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ABSTRACT: An in-depth analysis of the electro-optical and light emissive properties was carried 

out with a new fused heteroacene, the bis [(1,2)(5,6)] indoloanthracene. The compound was 

synthesized in a straightforward bidirectional manner from 1,4-dibromo-2,5-diodobenzene utilizing 

a reaction cascade of isomerisation and cyclisation sequences. Bis-[(1,2)(5,6)] indoloanthracene 

exhibits bright luminescence with high quantum yield in solution as well as in the solid state. By 

using this novel semiconductor as active layer, an efficient OLED has been fabricated for which its 

emission pattern resembles at least two emitters in a single emissive region originated from the same 

molecule. One has its origin from the single molecule and is similar to the luminescence spectra in 

solution, whereas the other functions through the formation of aggregates being similar with the 

emission pattern found with crystals of bis-[(1,2)(5,6)]indoloanthracene. As a result bright sky-blue 

OLEDs with very high luminance exceeding 10000 cd/m2 were obtained. Such color pattern and 

performance has not previously been observed with low molecular weight, electron-rich fused 

polycyclic aromatic compounds and indicate a promising new class of materials for development. 

 

 

INTRODUCTION 

The useful optoelectronic properties of organic π-conjugated molecules determine their 

widespread application in order to create efficient organic field effect transistors and highly 

luminous organic light emitting diodes (OLEDs)1. OLEDs are arguably the most promising branch 

of devices based on organic electronics. Indeed, after solving the problem of designing stable blue 

emitter prototypes applications have emerged and became available on the market within display 

products (smartphones, tablets TV sets) as well as OLED lightning devices.1 

The overwhelming proportion of materials used in OLEDs are metal complexes, oligomers and 

polymers containing various amounts of aromatic and pi-conjugated units.2, 3, 4, 5 Notably, charge 

transport and luminescent properties of solid-state organic semiconductors are determined by 

molecular structure and intermolecular interactions through either a short distance or a long range 



periodical molecular-packing motif.6 As a result, the flat structure of π-extended aromatic or 

heteroaromatic molecules often favor a molecular packing motif in the solid allowing also  an 

efficient charge carrier transport through the spatial electronic delocalization in the constituent 

molecular building blocks.7 Furthermore, the inherent rigidity of fused aromatic molecular units 

provide strong fluorescence properties in many cases.8  

Particular electron-rich analogues of pentacene, namely indolocarbazoles, are currently 

investigated here. Certain layers of indolocarbazoles with long alkyl or alkylaryl chains exhibit a 

useful hole carrier mobility due to a favorable supramolecular organization in the solid state.9 

Notably, packing motif and performance of these indolocarbazoles can be altered by the chain 

length of attached alkyl moieties.10 Moreover, non-symmetrical analogues of indolocarbazoles show 

appreciable performances11, and the attachment of aryl groups on indolocarbazole nitrogens 

furthermore provided materials suitable for OLED applications.12 Tuning of indolocarbazole 

properties may be performed through a formal extension of the π-conjugation by attaching 

aromatic moieties to the basic polycyclic frame.13, 14, 15, 16, 17, 18 Finally, indolocarbazoles have been 

used as monomer units in either homo-19, 20 or copolymers – the latter used as active components in 

FETs21, 22 or OPVs.23, 24, 25, 26, 27, 28 

Reports on more π-extended polycyclic aromatic compounds bearing carbazole units are less 

frequent.29 , 30, 31 Impressive examples of π-extended heteroacenes show that polycyclic aromatic and 

heteroaromatic compounds are good candidates for transistors32, 33, 34, 35, 36, 37, 38 , OLED39, 40, 41  and 

OPV42, 43 fabrications.  

We believe that angularly fused acenes and heteroacenes with highly extended π-conjugation 

provide an important class of materials for applications in organic electronics. The angular fusion or 

heteroatom inclusion avoids the rapid onset of instability with increased length observed with linear 

acenes. The extended conjugation provides a useful way to fine–tune HOMO-LUMO band gaps 

and levels, as well as potentially providing greater opportunity for intermolecular π-system overlap.  

In this paper we present experimental and theoretical data on the structure, photophysical 

properties including solution, solid state and film luminescence and charge carrier transport 



properties of the novel sky-blue-emitting bis[(1,2)(5,6)]indoloanthracene (4) – a stable π-extended 

heteroacene.  

 

EXPERIMENTAL METHODS 

Luminescence spectra and luminescence decay curves of vacuum deposited layers of 4 and its 

chlorobenzene solution were recorded with the Edinburgh Instruments FLS980 spectrometer at 

room temperature using EPLED 340 nm picosecond pulsed light emitting diode as the excitation 

source.  

UV absorption spectra in solution were recorded with a JASCO V-660 spectrometer and emission 

spectra with a Perkin Elmer LS55 fluorescence spectrometer. Absolute photoluminescence quantum 

yields as well as luminescence spectra of solids and in solution were recorded with the Hamamatsu 

CC9920 integration sphere set-up at room temperature. For quantum yield measurements solutions 

of 4 were purged with argon prior to measurement. Electrochemical studies were carried out at 

room temperature using a GAMRY Ref600 potentiostat. The working electrode was a platinum 

electrode, the auxiliary electrode a platinum wire. The reference electrode was an aqueous 

saturated (KCl) calomel electrode. Under the conditions used, the reversible potential for the 

ferrocenium/ferrocene couple at 298 K is +0.46 V in CH2Cl2. Solutions of 4 (0.5x10-4M) in a 1x10-

1 M Bu4NPF6 /CH2Cl2 electrolyte solution were used. TGA measurements were recorded on a 

Perkin Elmer Thermogravimetric Analyser TGA7. 

The ionization potential (IP) of the layers of 4 was measured by the electron photoemission 

method in the air.44 The samples were fabricated by means of vacuum deposition of compound 4 

onto indium tin oxide (ITO) coated glass substrate. The experimental setup consisted of the deep-

UV deuterium light source ASBN-D130-CM, the CM110 1/8m monochromator, and the 6517B 

Keithley electrometer. 

To investigate the charge-mobility properties of the studied compounds we used the time-of-flight 

(TOF) method.1 To construct samples for TOF measuring, the vacuum deposited layers of 4 onto 

ITO-coated glass substrate were completed by evaporated aluminum (Al) top-contacts. Individual 



samples had areas of 0.06 cm2. For TOF measurements a pulsed third-harmonic Nd:YAG laser 

(EKSPLA NL300) working at a pulse duration of 3-6 ns and wavelength of 355 nm was used to 

excite layers through the ITO glass. The 6517B Keithley electrometer was used to apply direct 

positive voltage to the ITO. The TOF signal was recorded by a digital storage oscilloscope 

Tektronix TDS 3032C.  

To investigate photoluminescence and X-ray diffraction properties of 4 in solid state, thin layers of 

4 were deposited onto pre-cleaned quartz substrates. Room temperature photoluminescence (PL) 

spectra of the layers of 4 were investigated using a FLS980 fluorescence spectrometer with TMS300 

monochromators and a red cooled detector (Hamamatsu R928P). The standard light source for 

measuring of PL spectra was a 450 W xenon arc lamp. 

The electroluminescent device was fabricated by means of vacuum deposition of organic 

semiconductor layers and metal electrodes onto pre-cleaned ITO-coated glass substrate under 

vacuum of 10−5 Torr. The device was fabricated through the step-by-step deposition of various 

functional layers. CuI and 4,7-diphenyl-1,10-phenanthroline (Bphen) compounds were used for the 

hole- and electron-transporting layers, respectively.45 A Ca layer topped with aluminum (Al) was 

used as the cathode. The Bphen is a well-known hole blocking layer and electron transporting 

material46 being widely used to promote electron transfer from the Ca:Al cathode to the central 

emissive layer. The structure of the fabricated device was as follows: ITO/CuI(8nm)/ 4 

(40nm)/Bphen(10nm)/Ca(50nm):Al(200nm). The active area of the obtained device was 3x6 mm2. 

Characteristics of the current density-voltage and luminance-voltage dependences were measured 

with a semiconductor parameter analyzer (HP 4145A) using it in air without passivation 

immediately after fabrication of the device. The measurement of brightness was performed using a 

calibrated photodiode. The OLED electroluminescence and PL spectra of the solid films were 

recorded with an Ocean Optics USB2000 spectrometer.  

COMPUTATIONAL DETAILS 

The equilibrium structural parameters of the 4 molecule were optimized at the B3LYP/6-

31G(d)47 , 48, 49 level of the density functional theory (DFT) with a control of possible symmetry 



constraints (S2 symmetry point group), using the Gaussian 09 software package (Revision C.02).50 

We have also calculated the vibrational frequencies for the studied compound in order to verify 

determination of the true minimum on potential energy surface (PES). All vibrational frequencies 

are found to be real, which indicates the location of the sought-for energy minimum. The electronic 

absorption spectra of 4 were calculated by the time dependent (TD) DFT51 using the polarized 

continuum model (PCM)52 to model the chlorobenzene medium using the same B3LYP/6-31G(d) 

approach.  

Reorganization energy values for the electron (λ–) and hole (λ+) carriers have been calculated 

using the following equation being widely used for estimation of the charge transport properties of 

organic materials:53, 54, 55 

,         (1) 

where E0 is the optimized ground state energy of 4 neutral molecule, E–/+ is the energy of the 

optimized anionic/cationic species,  is the energy of the neutral molecule at the 

anionic/cationic geometry and  is the energy of the anionic/cationic molecule at the optimized 

geometry of the neutral species. 

All calculations are performed at the PDC supercomputers of the Royal Institute of Technology, 

Stockholm.  
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Scheme 1. i.1-hexyne, PdCl2(PPh3)2 (12%), CuI (6%) in NEt3/ DMF (2:1), 20 °C, 86 h; 

ii. LiTMP, B(OiPr)3 then Me2C(CH2OH)2; iii. Pd(PPh3)4 (5%), KOtBu, DMAC, 50-80 

°C; iv. DBU, NMP, 202 °C, 3h. 

Compound 4 was synthesized in a bidirectional manner from 1,4-dibromo-2,5-diiodobenzene56 

(Scheme 1). Double Sonogashira coupling57 with 1-hexyne gave bis-alkyne 1 which was elaborated 

by double Suzuki coupling56 with the indole boronic ester 2. The boronic ester was derived by 

deprotonation of known N-hexylindole58  with lithium 2,2,6,6-tetramethylpiperidide (LiTMP) with 

in-situ trapping with boron triisopropoxide followed by alcohol exchange with 2,2-dimethyl-propan-

1,3-diol. A related synthesis of boronated derivatives of N-BOC protected indoles has been 

reported.59 However, here the stronger base (LiTMP) was necessary to obtain a good conversion 

due to the lower acidity of N-alkylindoles. In situ transesterification with neopentyl glycol gave cyclic 

ester 2 which was expected to be more stable against deborylation than the parent boronic acid. 

The subsequent Suzuki coupling to obtain 3 was carried out under anhydrous conditions using 

potassium t-butoxide which is a very useful base in the case of boronic derivatives with steric 

hindrance.60 Finally base induced double cyclisation of 3 gave the desired bisindoloanthracene 4.61, 

62 In the realm of organic electronics, base catalysed isomerisation of alkynylated oligomers to 

polyaromatic semiconductors has been used for the synthesis of coronenes63, 64, 65, 66 and thienoacenes 

of various number of rings and sulfur atoms.67, 68, 69, 70 Here, we demonstrate that this strategy is also 

suitable for the synthesis of bis-[(1,2)(5,6)]indoloanthracene (4) a new π-extended nitrogen based 

heterocycle. 

Compound 4 was obtained as yellow solid possessing fair solubility in chloroform (~5 mg/ml) and 

a modest solubility in dichloromethane and chlorobenzene. The structure was confirmed by its 

spectroscopic and analytic data (see Supporting Information). Single crystals suitable for X-ray 

analysis were obtained by a slow evaporation of a solution on 4 in chloroform/ethyl acetate. X-ray 

diffraction studies show that molecules of 4 crystallise in one monoclinic unit cell (P21/n (No. 14) 

space group) and its molecular structure in the single crystal is shown in Figure 1a.71 As can be seen 

from the Figure 1a a single molecule of 4 possesses a almost planar structure with a condensed 



ribbon consisting of pyrrole and benzene rings. Molecules of 4 are packed in the single crystal in a 

face to face arrangement with only a small percentage of an overlap of the π-frameworks resulting in 

a slipped face to face packing (Figure 1b). The inter-plane distance of two “sandwiched” molecules 

of 4 is 3.55Å with the shortest inter atom contact of 3.54 Å (between N1 and the C15’), both being 

larger than the inter-planar distance in graphite (3.35 Å).  Such herring bone packing motif is also 

observed in some linear N-alkylindolocarbazoles.10, 13 

a) b)  

Figure 1. X-ray crystal structure (ORTEP) of the single 4 molecule including the atomic numbers 

(a) and the X-ray crystal packing fragment (b) containing only the two neighboring molecules 

located at the opposite planes (Hydrogen atoms omitted for clarity). Thermal ellipsoids are drawn at 

50% probability. See also Figure S14 for the different views of crystal packing. 

A comparison of the DFT calculated and X-ray measured bond lengths for the 4 molecule 

indicates a good agreement between the theoretical and experimental values (as can be seen from 

the Table 1 the average bond lengths difference does not exceed 0.01 Å, which validates the choice 

of the functional and the basis set for the geometry optimization procedure). Despite its extended π-

conjugated scaffold 4 shows a remarkable thermal stability up to 390 °C as given the thermal 

gravimetric analysis (TGA) of the solid material. The weight stays invariant up to 390 °C, suggesting 

for 4 a long-time thermal stability under ambient conditions and being suitable for vacuum 

deposition processing. The thermal transitions of 4 have been studied by DSC showing a significant 

melting endotherm (Tm = 212 °C) and the corresponding exotherm crystallization (Tc = 201 °C). 



Notably, a second endotherm transition and two minor exotherm transitions were observed that 

probably describe some disorder created by the two alkyl groups of different chain length. The 

“alkyl chain melting” transition is observed during the heating and occurs at 152 °C, with two 

corresponding exotherm transitions at 175 °C and 143 °C during the cooling process (For TGA and 

DSC, see Supporting Information). 

 

Table 1. The selected bond lengths (Å) for the 4 molecule. 

atom atom X-ray 
B3LYP/ 
6-31G(d) 

atom atom X-ray 
B3LYP/ 
6-31G(d) 

N1 C7 1.3862(17) 1.388 C13 C14 1.434(2) 1.434 
N1 C18 1.3927(18) 1.397 C13 C18 1.4028(19) 1.412 
C7 C8 1.401(2) 1.401 C14 C15 1.3652(19) 1.370 
C7 C12 1.414(2) 1.420 C15 C16 1.4391(19) 1.430 
C8 C9 1.383(2) 1.390 C16 C17 1.438(2) 1.445 
C9 C10 1.404(2) 1.406 C16 C19 1.4036(19) 1.402 
C10 C11 1.385(2) 1.390 C17 C18 1.4418(19) 1.441 
C11 C12 1.4082(19) 1.407 C17 C19a 1.4044(19) 1.402 
C12 C13 1.4478(19) 1.445 N1 C6 1.4603(18) 1.459 

a=-x, -y, -z Only half of bond lengths are given in Table 1 since the molecule possesses the S2 

symmetry point group. All the C–C bonds in the benzene rings demonstrate the aromatic nature 

with bond lengths at about 1.4 Å. 

With the aim to investigate the redox potential levels and to estimate HOMO/LUMO energies, 

cyclic voltammetry was carried out in the presence of Bu4NPF6 (0.1 M in CH2Cl2) with Fc*/Fc*+ (-

0.13 V vs SCE72) as internal standard. Two quasi-reversible oxidation waves were found for 4 at 

Eox1/2 (I) = 0.67 V and Eox1/2 (II) = 1.09 V, respectively (Figure 2). From the onset of the first 

oxidation half-wave Eoxonset (I) = 0.59 V, the HOMO energy level of 4 was estimated to E(HOMO) 

= -5.23 eV with EHOMO = -(Eonset - 0.46for Fc+/Fc vs SCE + 5.10) (eV) for measurements in CH2Cl2 

solution (0.1M Bu4NPF6 as supporting electrolyte). Based on a recent discussion of G.C. Bazan et al. 

we choose here -5.10 eV as the formal potential of the Fc+/Fc redox couple in the Fermi scale and 

not the quite often used value of -4.8 eV for 0.0 V versus Fc+/Fc.73 The former calibration scale of -



5.10 eV is based on a set of empirically obtained electrochemical data and reflects best the stability 

of the redox species involved.  

Such a low level HOMO characterizes 4 as being suitable for both hole injection as well as hole 

transport and furthermore should guarantee a reasonable long term stability. The energy level of 

the lowest unoccupied molecular orbital (LUMO) was estimated by adding the value of the optical 

band gap taken from the onset of the absorption spectra of 4 in CH2Cl2 (λonset = 450 nm, 2.76 eV) 

providing ELUMO = -2.76 eV. The DTF calculated energy of the HOMO and LUMO orbitals 

(Table 2) are overestimated comparing with the experimental electrochemical measurements as 

expected.74 Here, one has to consider that the experimentally obtained formal potentials reflect 

relative stabilities of the involved redox species which can be correlated to HOMO/LUMO energy 

levels and should follow the same trend, but always will be obtained with error margins depending 

on the chosen calibration scale. However both theoretical and experimental results qualitatively 

agree that 4 represents a wide-bandgap semiconducting material.  
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Figure 2. Cyclic voltammetry of 4 (6x10-4 M in CH2Cl2 / 0.1 M Bu4NPF6) at room temperature. 

Scan rate 200 mV/s, values corrected vs. internal Fc* (-0.13 V vs SCE). 

Table 2. Energies of frontier molecular orbitals of 4, calculated by DFT B3LYP/6-

31G(d) method and determined by cyclic voltammetry and UV-vis spectroscopy. 

data EHOMO 
(eV) 

ELUMO 
(eV) 

HOMO/LUMO 
Gap (eV) 

experimental -5.23 -2.47 2.76 



calculated -4.74 -1.48 3.28 

 

The shapes of the HOMO and LUMO orbitals for bis-indoloanthracene 4 are presented in 

Figure 3. As can be seen from Figure 3 both orbitals represent the π-type wave-functions localized 

predominantly on the central anthracene unit with only minor contributions from the indole 

moieties. Moreover both HOMO and LUMO orbitals of 4 are closely similar to the well known b2g 

HOMO and b3u LUMO frontier molecular orbitals of the parent anthracene molecule (D2h point 

group).75 They also belong to gerade and ungerade symmetries and are concentrated near the inversion 

center. Thus, it is logical to observe some similarity in the electronic absorption and emission 

spectra of 4 in comparison to the parent anthracene, though the positions and relative intensities of 

the band maxima are rather different. 

  

a) b) 

Figure 3. Frontier molecular orbitals of 4 calculated with the B3LYP/6-31G(d) method. a) 

HOMO, b) LUMO. 

The ionization potential (Ip) of the solid films of 4 was estimated from electron photoemission 

spectra, which are presented in Figure 4. The high Ip value (5.16 eV) of 4 is in agreement with the 

electrochemistry data (EHOMO = -5.23 eV) and will facilitate hole injection from the anode into the 

organic layer, as well as charge transport of injected holes to the emitting layer in OLEDs.76  



 

Figure 4. Photoelectron emission spectra of the solid state films of 4. 

 

With the aim to design an OLED where 4 will function as the emitting layer the charge transport 

properties of films of 4 were investigated by the use of the time of flight (TOF) method under 

ambient conditions. Understanding the transport properties of the emissive layers is necessary to 

design a particular OLED architecture.77 A higher mobility through the emissive layer provides a 

wider recombination zone, which is found to be responsible for longer OLED lifetimes and  lower 

drive voltage at the expense of luminance yield.78 Solid films of 4 indicate the hole mobility equal to 

μ = 10-3 cm2 V-1 s-1 (Figure 5a). Such a hole mobility allows 4 to be used as the hole-transport layer 

on par with traditional hole-transporting materials like N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)-

benzidine (α-NPD) and N,N’-bis(3-methylphenyl)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine 

(TPD).79, 80 DFT predictions for the charge carrier mobility of 4 confirm good hole-transporting 

properties together with electron-transporting possibility. The calculated values of the hole and 

electron reorganization energies (λ+ and λ–, respectively) both are equal to 191 meV which usually 

corresponds to μ = 10-3 – 10-2 cm2 V-1 s-1 for ambipolar semiconductors (in the framework of Marcus 

theory).81 These theoretical predictions are in good agreement with the above TOF experiment. 

The experimental data of Figure 5a are well described by the equation µ = µ0·exp(α·E1/2) for 

external electric field E > 0.4 × 105 V·cm−1 (E1/2> 200 (V·cm−1)1/2), where µ0 is determined as the 

zero field electron mobility and α is the field enhancement factor of the Poole–Frenkel type mobility. 

To calculate the hole mobility of 4 the following equation μ = d2/U·ttr was used, where d is the film 

thickness, ttr is the transit time, and U is the applied voltage; the transit times were determined from 



the intersection of the asymptotes to the plateau and the tail of the transient signal in double 

logarithmic plots (Figure 5b). As illustrated in Figure 5b (insert), the tails of the photocurrent 

transients of 4 are far more dispersive, indicating the dispersive hole transport of the 4 film.  

     

a)        b) 

Figure 5. Electric field dependencies of the hole-drift mobility of 4 compound measured by TOF 

methods (a) and current transient pulses of 4 compound with different electric fields (b) at room 

temperature.  

 

A distinctive plateau is visible in the TOF transient of the 4 compound in liner plots, which 

indicates the non-dispersive hole transport (Figure 5b, insert). This fact corresponds to the small 

density of shallow charge traps because of the high film ordering.82 Indeed, the X-ray powder 

diffraction (XRD) measurement attests the presence of an ordered structure for the 4 solid sample 

(Figure 6).  
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Figure 6. X-ray diffraction pattern of the 4 powder. 

 

In particular we observe a narrow high-intensity signal at 2θ = 6.369° which corresponds to the 

long-range order of 4 in its crystal structure with a very high inter-plane distance of 13.87 Å as 

calculated using Bragg’s law. The next broad reflex at about 2θ = 21.517° indicates the presence of 

dispersed crystal grains of 4 with an average inter-plane distance of 4.13 Å. This value can be 

attributed to the intermolecular distance between the two planes of neighboring 4 molecules. Indeed 

the value of 4.13 Å is in a good agreement with the more precise data for the single crystal of 4 

where the interplane distance was found to be equal to 3.55 Å and taking into account the broad 

nature of the corresponding XRD reflex. 

 

OPTICAL AND PHOTOPHYSICAL PROPERTIES 

The absorption spectra of 4 measured in solution and thin film are presented in Figure 7 together 

with the TD DFT simulated curve (band half-width is 2500 cm-1). The TD-DFT/B3LYP/6-31G(d) 

simulations allow the assignment of the observed maxima as summarized in Table 3. The 

absorption spectrum of the solid film of 4 undergoes spectral broadening and a “red” shift of 

absorption peaks relative to the absorption spectrum of 4 in chlorobenzene solution (Figure 7). 

These effects can be associated with the presence of aggregated 4 having a partly “plane-to-plane” 

or π-stacked type coupling (Figure S17, S18).83, 84 However, it is assumed that the film has not a fully 

periodical or hierarchical structure and might be understood as a containing at least two 

chromophores originated from the same molecule. The later might be reasoned by the red-shift, 

broadening and intensity changes observed between the spectra in solution and solid state film (see 

also discussion below and Figure 8). 



 

Figure 7. UV-Vis absorption spectra of 4 compound measured in chlorobenzene (green line) and 

for the solid state film (blue line) together with the D-DFT/B3LYP/6-31G(d) simulated curve (red 

line) accounting the PCM approach. 

 

The first absorption band calculated at 435 nm corresponds to the transition into the S1 excited 

state which consists of the single HOMO-LUMO configuration. This band is similar by the orbital 

nature to the p-band of anthracene observed at 368 nm in its absorption spectrum measured in an 

argon matrix.85 This band produces the clear-cut vibronic progression in both solution and solid-

state absorption and emission spectra of 4 with the same (approximately) vibronic spacing equal to 

1277 and 1338 cm-1, respectively (Figure 8). 

The second and third absorption bands can be assigned as the α- and β-bands by analogy to the 

anthracene spectrum accounting that the λα band is almost forbidden and overlapped by the λP 

band in the spectrum of the parent anthracene. This is in contrast to the absorption spectra of 4 for 

which the λα band is clearly separated (Figure 7, Table 3). The corresponding S2 and S4 excited 

states are formed both by HOMO � LUMO+1 and HOMO–1 � LUMO configuration with the 

opposite signs and weight (Table 3). 

 

Table 3. Calculated Energy (λ), Oscillator Strength (f) and Orbital Assignment of the 

singlet-singlet vertical electronic transitions for compound 4. 



State λ,a nm λexp,b nm f Orbital Assignment 

S1 435 436, 
(413) 

0.065 λP:  HOMO � LUMO (98%) 

S2 382 388 
(365) 

0.063 λα: (+) HOMO � LUMO+1 (65%) 
      (+) HOMO–1 � LUMO (32%) 

S4 337 339 
(324) 
[305] 

2.465 λβ: (+) HOMO–1 � LUMO (66%) 
      (–) HOMO � LUMO+1 (31%) 

a calculated value;  bchlorobenzene solution. The numbers in parentheses and in brackets 
correspond to the 0-1 and 0-2 vibronic satellites, respectively taken from the experimental spectra in 
solution. 

 

Fig 8. Absorption (black) and emission spectra (λex = 390 nm) of 4 in chlorobenzene (1.4 x 10-5 M, 

blue), and of crystalline 4 (red). Insert, PL of 4 in solution and from crystals. 

The solid state (crystals) and solution phase emission spectra of compound 4 are shown in Figure 8 

together with the UV-absorption in chlorobenzene. The photoluminescence spectrum of 4 in 

solution is characterized by three intense maxima at 449 nm, 478 nm, and 509 nm respectively 

(Table 4), as well as a broad shoulder at 552 nm. The corresponding, and significantly red-shifted, 

bands can be found in the solid state emission spectra of 4 at 472 nm, 503 nm, and 548 nm, 

respectively with a broad shoulder at 600 nm. The three main photoluminescence bands are 

identified as vibronic sequence (0-0 band 449 nm, 0-1 band 478 nm and 0-2 band 509 nm, for 

solution spectra). The same assignment can be made for the emission maxima in the solid state 

spectra that is red-shifted due to aggregated 4 in the crystals. Notably, the observation of a 

structured luminescence spectra of 4 in the solid state being quite similar to the vibronic sequence in 

solution evidently indicates that the observed bathochromic shift from solution to solid state 



emission is due to an aggregate effect and not to excimer emission of 4. The maxima as well as the 

relative band intensities are clearly different for both spectra because the stacking aggregation 

phenomenon affects the vibronic transition probability through the change of transition dipole 

moment between corresponding vibrational functions.86, 87 Indeed, the Franck-Condon factors in a 

tight-bound packing can differ from those of a free molecule because of different displacements of 

potential energy surfaces in the ground and excited states. 

 

Table 4. Comparison of photoluminescence spectra of 4 in solution (chlorobenzene), crystals and 

solid film (vacuum deposited). 

4 λFmax (1) λFmax (2) λFmax (3) λFsh (4) 

Solution 449 478 509 550 

Crystals 472 503 548 600 

Solid Film 450 484 520 560 

 

Notably, the photoluminescence spectrum of vacuum deposited 4 is quite related to the solution 

spectra with slightly red-shifted maxima and changes within the relative emission intensities (Figure 

9). The thin film spectra can be interpreted as a superimposition of the solution and the solid state 

emission spectra - or in other words it shows the presence of two emitters in a single emissive region 

through the formation of stacked aggregates by one of the emitting species. Therefore, the vacuum 

deposited thin-film of 4 can be regarded as a combination of an amorphous or molecular 4 layer 

that contains crystalline grains with aggregated 4. The latter having a similar next order packing as 

the one found in the single crystal structure. 



 

Figure 9. Photoluminescence spectra of 4 of a vacuum deposited layer (black solid line), and in 

comparison the one in solution (blue line, 1.4 x10-5 M in chlorobenzene, λex = 390 nm) and of 

crystals (red dotted line, λex = 390 nm). 

 

Solutions of 4 show a bright blue emission with high quantum yields (θFsolution = 68%, λex = 390 

nm, 10-6 M in CH2Cl2). Whereas the yellow-green emission of crystalline 4 is accompanied by a 

significantly lower quantum yield (θFsolid = 22%, λex = 420 nm) due to aggregation caused emission 

quenching effects. The fluorescence decay kinetics of a vacuum deposited film of 4 is presented in 

Figure 10. The transients follow single recorded rate at photoluminescence band maxima 450, 484 

and 520 nm; they exhibit two-exponential decay profile with the decay time constants (τ) of  a few 

nanosecond scale, that can be assigned to the 4 exciton fluorescence.88, 89 The lower energy 

emission (560 nm) decays slowly and the character of curves represents the three-exponential 

functions (Figure 10, Table 5), with longer decay time constants. The non-monoexponential decay 

profile at 560 nm indicates the presence of different types of excited states: apart from excitons 

appears the emission from aggregates of 4 with higher photoluminescence lifetimes.90 



 

Figure 10. The decay fluorescence of 4 films measured at different wavelengths: 450, 484, 520 and 
560 nm. 
 

Table 5. Fitting results of the photoluminescence transients of the 4 solid films 

prepared by vacuum deposition at 300 K. 

Wavelength of PL spectra (nm) 450 484 520 560 

Photoluminescence  
lifetimes (τ) (ns) 

0.5  (88%) 
2.9  (12%) 

0.6  (74%) 
3.0   (26%) 

1.2 (66%) 
6.4  (34%) 

0.65 (37%) 
2.6 (47%) 
10 (16%) 

χ2 1.28 1.44 2.00 1.25 
 

 

 

OLED CHARACTERISATION 

Electroluminescence (EL) spectrum of the fabricated OLED (Figure 11) is quite similar to the PL 

spectrum of the vacuum deposited 4 film (Figure 8). The electroluminescence spectrum of the 

device (ITO/CuI/4/Bphen/Ca:Al) shown in Figure 11 is characterized by three emission bands: at 

450 nm, 484 nm and 520 nm which corresponds to the 4 exciton emission. The 

electroluminescence spectrum of the OLED formed from 4 also reflects the emission characteristics 

of molecular 4 superimposed by emission of crystalline domains with aggregated 4. The observed 

discrepancy between the EL and PL spectra could be ascribed to the self-absorption phenomenon 

which was observed for the other sky-blue emitter.91 



 

Figure 11. Electroluminescence spectrum of the device ITO/CuI/4/Bphen/Ca:Al (black solid 

line) and photoluminescence spectra of 4 of a vacuum deposited layer (red dotted line). 

 

Figure 12 shows the current density-voltage characteristics and luminance-voltage characteristics 

of the electroluminescent device. The designed OLED shows a low turn-on voltage (Von) of 3.6 V 

for electroluminescence (at 2 cd/m2). The fabricated device exhibits current efficiency values of 3.5 

cd/A and a maximum brightness of 10000 cd/m2 (at 15 V). Chromaticity coordinates (x, y) of the 

device are found to be (0.20, 0.31) which corresponds to greenish-blue tint commonly referred to as 

“sky-blue”color.92 The external quantum efficiency reaches 1.6 % (Figure 12 c).  

The efficiency of the device investigated in this work is achieved due to the high values of 

photoluminescence quantum yields for solid 4 together with the successful selection of the hole 

transporting layer, hole blocking layer and electron transporting layer (Figure 13).93 These materials 

provide a favorable charge carrier balance at the exciton recombination area. This fact is especially 

important in the context of the relatively high hole mobility in the emissive layer.  

The current efficiency and brightness of the fabricated OLED is quite high compared with 

solution processed sky blue phosphorescent OLEDs based on iridium complexes, including well 

known FIrpic.94 Most of the parameters of 4-based OLEDs are significantly higher when compared 

to devices fabricated from asymmetric extended carbazoles, but this observation is countered with 

deeper/purer blue emission seen for the latter. 39, 41A quite similar bright blue emission was 

observed for OLEDs based on trialkylsilylanthracene yet with much lower luminosity of 107 cd/m2 

at 10 V.91 The sky-blue OLEDs designed from benzo[k]fluoranthene90 are matching ours 



suggesting a great potential in application of the more extended fused polyaromatics. Yet a 

considerable amount of work is required before such materials will be competetive with the best 

oligomeric emitters.95 

Finally, previously fabricated OLEDs based on naphtho[2,3,a]pyrene possess similar technical 

characteristics compared with the bis-[(1,2)(5,6)]indoloanthracene-(4)-based device.96 However, 4 

demonstrates a much higher stability than the naphtho[2,3,a]pyrene. Likewise can be stated in 

comparison with FIrpic which is known to decompose during vacuum processing.94 Moreover, 4-

based OLEDs are much easier to fabricate as they do not require the use of host materials and 

precise doping procedures.90, 97 Hence, angular fused polyaromatic semiconductors may provide 

interesting alternative to transition metal complexes or oligomers.98  

a)  b)  

c)           

Figure 12. Current density vs. voltage, luminance vs. voltage characteristics (a), current efficiency 

vs. current density characteristic (b) and Current density vs. power and quantum efficiency 

characteristics (c) of the fabricated OLED from 4. 



 

Figure 13. Energy-band diagrams of the fabricated OLED device incorporating bis-

[(1,2)(5,6)]indoloanthracene-(4). 

 

 

 

CONCLUSIONS 

We report the first synthetic protocol for the novel sky-blue-light emitting bis-

[(1,2)(5,6)]indoloanthracene (4). This compound has been found to be a good hole-transporting 

material together with possessing high thermal and electrochemical stability. Using 4 as the emissive 

layer an effective highly luminous OLED sample was fabricated. The obtained device is 

characterized by a broad electroluminescence spectrum that is achieved from two emitters both 

originated from 4. It can be identified as the superimposition of exciton emission and emission 

components resulting from aggregated 4. The latter is much more clearly seen in the 

photoluminescence spectrum of 4 from either crystals or thin film and can be associated with plane-

to-plane stacked aggregates as found in the single crystal x-ray structure. Compound 4 is a good 

hole-transporting material and has high thermal and electrochemical stability. Although this first 

OLED sample operating with 4 reaches a high luminance of more than 10000 cd/m2, colour, 

current efficiencies and external quantum efficiencies need to be improved by fine tuning of the 

active layer. Importantly, the here reported bidirectional straightforward synthesis of bis-

[(1,2)(5,6)]indoloanthracene (4) is suitable for obtaining such fine-tuned materials and will allow 

these future modifications. 
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