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SYNOPSIS 

7,14-diphenylacenaphtho[1,2-k]fluoranthene (DPAF) and its analogues were synthesized and 

crystallized. The correlation between substituents and crystal structures and electronic states of the 

previously reported and synthesized molecules were explored experimentally and theoretically. 

DPAF crystal was found to form a two-dimensional electronic structure in spite of its pitched π-

stacking structure. 

ABSTRACT  

Electronic properties of organic semiconductors are governed by their crystal structures. Rubrene, 

a high-mobility organic semiconductor, forms a pitched π-stacking structure. We here focused on 

7,14-diphenylacenaphtho[1,2-k]fluoranthene (DPAF), which gives a crystal isomorphic to rubrene. 

In addition to DPAF, we newly synthesized 7,14-dithienyl-AF (DTAF) and obtained three types 

of pitched π-stacking structures: the previously reported orthorhombic DPAF (DPAF-O), a new 

polymorphic monoclinic DPAF (DPAF-M), and DTAF. To investigate factors causing these 

molecules to form pitched π-stacking structures, the intermolecular interactions of the face-to-face 

molecular pairs were calculated for these molecules, non-substituted AF and butyl-substituted AF 

molecules. Unsubstituted AF and butyl-substituted AF have the most stable π-stacking structure 

with a small misalignment, whereas DPAF and DTAF have the most stable π-stacking structure 

with a large misalignment along the molecular long axis. Such misaligned π-stack structures are 

essential for pitched π-stacking structures. Theoretical calculations of the mobility anisotropy 

based on the hopping model suggested that DPAF-M and DTAF form one-dimensional electronic 

states, while DPAF-O forms two-dimensional electronic states. Actually, isotropic mobility was 

observed in SC-FETs with DPAF-O. Collectively, our results indicated that molecular design 
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which introduces broad π-conjugated moieties at the ends of molecules is effective for enhancing 

the two-dimensionality of electronic states of pitched π-stacking structures. 
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Introduction 

The electronic properties of organic devices such as organic transistors are governed by the 

electronic states of the constituent molecules and their packing structures.[1–5] While the π-

conjugated skeleton is of course important for high performance organic transistors, the choice of 

substituents is also very important, even if it does not contribute to charge transport, because the  

choice of substituents can easily change the molecular packing.[6–8] Even when the same π 

skeleton is used, the charge mobility can be dramatically changed by modifying the substituents. 

For example, unsubstituted tetracene forms a herringbone structure [9,10] with a hole mobility of 

0.1–2.4 cm2 V-1 s-1.[11–15] In contrast, the crystal structure of rubrene modified with four phenyl 

groups on the tetracene skeleton changes to a pitched π stacking structure with a large transfer 

integral in the π-stacking direction that results in high mobility.[16–18] Indeed, the mobility of 

this structure is more than 10 times higher than that of tetracene.[19–22] To obtain high-mobility 

organic transistors, the design of organic semiconductors with rubrene-like pitched π-stacking 

structures has long been investigated, but rarely successfully. Recently, Takimiya et al. 

demonstrated that the packing of molecules into rubrene-like pitched π-stacking can be controlled 

by β-methylthionization of a series of acendithiophenes.[23–27] Moreover, they showed that these 

crystals with pitched π-stacking structures have high mobility. Nevertheless, there are very few 

organic semiconductors that exhibit a pitched π-stacking structure. 

The crystal structure of acenaphtho[1,2-k]fluoranthene (AF) varies depending on substituent 

modifications. Unsubstituted AF molecules and 7,14-diR-AF (R = n-C3H7, n-C4H9, n-C5H11) 

molecules,[28–30] modified with alkyl groups, form 1D π-stacking structures. On the other hand, 

7,14-diphenyl-AF (DPAF) molecules modified with phenyl groups (Scheme 1) form pitched π-

stacking structures. Therefore, these molecules are useful systems for exploring the correlation 
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between the formation of pitched π-stacking structures and the type of substituents. Although the 

mobility of thin-film transistors using 7,14-dicarbethoxy-AF, which forms a 1D π-stacking 

structure, is not very high (1.7×10-3cm2V-1),[31] DPAF is expected to show high mobility because 

it is isomorphous crystal (space group: Cmca) with rubrene. While the crystal structure of DPAF 

has been reported,[32] its electronic properties have not yet been explored. In addition to being the 

isomorphic crystal of rubrene, compared to the tetracene skeleton of rubrene, the AF skeleton has 

a wide π-conjugation due to the naphthalene moiety at the end of the molecule, which allows for 

a large electronic coupling in the end-to-face direction when forming a pitched π-stacking structure. 

In this study, we demonstrated both experimentally and theoretically that the DPAF crystal has a 

two-dimensional electronic structure despite its pitched π-stacking structure. In addition to the 

DPAF, we synthesized a new molecule, 7,14-dithienyl-AF (DTAF), and found that it also has a 

pitched π-stacking structure. Finally, by comparing the crystal structures and intermolecular 

interactions of these two types of molecules with previously reported unsubstituted and alkyl-chain 

introduced molecules, we investigated the factors determining the pitched π-stacking structure. 

 

Scheme 1. Molecular structure of DPAF and DTAF 
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Experimental  

Materials 

DPAF was synthesized according to the reported procedure, and DTAF was synthesized using the 

similar procedure as used for DPAF.[33] Both molecules were crystallized by the physical vapor 

transport (PVT) and naphthalene flux methods.[34–36] Details of the syntheses and the 

naphthalene flux method are given in the Supporting Information. 

Single-crystal X-ray analysis 

Single-crystal X-ray structural analyses were carried out with a Rigaku XtaLAB PRO MM007 

diffractometer using graphite-monochromated Cu-Kα radiation at 153 K. The structure was solved 

by direct methods and expanded using Fourier techniques. The non-hydrogen atoms were 

anisotropically refined. The hydrogen atoms were refined by using the riding model. All 

calculations were performed using the Olex2[37] crystallographic software package, except for 

refinement, which was performed using SHELXL-2019/2.[38] The crystal structures and packing 

motifs were analyzed for visualization by an electronic and structural analysis program. 

Theoretical calculation 

The molecular orbital calculations were performed using the Gaussian 16W. For the calculation of 

the electron coupling term (V), the molecular structure extracted from the crystal structure data 

was used without relaxation, and the calculation conditions were set to B3LYP/6-31G(d,p). For 

the calculation of the intermolecular interactions, calculated levels of B3LYP/6-31G(d,p) was used, 

and the basis set superposition error (BSSE) was corrected using the counterpoise method. In 

addition, empiricaldispersion = gd3 was used to correct for dispersion forces. [39,40] For the 

reorganization energy (λ) calculation, B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) was used. With V 
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and λ, the theoretical mobilities based on the hopping model were calculated in accordance with 

the literature[41,42]. 

Single-crystal field effect transistors 

Bottom-gate bottom-contact FETs were fabricated using single crystals of DPAF. Heavily doped 

n-type Si wafers with SiO2 layers (500 nm) were used as substrates. The substrates were cleaned 

by sonication in EtOH for 30 min followed by ultraviolet–ozone treatment for 15 min. Then, the 

substrates were treated with trimethoxy(1H,1H,2H,2H-heptadecafluorodecyl)silane (TCI 

Chemicals). The Au source and drain electrodes (50 nm) were deposited directly on the substrates 

by physical vapor deposition under < 5 × 10−3 Pa. The modification of Au electrodes with 

pentafluorobenzenethiol[43] (PFBT; TCI Chemicals) was performed by immersion in 50 × 10−3 

M solution in ethanol overnight under ambient conditions. The DPAF crystals grown by the 

physical vapor transport method were carefully transferred from the glass tube to the top of the 

SAM-treated substrates. The field-effect mobility μ was extracted from the saturation regime.  

Results and discussion 

Crystal structure 

Figure 1 shows photographs of the DPAF and DTAF crystals. For DPAF, crystals were obtained 

by two methods: block crystals (Figure 1a) by the naphthalene flux method and film (Figure 1b) 

and plate crystals (Figure 1c) by the PVT method. Among these three types of DPAF crystals, 

block and film crystals have the same pitched π-stacking structure as the crystal structure 

previously reported (space group: Cmca; Figure 2a).[33] The plate-like crystal was found to be a 

polymorphic crystal (space group: P21/n; Figure 2b), which has not been reported before. The 
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former was referred to as the DPAF-O and the latter as the DPAF-M. The lattice parameters are 

summarized in Table S1. In the DPAF-O, all molecules in the pitched π-stacking layer, which is 

formed on the bc plane as well as the rubrene, are located in a common crystallographic mirror 

plane (Figure 3a, d). Since the interplanar distance along the π-stacking direction of this crystal 

(3.478 Å) is smaller than that of rubrene (3.642 Å),[44] greater electronic coupling along this 

direction can be expected (Figure S4). In addition, the dihedral angle with molecules in the end-

to-face direction in DPAF-O (53°) is more acute than that in rubrene (61°), so that the molecular 

planes are closer to each other, which is expected to increase the electronic coupling in this 

direction as well (Figure S5). 

 

Figure 1. Appearance of the crystals. (a) DPAF-O grown by the naphthalene flux method, (b) 

DPAF-O grown by the PVT method, (c) DPAF-M grown by the PVT method, and (d) DTAF 

grown by the naphthalene flux method. 
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Figure 2. Crystal structure of (a) DPAF-O, (b) DPAF-M, and (c) DTAF. 

 

 

Figure 3. Molecular overlaps in face-to-face and end-to-face. (a), (d) DPAF-O, (b), (e) DPAF-

M, (c), (f) DTAF. 
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Although the DPAF-M also forms a pitched π-stacking structure (Figure 2b), the 

crystallographic mirror symmetry in the pitched π-stacking layer is lost. Related to this, the overlap 

of molecules in the end-to-face direction differs from that of the DPAF-O (Figure 3e). The dihedral 

angle between molecules in the end-to-face direction is 44°. The stacking pattern in the π-stacking 

direction also differs significantly from that of the DPAF-O, with only a very small part of DPAF 

barely stacking face-to-face (Figure 3b). The interplanar distance between these molecules is 3.455 

Å.  

DTAF crystals were prepared by the naphthalene flux method (Figure S3). Like DPAF-O and 

DPAF-M crystals, DTAF also forms a pitched-π-stacking structure (Figure 2c). The space group 

is P21/c, and thienyl groups are disordered in the crystal. The overlapping structure of molecules 

in the π-stacking direction is almost the same as that of the DPAF-O, with an interplanar distance 

of 3.404 Å (Figure 3c). Unlike in the DPAF-O, the crystallographic mirror symmetry within the 

pitched π-stacking layer is lost (Figure 3f), and the molecules in the end-to-face direction are 

displaced in the molecular short axis. The dihedral angle between molecules in the end-to-face 

direction is 53°. 

 

Calculation of intermolecular interaction 

The crystal structures of AF-based molecules differ depending on the type of substituent. As 

previously reported, unsubstituted AF[45] and alkyl-substituted AF[30] molecules form a 1D stack 

structure, whereas DPAF and DTAF were here found to form a pitched π-stacking structure. The 

major difference between these two types of structures is the face-to-face molecular overlapping 

mode. Compared to the 1D stacking structure, in the pitched π-stacking structure, the molecules 
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are stacked face-to-face with a large displacement in the molecular long axis. In order to investigate 

the correlation between substituents and the face-to-face molecular overlapping mode, we 

calculated the intermolecular interactions (Eint) of the face-to-face molecular pairs at various 

positions of each molecule as follows.[46–50] 

As shown in Figure 4, the origin, x-axis, y-axis, and z-axis were defined as the centroid of the 

molecule A, the molecular short axis, the molecular long axis, and the direction perpendicular to 

the molecular plane, respectively. As can be seen, molecule B was placed at z = 3.484 Å, the 

experimentally obtained interplanar distance, and the intermolecular interaction between molecule 

A and B was calculated by changing the position of molecule B in the xy-plane. In this calculation, 

molecule B was treated as a translation of molecule A, and the rotation of these molecules was not 

considered. The resulting 2D mapping of Eint shows the energetically favorable positions of the 

face-to-face pairs (Figure 5a). The minimum energy was obtained when molecule B was 

positioned at x=1.25, y=1.0Å. Such a molecular overlap with little displacement in the direction 

of the molecular long axis tended to give 1D stack structures. In fact, the reported 1D stacking 

structure of AF has a displacement of x=1.35, y=0.6 Å,[45] which is almost consistent with the 

value calculated here. No local minima were observed when the range of 2D mapping was 

expanded (Figure S6). Therefore, the π-stacking structure in the face-to-face direction of the crystal 

is found to be the most stable structure in terms of intermolecular interactions. 
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Figure 4. Schematic diagram of the dimer model for the calculation of face-to-face intermolecular 

interactions. The origin, x-axis, y-axis, and z-axis were defined as the centroid of the molecule, 

the molecular short axis, the molecular long axis, and the direction perpendicular to the molecular 

plane, respectively. The z coordinate of molecule B was fixed to the interplanar distance estimated 

from the experimentally obtained crystal structure. The intermolecular interaction between 

molecule A and B was calculated by changing the position of molecule B in the xy-plane. 

 

Previous studies have shown that the crystal structure of the butyl-substituted AF is a 1D 

stacking structure (x=2.9, y=1.34Å).[30] In the present report, the stable dimer structure of butyl-

substituted AF was found to have the lowest energy at x=2.5 and y=1.25 Å (Figure 5b). This is not 

significantly different from the energy of the unsubstituted molecule. Nevertheless, the energy was 

estimated to be approximately 10 kcal mol-1 lower than that of the unsubstituted AF, suggesting 

that intermolecular interactions between alkyl chains contribute to the stabilization in this case. In 

the 2D-Eint mapping of the unsubstituted AF, x=2.5 and y=1.25 are unstable, supporting the 

stabilization by alkyl chains in butyl-substituted AF．Thus, the attractive interactions between the 

alkyl chains suppress the displacement along the molecular long axis necessary for the formation 

of the pitched π-stacking structure (Figure S6). 
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In the case of DPAF (z=3.478 Å), the calculations showed that x=0, y=6.65 Å is the stable 

position (Figure 5c). This is in close agreement with the experimental value of DPAF-O (x=0, 

y=6.97Å). Therefore, it was suggested that the intermolecular interaction in the π-stacking 

direction is dominant in determining the crystal structure, even in the DPAF-O. The introduction 

of a phenyl group at the central position stabilizes the π-stacking structure with a large 

displacement along the molecular long axis, which is crucial in forming the pitched π-stacking 

structure. Such a slipped π-stacking structure is also observed in brickwork structure. A pseudo 

brickwork structure was prepared starting from the stable structure of the dimer model (details are 

shown in the SI), and its stability was compared with that of the experimentally obtained pitched 

π stacking structure; the pitched π stacking structure was much more stable than the brickwork 

structure (Figure S7). The experimentally obtained molecular overlap of the DPAF-M (x=2.24, 

y=8.13 Å) is not consistent with the intermolecular interaction minima (Figure S6), suggesting that 

the DPAF-M is stabilized by contributions other than intermolecular interactions in the π-stacking 

direction.  

In the case of DTAF (z=3.404 Å), x=0, y=6.75 Å is the stable position (Figure 5d), which is in 

good agreement with the crystal structure (x=0.37, y=6.82 Å). The thienyl and phenyl groups were 

found to have the effect of forming π stacks that are displaced in the molecular long axis direction. 

The main reason for the difference in stable configuration depending on the substituent is probably 

the attractive interaction between the alkyl chains. In addition, in the case of alkyl groups, the two 

alkyl chains extend upward and downward, respectively, relative to the molecular plane, leaving 

space for displacement in the molecular short-axis direction. On the other hand, phenyl and thienyl 

groups provide steric hindrance that is approximately symmetrical vertically with respect to the 
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molecular plane, effectively suppressing displacement in the short-axis direction and inducing 

displacement in the long-axis direction.  

The displacement in the molecular long axis direction of DPAF and DTAF is larger than that of 

rubrene. In the case of rubrene, the molecules are displaced by steric repulsion between phenyl 

groups, but in the case of DPAF and DTAF, the displacement is larger to avoid contact between 

the naphthalene moiety of the AF skeleton and the phenyl and thienyl groups. Such a displaced π-

stacking structure is advantageous in the hopping mechanism because the distance between the 

molecular centroid becomes longer. In addition, since the molecules in the end-to-face direction 

are related by symmetry operation, the larger the displacement of the π-stacking molecules, the 

more acute the dihedral angles with the molecules in the end-to-face direction become. Therefore, 

the dihedral angles of DPAF and DTAF are more acute than those of rubrene. 
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Figure 5. 2D mapping of the intermolecular interaction energy (Eint) of face-to-face pairs of (a) 

AF, (b) butyl-substituted AF, (c) DPAF, and (d) DTAF molecules. The definition of the 

coordinates is shown in Figure 4. The projections show the calculated most stable structure from 

the direction perpendicular to the molecular plane and from the direction parallel to the molecular 

plane.  

Theoretical calculation of anisotropic mobility 

The anisotropic carrier mobility based on the hopping model[41,42] can be calculated from the 

reorganization energy (λ) and intermolecular electronic coupling (V). The HOMO levels of DPAF 

and DTAF were estimated to be 5.40 and 5.49 eV, respectively, in the DFT calculations, suggesting 

that they are p-type materials. The λ values for hole transport of DPAF and DTAF were estimated 

to be 159 meV and 198 meV, respectively. Figure 6 shows electronic coupling (V) and anisotropic 

hole mobilities for the DPAF-O, DPAF-M and DTAF crystals. Interestingly, even though these 

crystals are all classified as having pitched π-stacking structure, the magnitude and dimensionality 

of the V are different for each crystal. The V values of the DPAF-M are small in all the directions, 

with the calculated mobility being as small as 0.17 cm2 V-1 s-1 at maximum. The mobility 

anisotropy (μmin/μmax) is 1.8 × 10-2. In DTAF, the V for the π-stacking direction is larger than in the 

DPAF-M, and the calculated mobility is relatively high with a maximum of 1.05 cm2 V-1 s-1. 

However, the anisotropy remains high (μmin / μmax= 2.0 × 10-2). In contrast, in the DPAF-O the 

calculated V values are large in both the stack and end-to-face directions (about 30 meV). The 

maximum mobility is 0.50 and its anisotropy is very low ((μmin / μmax= 0.83). This result suggests 

that the DPAF-O has a 2D electronic structure despite its pitched π-stacking structure.  
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These results can be explained by the difference in molecular packing and HOMO distribution 

(Figure S9). Comparing the molecular overlaps in the π-stacking direction, about a half of the AF 

skeleton of each molecule overlaps face-to-face in the case of the DPAF-O and DTAF, whereas 

only the ends of the molecules overlap in the case of the DPAF-M. As a result, the V in the π-

stacking direction is reduced in the DPAF-M, although the HOMO is distributed in this slightly 

overlapping region. The V in the end-to-face direction reflects the overlap of orbitals between 

naphthalene moieties in the AF skeleton of each molecule. In the case of DPAF-M and DTAF, 

only a part of the naphthalene moieties overlaps due to their low symmetry (Figure 3e,f). On the 

other hand, in the case of DPAF-O, the naphthalene moieties overlap effectively because each 

molecule is located on a common mirror plane (Figure 3d). In addition, as shown in Figure S9, the 

HOMO phases are well matched in this overlap. As a result, only the DPAF-O has a large V in this 

direction as well. 

The V in the end-to-face direction of DPAF-O is about twice that of rubrene, even though these 

crystals are isomorphic. This difference can be attributed to the molecular structure and the 

dihedral angle in the end-to-face direction. In the case of rubrene, the π skeleton, i.e., tetracene 

moiety, has only one benzene ring at the end, whereas the AF skeleton of DPAF has two benzene 

rings at the end, resulting in a wider distribution of molecular orbitals contributing to V in the end-

to-face direction. The acute dihedral angle of DPAF-O compared to rubrene is also a major factor 

contributing to the large V. 

On the other hand, unfortunately, the V in the π stacking direction in the DPAF-O is lower than 

that of rubrene. The reason for this is the mismatching of molecular orbitals in DPAF-O crystals. 

In the rubrene crystal, the HOMO phases are very well matched between the face-to-face 

overlapping molecules, which causes the high V of rubrene (Figure S10). In contrast, in the case 
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of DPAF-O, the belly of HOMO is stacked on top of the node, resulting in a smaller V in the π-

stacking direction.[51,52] Thus, despite its pitched π-stacking structure, DPAF-O has a two-

dimensional electronic state with extremely low anisotropy of mobility in the π-stacking and end-

to-face directions. 
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Figure 6. Calculated electronic coupling (V) and anisotropic hole mobilities of (a) DPAF-O, (b) 

DPAF-M, and (c)DTAF. 
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Single-crystal FETs of DPAF-O 

Mobility anisotropy of the DPAF-O was investigated using SC-FETs. Film-like crystals of the 

DPAF-O obtained by PVT were used. Single crystal transistors of DPAF-M and DTAF could not 

be measured because of their thick crystals. The growth direction of the DPAF-O crystals 

corresponds to the π-stack axis. FET characteristics were measured parallel and perpendicular to 

the crystal growth direction as shown in the Figure 7. The dimensions of these two devices are 

shown in Figure S11. In both cases, DPAF SC-FETs exhibit p-type characteristics. Hole mobility 

is 0.52 in the parallel direction and 0.17 cm2 V-1 s-1 in the perpendicular direction, which is roughly 

in good agreement with the theoretical calculations. Thus, the theoretical calculations and 

experimental mobility measurements suggested that DPAF exhibits two-dimensional hole 

transport properties despite its pitched π-stacking structure. The transistor characteristics measured 

along the parallel direction have a larger hysteresis than those measured along the perpendicular 

direction. This suggests that the trap density in the crystal is inhomogeneous, but the origin of such 

a situation is not clear. Organic semiconductors with two-dimensional electronic states potentially 

exhibit band-like charge transport. However, in this system, the temperature dependence of the 

mobilities is thermally activated behavior (Figure S12), which suggested that the charge transport 

in DPAF-O is based on the hopping mechanism.  
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Figure 7. SC-FET characteristics of DPAF-O measured along directions (a) parallel and (b) 

perpendicular to the crystal growth direction. The insets are the photos of the devices. The gate 

capacitance per unit area was determined to be 6.01 nF cm–2
. 

 

Conclusion 

In addition to DPAF, DTAF was newly synthesized and three types of pitched π-stacking 

structures were obtained: the previously reported DPAF-O, the new polymorphic DPAF-M, and 

DTAF. To investigate the factors that cause these molecules to form pitched π-stacking structures, 

the intermolecular interactions of the face-to-face molecular pairs were calculated for each 

molecule. With the exception of DPAF-M, the calculated most stable face-to-face molecular pairs 

are in close agreement with the experimental orientations, suggesting that the intermolecular 

interactions of such dimers play a dominant role in determining the crystal structure. In butyl-
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substituted AFs, the alkyl chains interact with each other to form π-stacks with little misalignment. 

On the other hand, DPAF and DTAF with phenyl or thienyl groups effectively induce π-stacks 

with large misalignment in the long-axis direction due to steric hindrance symmetrically 

distributed above and below the molecular plane. Such a slipped π-stacking structure is essential 

for the pitched π-stacking structure.  

Theoretical calculations based on the hopping model for mobility anisotropy suggested that 

DPAF-M and DTAF form one-dimensional electronic states, whereas DPAF-O forms two-

dimensional electronic states. We had assumed that the naphthalene moiety at the end of the AF 

skeleton would increase the electronic coupling in the end-to-face direction in the pitched π-

stacking structure, but such an effect is limited to highly symmetric crystals such as DPAF-O. The 

electron coupling in the end-to-face direction of DPAF-O is about twice that of rubrene in 

isomorphous crystals, suggesting that the introduction of a naphthalene moiety contributes to 

increased electron coupling in this direction. Actually, isotropic mobility was observed in SC-

FETs with DPAF-O. This research shows that molecular design that introduces a wide π-

conjugated moiety at the end of the molecule is effective in making the electronic state of the 

pitched π-stacking structure two-dimensional. In order to make such wide π-conjugation at the 

molecular ends effective for electronic coupling, it will be important to design molecules more 

precisely to obtain crystal structures with high symmetry. 
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SYNOPSIS 

7,14-diphenylacenaphtho[1,2-k]fluoranthene (DPAF) and its analogues were synthesized and 

crystallized. The correlation between substituents and crystal structures and electronic states of the 

previously reported and synthesized molecules were explored experimentally and theoretically. 

DPAF crystal was found to form a two-dimensional electronic structure in spite of its pitched π-

stacking structure. 

 


