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Abstract 

2,7-Bis(3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazol-9-yl)-4,5,9,10-tetrahydropyrene 

(3) and 2,7-bis(3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazol-9-yl)pyrene (4), along 

with a model compound, 3,3'',6,6''-tetra(tert-butyl)-9'-(4-(tert-butyl)phenyl)-9'H-9,3':6',9''-

tercarbazole (6), have been synthesized using microwave-assisted palladium-catalyzed 

couplings and compared to analogous 3,6-di(tert-butyl)carbazol-9-yl species (1, 2, and 5). 

Time-dependent density functional theory (TDDFT) calculations reveal absorptions with 

quadrupolar (ter)carbazole-to-bridge CT character for 1-4. Compound 4 is unusual in 

showing dual fluorescence in a number of solvents, the longer wavelength of which is 

markedly more solvatochromic compared to the bands of the other compounds. Following the 

observed three oxidations on the TCz model compound 6, compounds 3 and 4 can be 

electrochemically reversibly oxidized to hexacations with four oxidation and three oxidation 

steps of a 2:2:1:1 and 2:2:2 ratio, respectively. Tercarbazole derivatives 3 and 4 have been 

used as the emissive layers of simple solution-processed few-layer organic light-emitting 

diodes. 

Keywords: Carbazole, tercarbazole, photophysical studies, OLED 
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Introduction 

Carbazole is a widely used building block in the field of organic electronics and photonics, 

and has been incorporated into molecules and polymers for one- and two-photon fluorescent 

sensing,1 two-photon photoinitiation of polymerization,2 optical power limiting,3, 4 

photorefractive composites for holographic imaging,5 and solar energy harvesting.6-8 These 

applications generally rely on the carbazole moiety acting as a moderate electron donor, 

either in a π-donor sense or an electron-transfer sense,9 and/or its hole-transport abilities. 

These same properties have also led to extensive use of carbazole materials in organic light-

emitting diodes (OLEDs), both as hole-transport materials and emitters.10  

Carbazoles have been extensively used as building blocks for materials for emissive layers of 

both first-generation fluorescence-based devices11, 12 and, primarily as components of host 

materials in second-generation phosphorescence-based devices (PHOLEDs);13, 14 more 

recently they have been used as building blocks for both emitters and host materials for 

OLEDs based on thermally-activated delayed fluorescence (TADF).15-21 Carbazole has an 

appropriate ionization potential (IE) to inject holes to and from relevant layers in OLEDs,22 

and many examples exhibit good film-forming abilities23 and adequate good hole mobilities.6, 

24-26 In addition, the high triplet energy27 of approximately 3.0 eV28 of the carbazole moiety is 

particularly attractive for use in host materials for phosphorescent and TADF emitters,23, 29 

and, when linked to suitable acceptors, for the development of molecules with low singlet-

triplet energy separations that exhibit TADF.30, 31 Derivatives of 9'H-9,3':6',9''-tercarbazole32-

40 have also been shown to have useful electronic and hole-transporting properties; these 

retain the high triplet energy and hole-transport properties of simple carbazoles, but generally 

exhibit higher glass-transition temperatures, as well as acting as somewhat stronger donors. 

We have previously reported blue-emitting compounds bis(carbazol-9-yl) or bis(3,6-di(tert-

butyl)carbazol-9-yl) derivatives of benzene, biphenyl, pyrene (Py) and 4,5,9,10-

tetrahydropyrene (THPy), including 1 and 2 (Figure 1), which exhibit some donor-acceptor-

donor (D-A-D) characteristics.41 Here, we report the synthesis of new D-A-D compounds 

where D = 3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazol-9-yl, TCz', and A = Py, THPy 

(3 and 4, respectively; Figure 1). The photophysical properties of these compounds are 

compared to those of the analogous Cz' species (1 and 2), and to Cz' and TCz' model 

compounds (5 and 6), density functional theory (DFT) and time-dependent DFT (TDDFT) 

calculations are used to gain insight into the key frontier molecular orbitals, ionization 
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energies, and electronic transitions, and the molecules are used as the emissive layer of 

OLEDs. 

 

Figure 1. Structures of the compounds discussed in this work. 

 

Results and discussion 

Synthesis 

Our target compounds are shown in Figure 1. The tert-butyl substituents in the 3,6 positions 

of the terminal carbazolyl groups of the tercarbazole moieties of 3 and 4 are anticipated to 

afford cleaner electrochemical behavior and potentially better stability under device operation 

as a hole-transport material since these substituents block the sites through which carbazole 

radical cations can dimerize or polymerize.42, 43 Indeed, we have previously found that 1 and 

2 exhibit reversible electrochemistry, whereas their non-tert-butyl substituted analogues do 

not.41 In addition, an increase in thermal stability44 is expected. Moreover, the nitrogen 

position of the central carbazole units of the model compounds is protected with a 4-tert-

butylphenyl group. We note that a molecule closely related to model compound 6 entitled 

BTCC-36, with a 9'-phenyl rather than a 9’-(4-tert-butylphenyl), has previously been utilized 

as host for PHOLEDs.29 We have previously described the synthesis of compounds 1, 2, and 

5 through the Buchwald-Hartwig coupling of the appropriate (di)bromoarenes (7-9, 

respectively) with 3,6-di-tert-butylcarbazole (10) using microwave irradiation.41, 45 The new 

compounds 3, 4, and 6 were synthesized in the same way, as shown in Scheme 1, using 

3,3'',6,6''-tetra-tert-butyl-9'H-9,3':6',9''-tercarbazole, TCz'H (11)46 in place of 10. 
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Scheme 1. Synthesis of tercarbazole derivatives 3, 4, and 6 using conditions previously used 

to synthesize 1, 2, and 5.41, 45 (a) Tris(dibenzylideneacetone)dipalladium(0), tri-tert-

butylphosphine, sodium tert-butoxide, dry toluene, inert anhydrous atmosphere, microwave 

oven (power: 180 W; maximum temp: 125 °C; run time: 2 min; hold time: 60 min; pressure: 

120 psi).  

 

Geometric and Electronic Structure 

Before discussing the photophysical and electrochemical characteristics of 1-6, we describe 

the molecular geometric and electronic characteristics via density functional theory (DFT) 

calculations at the OT-ωB97X-D/6-31g(d,p) level of theory. We note that the geometric, 

electronic, redox, and optical (via time-dependent DFT [TDDFT]) properties of 1, 2, and 5 

have previously been evaluated at the B3LYP/6-31G(d,p) level of theory.41, 45 The results 

from the two levels of DFT and TDDFT calculations are comparable; hence we will focus 

solely on data derived from the OT-ωB97X-D/6-31g(d,p) level in this work. 

The THPy bridge is, as expected, twisted for the neutral ground states (S0) of 1 and 3, with 

the biphenyl-like structure possessing a twist of 17°, whereas the Py bridges of ground-state 2 

and 4 are planar. For all compounds 1-6, the bridging N(carbazole)–C(aryl bridge) bonds are 

approximately 1.42 Å, with the carbazole moieties presenting a significant twist (ranging 
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from 56–65°) with respect to the aryl bridge. The twist angles among the different carbazoles 

of the TCz' groups of 3, 4, and 6 range from 62–65°. 

Though the geometries are rather similar regardless of whether the molecules have THPy or 

Py bridges, the molecular orbitals (MO) present some notable differences. For 1 and 2, which 

contain single carbazole moieties attached to the THPy and Py bridges, respectively, the 

highest-occupied MO (HOMO) show a high degree of delocalization across both Cbz' end 

groups and the bridging moiety, though in 2 (EHOMO = –6.79 eV) the contribution from the 

bridging Py is smaller than that from the THPy in 1 (–6.54 eV).41 To understand the frontier 

occupied MO for 3 and 4, it is instructive to examine those of 6, where the HOMO (–6.71 

eV) and HOMO–1 (–6.82 eV) are both distributed across the TCz' unit (pictorial 

representations of select frontier MO of 3, 4, and 6 can be found in the Electronic 

Supplementary Information). For 3 and 4, the HOMO (–6.50 eV and –6.61 eV, respectively) 

and HOMO–1 (–6.51 eV and –6.62 eV, respectively) are almost iso-energetic and represent 

the linear combinations of the tercarbazole-based HOMO observed in 6. There are little-to-no 

contributions of the ThPy or Py bridges to the HOMO, and, in fact, the HOMOs are pushed 

mainly out onto the four perimeter carbazole units, with only modest contributions from the 

carbazole nitrogen atoms attached to the THPy or Py bridges. In addition, the HOMO–2 (–

6.62 eV and –6.72 eV, respectively) and HOMO–3 (–6.62 eV and –6.72 eV, respectively) are 

essentially linear combinations of the HOMO–1 of two 6-like units, and are nearly 

degenerate. The lowest-unoccupied molecular orbitals (LUMO), on the other hand, for 1-4 

are each bridge localized, imparting D-A-D character to the molecules.  

Photophysical properties 

The UV-visible absorption spectra of 1-6 were recorded in chloroform and THF and are 

depicted in Figure 2. The bands centered around 290 nm are attributed to localized transitions 

associated with the carbazole core, while the absorption bands of lower intensity occurring 
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above 300 nm are attributed to π→π* transitions of the chromophore, as previously reported 

for 1 and 2.41 As shown in Tables 1 and 2, the longest wavelength absorption bands of the 

TCz' compounds  are seen at the same, or almost same, wavelength as their Cz' analogues.41 

TDDFT at the OT-ωB97X-D/6-31g(d,p) level of theory reveal the variations in the π→π* 

transitions for 1-4. For 1 and 2, the S0 → S1 transitions are at 3.84 eV (323 nm) and 3.49 eV 

(356 nm); these results are in good qualitative agreement with experiment and previous 

TDDFT B3LYP/6-31G(d,p) calculations.41 These transitions are well described as HOMO → 

LUMO one-electron excitations, where the natural transition orbitals (NTO) reveal some D-

to-A quadrupolar charge-transfer character, the respective holes being delocalized across the 

entire molecule (including the carbazole unit) with the electron mainly localized on the THPy 

(1) or Py (2) bridge. The slightly red-shifted transition for 2 is attributable to the more 

extended π-conjugated structure of the Py bridge, which results in a lower lying LUMO. For 

3 and 4 with the tercarbazole moieties, a similar picture arises, though in both instances it is 

the S0 → S3 transitions that are the lowest-lying to exhibit appreciable oscillator strength: 

3.88 eV (319 nm) for 3 and 3.80 eV (327 nm) for 4. The NTO (see ESI for pictorial 

representations) reveal that the holes in both instances are generally delocalized, and more so 

in 3, although they only extend onto the carbazole unit that is directly bonded with the 

bridging aryl unit (i.e., resembling the hole wavefunctions for 1 and 2 as previously reported), 

and the electron is bridge-localized, meaning the transitions have some carbazole-to-bridge 

quadrupolar charge-transfer character. 

The fluorescence spectra of 1-6 were recorded in chloroform and THF (Figures 2B and 2D). 

The maximum for the fluorescence of the model monomeric TCz' derivative 6 is 

bathochromically shifted (by 0.23 and 0.17 eV in chloroform and THF, respectively) with 

respect to that of its Cz' analogue, 5. Similarly, the emission maximum of the THPy-bridged 

bis-TCz' derivative, 3, is bathochromically-shifted by 0.16-0.17 eV relative to that of its bis-
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Cz' analogue, 1. Moreover, the emissions of the THPy-bridged examples are seen at similar 

energies as those of the mono-Cz' or TCz' model compounds. On the other hand, the 

emissions of Py-bridged 2 and 4 are significantly bathochromically-shifted relative to their 

THP analogues, with that of 4 being particular dramatically bathochromically-shifted and 

Stokes shifted (Figure 3). On closer inspection, it is clear that 4 exhibits two emission bands, 

the principal, highly Stokes-shifted peak (lower in energy), and a weaker shoulder or peak 

(higher in energy) at similar wavelengths to the emissions of the THP-bridged and tert-

butylphenyl derivatives. It also appears that 2 exhibits a distinct short-wavelength feature as a 

shoulder on the main emission. DFT calculations suggest the lowest energy absorption has 

some Cz/TCz-to-Py CT character. The higher-energy of the two emission bands has a similar 

Stokes shifts to the THP and model compounds. Accordingly, the higher energy emission is 

expected to have a similar origin to the lowest energy absorption; the lower energy emission 

might, for example, originate from a TICT-like relaxation of the higher energy state.47  

The photoluminescence of these compounds was further investigated for a wider range of 

solvents exhibiting a large range of solvent polarity. Figure 3A shows that the low energy 

long-wavelength (low energy) emission of 4 shows pronounced positive solvatochromism, 

the emissions of the other compounds, including 2, and the short-wavelength (high-energy) 

minor emission peak for 4, centered at ~400 nm, do not. This is shown in Figure 3B, which 

also shows that the shorter wavelength feature becomes more prominent in higher polarity 

solvents. Interestingly, 4 exhibited two fluorescence peaks in several polar solvents 

(acetonitrile, DMF, DMSO, Ethanol, EtOAc and THF), the additional peak of 4 could be due 

to two excited states as discussed below. 

The fluorescence lifetime of carbazole itself in THF is reported as 13.7 ns by Johnson.48 The 

existence of two excited states in the TCz' derivative 4 is supported by results of 

fluorescence-lifetime measurements, where a double-exponential decay was observed in THF 
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with fluorescence lifetimes of 14 and 29 ns, respectively, Table S4. However, a single-

exponential adequately models the decay of 4 in some solvents towards the extremes of 

polarity, such as 1,4-dioxane. The average fluorescence lifetime of 4 was also found to be the 

highest in the series (Tables 1 and 2) while that of 2 was somewhat larger than those of 1, 3, 5 

and 6. The lifetimes measured for 4 were found to be independent of the emission 

wavelength, i.e. the same for both high- and low-energy peaks, at least in ethanol and 

chloroform. Fluorescence quantum yields for compounds 1-6 are low to medium and do not 

follow any obvious trend. Compounds 1, 2, 3, 5 and 6 showed significantly smaller 

fluorescence lifetimes and emission quantum yields in chloroform than in THF, which may 

be indicative of quenching by charge transfer to the solvent, as observed for simple carbazole 

derivatives in polychlorinated solvents.48   

A.                                                                      B. 
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Figure 2. Absorption (A, C) and normalized emission (B, D) spectra of compounds 1 – 6 in 

chloroform (above) and THF (below). 

  

Page 9 of 24 Journal of Materials Chemistry C



10 
 

Table 1. Photophysical properties of 1-6 in chloroform.  
 

Chloroform 

# 𝝀𝒎𝒂𝒙
𝒆𝒎  / nm 𝝀𝒎𝒂𝒙

𝒂𝒃𝒔  / nm 
Δ�̅� /  

103 cm-1 
τF / ns τn / ns ФF 

kr /  

107 s-1 

knr / 

 107 s-1 

1 378 351 2.04 1.50 24 0.06 4.14 64.8 

2 443 341 6.75 1.60 31 0.05 3.21 60.9 

3 397 349 3.46 1.20 18 0.07 5.70 75.6 

4 478 341 8.41 28.00 219 0.13 0.46 3.06 

5 372 349 1.77 0.49 12 0.04 8.16 196 

6 399 349 3.59 1.20 20. 0.06 5.00 78.3 

𝜆𝑚𝑎𝑥
𝑒𝑚 =longest wavelength of emission; 𝝀𝒎𝒂𝒙

𝒂𝒃𝒔  longest wavelength of absorption; Δ�̅�=Stokes shift; 

τF=fluorescence lifetime; τn=natural fluorescence lifetime; ФF=fluorescence quantum yield; kr=radiative rate 

constant; knr=non-radiative rate constant. 

Table 2. Photophysical properties of 1-6 in THF.  
 

THF 

# 
𝝀𝒎𝒂𝒙
𝒆𝒎  / nm 𝝀𝒎𝒂𝒙

𝒂𝒃𝒔  / nm 
Δ�̅� /  

103 cm-1 
τF / ns τn / ns ФF kr / 107 s-1 knr / 107 s-1 

1 372 350 1.69 6.2 14 0.43 7.00 9.3 

2 436 344 6.13 18.0 45 0.40 2.20 3.3 

3 392 347 3.31 4.7 20. 0.23 4.90 12.0 

4 490 340 9.00 28.0 220 0.13 0.46 3.1 

5 372 347 1.94 10.0 19 0.52 5.20 4.8 

6 392 348 3.23 6.2 15 0.41 6.60 9.6 

𝜆𝑚𝑎𝑥
𝑒𝑚 =longest wavelength of emission; 𝝀𝒎𝒂𝒙

𝒂𝒃𝒔  longest wavelength of absorption; Δ�̅�=Stokes shift; 

τF=fluorescence lifetime; τn=natural fluorescence lifetime; ФF=fluorescence quantum yield; kr=radiative rate 

constant; knr=non-radiative rate constant. 
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Figure 3. (A) Stokes shifts vs. orientation polarizability for compounds 1-6 (showing the low- and 

high-energy emission bands for 4) in nine different solvents. (B) Normalized emission spectra of 

compound 4 in the nine solvents. 
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Electrochemical properties 

The electrochemistry of new compounds 3, 4, and 6 were compared to those of 1, 2, and 5 in 

0.1 M nBu4NPF6 / dichloromethane under nitrogen using cyclic voltammetry and differential 

pulse voltammetry (Figure 4). First we review the previously reported data for the Cz' 

derivatives.41, 45 The bis-Cz' derivatives undergo two successive reversible one-electron 

oxidations, the separation between which originates from electronic coupling, inductive 

effects, and/or electrostatic interactions, between the two Cz' moieties. The somewhat larger 

separation, and the more facile first oxidation, seen for the THP-bridged derivative 1 is 

consistent with the more delocalized structure implied by the near-IR spectra of 1•+ vs. 2•+ 

and with a larger HOMO/HOMO–1 separation seen in DFT calculations.45 

The TCz' model monomeric compound, 6, undergoes three successive oxidations, consistent 

with the presence of three carbazole units that interact with one another, electrostatically, 

inductively, and/or via electronic coupling. The first oxidation occurs at a potential that is 

over 0.1 V less oxidizing than that of 5. Accordingly, the bis-TCz' compounds, 3 and 4, are 

expected to exhibit six oxidations, the separations between these depending on the interplay 

of inter- and intra-TCz' carbazole-carbazole interactions. Compound 3 exhibits four 

successive oxidation processes with a current ratio of 2:2:1:1; i.e., oxidations to mono- and 

dication occur at experimentally indistinguishable potential, as do those to 33+ and 34+, 

whereas oxidation to the penta- and hexacations are somewhat separated in potential. On the 

other hand 4 shows three oxidation processes with current ratio 1:1:1, the first two of which 

are seen at similar potential to those of 3, and the third of which is seen in the same range as 

the third and fourth features for 3; accordingly, we assign each of these processes to two 

overlapping one-electron oxidations. We note that the extent of delocalization in the mixed-

valence radical cations may affect the redox potentials; optimally tuned range-separated 

hybrid (RSH) functional have been suggested to be reasonable approaches to describing the 

character of such systems with multiple oxidation (or reduction) sites,49 and so adiabatic 

ionization energies (IE(g), Table 3) were determined at the OT-ωB97X-D/6-31g(d,p) level of 

theory. The DFT IEs fall within a narrow range of energies, and the trends in these values are 

mostly in qualitative agreement with the trends observed in the experimental E+/0 redox 

potentials.  
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Figure 4. Cyclic voltammograms (50 mVs-1) and oxidative differential pulse voltammograms 

of 1-6 in CH2Cl2/0.1 M nBu4NPF6. In each case the feature at 0 V is attributable to ferrocene, 

which was used as the internal standard. 
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Table 3. Oxidation potentials of 1-6 as determined in 0.1 M nBu4NPF6 in CH2Cl2, DFT ionization energy, and estimated solid-state 

energy levels. 

Compound Potentialsa / V vs. FeCp2
+/0  IE(g), DFT 

/ eVb 

 Estimated energy levels / eV 

 +/0 2+/+ 3+/2+ 4+/3+ 5+/4+ 6+/5+   Eop
c IE(s)d EA(s)e 

141 +0.60 +0.76 – – – –  6.4  3.3 5.4 2.1 

241 +0.73 +0.83 – – – –  6.7  3.5 5.5 2.1 

3 +0.58 +0.74 +1.13 +1.22  6.4  3.4 5.4 2.0 

4 +0.60 +0.74 +1.23  6.5  3.4 5.4 2.0 

545 +0.70 – – – – –  6.8  3.4 5.5 2.1 

6 +0.57 +0.74 +1.20 – – –  6.7  3.4 5.4 2.0 
aPeak potentials obtained from DPV measurements. bGas-phase adiabatic IEs from OT-ωB97X-D/6-31g(d,p) calculations (OT=omega 

tuned). cOnset of optical absorption in THF. dSolid-state IE estimated according to IE(s) = eEox+4.8 eV. eSolid-state IE estimated 

according to EA(s) = IE(s) – Eop. 
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Organic light-emitting devices 

The electroluminescence (EL) properties were characterized by using compounds 3 and 4 as 

active layer materials in a standard organic light-emitting device (OLED) geometry: ITO / 

PEDOT:PSS / 3 or 4 / Ca / Al. To facilitate hole injection and provide efficient electron-

blocking,50, 51 an additional layer of TFB (poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-

diphenylamine)) was inserted between the PEDOT:PSS and the active material layer. The 

devices gave blue and bluish-green EL, with maxima in the range of 429–502 nm. Emission 

occurs primarily from the carbazole-material layer, with no spectral contribution from the TFB 

interlayer visible, although the emission of the TFB / 4 device differs from that of corresponding 

device without TFB (see below). 

 

Figure 5 depicts the current density/voltage/luminance (J/V/L) characteristics of the single-layer 

and multi-layer devices incorporating compound 3 as the light-emitting layer. Using PEDOT and 

compound 3, after a turn-on at 4.6 V, a maximum luminance of 218 cd/m2 and a maximum 

current efficiency of 0.08 cd/A is reached; while using PEDOT/TFB and compound 3, after a 

turn-on 5.2 V, a maximum luminance of 849 cd/m2 and a maximum current efficacy 0.22 cd/A is 

achieved. The high turn-on indicates either imbalanced charge injection or transport within the 

devices; this is consistent with the estimated solid-state IE and EA (Table 3), low values for the 

latter (which, in any case, due to neglect of exciton binding energy, likely represent 

overestimates) suggesting that the electron-injection efficiency might be poor. The EL spectra 

show broad peaks with maxima at 428 and 484 nm and sky-blue CIE1931 coordinates of 

x = 0.18 and y = 0.21 (PEDOT/3) and x = 0.24 and y = 0.26 (PEDOT/TFB/3). 

 

When incorporating compound 4 as emitter material, an overall superior device performance was 

achieved. Figure 5 depicts the corresponding current density/voltage/luminance (J/V/L) 

characteristics of the devices incorporating compound 4. When using only PEDOT as the hole-

transporting layer, a maximum luminance of 713 cd/m2 was reached, with a turn-on voltage (L > 

1 cd/m2) at 3.6 V. The maximum current efficacy was 0.23 cd/A at 4.5 V. The 

electroluminescence spectrum (inset) for the PEDOT-based device show a broad peak with two 

maxima at 456 nm and 482 nm, corresponding to CIE1931 coordinates x = 0.17 and y = 0.28 

(sky blue). For the devices using PEDOT/TFB and compound 4, a maximum luminance of 
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1520 cd/m2 was reached, while sacrificing turn-on voltage (Von = 4.7 V). Nevertheless, 

maximum current efficacy rose to 0.38 cd/A at 7 V. The spectrum shows a featureless emission 

with a maximum that is slightly red-shifted compared to the emission spectrum of the PEDOT-

only device, perhaps due to exciplex formation with the TFB. Overall, the spectrum corresponds 

to bluish-green CIE1931 coordinates of x = 0.23 and y = 0.44. 

 

The turn-on voltages of 3.6 V (PEDOT/4) and 4.7 V (PEDOT/TFB/4) are generally smaller than 

when tetrahydropyrene-bridged molecules (4.6 V for PEDOT/3 and 5.2 V for PEDOT/TFB/3) 

were used as the active layer. Given the fact that the energy levels of both compounds are 

estimated to be very similar, it is difficult to decisively conclude if this observation is due to 

improved electron or hole injection into the pyrene core. Note that we found a similar trend to 

the one observed for 1 and 2, in devices incorporating an electron-injection layer.41 The overall 

device efficiencies, however, are higher for the compounds presented herein, even in a simple 

single-layer device geometry. This indicates promising for these pyrene-bridged compounds as 

emitting materials in OLEDs. Given the fairly low estimated EAs for the present compounds, it 

is likely further improvement in device performance could be achieved using an additional 

electron-injection/transport layer (as used in our previous study of 1 and 2).  

 

 

Figure 5. Current density / voltage and luminance voltage curves for OLEDs with 3 (left) and 4 

(right) emissive layers with EL spectra shown as insets. By incorporating a TFB interlayer (red 

circles) the device efficiency improves as a result of increased luminance (open symbols) at 

similar current densities (filled symbols) versus the PEDOT-only devices (black squares).  
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Experimental Methods 

General 

The following compounds were synthesized according to literature procedures: 2,7- 

dibromo-4,5,9,10-tetrahydropyrene, 7,52  2,7-dibromopyrene, 8,53 3,6-di-tert-butyl-9H-carbazole, 

10,54 and 3,6-bis(3,6-di-tert-butylcarbazol-N-yl)carbazole, 11.46 We previously reported the 

synthesis of 1,41 2,41 and 5.45  

 

Synthesis 

2,7-Bis(3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazol-9-yl)-4,5,9,10-

tetrahydropyrene (3) 

A 10 mL microwave tube was charged with 3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazole, 

11 (625 mg, 0.866 mmol), 2,7-dibromo-4,5,9,10-tetrahydropyrene 7 (150 mg, 0.412 mmol), and 

a magnetic stir bar. In a glove box under nitrogen atmosphere, 

tris(dibenzylideneacetone)dipalladium(0) (30 mg, 0.033 mmol), tri-tert-butylphosphine (84 mg, 

0.290 mmol), sodium tert-butoxide (177 mg, 1.84 mmol), and dry toluene (6 mL) were added. 

The tube was sealed under nitrogen and the reaction was conducted in the microwave under 

standard control conditions (power: 180 W; maximum temp: 150 C; run time: 60 min; pressure: 

120 psi). The reaction mixture was then poured into ice-water (100 mL) and extracted with 

chloroform (3 × 50 mL); the extracts were successively washed with water and brine. The 

solution was dried over anhydrous MgSO4 and was run through a short bed of silica. The solvent 

was removed under reduced pressure and the resulting solid was dissolved in hot toluene and 

precipitated using ethanol. The obtained solid was then purified by column chromatography 

using hexane:dichloromethane (4:1). The solvent was removed under reduced pressure to yield 3 

as beige solid (370 mg, 55%). 1H NMR (500 MHz, CDCl3): δ 8.18 (d, J = 2.0 Hz, 4H), 8.10 (d, J 

= 2.0 Hz, 8H), 7.68 (d, J = 9.0 Hz, 4H), 7.58 (dd, J = 9.0, 2.0 Hz, 4H), 7.42 (s, 4H), 7.40 (dd, J = 

9.0, 2.0 Hz, 8H), 7.29 (d, J = 9.0 Hz, 8H), 3.08 (s, 8H), 1.39 (s, 72H). 13C{1H} NMR (125 MHz, 

CDCl3): δ 142.53, 140.46, 140.13, 137.51, 136.16, 130.79, 129.96, 125.94, 124.70, 123.93, 

123.55, 123.09, 119.30, 116.22, 111.37, 109.09, 34.73, 32.04, 28.35. HRMS-EI (m/z): [M]+: 

calcd for C120H120N6, 1644.9574; found, 1644.9625. Anal calcd for C120H120N6: C, 87.55; H, 

7.35; N, 5.10. Found: C, 87.33; H, 7.34; N, 4.92%. 

 

Page 16 of 24Journal of Materials Chemistry C



17 
 

2,7-Bis(3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazol-9-yl)pyrene (4) 

A 10 mL microwave tube was charged with 3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazole, 

11 (632 mg, 0.875 mmol), 2,7-dibromopyrene 8 (150 mg, 0.417 mmol), and a magnetic stir bar. 

In a glove box under nitrogen atmosphere, tris(dibenzylideneacetone)dipalladium(0) (30 mg, 

0.033 mmol), tri-tert-butylphosphine (84 mg, 0.290 mmol), sodium tert-butoxide (177 mg, 1.84 

mmol), and dry toluene (6 mL) were added. The tube was sealed under nitrogen and the reaction 

was conducted in the microwave under standard control conditions (power: 180 W; maximum 

temp: 150 C; run time: 60 min; pressure: 120 psi). The reaction mixture was then poured into 

ice-water (100 mL) and extracted with chloroform (3 × 50 mL); the extracts were successively 

washed with water and brine. The solution was dried over anhydrous MgSO4 and was run 

through a short bed of silica. The solvent was removed under reduced pressure and the resulting 

solid was dissolved in hot toluene and precipitated using ethanol to yield 4 as beige solid (647 

mg, 95%). 1H NMR (500 MHz, CDCl3): δ 8.49 (s, 4H), 8.20 (d, J = 2.0 Hz, 4H), 8.15 (s, 4H), 

8.11 (d, J = 2.0 Hz, 8H), 7.68 (d, J = 8.5 Hz, 4H), 7.58 (dd, J = 8.5, 2.0 Hz, 4H), 7.41 (dd, J = 

8.5, 2.0 Hz, 8H), 7.32 (d, J = 8.5 Hz, 8H), 1.39 (s, 72H). 13C{1H} NMR (125 MHz, CDCl3): δ 

142.60, 140.91, 140.11, 135.34, 132.81, 131.15, 128.37, 126.14, 124.14, 123.82, 123.69, 123.59, 

123.13, 119.42, 116.26, 111.01, 109.08, 34.73, 32.04. HRMS-EI (m/z): [M]+: calcd for 

C120H116N6, 1640.9261; found, 1640.9322. Anal calcd for C120H116N6: C, 87.76; H, 7.12; N, 5.12. 

Found: C, 87.78; H, 6.97; N, 5.05%. 

 

3,3'',6,6''-Tetra(tert-butyl)9'-(4-(tert-butyl)phenyl)-9'H-9,3':6',9''-tercarbazole (6) 

A 10 mL microwave tube was charged with 3,3",6,6"-tetra(tert-butyl)-9'H-9,3':6',9''-tercarbazole, 

11 (559 mg, 0.774 mmol), 1-bromo-4-tert-butylbenzene 9 (150 mg, 0.704 mmol), and a 

magnetic stir bar. The tube was sealed and was degassed with nitrogen for 10 min. In a glove box 

under nitrogen atmosphere, tris(dibenzylideneacetone)dipalladium(0) (26 mg, 0.028 mmol), tri-

tert-butylphosphine (84 mg, 0.241 mmol), sodium tert-butoxide (150 mg, 1.56 mmol), and dry 

toluene (6 mL) were added. The tube was sealed under nitrogen and the reaction was conducted 

in the microwave under standard control conditions (power: 180 W; maximum temp: 150 C; run 

time: 60 min; pressure: 120 psi). The reaction mixture was then poured into ice-water (100 mL) 
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and extracted with chloroform (3 × 50 mL); the extracts were successively washed with water 

and brine. The solution was dried over anhydrous MgSO4 and was run through a short bed of 

silica. The obtained solid was then purified by column chromatography using hexane:DCM 

(7:1). The solvent was removed under reduced pressure to yield 6 as beige solid (383 mg, 64%). 

1H NMR (500 MHz, CDCl3): δ 8.15 (d, J = 1.5 Hz, 2H), 8.09 (d, J = 2.0 Hz, 4H), 7.63 (d, J = 8.5 

Hz, 2H), 7.58-7.56 (m, 4H), 7.52 (dd, J = 8.5, 1.5 Hz, 2H), 7.39 (dd, J = 8.5, 2.0 Hz, 4H), 7.27 

(d, J = 8.5 Hz, 4H), 1.39 (s, 45H). 13C{1H} NMR (125 MHz, CDCl3): δ 151.15, 142.46, 140.53, 

140.13, 134.43, 130.60, 127.05, 126.64, 125.84, 123.77, 123.52, 123.03, 119.21, 116.17, 111.24, 

109.07, 34.89, 34.71, 32.03, 31.43. HRMS-EI (m/z): [M]+: calcd for C62H67N3, 853.5335; found, 

853.5155. Anal calcd for C62H67N3: C, 87.17; H, 7.91; N, 4.92. Found: C, 86.89; H, 7.75; N, 

4.80%. 

 

Photophysical Studies 

 

Absorption spectra were measured using a double-beam JASCO V-570. UV-vis-NIR 

spectrophotometer, and the fluorescence measurements were performed using a Jobin-Yvon-

Horiba Fluorolog III spectrofluorometer. The excitation source was a 100 W xenon lamp, and the 

detector used was R-928 operating at a voltage of 950 V. Right-angle mode detection was used. 

Slit widths were fixed at 5 nm for both entrance and exit slits during both emission and 

excitation experiments. Corrected emission spectra S1/R1 were collected to account for any 

fluctuation in the xenon lamp over different wavelengths. In parallel to that, S1 spectra were 

collected to make sure that the intensity of emission is below 2 × 106 counts per second in order 

to avoid saturation of the detector. A blank measurement with no sample in the sample holder 

was subtracted from all actual spectra to account for any error possible due to the sample holder. 

Stock solutions of concentration ranging from 0.5-5 mM of each compound were prepared in 

chloroform depending on the solubility limit of each compound. Around 0.1 mL of each stock 

solution was transferred into nine dry glass vials and chloroform was left to evaporate. Then the 

corresponding solvent was added and diluted to 100 µM for absorption measurements and to 1-2 

µM for fluorescence studies. Stock solutions were kept in the freezer and discarded if not used 

within two days. Molar absorptivity was determined in chloroform. Quantum yields were 

measured using 9,10-diphenylanthracene in cyclohexane as standard with an attributed quantum 

yield of 1.00. The excitation wavelength was set to 330 nm for all compounds and the standard. 
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Quantum yield measurements were performed on nitrogen-purged solutions, and optical density 

was maintained below 0.05 for all samples. UV-transparent quartz cuvette (1 × 1 cm) was used 

for all experiments. Molar absorptivity and quantum yield were performed as three runs for each 

compound in every single solvent, and the average value of the three runs was reported. A fourth 

run was performed in cases where inconsistent results were obtained in one of the first three 

runs. 

 

Electrochemistry 

Cyclic voltammetry and differential pulse voltammetry was carried out in solutions of tetra-n-

butylammounim hexafluorophosphate (0.1 M) in dry dichloromethane using a glassy carbon 

woking electrode, a platinum wire counter electrode, a Ag wire anodized in 1 M aqueous KCl as 

a pseudo reference electrode, and a CH Instruments potentiostat. Ferrocene (FeCp2) was used as 

an internal standard. Cyclic voltammetry was carried out with a scan rate of 0.05 V/s, while 

differential pulse voltammetry with a scan amplitude of 0.05 V, pulse width 0.2 s, sampling 

width 0.0167 s, and a pulse period of 0.5 s. 

 

Organic light-emitting device fabrication and characterization 

Devices were fabricated on pre-patterned ITO substrates (Psiotec Ltd), which were mechanically 

cleaned with acetone and sonicated in isopropanol, followed by oxygen plasma treatment 

(Diener Femto). A 45 nm thick PEDOT:PSS film (Clevios AI4083) was spin coated on top and 

annealed for 10 min at 220 °C in air. TFB (American Dye Source) was deposited by spin coating 

from a 6 mg/ml solution in toluene and dried under vacuum for 1 h at 200 °C to yield a < 10 nm 

film. The emissive layers were spin coated from 6 mg/ml solution in toluene to yield 30 nm thick 

films. Ca (5 nm) and Al (200 nm) electrodes were deposited through a shadow mask at a base 

pressure of 10-6 mbar in a thermal evaporator to form multiple devices with an active area of 4 

mm2. The devices were encapsulated using a UV-curable epoxy (Ossila Ltd.) and a glass cover 

slide. Morphological analysis of device layers were carried out according to previously reported 

methodology.51 Current density/voltage/luminance characteristics were recorded using a Keithley 

2450 source measurement unit, together with a Konica Minolta LS-160 luminance meter in a 

custom setup. Electroluminescence spectra were acquired using an Ocean Optics HR2000+ 

spectrometer.  
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Density Functional Theory (DFT) Calculations 

The density functional theory (DFT) and time-dependent DFT (TDDFT) calculations were 

carried out at the OT-ωB97X-D/6-31g(d,p) (OT = optimally tuned) level of theory.55-57 For each 

molecule considered, the ω parameter was iteratively tuned via the gap-tuning58-61 procedure, and 

the tuned ω used for each subsequent DFT and TDDFT calculation. All optimized, unconstrained 

geometries were confirmed as minima through normal mode analyses. To reduce the 

computational costs, all tert-butyl groups were truncated to methyl groups. The Gaussian09 

(Revision E.01)c62 software suite was used for all DFT and TDDFT calculations.  

 

 

Conclusions 

 

The new bis-TCz' compounds 3 and 4 can be synthesized in a similar way to their Cz' analogues 

1 and 2. Their photophysical properties have been studied in a variety of solvents; interestingly 4 

exhibits clear dual emission, with the longer-wavelength emission being more markedly Stokes-

shifted than that of the other compounds and also more solvatochromic and exhibiting a 

considerably longer lifetime. Electrochemical studies indicate up to six electrons can be 

reversible removed from both 3 and 4. Both compounds have been tested in simple OLEDs that 

are more efficient than devices we have previously reported based on use of 1 and 2 in slightly 

more complex architectures; however, the electroluminescence of the 3- and 4-based devices is 

sky blue to green-blue, whereas those using 1 and 2 emit in the deep blue. 
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Bis(tercarbazole) derivatives of tetrahydropyrene and pyrene are compared to their 
bis(carbazole) analogues. The bis(tercarbazole) derivatives can be reversibly oxidized up to 
hexacations. One example shows solvent-dependent dual emission behavior. Blue- to blue-green-
emitting OLEDs have been fabricated using the bis(tercarbazole)s as the emissive layer.
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