitrile moieties. The small overlap between HOMO and 

LUMO ensures that the three emitters possess small DEST values. Due to the extended 

conjugation of the linked carbazole moieties, the HOMOs of p-di2CzPN, m-di2CzPN, and 

1,3,5-tri2CzPN are destabilized by 0.24, 0.07, and 0.02 eV, respectively, compared to 2CzPN, 

and the LUMOs are stabilized by 0.09 , 0.14, and 0.21, respectively, compared to 2CzPN. As a 

result, the HOMO-LUMO gap (DEg) of p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN are 

reduced to 3.38, 3.50, and 3.49 eV, respectively, compared to 3.71 eV of 2CzPN. TDA-DFT 

calculations indicate that the energies of the S1 state of the three emitters are stabilized by 0.18, 

0.15, and 0.10 eV compared to 2CzPN while there is only a modest change in the energies of 

the T1 state, thereby leading to smaller DEST values. The natural transition orbital (NTO) 

analysis of the three multichoromophore (Figure S38–40), show that the transitions to T1 is 
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localized to one emitting core and is similar to the T1 transition of 2CzPN; the highest occupied 

NTO (HONTO) is distributed on whole molecule while the lowest unoccupied NTO (LUNTO) 

is located on the phthalonitrile moiety. The transition to S1 for the three multichoromophores 

also only involve one emitting core, where the HONTOs are located on the two carbazoles 

moieties and the central phenyl ring, and the LUNTOs are localized on the phthalonitrile moiety. 

The magnitude of the stabilization of the S1 state is proportional to the degree of conjugation 

present about the central benzene scaffold as shown in Figure 2. The DEST values for three 

emitters are 0.22 eV (p-di2CzPN), 0.25 eV (m-di2CzPN), and 0.28 eV (1,3,5-tri2CzPN), 

compare to 0.34 eV of 2CzPN. According to the TDA-DFT calculations, the 

multichoromophore structures possess manifold intermediate triplets between S1 and T1 due in 

part to the slightly differing CT states in each of the cores. Take 1,3,5-tri2CzPN for example 

(Figure S40), TDA-DFT calculations predict five intermediate triplet states below S1, while for 

2CzPN (Figure S37) only one intermediate triplet state below S1 exists. The smaller DEST values 

and the greater density of intermediate triplet states for the three multichoromophore emitters 

can lead to multiple RISC transition channels via intermediate triplets to S1, leading to a more 

efficient RISC process than is present in the reference emitter 2CzPN. Importantly, TDA-DFT 

calculation also showed that the transitions involved in the S1 state of the three 

multichoromophore emitters have much stronger f, compared to 2CzPN (Table S1), which is 

predictive of a higher radiative rate constant that would be evidenced by a higher FPL.  
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Figure 2. Theoretical modelling of the energies of the HOMO/LUMO and the S1 and T1 states 

of p-di2CzPN, m-di2CzPN, 1,3,5-tri2CzPN, and reference compound 2CzPN in the gas phase 

and the electron density distribution of the frontier molecular orbitals (isovalue = 0.02). 

 

Electrochemistry 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were measured in MeCN 

with n-Bu4NPF6 as the supporting electrolyte in order to experimentally ascertain HOMO and 

LUMO energy levels, of the three emitters and 2CzPN (Figure 3). The three emitters and 

2CzPN exhibited pseudo-reversible reduction waves and broad, irreversible oxidation waves. 

The DPV results indicated the three emitters have single electron reduction processes and no 

further reduction waves were observed scanning from −2 V, which are ascribed to reduction of 



 11 

one of the phthalonitriles while there are a series of closely related carbazole-based oxidation 

waves. The first oxidation peaks from DPVs for 2CzPN, p-di2CzPN, m-di2CzPN, and 1,3,5-

tri2CzPN are 1.22, 1.23, 1.38, and 1.40 V vs SCE, while the reduction peaks are −1.71, −1.42, 

−1.39, and −1.44 V vs SCE, respectively. The HOMO and LUMO values were inferred from 

the peaks of the oxidation and reduction waves in the DPVs, respectively. The HOMO energies 

for 2CzPN, p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN were determined to be −5.64, −5.65, 

−5.80, and −5.82 eV, respectively. The HOMO energies of the emitters are slightly stabilized 

(~ 0.2 eV) than those predicted by the DFT calculations yet reproduce the trends observed, 

while the HOMO energy of 2CzPN is much more stabilized (0.48 eV) than DFT-predicted 

calculation. The LUMO energies for 2CzPN, p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN 

were determined to be −2.71, −3.00, −3.03, and −2.98 eV, respectively, which are moderately 

stabilized (~ 0.4 eV) than those predicted by the DFT calculations. The more stabilized LUMOs 

of the three multichoromophores than 2CzPN matched the trend predicted by the DFT 

calculation. 

 

-2 -1 0 1 2

Voltage Vs SCE / V

p-di2CzPN  DPV 
                    CV 

m-di2CzPN  DPV
                     CV 
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         2CzPN   DPV
                  CV
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Figure 3. CV and DPV curves of 2CzPN, p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN in 

MeCN with 0.1 M n-Bu4NPF6 as the supporting electrolyte. Measured condition: scan rate 0.1 

V/s, calibrated against a Fc/Fc+ redox couple and referenced versus SCE.44 

 

Photophysical Properties   

The photophysical properties of p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN were next 

investigated both in solution and in thin films. The photophysical properties of the three emitters 

are summarized in Table 1. Room-temperature ultraviolet-visible (UV-vis) absorption and PL 

spectra of p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN and the reference compound 2CzPN 

in dilute toluene solution are shown in Figure 4. According to the TDA-DFT calculations (Table 

S2–S4), all four compounds exhibited high intensity locally excited transitions between 280 to 

340 nm and intramolecular charge-transfer (ICT) transition absorption bands in the range from 

360 to 440 nm. The ICT absorption bands of p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN are 

much stronger compared to that of 2CzPN. The molar absorptivity coefficient (ε) for the ICT 

band of 2CzPN at 380 nm is 1.2 × 104 M−1 cm−1 while for p-di2CzPN, m-di2CzPN, and 1,3,5-

tri2CzPN, ε increases to 2.5 × 104, 2.5 × 104, and 3.82 × 104 M−1 cm−1, respectively, which is 

proportial to the number of emitter units. The optical bandgaps (Eopt), determined from the 

intersection point of the normalized absorption and emission spectra, of 2CzPN, p-di2CzPN, 

m-di2CzPN, and 1,3,5-tri2CzPN are 2.99, 2.85, 2.89, and 2.92 eV, respectively (Figure S42d). 

The lPLs for 2CzPN, p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN are 475, 494, 485, and 484 

nm in toluene. The nearly identical emission profiles for m-di2CzPN, and 1,3,5-tri2CzPN 

match our NTO analysis where the transitions to the S1 states are mainly located on one of the 
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2CzPN moieties in addition to a small contribution from the central benzene ring for both 

emitters (Figure S39 and S40). For p-di2CzPN, the electron density distribution is located not 

only on one of the 2CzPN moieties but the carbazole at the para position is also involved in 

the transition to S1 state (Figure S38), contributes to the stabilization of the S1 state and causes 

the red-shifted emission of p-di2CzPN. To corroborate the ICT nature of the emission, we 

measured the PL spectra in solvents of varying polarity. In each case, as the polarity of the 

solvent increased the PL spectrum red-shifted and broadened, thereby showing a strong positive 

solvatochromism (Figure S42). 

 

  

Figure 4. Absorption and normalized emission spectra of 2CzPN, p-di2CzPN, m-di2CzPN, 

and 1,3,5-tri2CzPN in toluene solution (10-5 M). lexc = 355 nm.  

 

The three emitters exhibited near quantitative FPL in toluene, values that were strongly 
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aerated toluene, the FPL values were 39%, 27% and 34%, respectively, while under oxygen-free 

conditions the FPL values reached, respectively, 98%, 96% and 99%. These compounds are thus 

significantly more emissive than 2CzPN, with FPL of 26% in aerated and 28% in oxygen-free 

toluene.45 The oxygen sensitivity is an indication of accessible triplet excited states, and is a 

frequent characteristic of TADF emitters. We next measured the time-resolved emission decays 

in toluene. Each of the three emitters exhibit a prompt decay component with the lifetime in the 

nanosecond region and bi‐exponential delayed decay kinetics with the lifetimes in the 

microsecond region (Figure S43). The prompt decay lifetimes (τp) for p-di2CzPN, m-di2CzPN, 

and 1,3,5-tri2CzPN are 13.4, 15.0, and 14.9 ns, respectively, while the average delayed decay 

lifetimes (τd,avg) are 2.4 μs for p-di2CzPN, 22.2 μs for m-di2CzPN, and 58.2 μs for 1,3,5-

tri2CzPN. Compared to the emission decay of 2CzPN (24.4 ns (99.5%) and 1.1 μs (0.5%)),45 

the three multichoromophore emitters exhibited longer delayed lifetime and a significantly 

increased delayed component in toluene. 

 

We next investigated the photophysical properties of the three emitters in 10 wt% doped PMMA 

films as the polarity of PMMA closely mimics that of toluene.46 The m-di2CzPN and 1,3,5-

tri2CzPN compounds showed slightly red-shifted emission maxima compared to those in 

toluene at 498 and 494 nm, respectively while the peak for p-di2CzPN was red-shifted to 516 

nm (Figure 5). The FPL values under N2 for 2CzPN, p-di2CzPN, m-di2CzPN and 1,3,5-

tri2CzPN are 76%,45 64%, 77% and 78%, respectively. The time-resolved emission decays 

were obtained under oxygen-free conditions (Figure S44). Similar to the profiles in toluene, the 

τp values for p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN are 29, 38, and 26 ns, respectively, 
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which are slightly longer than that of 2CzPN (18 ns). The τd,avg values are 286.3 μs for p-

di2CzPN, 311.0 μs for m-di2CzPN, 262.4 μs for 1,3,5-tri2CzPN, respectively, which are much 

shorter than the τd,avg of 2CzPN in PMMA film (1.5 ms).45  

 

Prompt fluorescence and phosphorescence spectra were obtained by time-resolved emission 

spectroscopy (TRES) measurement in 10 wt% doped PMMA at 77 K. The prompt emission 

spectrum of each emitter exhibited continuous red-shifting from 1 ns to 100 ns, which could be 

ascribed to the energetic relaxation of molecular vibration and rotation (Figure S45).47 The 

phosphorescence spectra were obtained from integration of the TRES spectrum from 2 ms to 9 

ms (Figure S45). The room temperature emission spectra of p-di2CzPN, m-di2CzPN, and 

1,3,5-tri2CzPN are ca. 20 nm red-shifted and are slightly broader compared to their 

corresponding prompt fluorescence spectra measured at 77 K. We calculated the energy of the 

singlet state from the onset of the fluorescence spectra from 1 ns and the energy of the triplet 

state from the onset of the phosphorescence spectra from 2 ms (Figure 5). The S1 energies for 

p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN were calculated to be 2.96, 3.01, and 3.00 eV, 

respectively, which closely match those of the TDA-DFT calculation, while the T1 state was 

found at 2.80, 2.90, and 2.91 eV, respectively, which are slightly destabilized compared to those 

calculated by TDA-DFT. The DEST values for p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN 

are 0.16, 0.11, and 0.09 eV, which are reduced compared to 0.21 eV for 2CzPN in PMMA 

film.45 These small DEST values are consistent with an efficient TADF process, which are 

consistent with the shorter delayed lifetimes of the three multichoromophore emitters in the 

doped PMMA films. 
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Figure 5. Fluorescence (Fl) and phosphorescence (Ph) spectra of 10 wt% PMMA films of (a) 

p-di2CzPN, (b) m-di2CzPN, and (c) 1,3,5-tri2CzPN at 77 K. (d) Photos of 10 wt% PMMA 

films of p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN. The fluorescence spectra were sliced 

from 1 ns to 100 ns while the phosphorescence spectra were sliced from 2 ms to 10 ms (lexc = 

378 nm).     
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Table 1. Key Photophysical data of p-di2CzPN, m-di2CzPN, 1,3,5-tri2CzPN and 2CzPN. 

 

To corroborate the TADF character of the three emitters in doped PMMA films, we measured 

the temperature-dependent time-resolved decay spectra (Figure 6). In each case, the delayed 

fluorescence increased with increasing temperature, which is a hallmark of TADF as the RISC 

process becomes suppressed at low temperatures.    

Compound λabs (ε)a / nm (/ 
103 m−1 cm−1) 

λPL 
/ nm 

FPL 
/ % 

S1/T1/ 
ΔESTd / 

eV 

τp 
/ ns 

τd,avg 
/ µs 

HOMO/LUMO/ 
ΔEgf / eV 

p-di2CzPN 326 (35), 
382 (25) 

494a/
516b 

39/98a 
52/64c 

2.96/2.80
/0.16 

13a 
29e 

2.4a 
286.3e 

−5.65/−3.00/ 
2.65 

m-di2CzPN 332 (22), 
381 (25) 

485a/
498b 

27/96a 
59/77c 

3.01/2.90
/0.11 

15a 
38e 

22.2a 
311.0e 

−5.80/−3.03/ 
2.77 

1,3,5-
tri2CzPN 

330 (35), 
381 (38) 

483a/
494b 

34/99a 
58/78c 

3.00/2.91
/0.09 

15a 
26e 

58.2a 
262.4e 

−5.82/−2.98/ 
2.84 

2CzPN45 329 (12), 
364 (11) 

475a 

492b 
26/28 
63/76 

2.88/2.67 
/0.21 

22a 
18e 

1.1a 
1500e 

−5.64/−2.71/ 
2.93 

a Measured in toluene solution (lexc = 378 nm), b Measured in 10 wt% doped PMMA films 

(lexc = 378 nm), c Measured using an integrating sphere of 10 wt% doped PMMA films 

under air/N2 (lexc = 360 nm), d S1 is obtained from the onset of the prompt emission 

measured at 77 K, T1 is obtained from the onset of the phosphorescence spectrum 

measured at 77 K, ΔEST = S1−T1, e τp (prompt lifetime) and τd,avg (average delayed 

lifetime) were obtained from the transient PL decay of doped film under vacuum, λexc = 

378 nm, measure region: 50 µs and 4 ms, f HOMO and LUMO values were obtained from 

the redox potentials from the DPV, EHOMO/LUMO = −(Eox/red + 4.8) where Eox/red are from 

DPV scan corrected vs Fc/Fc+, ΔEg = ELUMO−EHOMO.44  
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Figure 6. Temperature-dependent time-resolved PL decay spectra of 10 wt% doped PMMA 

films of (a) p-di2CzPN, (b) m-di2CzPN, and (c) 1,3,5-tri2CzPN. (lexc = 378 nm, time region: 

1 ms) 

 

The kinetics of the three multichoromophore emitters and the reference emitter 2CzPN were 

investigated in 10 wt% doped bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) films 

for p-di2CzPN, m-di2CzPN, and 2CzPN, and a 20 wt% doped CBP film for 1,3,5-tri2CzPN 

(Figure 7, Table 2). The three emitters all exhibit high FPL values in host matrices suitable for 

OLEDs. The prompt lifetimes for p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN are 

comparable to the 20 ns of 2CzPN, and τd values are much shorter than the 137 μs of 2CzPN. 

(Table 2) The kRISC values for p-di2CzPN, m-di2CzPN, and 1,3,5-tri2CzPN are calculated to 

be 1.1 × 105, 0.7 × 105, and 1.7 × 105 s−1, respectively, which are faster than 2CzPN (0.3 × 105 
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s−1). 1,3,5-tri2CzPN exhibits the fastest kRISC value, which is ascribed to the small DEST and the 

greater density of intermediate triplet states predicted by TDA-DFT calculation. 

 

 

Figure 7. PL decay spectra of 10 wt% doped DPEPO films of 2CzPN, p-di2CzPN, m-di2CzPN, 

and a 20 wt% doped CBP film of 1,3,5-tri2CzPN (lexc = 280 nm). 
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Table 2: Exciton lifetime and the kinetic constants of p-di2CzPN, m-di2CzPN and 1,3,5-

tri2CzPN in host materials. FPL, tp, and td are measured under inert atmosphere. 

 

Electroluminescence Properties  

A solution-processed OLED based on 1,3,5-tri2CzPN was fabricated using the architecture: 

Indium tin oxide (ITO) (50 nm)/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) (35 nm)/20 wt% 1,3,5-tri2CzPN:CBP/1,3-bis[3,5-di(pyridin-3-yl)phenyl] 

benzene (BmPyPhB) (30 nm)/lithium quinolin-8-olate (Liq) (1 nm)/Al (80 nm). PEDOT:PSS 

layer and the emitting layer were deposited by spin-coating process and the other layers were 

thermally vacuum-deposited. The performance of the device is summarized in Figure 8. The 

turn-on voltage for the device is 5.6 V and the device exhibits sky-blue emission with the peak 

maximum wavelength at 500 nm with CIE of (0.22, 0.44) and EQEmax of 7.1 % at 0.1 mA cm−2, 

while the maximum luminance reaches 1,000 cd m−2. Compared with the PL spectrum of a 20 

wt% 1,3,5-tri2CzPN:CBP film, the EL spectrum narrowed as shown in Figure S46. This 

narrowing of the EL spectrum might be attributed to the so-called micro-cavity effect resulting 

from the optical interference of emitted irradiance in the OLED. Considering the FPL of 1,3,5-

tri2CzPN in CBP (54%), the EQEmax of 7.1% from device is close to the theoretical EQEmax of 

compound matrix 
λPL 

/ nm 
FPL 

/ % 
Fp 
/ % 

Fd 
/ % 

tp 
/ ns 

td 
/ μs 

𝒌𝒓𝒔 
/107 s-1 

kISC 
/ 107 s-1 

kRISC 
/ 105 s-1 

p-di2CzPN 
10 wt%  

in DPEPO 
531 59 21 39 18 25.7 1.2 3.7 1.1 

m-di2CzPN 
10 wt%  

in DPEPO 
510 70 22 48 17 44.2 1.3 4.0 0.7 

1,3,5-
tri2CzPN 

20 wt%  
in CBP 

505 54 32 22 21 9.8 1.5 2.0 1.7 

2CzPN 
10 wt%  

in DPEPO 
496 98 21 77 20 137 1.1 4.0 0.3 
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10.8% under the assumption that (1) the charge balance is unity; (2) the efficiency of radiative 

exciton production is unity, and (3) the light out-coupling efficiency is 0.2. The device suffers 

severe efficiency roll-off as the EQE decreases to 1% at 10 mA cm−2. 

 

Figure 8. (a) EQE-luminance characteristics, (b) EL spectrum, (c) current efficiency-voltage-

power efficiency properties and (d) current density-voltage-luminance properties of the 1,3,5-

tri2CzPN based OLED. 

 

Conclusions 

By connecting TADF emitting core 2CzPN to a central benzene ring, three 

multichromophore emitters, p-di2CzPN, m-di2CzPN and 1,3,5-tri2CzPN, were synthesized 

and characterized. The multichromophore molecular structure results in an improved molar 
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extinction coefficient for the low-energy charge transfer states and near unity 

photoluminescence quantum yield values in solution. TDA-DFT calculations showed that 

density intermediate triplet states between S1 and T1 could contribute to an improved TADF 

efficiency. The three emitters exhibit smaller DEST values leading to fast delayed lifetimes in 

doped films. The kRISC for 1,3,5-tri2CzPN reaches 1.7 × 105 s−1, which is more than five times 

faster than 2CzPN (0.3 × 105 s−1), while the kRISC for p-di2CzPN and m-di2CzPN are more 

than three and two times faster than 2CzPN, respectively. A solution-processed OLED based 

on 1,3,5-tri2CzPN shows a sky-blue emission with CIE coordinates of (0.22, 0.44) and 

achieves an EQEmax of 7.1%. This work demonstrates that the multichromophore molecular 

design is a practical route to improve simultaneously the FPL and RISC efficiency.    

 

Experimental section 

General consideration 

All experiments were carried out with commercial solvents from Fisher Scientific Ltd, except 

where specifically mentioned. Commercially obtained chemicals were used as received. All 

manipulations were carried out under an inert atmosphere using standard Schlenk line 

techniques.  

1H NMR, and 13C NMR were recorded at room temperature on a Bruker Avance spectrometer 

at 400 MHz and 101 MHz or 500 MHz and 126 MHz, respectively. 1H NMR and 13C NMR 

spectra were referenced to the residual solvent peaks (CDCl3 = 7.26 ppm for 1H NMR and 77.16 

ppm for 13C NMR, d6-DMSO = 2.50 ppm for 1H NMR and 29.84 ppm for 13C NMR, 

respectively). The following abbreviations have been used for multiplicity assignments: “s” for 
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singlet, “d” for doublet, “t” for triplet, “m” for multiplet and “br” for broad. Elemental analysis 

was measured by London Metropolitan University. Samples for high resolution mass spectrum 

(HRMS) were sent to the National Mass Spectrometry Facility in Swansea (EPSRC) for 

analysis by nano-electrospray on an Orbitrap instrument.  

 

Materials and synthesis 

Synthesis of 3-bromide-Carbazole (3-BrCz)  

 

3-BrCz was synthesized according to the literature.38 To a 250 mL flask, carbazole (1.7 g, 10 

mmol, 1 equiv.) was dissolved in 10 mL of acetonitrile and cooled down in ice-water bath. The 

acetonitrile solution of N-bromosuccinimide (1.7 g, 11 mmol, 1.1 equiv.) was added into the 

carbazole solution dropwise. The mixture was stirred for 4 h at room temperature and washed 

with water and extracted with dichloromethane (DCM) three times (30 mL×3). The organic 

solvent was removed under reduced pressure. The crude product was recrystallized in DCM 

and hexane (1/20) to obtain 3-BrCz as white solid powder. 

Yield: 90%. Rf = 0.46 (20% DCM/Hexane). Mp: 195-197 oC (Lit. Mp.38 197-198 oC). 1H NMR 

(400 MHz, d6-DMSO) δ (ppm): 11.44 (s, 1H), 8.36 (d, J=1.9 Hz, 1H), 8.16 (d, J=7.8 Hz, 1H), 

7.56-7.37 (m, 4H), 7.24-7.09 (m, 1H). 13C{1H} NMR (101 MHz, d6-DMSO) δ (ppm): 140.5, 

138.7, 128.2, 126.7, 124.7, 123.1, 121.8, 121.0, 119.3, 113.2, 111.5, 110.9. LRMS (ESI) m/z: 

[M-H]- Calcd for C12H7BrN 245.98; Found 246.08. The characterization matches that 

previously reported.38 
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Synthesis of 3-bromo-9-(triisopropylsilyl)-9H-carbazole (3-Br-tipsCz) 

 

To a 250 mL flask, sodium hydride (500 mg, 12 mmol, 1.2 equiv.) was added and the flask was 

degassed by three cycles of vacuum-nitrogen purging. Then 3-BrCz (2.5 g, 10 mmol, 1 equiv.) 

was dissolved in 20 mL of THF and added into the flask dropwise. After the mixture was stirred 

for 30 min in ice-water bath, chlorotriisopropylsilane (TIPSCl) (2.9 g, 15 mmol, 1.5 equiv.) 

dissolved in 20 mL of THF was added dropwise into the solution. The mixture was warmed up 

to room temperature and stirred for 8 h. A trace of water was injected to the mixture to quench 

the reaction. The mixture was washed with water and extracted with DCM three times (50 mL

×3). The organic solvent was removed under reduced pressure and the crude product was 

purified by column chromatography. DCM/Hexane=1/10 was used as eluent to obtain 3-Br-

tipsCz as a white wax solid.  

Yield: 80%. Rf: 0.66 (10% DCM/Hexane) Mp: 37-40 oC. 1H NMR (400 MHz, CDCl3) δ 

(ppm): 8.19 (d, J = 2.2 Hz, 1H), 8.04 (d, J = 7.7 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.58 (dd, J 

= 9.0 Hz, 2.4Hz, 1H), 7.49 -7.40 (m, 2H), 7.28 -7.22 (m, 1H), 2.25 - 1.77 (m, 3H), 1.21 (d, J = 

7.5 Hz, 18H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm): 145.4, 143.7, 128.5, 127.8, 126.0, 

125.4, 122.4, 119.9, 115.5, 114.2, 112.4, 18.6, 13.8. HRMS (ESI) m/z: [M+H]+ Calcd for 

C21H28BrNSi 402.1249; Found: 402.1247. 
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Synthesis of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9-(triisopropylsilyl)-9H- 

carbazole (3-Bpin-tipsCz) 

 

To a 100 mL flask were added 3-Br-tipsCz (400 mg, 1 mmol, 1 equiv.), bis(pinacolato)diboron 

(300 mg, 1.2 mmol, 1.2 equiv.), 1,1′-bis(diphenyl-phosphino)ferrocene]dichloro palladium (II) 

(100 mg, 0.1 mmol, 0.1 equiv.), potassium acetate (990 mg, 10 mmol, 10 equiv.), and 20 mL of 

1,4-dioxane. The mixture was degassed via three times of freeze-pump-thaw cycles and stirred 

at 110 oC for 12 h under nitrogen. The mixture was washed with water and extracted with DCM 

three times (50 mL ×3). The organic solvent was removed under reduced pressure and the 

crude product was purified by column chromatography. DCM/Hexane=1/3 was used as eluent 

to obtain 3-Bpin-tipsCz as a white solid.  

Yield: 80%. Rf: 0.44 (25% DCM/Hexane) Mp: 51-53 oC. 1H NMR (400 MHz, CDCl3) δ 

(ppm): 8.58 (s, 1H), 8.15 (d, J=2.2 Hz, 1H), 7.85 (dd, J = 8.4 Hz, 1.3 Hz, 1H), 7.71 (dd, J =  

8.5 Hz, 4.1 Hz, 2H), 7.38 (dd, J = 8.5 Hz, 7.1 Hz, 1H), 7.28 – 7.23 (m, 1H), 2.02 (m, 3H), 1.21  

(d, J = 7.5 Hz, 18H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm): 147.1, 144.7, 131.9, 131.3, 

126.6, 124.8, 120.1, 119.4, 113.6, 110.1, 109.5, 82.9, 24.9, 18.6, 13.8, 12.3. HRMS (ESI) m/z: 

[M+H]+ Calcd for C27H41BNO2Si 450.2995; Found: 450.2995. 

 

Synthesis of 1,4-bis(9-(triisopropylsilyl)-9H-carbazol-3-yl)benzene (para-2tipsCz)  
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General procedure A 

To a 100 mL flask were added 3-Bpin-tipsCz (1.1 g, 2.5 mmol, 2.5 equiv.), 1,4-

dibromonbenzene (235 mg, 1 mmol, 1 equiv.), 1,1′-bis(diphenyl-phosphino)ferrocene]dichloro 

palladium (II) (100 mg, 0.1 mmol, 0.1 equiv.), potassium carbonate (1.4 g, 10 mmol, 10 equiv.), 

20 mL of 1,4-dioxane, and 2 mL of distilled water. The mixture was degassed via three freeze-

pump-thaw cycles and stirred at 95 oC for 12 h under nitrogen. The mixture was washed with 

water and extracted with dichloromethane (DCM) three times (50 mL×3). The organic solvent 

was removed under reduced pressure and purified by column chromatography. 

DCM/Hexane=1:5 was used as eluent to obtain para-2tipsCz as a white solid. 

Yield: 50%. Rf: 0.62 (20% DCM/Hexane). Mp: 78 oC-81 oC. 1H NMR (500 MHz, CDCl3) δ 

(ppm): 8.40 (d, J = 2.0 Hz, 2H), 8.19 (dd, J = 7.7, 1.4 Hz, 2H), 7.85 – 7.62 (m, 6H), 7.42 (ddd, 

J = 8.5, 7.1, 1.4 Hz, 2H), 7.37 – 7.24 (m, 2H), 2.25 – 1.90 (m, 6H), 1.28 (d, J = 7.6 Hz, 36H). 

13C{1H} NMR (126 MHz, CDCl3) δ (ppm): 145.6, 144.2, 133.5, 128.8, 127.4, 127.2, 126.8, 

126.2, 125.4, 125.0, 119.9, 119.6, 118.0, 114.3, 18.7, 13.9. HRMS (ESI) m/z: [M+H]+ Calcd 

for C48H61N2Si2 721.4361; Found: 721.4368.    

 

Synthesis of 1,3-bis(9-(triisopropylsilyl)-9H-carbazol-3-yl)benzene (meta-2tipsCz) 
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Synthesized as General procedure A to afford meta-2tipsCz as a white solid. 

Yield: 40%. Rf: 0.62 (20% DCM/Hexane). Mp: 70 oC-73 oC. 1H NMR (500 MHz, CDCl3) δ 

(ppm): 8.40 (d, J = 2.0 Hz, 2H), 8.17 (dd, J = 7.7, 1.4 Hz, 2H), 8.10 (s, 1H), 7.82 (d, J = 8.7 

Hz, 2H), 7.77 – 7.71 (m, 6H), 7.65 – 7.57 (m, 1H), 7.41 (ddd, J = 8.5, 7.0, 1.4 Hz, 2H), 7.29 (d, 

J = 2.4 Hz, 1H), 2.28 – 1.94 (m, 6H), 1.27 (d, J = 7.5 Hz, 36H). 13C{1H} NMR (126 MHz, 

CDCl3) δ (ppm): 145.6, 144.7, 142.3, 133.0, 129.2, 127.1, 126.6, 126.3, 125.5, 124.9, 119.8, 

119.7, 118.2, 114.3, 114.2, 18.7, 13.9. HRMS (ESI) m/z: [M+H]+ Calcd for C48H61N2Si2 

721.4361; Found: 721.4368. 

 

Synthesis of 1,3,5-tris(9-(triisopropylsilyl)-9H-carbazol-3-yl)benzene (tri-3tipsCz) 

 

Synthesized as General procedure A to obtain tri-3tipsCz as a white solid. 

Yield: 45%. Rf: 0.60 (15 % DCM/Hexane). Mp: 86 oC-88 oC. 1H NMR (400 MHz, CDCl3) δ 

(ppm): 8.49 (s, 3H), 8.19 (dd, J = 7.8, 1.4 Hz, 3H), 8.07 (s, 3H), 7.85 (d, J = 1.3 Hz, 6H), 7.76 

(d, J = 8.5 Hz, 3H), 7.42 (ddd, J = 8.5, 7.1, 1.4 Hz, 3H), 7.29 (d, J = 7.1 Hz, 3H), 2.48 – 1.84 
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(m, 9H), 1.28 (d, J = 7.5 Hz, 54H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm): 145.6, 144.8, 

142.8, 133.2, 128.8, 127.2, 126.7, 125.5, 125.0, 124.7, 120.0, 119.7, 118.3, 114.2, 18.7, 13.9. 

HRMS (ESI) m/z: [M+H]+ Calcd for C69H88N3Si3 1042.6288; Found: 1042.6281.  

 

Synthesis of 1,4-di(9H-carbazol-3-yl)benzene (para-2Cz)  

 

General procedure B 

To a 100 mL flask was added tetrabutylammonium fluoride (TBAF) (600 mg, 2.5 mmol, 2,5 

equiv.), and para-2tipsCz (720 mg, 1 mmol, 1 equiv.) in 10 mL of THF was slowly added and 

the mixture stirred at room temperature for 8 h. The reaction mixture was filtered, and the 

solvent removed under reduced pressure and purified by column chromatography. 

DCM/Hexane=1/1 was used as eluent to obtained para-2Cz as white solid. 

Yield: 90%. Rf: 0.55 (50% DCM/Hexane) Mp: 184 oC-186 oC. 1H NMR (400 MHz, d6-DMSO) 

δ (ppm): 11.43 (s, 2H), 8.53 (d, J = 1.8 Hz, 2H), 8.25 (d, J = 7.7 Hz, 2H), 7.90 (s, 4H), 7.79 

(dd, J = 8.4, 1.8 Hz, 2H), 7.70 – 7.48 (m, 4H), 7.42 (ddd, J = 8.2, 7.1, 1.2 Hz, 2H), 7.20 (ddd, 

J = 8.0, 7.1, 1.0 Hz, 2H). 13C{1H} NMR (101 MHz, d6-DMSO) δ (ppm): 140.7, 139.8, 131.0, 

129.3, 127.5, 126.2, 124.9, 123.6, 123.1, 121.0, 119.1, 118.6, 111.8, 111.6. HRMS (ESI) m/z: 

[M+H]+ Calcd for C30H21N2 409.1699; Found: 409.1700. 

 

Synthesis of 1,3-di(9H-carbazol-3-yl)benzene (meta-2Cz) 
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Synthesized as General procedure B. DCM/Hexane=1/1 was used as eluent to obtained meta-

2Cz as white solid.  

Yield: 90%. Rf: 0.61 (50% DCM/Hexane). Mp: 160 oC-165 oC. 1H NMR (400 MHz, d6-

DMSO) δ (ppm): 11.36 (s, 2H), 8.61 (d, J = 1.8 Hz, 2H), 8.29 (d, J = 7.8 Hz, 2H), 8.15 (s, 1H), 

7.86 (dd, J = 8.4, 1.8 Hz, 2H), 7.73 (dd, J = 7.7, 1.8 Hz, 2H), 7.66 – 7.47 (m, 5H), 7.42 (ddd, J 

= 8.2, 7.0, 1.2 Hz, 2H), 7.20 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H). 13C{1H} NMR (101 MHz, d6-

DMSO) δ (ppm): 142.4, 140.7, 139.8, 132.8, 131.6, 129.9, 126.2, 125.6, 125.4, 123.6, 123.1, 

121.1, 119.1, 111.8, 111.6. HRMS (ESI) m/z: [M+H]+ Calcd for C30H21N2 409.1699; Found: 

409.1700. 

 

Synthesis of 1,3,5-tri(9H-carbazol-3-yl)benzene (tri-3Cz) 

 

Synthesized as General procedure B. DCM/Hexane=1/1 was used as eluent to obtained tri-

3Cz as white solid. 

Yield: 90%. Rf: 0.46 (50% DCM/Hexane). Mp: 173 oC-176 oC. 1H NMR (400 MHz, d6-

DMSO) δ (ppm): 11.41 (s, 3H), 8.74 (s, 3H), 8.33 (d, J = 7.8 Hz, 3H), 8.09 (s, 3H), 8.05 – 7.86 

(m, 3H), 7.65 (d, J = 8.4 Hz, 3H), 7.54 (d, J = 8.1 Hz, 3H), 7.42 (t, J = 7.7 Hz, 3H), 7.21 (t, J = 
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7.5 Hz, 3H). 13C{1H} NMR (101 MHz, d6-DMSO) δ (ppm): 143.0, 140.7, 140.1, 131.9, 125.9, 

123.6, 122.8, 121.2, 120.6, 119.4, 118.9, 111.7, 111.4. HRMS (ESI) m/z: [M+H]+ Calcd for 

C30H21N2 574.2278; Found: 574.2271. 

 

Synthesis of 4-(9H-carbazol-9-yl)-5-fluorophthalonitrile (CzFPN)  

 

General procedure C 

CzFPN was synthesized based on a modified literature protocol.15 To a 100 mL of flask were 

added 4,5-difluorophthalonitrile (820 mg, 5.5 mmol, 1.1 equiv.) and sodium hydride (300 mg, 

6 mmol, 1.2 equiv.), and the flask was degassed by three cycles of vacuum-nitrogen purging. 

Carbazole (800 mg, 5 mmol, 1 equiv.) was dissolved in 20 mL of THF and added dropwise into 

the flask under ice-water bath. After bubbling ceased, the mixture was warmed to room 

temperature and stirred for 6 h. Afterwards, 1 mL of water was injected to quench the reaction. 

The mixture was washed with water and extracted with DCM three times (50 mL×3). The 

organic solvent was removed under reduced pressure and the crude product was purified by 

column chromatography. DCM/Hexane=1/3 was used as eluent to obtain CzFPN as light green 

solid.  

Yield: 80%. Rf: 0.55 (50% DCM/Hexane). Mp: 225 oC. 1H NMR (400 MHz, CDCl3) δ (ppm): 

8.23 – 8.08 (m, 3H), 7.87 (d, J = 9.0 Hz, 1H), 7.51 (dd, J = 8.3 Hz, 1.3 Hz, 2H), 7.41 (dd, J = 

7.5, 1.0 Hz, 2H), 7.28 – 7.18 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm): 160.7, 158.0, 



 31 

139.4, 134.6, 131.6, 126.8, 124.5, 123.6, 123.3, 122.0, 120.8, 115.8, 114.0, 113.6. HRMS (ESI) 

m/z: [M+H]+ Calcd for C20H11FN3 329.1197; Found: 329.1201.  

 

Synthesis of 5,5'-(1,4-phenylenebis(9H-carbazole-3,9-diyl))bis(4-(9H-carbazol-9-yl) 

phthalonitrile) (p-di2CzPN) 

 

p-di2CzPN was synthesized as General procedure C, DCM/Hexane=1/1 was used as eluent 

and recrystallized in DCM/methanol (1/10) to obtained p-di2CzPN as yellow solid.  

Yield: 50%. Rf = 0.40 (60% DCM/Hexane). Mp: 278-283 oC. 1H NMR (400 MHz, CDCl3) δ 

(ppm): 8.35 (d, J = 2.1 Hz, 4H), 8.05 (d, J = 1.7 Hz, 2H), 7.92 – 7.79 (m, 6H), 7.60 (s,4H), 

7.35 (dd, J = 8.6, 1.8 Hz, 2H), 7.23 – 7.07 (m, 20H). 13C{1H} NMR (101 MHz, CDCl3) δ 

(ppm): 139.6, 138.8, 138.4, 138.3, 137.8, 135.5, 135.4, 134.4, 127.4, 127.3, 126.5, 126.3, 125.4, 

124.9, 124.4, 121.9, 121.7, 120.5, 118.6, 114.8, 114.5, 109.4, 109.2, 109.0. HRMS (ESI) m/z: 

[M+NH4]+ Calcd for C70H42N9 1008.3558; Found: 1008.3558. Elemental analysis: Calcd 

for C70H38N8: C, 84.83; H, 3.86; N, 11.31. Found: C, 84.95; H, 3.92; N, 11.20. HPLC: 15% 

H2O/MeCN, 1.0 mL min-1, 300 nm; tr (99.6 %) = 8.6 min. 

Synthesis of 5,5'-(1,3-phenylenebis(9H-carbazole-3,9-diyl))bis(4-(9H-carbazol-9-yl) 

phthalonitrile) (m-di2CzPN) 
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m-di2CzPN was synthesized as General procedure C and obtained as yellow solid.  

Yield: 60%. Rf: 0.41 (50% DCM/Hexane). Mp: 270-276 oC. 1H NMR (400 MHz, CDCl3) δ 

(ppm): 8.37 (d, J = 3.6 Hz, 4H), 8.08 (s, 2H), 7.90 (d, J = 7.3 Hz, 2H), 7.84 (dd, J = 7.4 Hz, 

3.5 Hz, 4H), 7.74 (s, 1H), 7.52 (d, J = 1.8 Hz, 3H), 7.37 (dd, J = 8.5 Hz, 1.7 Hz, 2H), 7.24 – 

7.07 (m, 20H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm): 141.7, 138.8, 138.5, 138.4, 138.3, 

138.3, 137.8, 135.6, 135.4, 135.0, 129.3, 126.6, 126.3, 126.3, 125.8, 125.6, 124. 9, 124.4, 124.3, 

121.9, 121.7, 120.5, 119.0, 114.8, 114.8, 114.5, 109.4, 109.2, 109.0, 109.0. HRMS (ESI) m/z: 

[M+H]+ Calcd for C70H39N8 991.3292; Found: 991.3296. Elemental analysis: Calcd for 

C70H38N8: C, 84.83; H, 3.86; N, 11.31. Found: C, 84.72; H, 3.92; N, 11.19. HPLC: 15% 

H2O/MeCN, 1.0 mL min-1, 300 nm; tr (99.2 %) = 7.9 min. 

 

Synthesis of 5,5',5''-(benzene-1,3,5-triyltris(9H-carbazole-3,9-diyl))tris(4-(9H-carbazol-9-

yl) phthalonitrile) (1,3,5-tri2CzPN) 

 

1,3,5-tri2CzPN was synthesized as General procedure C and obtained as yellow solid.  

Yield: 55%. Rf: 0.38 (50% DCM/Hexane). Mp: 310-315 oC. 1H NMR (400 MHz, CDCl3) δ 

(ppm): 8.38 (d, J = 4.0 Hz, 6H), 8.13 (d, J = 1.7 Hz, 3H), 7.97 – 7.90 (m, 3H), 7.87 - 7.82 (m, 

6H), 7.69 (s, 3H), 7.43 (dd, J = 8.5 Hz, 1.5 Hz, 3H), 7.21 – 7.08 (m, 30H). 13C{1H} NMR (101 
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MHz, CDCl3) δ (ppm): 142.3, 138.9, 138.4, 138.0, 135.6, 135.4, 134.8, 126.6, 126.4, 125.7, 

124.9, 124.8, 124.4, 124.3, 121.9, 121.7, 120.6, 119.0, 114.9, 114.5, 109.5, 109.3, 109.1. 

HRMS (ESI) m/z: [M+H]+ Calcd for C102H55N12 1447.4667; Found: 1447.4677. Elemental 

analysis: Calcd for C102H54N12: C, 84.63; H, 3.76; N, 11.61. Found: C, 84.59; H, 3.65; N, 11.72. 

HPLC: 10% H2O/MeCN, 1.0 mL min-1, 300 nm; tr (99.6 %) = 5.6 min. 

 

Supporting Information 

Compound characterization, computational details, instrumental details, thermal stability, 

device fabrication details are available in Supporting Information. 
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