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ABSTRACT. A comparative study of carbazolocarbazole isomers and their respective N-alkyl derivatives confirms 

the good performance of carbazolo[2,1-a]carbazole as hole transporting material in organic field effect transistors. 

The azaphenacene structure of this molecule forms a dense packing promoted by particularly short longitudinal shifts 

between molecules establishing face-to-face and edge-to-face interactions. Computational calculations have 

determined an almost isotropic 2D transport environment within a lamellar structure. This favorable solid state 

arrangement, in combination with appropriate interfacial layers, has led to a high mobility (1.3 cm2V-1s-1) that validates 

the aptitude of this molecular material as organic semiconductor. 

INTRODUCTION 

The area of organic electronics has experienced a remarkable progress in the last few decades motivated by the 

objective of developing a new generation of optoelectronic devices with technical properties as appealing as flexibility, 

lightness and reduced manufacturing cost.[1], [2] To a great extent, the design and synthesis of numerous materials have 

enabled the continuous improvement in the performance of devices such as organic field-effect transistors (OFETs), 

organic light-emitting devices (OLEDs) or organic solar cells (OSCs), to mention just the more representative ones.[3] 

Polycyclic aromatic and heteroaromatic systems represent one of the series of molecules that has supplied with some 

of the best results among the organic semiconductors in terms of charge carrier mobility.[4] In this regard, we focus 

our attention on the study of fused hexacyclic systems, such as carbabazolocarbazoles, in field-effect transistors. 

Besides, despite the unquestionable connection between the molecular structure and the charge transport ability of the 

organic semiconductors, the correlation between the properties at the molecular scale, some of them with a quantum 

origin,[5] and the material properties at a much larger scale becomes a challenging task, especially when this implies 

the use of amorphous or polycrystalline thin films.[6] The geometry, atomic composition[7] and functionalization of 

fused aromatic systems[8] determine their electronic structure and solid state packing.[9] Additionally, some other 

aspects like the processing protocol[10] and the multilayer architecture of the devices, with special emphasis on the 

dielectric interface,[11] can affect the morphology of the thin films.[12] Finally, it is the combination of all these features 

that will determine the charge transport ability of organic semiconductors. Although intense theoretical research is 

currently being carried out to reinforce the predictability of the charge transport properties from the molecular 

structure,[13] this approach has to be further developed. Therefore, a meticulous experimental research on the synthetic 

materials is still required. In the end, the combined studies from the theoretical and experimental side will provide 

with more data that will permit the development of predicting methods and a better understanding of the structure-

property correlation.[4b, 14] In this regard, we want to report the progress of our work in the series of carbazolocarbazoles 
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whose hexacyclic structure results from the fusion of two carbazole units.[15] Particularly, we have studied in detail 

the effect of isomerism, as well as N-alkylation, on the crystal packing, thin film morphology and charge transport 

properties of these materials. The impact of isomerism on solid state packing and subsequently on charge mobility has 

become an interesting aspect to look at as it can be inferred from recent studies.[16] In this regard, our investigation 

about the synthesis and processing of carbazolocarbazoles has allowed us to optimize materials and devices that have 

reached hole mobilities as high as 1.3 cm2V-1s-1 in OFETs, which represent the highest mobility reported within the 

family of pyrrole-based azaphenacenes in thin film transistors.[17] We will focus our attention on the structures of 

carbazolo[2,1-a]carbazole, 1, carbazolo[4,3-c]carbazole, 3 and their corresponding N-alkylated derivatives, 2 and 4 

(Figure 1). Differently from the family of azaacenes, consisting in the linear attachment of benzene and six-membered 

azaheterocycles,[18] the integration of a five-membered ring such as pyrrole into the polyheteroaromatic system results 

in an angular ring fusion typical of isolectronic phenacene or phene structures.[19] In the case of isomers 1 and 3, they 

have a close structural relation since both result from the fusion of the central naphthalene through its C1-C2 and C5-

C6 bonds with the indole side units. Therefore, both isomers have a centrosymmetric structure but with different 

angular orientations that exemplify how subtle changes in the molecular structure can have a great impact on the 

charge transport properties. The dissimilarly oriented indole units would classify them as azaphenacene o azaphene 

systems. In the case of carbazolo[2,1-a]carbazole, it is isoelectronic to fulminene and the more sigmoidal geometry 

of carbazolo[4,3-c]carbazole relates to the isoelectronic dibenzo[c,l]chrysene. 

 

 

Figure 1. Carbazolo[2,1-a]carbazole derivatives, 1 and 2, and carbazolo[4,3-c]carbazole derivatives, 3 and 4. 

 

EXPERIMENTAL 

General. Reagents used as starting materials were purchased from commercial sources and were used without further 

purification. Solvents were dried following the usual protocols. Unless stated otherwise, all reactions were carried out 

under nitrogen atmosphere. Carbazolo[2,1-a]carbazole, carbazolo[4,3-c]carbazole and 1,8-dioctylcarbazolo[4,3-

c]carbazole were synthesized as reported elsewhere.[15c, 15e] Column chromatography was run with silica gel 60 A CC 

70-200 μm as stationary phase using HPLC grade solvents. The final purification of the materials was performed by 

gradient sublimation under high vacuum conditions (<10-6 mbar). Melting points were measured in a Reichert 

instrument and are not corrected. Unless stated otherwise, all spectra were recorded at room temperature. 1H-NMR 

and 13C-NMR spectra were recorded on a Bruker AV300 spectrometers having frequencies of 300 MHz for proton 

nuclei and 75 MHz for carbon nuclei, respectively. Chemical shifts are referred to the residual peak from the deuterated 

solvent. Mass spectrometry was recorded on HPLC-MS TOF 6220 instrument. Absorption spectra were recorded on 

a Cary 5000 UV-vis-NIR spectrophotometer. Cyclic voltammetry was recorded utilizing a Bass potenciostate. 

Platinum working electrode and SCE reference electrode were used for the measurements in solution, whereas boron-

doped diamond working electrode and Ag/AgCl reference electrode (using ferrocene as internal standard) were used 

for the experiments with solid state samples. In both cases platinum wire was used as counter-electrode. 

Synthesis of 7,14-dioctylcarbazolo[2,1-a]carbazole, 2: Over a solution of carbazolo[2,1-a]carbazole (0.4 g, 1.31 

mmol) in N,N-dimethylformamide (30 mL), KOH (0.44 g, 7.8 mmol) and 1-bromooctane (2.52 g, 13.1 mmol) were 

sequentially added. The reaction mixture was stirred overnight at 60 °C. After cooling to room temperature, the solvent 

was evaporated under reduced pressure and the crude was precipitated in methanol and thoroughly washed with water. 

After drying under vacuum, the crude product was purified by column chromatography on silica gel eluting with 
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dichloromethane:hexane (1:2) and precipitated in methanol to obtain 2 as a white solid (0.48 g, 70%). The isolated 

solid was further purified by gradient sublimation under high vacuum conditions. M. p.: 125-127 °C. 1H NMR (300 

MHz, CDCl3, δ): 8.39 (d, J = 8.7 Hz, 2H), 8.31 (d, J = 8.8 Hz, 2H), 8.21 (d, J = 7.7 Hz, 2H), 7.50-7.61 (m, 4H), 7.32-

7.37 (m, 2H), 4.83 (t, J = 8.1 Hz, 4H), 2.10 - 2.21 (m, 4H), 1.54 - 1.64 (m, 4H), 1.28 - 1.47 (m, 16H), 0.88 - 0.92 (m, 

6H). 13C NMR (75 MHz, CDCl3, ppm, δ): 141.1, 140.0, 136.4, 125.0, 123.1, 121.7, 119.7, 118.8, 118.4, 114.3, 109.4, 

46.7, 32.0, 30.3, 29.5, 29.4, 27.3, 22.8, 14.3. HRMS (ESI-TOF) m/z: [M+H]+ calcd. for C38H47N2 531.3734, found 

531.3726. 

X-ray diffraction and thin film morphology: The single-crystal X-ray data were collected at 100 K with a Bruker 

D8Quest Kappa Diffractometer using CuKα radiation. The structure was solved using direct methods and refined on 

F2 by full-matrix least-squares method, using SHELX-2013 software package and expanded using Fourier techniques. 

All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were found by Fourier difference map and 

were treated as a riding model except to N1H01 that was refined as free with Dfix. 

CCDC numbers for the crystal structures are: 1 (1522122), 2 (1549634), 3 (905793) and 4 (905794). 

Thin film X-ray diffraction data were collected on a Bruker D8 Advance instrument in θ-θ mode with CuKα 

radiation (wavelength 1.54060 Å), 40 kV, 30 mA, and a 1-dimensional detector with a window of 1°. Primary optics 

consisted of a 2° Soller slit, a 1 mm incidence slit, and an air scatter screen. Secondary optics included a 3 mm 

antiscatter slit, a Ni filter and a 2.5° Soller slit. Sample was step scanned from 3 to 65° in 2th, with 0.05° stepping 

intervals, 1 s per step, and a rotation speed of 30 rpm. 

AFM measurements were performed on a NT-MDT microscope (NTEGRA PRIMA) in tapping mode and images 

were analyzed with Gwyddion V2.47. 

OFETs fabrication and characterization: P-doped n++ silicon wafers covered with 300 nm thermally grown SiO2 

were cleaned by sequentially immersing in water, acetone and isopropanol in an ultrasonic bath for 20 min. 

Subsequently, a coating layer of atactic polystyrene (PS, MW=3350, used as received from commercial sources) was 

deposited from toluene solution (1% wt) by spin-coating (3000 rpm, 1000 rpm s-1, 30 s). The resulting layer had a 

thickness of 30 ± 2 nm as measured by scratching the surface and measuring the step by profilometry. The PS layer 

was imaged by AFM and found to be smooth with RMS surface roughness of 0.05 nm over an area of 500×500 nm 

(Figure S4). Thin films of the compounds 1-4 were evaporated in vacuum (1×10-7 mbar) onto the PS-coated substrates, 

the temperatures to keep a rate of 0.2 Å s-1 were: T(1)=165 ºC, T(2)=125 ºC, T(3)= 180 ºC and T(4)=150 ºC, to finally 

reach thicknesses of 50 nm. The OFET structures were finished by evaporating MoO3 followed by Au through a 

shadow mask at a rate of 0.1 Å s-1 and 0.2 Å s-1 respectively, with thicknesses of 8 nm and 25 nm respectively as 

measured by profilometry. The OFET channels had 2 mm width and 40-140 μm length. The channel lengths were 

confirmed by profilometry. The current-voltage characteristics were measured with a Keithley 2636A semiconductor 

parameter analyzer at room temperature under ambient atmosphere. The field-effect mobility was extracted in the 

saturation regime by Equation 1: 

𝜇 = (
𝑑√𝐼𝑆𝐷

𝑑𝑉𝑆𝐺
)
2

2𝐿

𝑊𝐶𝑖
    (1) 

where μ is the field-effect mobility in the saturation regime, ISD is the source-drain current, VSG is the source-gate 

voltage, L is the channel length, W is the channel width, and Ci is the gate capacitance per unit area. The polystyrene 

layer acts as an additional insulator in series with the SiO2, and thus the total series capacitance Ci was calculated by 

Equation 2: 

𝐶𝑖 =
𝐶1𝐶2

𝐶1+𝐶2
     (2) 

where C1 and C2 are the capacitances per unit area of the SiO2 and PS layers,  

𝐶 =
𝐴𝜀0𝜀𝑟

𝑑
     (3) 

where A is the area, ε0 is the vacuum permittivity, εr is the relative permittivity of the insulator, and d is the thickness 

of the insulator. For a 300 nm layer of SiO2 (εr=3.9) in series with a 30 nm layer of PS (εr=2.4), the total capacitance 

is Ci=9.9 nF cm-2. It is noted that if the polystyrene layer is not considered as an additional insulator in series with the 

SiO2, the capacitance per unit area would be 11.5 nF cm-2 and the mobility would be underestimated by a factor of 

1.16. 
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Computational details: The theoretical treatment of the molecules was based on density functional theory (DFT) 

methods at B3LYP/6-311++G(d,p) level[20] as implemented in Jaguar.[21],[22] The reorganization energy (λ) was first 

computed by optimizing the molecular structure both in its neutral and charged state. The reorganization energy, 

combined with data of the X-ray structure, was subsequently used to calculate the transfer integrals (tab) at the same 

DFT level. In our case, the CDFT formulation reported by Wu and van Voorhis[23] has been used as implemented in 

the Material Science Suite of Schrödinger.[24] Transfer integrals were computed for a model built from the X-ray 

diffraction data with a molecule surrounded by a set of molecules in van der Waals contact. The graphical processing 

of the computational calculations was done with Maestro 2017-4.[25] 

 

RESULTS AND DISCUSION 

The electronic structure of carbazolocarbazoles was determined by UV-vis spectroscopy and cyclic voltammetry. 

The absorption spectra of compounds 1 to 4 (Figure 2) show that their different geometry translates into a different 

vibrational structure as evidenced by the location of the α, p and β bands typically observed in fused polyaromatic 

systems according to Clar’s definition.[26] Moreover, whereas the lowest energy band of compound 1 appears at 380 

nm, the same band in isomer 3 is bathochromically shifted at 405 nm. Despite the similarities between these 

polyheteroaromatic molecules their different geometries results in a small narrowing of the optical bandgap for isomer 

3. As far as the effect of alkyl chains is concerned, this subtly manifests in compounds 2 and 4 as a red shift in the 

absorption bands with respect to the unsubstituted carbazolocarbazoles. As expected, the UV-vis spectra of thin films 

show a bathochromic displacement of the absorption bands resulting from the intermolecular interactions in the solid 

state. This effect is a bit more perceptible for the carbazolo[2,1-a]carbazole derivatives 1 and 2. In agreement with 

these results, since the optical gap can be related to the HOMO-LUMO gap, the isomerism of compounds 1-4 only 

has a slight influence on the electronic structure (Table 1). In general, carbazolocarbazoles present a relatively wide 

energy gap that corresponds to materials virtually transparent to the visible light.  

 

 

Figure 2. Absorption spectra of compounds 1-4 in THF solution (10-5 M) and thin film. 

Concerning the electrochemical characterization (Figure S3), cyclic voltammetry experiments were performed both 

in solution and thin films. These latter results from solid state samples were employed for the assessment of the 

electronic structure as it corresponds to the materials that will be used for the OFETs fabrication afterwards. In general, 

quasi-reversible and irreversible cyclic voltammograms were obtained for the series of carbazolocarbazoles. Focusing 

on the onset of the first oxidation wave carbazolo[2,1-a]carbazole, 1, showed a potential of 0.95 V, with its N,N’-

dioctyl derivative, 2, displaying a detectable increase of the current at 0.86 V. Analogously, the onset of the 

carbazolo[4,3-c]carbazole, 3, and  its dialkyl derivative 4, were also very similar, with potentials of 0.83 V and 0.91 

V, respectively. From these results we can consider that the effect of N-alkyl chains on the electronic structure of the 

carbazolocarbazoles is practically negligible. Analogously, the differences between the oxidation potentials of the 

isomers are neither significant. This can be justified by the Clar’s rules of polyaromatic hydrocarbons. Both hexacyclic 

systems have a benzenoid character and, according to the Clar’s rule, three sextets can be drawn in both cases. Besides, 

each isomer can be represented by two Clar structures with the maximum number of sextets.[27] Thus, considering the 

correlation between the ionization potentials and the number of Clar structures in the fused polyheteroaromatic 

molecules, this would explain the similar redox potentials.   

The HOMO energies were estimated from the onset of the first oxidation wave using the ferrocene onset potential 

(0.44 V) as a reference to set the energy with respect to the vacuum level.[28] As expected, very similar values were 
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obtained for compounds 1-4 revealing that for these particular isomers the different geometry of the catacondensation 

does not significantly affect the orbital energy. Thus, the low HOMO energies confer stability towards ambient 

oxidation on the carbazolocarbazoles. In combination with the HOMO-LUMO gap, previously determined from the 

absorption spectra, the LUMO energy can be estimated by difference.  

Table 1. Optical and electrochemical properties of carbazolocarbazoles 1-4. 

 λabs.,soln. (nm)a λabs.,film (nm)a Eg
opt,soln. (eV)b Eg

opt,film (eV)b EHOMO (eV)c ELUMO (eV)d 

1 380 390 3.22 3.08 -5.31 -2.23 

2 391 405 3.11 2.95 -5.22 -2.27 

3 405 408 3.02 2.93 -5.19 -2.26 

4 418 424 2.97 2.88 -5.27 -2.39 

a Higher absorption band wavelength; b Optical energy gap determined from the onset of the higher absorption band; 
c EHOMO ≈ -(Eonset - Eonset Fc/Fc+) - 4.8; d |Eg| ≈ |EHOMO - ELUMO|. 

 

In agreement with the characterization of their electronic structure, carbazolocarbazoles are suitable for their 

evaluation as hole transporting materials. Accordingly, to further investigate the electronic properties the reported 

azaphenacenes, they were used as semiconductors in thin film OFETs with a bottom-gate, top-contact architecture. 

Bearing in mind the variables that can affect the device performance, the interfacial regions of the transistor become 

critical due to their influence on the semiconductor morphology,[12] in the case of the semiconductor-dielectric 

interface, and also on the contact resistance,[29] in the case of the semiconductor-electrode interface. As far as the 

studies about carbazolocarbazoles are concerned, some of these compounds have been previously characterized using 

HMDS (hexamethyldisilazane) self-assembled monolayers for the functionalization of the silicon dioxide interface.35 

Moreover, we have also investigated the use of different k gate dielectrics such as silicon dioxide and zirconium 

dioxide, coated in this case with a parylene thin film, and the incorporation of F4TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane) as an interfacial layer for the top contacts.37 In our exploration of the fabrication conditions 

we have now optimized the dielectric layer by coating the surface of the silicon dioxide with polystyrene. This polymer 

forms very homogeneous and flat films using straightforward solution processing. Besides, its low relative permittivity 

(εr=2.4) contributes to the reduction of the dipolar energetic disorder at the interface[30] and consequently this could 

improve the field-effect mobility.[31]As far as the semiconductor-electrode interface is concerned, MoO3/Au contacts 

were used. Considering the low lying HOMO of carbazolocarbazoles the interfacial layer of molybdenum oxide, with 

a high work function (5.9 eV), should favor the formation of ohmic contacts.[32] All the reported transistors were 

characterized in air. The output curves (Figure 3) exhibit linear I-V characteristics at low source-drain voltages which 

indicate that no significant contact resistance is present as it was intended by using the interfacial layer of MoO3. The 

parameters extracted from the OFETs I-V transfer characteristics are summarized in Table 2. At this point, it is worth 

highlighting the high mobility of 1.3 cm2 V-1 s-1 measured for compound 1, which contrasts to the other 

carbazolocarbazoles and emphasizes the effect of the molecular structure. The unsubstituted isomers 1 and 3 show a 

noticeable difference of almost four orders of magnitude in their mobilities. Concerning the attachment of octyl chains 

to the nitrogen atoms, it has opposite effects, leading to a lower mobility in the case of carbazolo[2,1-a]carbazole 

derivative 2 and to a better charge transport in the case of compound 4. Nevertheless, it is interesting to check how N-

alkylation seems to compensate the effect of the aromatic core isomerism since the mobilities of compounds 2 and 4 

differ in a little more than one order of magnitude only. The mobility reached by compound 1 represents the best value 

reported within the family of pyrrole-based polyheteroaromatic systems,37-43 approaching a single crystal-like 

performance in similar azaphenacenes[33] and becoming comparable to the hole mobility reported for pentacene in 

analogous thin film OFETs,[34] in terms of architecture and processing conditions.  
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Figure 3. Output (top row) and transfer (bottom row) characteristics of thin film OFETs. 

Table 2. Thin film OFETs parameters. 

 μmax. (cm2V-1s-1) μavg. (cm2V-1s-1)a Von (V) Ion/Ioff 

1 1.3 1.0 ± 0.2 -20 106 

2  6×10-2 5×10-2 ± 8×10-3 -17 105 

3  5×10-4 4.5×10-4 ± 4×10-5 -28 103 

4 2×10-3 10-3 ± 8×10-4 -26 104 

a Average values calculated from the characterization of six devices. 

 

With the aim of getting a better understanding of the origin of this high mobility and its connection with the structure 

of the carbazolocarbazole isomers (1 and 3) and their N-alky derivatives (2 and 4), the solid state packing was analyzed 

in detail (Figure 4 and Table 3). Crystal structures of compounds 1-4 were obtained by single crystal X-ray diffraction. 

The fused hexacyclic system remained flat for the four molecules which crystalized in a monoclinic cell. However, 

the different geometry of the carbazolocarbazole isomers manifests in the different lengths (12.6 Å vs. 12.1 Å) and 

widths (3.7 Å vs. 4.3 Å) of the carbazolo[2,1-a]carbazole, 1, and carbazolo[4,3-c]carbazole, 3, cores respectively. 

Regarding the N-alkylated molecules, dissimilar orientations of the alkyl groups were observed (Figure 4a). Whereas 

side chains in compound 2 formed 145º angle with the aromatic core, the orientation of the chains in compound 4 

were almost orthogonal to the plane of the aromatic system.  

 

Figure 4. X-ray diffraction structures. a) Molecular packing projection across the long axis; b) Molecular packing 

projection across the short axis; c) Simplified view of molecules showing face-to-face π-π stacking. Hydrogen atoms 

have been omitted for the sake of clarity. Dotted lines are included to locate the centroids. 
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Table 3. Crystal packing of carbazolocarbazoles 1-4.  

  1 2 3 4 

Conjugated core sizea Length (Å) 12.6  12.1  

Width (Å) 3.7  4.3  

Intermolecular face-to-face 

interactions 

π-π stacking distance (Å) 3.2 3.4 3.3 3.2 

Short axis slippage (Å) b 3.8 3.0 4.0 5.7 

Long axis slippage 0.1 0.5 1.0 5.1 

Intermolecular edge-to-face 

interactionsb 

Edge-to-face distance (Å) a 3.5 3.6 3.4c 3.6 

Long axis slippage (Å) b 1.7 7.1 6.9; 7.6 1.5 

 Crystal density (g/cm3) 1.416 1.187 1.396 1.119 

 d spacing (Å) 14.4 17.9 8.9 15.2 

 Conjugated core inclination in 

thin film (º)d 

11 29 31 35 

a Due to the possible uncertainty in hydrogen atoms location, data are given as carbon-carbon distances; b Distance 

between centroids; c nitrogen-nitrogen distance; d Tentative estimation of the angle with the normal to the substrate.  

 

Since crystal packing defines the intermolecular contacts in the solid state, which ultimately determine the electronic 

coupling related to the charge transfer, a comparative study of the carbazolocarbazoles packing provides a more 

detailed justification of the measured mobilities. The projection of the crystal packing across the long axis of the π-

conjugated core for the molecules in van der Waals contact revealed that all of them adopted a herringbone 

arrangement (Figure 4a). Excepting the case of compound 3, where each molecule is in contact with ten more 

surrounding molecules, the rest of the studied carbazolocarbazoles displayed the typical pattern with each molecule 

having van der Waals contact with six neighbor molecules. Nevertheless, it is interesting to realize the different 

intermolecular interactions in the solid state structures. Regarding the π-π stacking, the distance between molecules 

establishing face-to-face interactions spanned between 3.2 Å and 3.4 Å. More importantly, noticeable differences were 

observed in the intermolecular slippage calculated from the distance between centroids (Table 3). Looking at the 

molecules packed in parallel planes (Figure 4c), transversal and longitudinal shifts, along the short and long molecular 

axis respectively, are shorter for compounds, 1 and 2, than for the corresponding isomers, 3 and 4. However, in the 

case of the unsubstituted molecules, 1 and 3, the different geometry still allows certain intermolecular overlap in the 

case of carbazolo[4,3-c]carbazole, 3. Conversely, when N-alkylated molecules are compared, the different orientation 

of the side chains motivates a better overlap in the carbazolo[2,1-a]carbazole derivative, 2, than in the isomer 4. When 

analyzing the features of the herringbone packing, it is also important to look at the edge-to-face interactions that can 

be better studied through the projection of the packing across the short molecular axis (Figure 4b). Although the 

minimum edge-to-face distances were almost the same in all cases, significant differences were observed in the relative 

intermolecular shifts, especially along the long axis (Table 3), with compounds 1 and 4 showing much shorter 

displacements than 2 and 3. Overall, it can be concluded that the more compact packing of compound 1, determined 

by short longitudinal shifts either for molecules establishing face-to-face or edge-to-face interactions, seems to 

correlate well with the above described charge mobility trend. 

Out-of-plane X-ray diffraction experiments were done on the semiconducting thin films proving their crystallinity 

(Figure 5). Additionally, the detection of a periodic series of the peaks corroborated that the films were constituted by 

a single crystal phase. The comparison of these results with the simulated powder diffractogram obtained from the 
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single crystal data, showed the coincidence of the 2θ angle for the main peaks proving that the molecular arrangement 

in the film is coincident with that observed in the single crystal.  

 

 

Figure 5. X-ray diffractograms of carbazolocarbazole thin films. 

Thus, the indexation of the peaks enabled an approximate description of the molecular disposition in the thin film 

(Figure 6). Accordingly, carbazolocarbazoles tend to adopt an edge-on orientation vertically standing on their short 

edge. Compounds 1 and 3, respectively oriented with the (100) and (10͞1) planes parallel to the substrate surface, 

would define a lamellar structure. The d spacing, determined from the distance between (h00) crystallographic planes, 

is in good agreement with the length of compound 1, but this is not observed when interplanar distances are measured 

for the (h0 ͞l) planes of compound 3. This indicates that molecules adopt a different inclination with respect to the 

normal to the substrate. Thus, whereas 1 formed an angle of 11º only, compound 3 was more tilted, forming an angle 

of 31º. For molecules packed with similar intermolecular distances, the inclination of the molecules, along with the 

longitudinal slippage, determines the extension of the intermolecular interactions through the long molecular axis.[6, 

35] Therefore, the more vertical arrangement of carbazolo[2,1-a]carbazole, 1, reinforced by the previously mentioned 

compact packing, results in a denser 2D lamellar structure. 

 

Figure 6. Idealized view of the carbazolocarbazoles lamellar packing in thin films. 

The N-alkylated derivatives, 2 and 4, also formed crystalline thin films with a regular packing defined by the (h00) 

planes in both cases. As expected, in this case the disposition of the molecules was conditioned by the orientation of 



 9 

the alkyl chains. Compound 2 packed with a stratified structure where the alkyl chains were interdigitated. Conversely, 

no interaction between the side chains was observed in compound 4. Nevertheless, despite the dissimilar packing of 

the alkyl chains, the inclination of the aromatic cores with respect to the normal to the substrate remained 

approximately within the same range (29º for compound 2 and 35º for compound 4).   

As stated by the electron transfer theory, the electronic coupling and the reorganization energy are the parameters 

that mainly determine the charge transfer rate in molecular materials.[36] Therefore transfer integrals between couples 

of molecules having face-to-face or edge-to-face interactions were calculated by DFT methods using the crystal 

packing as a model for the molecular arrangement. As it can be observed in Figure 7, the transfer integrals between 

stacked molecules (t1-2 and t1-3) show a good correlation with the above discussed relative intermolecular slippage and 

the degree of π-surface overlap (Figure 4c). Accordingly, higher transfer integrals are obtained for compounds 2 and 

3 where certain overlap was observed between the molecules packed through face-to-face interactions. Although 

compound 1 did not show this kind of intermolecular intersection, its moderate transversal and short longitudinal shifts 

still enable a noticeable orbital interaction. An analogous effect of the intermolecular shift was verified for the transfer 

integrals calculated between molecules packed in an edge-to-face fashion. Focusing on the unsubstituted 

carbazolocarbazoles, compound 3 shows two different sets of interactions for the couples labeled as t1-4, t1-6, t1-8, t1-10 

and the couples t1-5, t1-7, t1-9, t1-11 that match well the two longitudinal shifts previously shown (Figure 4b and Table 

3), with a shorter slippage for the second group of couples. Interestingly, the transfer integral measured between 

molecules of carbazolocarbazole 1 having edge-to-face interactions are larger due to the little intermolecular slippage. 

Then, the values of the transfer integrals in the different directions defined by the molecular packing show that for 

compound 3 charge transport should preferentially occur along the stacking direction resulting in an anisotropic 

transport. Nevertheless, despite the lower transfer integral of compound 1 along the stacking direction, the transfer 

integrals between molecules interacting edge-to-face have similar values to those of molecules having face-to-face 

interactions, which defines an almost isotropic 2D transport environment benefiting the charge mobility in 

polycrystalline thin films. Additionally, the internal reorganization energy, which accounts for the energy difference 

due to the structural changes between the neutral and charged states in a charge transfer process,[36b, 37] shows a lower 

value for carbazolocarbazole 1, meaning that this isomer can better adapt to the structural transition occurring during 

charge hopping. In agreement with these results, the compact lamellar packing previously described for compound 1, 

benefits the isotropy for the charge transport and shows good correlation with the high mobility measured.[38] 
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Figure 7. Charge transport parameters calculated for carbazolocarbazoles 1-4. HOMO isosurfaces in molecules 

establishing face-to-face and edge-to-face interactions. 

The transfer integrals calculated for the N,N’-dioctylcarbazolocarbazoles, 2 and 4, show quite different values along 

the stacking direction, as it could be expected from the intermolecular displacements that significantly reduce the face-

to-face orbital overlap for compound 4. In contrast, the edge-to-face interactions lead to similar transfer integrals for 

both compounds 2 and 4. Again, this would define an anisotropic 2D charge transport within the lamellar arrangement 

where, as expected, the better mobility measured for the molecule 2 presumably correlates with its higher transfer 

integrals along the stacking direction. 

Since the morphology of organic semiconductors can also critically condition their charge transport properties, we 

additionally studied the thin film morphology of the semiconducting layer in the previously described OFETs. The 

AFM images evidenced a remarkable influence of the alkyl chains in the morphology of carbazolocarbazoles deposited 

on SiO2-polystyrene (Figure 8).[39] Whereas plain carbazolocarbazoles 1 and 3 showed a granular appearance, the 

attachment of alkyl chains caused an increase in the grain size. Although larger grain size is a desirable feature, it has 

been observed that the connectivity between grains becomes an even more important aspect for improving charge 

transport in thin films.[40] Interestingly, the different disposition of the N-alkyl chains in 2 and 4 leads to clear 

differences in their morphology. As far as compound 2 is concerned, it forms regular rod-like domains. Nevertheless, 

carbazolocarbazole 4 takes more irregular shapes. This particular result also manifests in the root mean squared 

roughness that shows a softer surface for the thin films of compounds 1-3 (rrms-1= 5.7 nm; rrms-2= 4.3 nm; rrms-3= 3.7 

nm) than 4 (rrms-4= 13.8 nm).  
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Figure 8. AFM images of carbazolocarbazoles 1-4 thin films on SiO2-polystyrene. 

 

Thus, the good uniformity of grain sizes, in conjunction with a suitable grain connection, film coverage and softness 

are the morphological features found in carbazolocarbazole 1 which, along with the compact crystal packing and the 

isotropy observed in its dense lamellar arrangement constitute the features dictated by the molecular structure that 

correlate with a very good charge transport in thin film OFETs. 

 

CONCLUSIONS 

In summary, a comparative study of carbazolocarbazole isomers has confirmed the potential of these azaphenacenes 

to be applied as organic semiconductors. Particularly, the mobility determined for carbazolo[2,1-a]carbazole breaks 

the barrier of 1 cm2V-1s-1
 in pyrrole-based polyheteroaromatic systems, reaching an outstanding hole mobility of 1.3 

cm2V-1s-1 within the family of azaphenacenes in thin film OFETs. The interfacial optimization, using polystyrene as 

part of the dielectric bilayer and molybdenum oxide to reduce contact resistance, has revealed as the appropriate 

combination for OFET fabrication without any thermal treatment. Moreover, the good charge transport in thin film 

transistors results from the adequacy of the crystal packing and thin film morphology favored by the geometry of this 

fused hexacyclic system. The short intermolecular longitudinal slippage represents a key structural parameter leading 

to a compact packing that seems to be conserved in the thin film. Densely packed molecules adopt a lamellar structure 

where the aromatic core presumably deposits following an edge-on disposition with a minimum vertical deviation. 

The 2D compact arrangement favors orbital overlap and defines an almost isotropic 2D charge transport environment. 

All these structural properties are reinforced by a homogeneous and soft granular thin film morphology that contributes 

to the observed good charge transport. 
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