
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 Journal of Materials Chemistry C  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem.  C., 2015, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
Department of Chemistry, National Tsing Hua University, Hsin-Chu, Taiwan 

b.
Institute of Chemistry, Academia Sinica, Taipei, Taiwan 

†Electronic supplementary information (ESI) available: Details of synthetic

procedures, NMR spectra, high-resolution mass spectra, single crystal data and 

theoretical calculation are available. See DOI: 10.1039/x0xx00000x 

Received 00th January 2015, 

Accepted 00th January 2015 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Synthesis of Planar Dibenzo[de, op]bistetracene Derivatives 

for Organic Field-effect Transistors Applications: 

Substituent Effect on Crystal Packing and Charge Transport 

Property 

Tien-Lin Wu,
a
 Chi-Hsien Kuo,

b
 Bo-Chao Lin,

b
 Yu-Tai Tao

a,b,
* Chao-Ping Hsu,

b,
*and Rai-Shung Liu

a,
* 

 

A series of substituted dibenzo[de, op]bistetracenes (DBBTs) is prepared in short steps and their 

applications to organic field-effect transistors (OFETs) are described. These DBBT derivatives bear 

one or two methyl-, tert-butyl-, or fluoro groups at the 2-, 10-positions. X-ray diffraction studies 

reveal that the molecular structures of these DBBTs were planar with a shifted π–π stacking or 

herringbone-stacked type packing in the crystalline state. These substituents perturb the degree 

of stacking shift because of steric effect and dipolar interaction, consequently affecting the 

electronic coupling between the neighboring molecules. Needle-like single crystals of DBBT 

derivatives were prepared by vapor phase transfer method and used for the fabrication of single- 

crystal field-effect transistors (SCFETs). Theoretical calculation on these DBBTs has been 

performed to correlate the measured field-effect mobility with their molecular packing. The SCFET 

of di-methyl derivative 4b showed the highest hole mobility (1.19 cm
2 

V
-1 

s
-1

) with a current on/off 

ratio of 10
6
. 

Introduction 

In recent two decades, polycyclic aromatic hydrocarbons (PAHs) 

have been extensively studied as organic materials in various 

electronic devices such as organic light-emitting diodes (OLEDs),1 

organic field-effect transistors (OFETs) 2-4, organic solar cells and 

etc. The development of these materials facilitates the advancement 

of  flexible, low-cost and light-weight electronics.3 Small and 

medium size PAHs become attractive materials because of their high 

oxidation resistance, carrier mobility, and photoluminescent 

properties, besides their amenability to rational synthesis.1-4 The high 

charge mobility of these PAHs may be ascribed to the potential of 

extensive overlap of the conjugate π systems and thus higher 

electronic coupling, and lower reorganization energies due to 

disperse of charge over the conjugate system. Both higher electronic 

coupling and lower reorganization energy are believed to be 

beneficial to charge transport between molecules.5 Single crystal 

field-effect transistors (SCFETs) have often been used to explore the 

genuine transport characteristics of organic materials because 

defects, grain boundaries typically associated with polycrystalline 

films can be excluded. For instance, linear acenes including 

anthracene,6 tetracene7 and pentacene8 exhibited high charge 

mobility. Among these linear-shape PAHs, pentacene derivatives are 

especially notable because of their large charge-carrier mobility 

(15−40 cm2 V-1 s-1) with a current on/off ratio of up to 106, reported 

by Palstra et al.8a In addition, there is important achievement for 

two-dimensional shaped PAHs, such as coronenes,9 triphenylenes,10 

rylenes11 and graphene nanoribbons (GNR).12 For coronene 

derivatives like hexbenzocoronenes (HBCs)9a-c and 

tetrabenzocoronenes (TBCs),9d-f the former exhibits discotic 

structures comprising 2D column packing structures; the latter show 

contorted structure to contain co-facial or shifted π–π packing states, 

resulting in good hole mobility of 1.19 cm2 V-1 s-1 in SCFET 

devices.9f Thus searching for new polyaromatic molecules suitable 

for transistor application is of current interest.  

Dibenzo[de, op]bistetracene (DBBT, 4a) is a polyaromatic 

molecules with ten ring fused together. It was first synthesized by 

Zinke via a long procedure.13 We recently developed a short 

synthesis of DBBT derivative 4e (Figure 1).14 Notably, the medium-

sized π-plane of DBBT 4a is shown to be quite planar as that of 

coronene derivatives,9 thus enabling packing with a neighboring 

molecule in any direction. Furthermore, such molecules are not fully 

sextets with significant double bond character that is intrinsically 
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favored for electronic coupling. We thus undertook a study of the 

effect of substituents on the molecular packing and thus the charge 

carrier mobility as measured by their SCFET devices. Herein, we 

synthesized unsubstituted DBBT 4a together with symmetrically 

substituted DBBTs 4b-4c (R1 = R2 = Me, F) and 4e (R1 = R2= t-

butyl), and one unsymmetrical derivative 4d (R1 = Me, R2 =H). 

Photophysical properties as well as crystal structures were 

determined for all five derivatives. Single crystal field-effect 

transistors were fabricated and mobility measured. One 

representative compound 4b exhibited outstanding hole mobility 

1.19 cm2 V-1 s-1 with a current on/off ratio of up to 106
. Theoretical 

calculations are performed to provide rationales for the 

mobility/molecular packing correlation.  

 

Figure 1. Structure of  dibenzo[de, op]bistetracene studied. 

 

Results and discussion 

Synthesis and Characterization 

We previously reported the synthesis of dibenzo[de,op]bistetracene 

(DBBT) derivative 4e through the Scholl oxidation of 

dibenzochrysene derivatives.14 Here, the same procedure was 

applied to the synthesis of parent DBBT and other derivatives 4a-4d, 

with a synthetic protocol shown in Scheme 1. An initial Suzuki 

coupling reaction15 of 1,2-bis(2-bromophenyl)ethyne derivatives 

with naphthalen-2-ylboronic acid (2.1 equiv), K2CO3 (6 equiv) and 

Pd(PPh3)4 (4 mmol %) in mixed solvents, EtOH/toluene/H2O, 

yielded products 1a-1e in 55−84% yield. Treatment of these 

coupling products with ICl (1.3 equiv) in cold dichloromethane (-30 

°C) afforded iodo derivatives 2a-2e in 70−82% yields. Mizoroki-

Heck coupling reactions16 of these iodo species 2a-2e with Na2CO3 

(4 equiv) and Pd(PPh3)2Cl2 (5 mmol %) in dimethylacetamide gave 

dibenzochrysene derivatives 3a-3e in 36−71% yield. Here, the 

unsymmetrical form 2d existed in two stereoisomers due to the 

presence of two nonplanar fjord regions; the isomers were 

inseparable by column chromatography. DDQ-oxidation (DDQ = 

2,3-dichloro-5,6-dicyanobenzoquinone)17 of compounds 3a-3e in 

cold dichloromethane (0 °C), afforded the desired DBBTs 4a-4e in 

51−91% yield. Each step in this reaction sequence proceeded with 

good efficiency, except for fluorinated derivative 4c, with low yields 

in all steps. Final products 4a-4d were sparingly soluble in common 

organic solvents and further purified by vacuum sublimation to give 

yellow to orange solids. 

 

 

Scheme 1. Synthetic Route toward Compound 4a-4e 

 
 

Figure 2 shows the UV-Vis absorption spectra of compounds 4a-4e 

in chlorobenzene. All five compounds gave prominent peaks in the 

329−333 nm and 483−487 nm regions, assignable to β-band and 

para-band (π to π* transition). The HOMO energy levels for all 

compounds were determined by photoelectron spectrometer (AC2) 

in the solid state, as listed in Table 1. For these derivatives, their 

HOMO levels range from 5.27 to 5.51 eV, and their LUMO levels lie 

within 2.79−3.06 eV. Compounds 4b, 4d and 4e bearing alkyl 

substituents have both HOMO and LUMO levels higher than those 

of unsubstituted 4a. In contrast, the fluoro-substituted 4c has HOMO 

similar to its parent species 4a yet lower LUMO level than the parent 

compound. Thermal gravimetric analyses (TGA) show that 

compounds 4a-4d have excellent thermal stability with 

decomposition temperature (5% weight loss) at around 490 °C, 

whereas the bulky tert-butyl substituted species 4e is relatively 

thermally unstable, decomposing at  303 °C. 
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Figure 2. Absorption spectra of compounds 4a-4e. 

 

Figure 3. Thermal gravimetric analysis of 4a-4e. 

 

Crystal structure analyses and SCFET properties 

Single crystals of DBBT derivatives were grown by physical vapor 

transport (PVT) method18 and all five compounds give needle-like 

crystals. X-ray analyses showed that the core structure of DBBT is 

nearly flat regardless of the substituents.  The ORTEP drawings of 

4a and 4e (Figure 4) show a planar and symmetrical structure. 

Compound 4a packed in a P21/c space group, showing a shifted π-π 

stacking when viewed along b axis whereas a herringbone type 

arrangement is observed when viewed along a axis. It is suggested 

the π-π stacking is more significant along b axis and this is also the 

long axis of crystal needles, as indexed from x-ray diffraction. The 

introduction of substituents results in some minor perturbation on the 

packing of in compounds 4c and 4d, which maintain P21/c packing 

motif. The 4b adopt a orthorhombic Pbca packing motif, whereas 

more perturbation was observed for 4e, which now has a C2/c 

packing motif. They nevertheless all have a shifted π-π stacking 

direction which is along the direction of the long crystal axis. 

Selected cell parameters are listed in Table 2. 

Crystallites obtained from PVT growth were carefully examined 

under optical microscope for their integrity and then chosen for 

 

 

 

Figure 4. (a) ORTEP drawing of single crystal structure 4a. (b) 

ORTEP drawing of single crystal structure 4e. (c) Crystal packing of 

4a viewing down the molecular axis (a axis) and from the top of the 

molecules (b axis) respectively. (d) Crystal packing of 4e and from 

the top of the molecules (b axis) respectively. 

 

device fabrication. Measurements were carried out along the long 

axes of the crystalline needles, which were indexed to be the (010) 

plane, i.e. the π-π stacking direction. Figure 5 shows the device 

structure diagram of a top-gate SCFET with detailed description 

provided in experimental section. The typical output and transfer 

characteristic for compound 4a are shown in Figure 6. (Other output 

and transfer characteristics are shown in supplementary information) 

The single crystal field-effect transistors were prepared in the same 

fashion for all compounds, which exhibited typical p-type behavior. 

Six to eight samples for each compound were prepared and 

measured. The analyzed device characteristics are summarized in 

Table 3. Highest mobility was observed for 4b, at 1.19 cm2 V-1 s-1. 

An average of 0.83 cm2V-1s-1 was obtained for this compound, which 

is comparable to that for 4c. Lowest mobility was observed for 4e, at 

0.077 cm2 V-1s-1. Thus intuitively it seems the introduction of bulky 

t-butyl substituent pushes away the neighboring molecules and 

reduces the charge transport rate. An examination of the π-π distance 

shows 3.37 Å for 4a and 3.41 Å for 4e. However, the theoretical 

calculation suggests otherwise, as will be seen below. 
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Figure 5. Schematic diagram of a top-gate SCFET. 

 (a)                                                      (b) 

 
Figure 6. (a) Output characteristics and (b) transfer characteristics of 

4a. 

 

Theoretical calculations 

In order to understand the factors behind the charge mobilities, 

theoretical computations were performed for molecules 4a-4c and 

4e.  As an asymmetrical derivative, 4d was not simulated because 

the intermolecular configurations are not uniquely determined from 

the crystal structure. For neighbouring pairs of molecules, we 

calculated the charge hopping rates according to Marcus theory.19 

The mobilities along the π-packing direction are first estimated with 

the Einstein relationship (µE) as listed in Table 4.20 (details in 

supplementary information).  It is seen that µE does not follow the 

experimental observations: 4e has the highest theoretical µE, whereas 

the experimental mobility has been the lowest. 

 Since the electronic coupling is sensitive to the detailed overlap of 

nodal structures of the molecular orbitals and there are thermal 

motion for molecules in a crystal,21 a molecular dynamics (MD) 

simulation was performed to calculate the averaged coupling <VMD>. 

It is seen that most of the couplings derived from MD increased.  For 

4e, the averaged coupling for the π-packing pairs becomes 98.2 

meV.  Therefore, the subsequent mobility derived from the Einstein 

relationship (data not shown) would still deviate from experimental 

result. 

With the bulky tert-butyl substituent in 4e, there is no herringbone 

contact in its crystal structure, and the charge-hopping is essentially 

one-dimensional.  Such a character is quite different from other 

DBBT studied.  A system with two or three dimensional hopping 

network are favourable because the additional dimension offers 

alternative pathways to move forward without being stopped by a 

site with low rate. We further simulate the charge mobility with a 

kinetic Monte Carlo (KMC) scheme, a simulation that allows the 

charge to move in the 3-dimensional network. The simulated 

mobility, µKMC, are as listed Table 4. It is seen that the mobilities all 

increased in this model, each with a different factor. The mobility for 

4e is increased by a factor of 2.4, relatively small as compared to 

other molecules, but the overall mobility is still the highest.   

In the literature, systems with very large intermolecular coupling are 

seen with poor mobility performances.25  In 4e, the averaged 

electronic coupling from MD sampling is similar to the  

reorganization energy λ. Detailed distribution (shown in Figure S5, 

panel 4e-I of supplementary materials) indicates that more than half 

of the sampling have their electronic coupling larger than λ. In case 

with large electronic coupling, it is likely to form delocalized 

polarons that are energetically lower than other sites and trap the 

charge.24 (Figure 7) To include the effect of charge trapping by 

delocalized, low-energy polarons, we modified the KMC simulation 

and allowed the charges to be delocalized when the electronic 

coupling is larger than the reorganization energy.  Following details 

described in the supplemental materials, the final simulated charge 

mobilities are listed as µdeloc in Table 4.  It is seen that 4e is affected 

the most, and the simulated mobility drops to 0.0073 cm2 V-1 s-1, 

while the mobility of other molecules remain in the similar 

magnitude.  This set of results is in general agreement with 

experimental data. Thus it is believed that the poor performance of 

4e, whose electronic coupling is the largest among the series, is 

likely due to the existence of delocalized polarons that may serve as 

traps of the charges.  The experimental results are in line with these 

reports, and with computer simulation we have a possible 

explanation to this counterintuitive result. 
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Figure 7. When the coupling is larger than the reorganization 

energy, the charge may be delocalized and form a polaron.  Shown 

are schematic plots for the potential energy curves for the diabatic 

initial and final states (blue), and the corresponding adiabatic, 

avoided-crossing states (red). 

Experimental Section 

General Information 

All experimental operations were performed under nitrogen, and the 

equipment was dried in an oven at 150 °C for several hours. THF 

and toluene were distilled over sodium particles. CH2Cl2 was 

distilled over calcium hydride. All the other specified chemicals 

were commercially purchased (ACROS, Aldrich, Alfa and TCI) and 

used without further purification. 1H and 13C NMR spectra were 

measured on either a Bruker AV 400 NMR spectrometer or a Bruker 

AVANCE 600 NMR spectrometer using CDCl3, CD2Cl2 as the 

solvent. UV/vis absorption spectra were recorded in chlorobenzene 

(1.0 × 10-5 M) using a Hitachi U-3300 spectrophotometer. HRMS 

was performed on a Finnigan MAT-95XL High Resolution Mass 

Spectrometer. Thermogravimetric analysis (TGA) was carried out 

using a Perkin Elmer Pyris 1 TGA (at a heating rate of 10 ºC per 

min) and the reported decomposition temperatures represent the 

temperature observed at 5 % mass loss. The X-ray diffraction was 

carried out on a Bruker X8APEX X-ray diffractometer with Mo Kα 

radiation (λ = 0.71073 Å) and the structure was solved by SHELX 

97 program. The HOMO levels of the derivatives were measured 

with a photoelectron spectrometer (AC-2, Riken Keiki) in ambient 

conditions with a UV source. The LUMO levels were determined by 

adding to the HOMO level an energy gap determined by UV 

absorption edge of respective compound. 

SCFET Device Fabrication 

Top-contact, top-gate SCFET devices were prepared by placing a 

single crystallite on a glass substrate, which was modified with a 

monolayer of n-octadecyltrichlorosilane (ODTS). Colloidal graphite 

was used as the source and drain electrodes by painting at both ends 

of the crystal. A thin film of parylene-N (~2–4 µm thick) was 

deposited on top of the crystal in a home-made reactor as insulating 

dielectric. Finally, colloidal graphite was painted on top of the 

parylene film as the gate electrode. The channel length and width of 

devices varied depending on the dimensions of the crystal chosen. 

These parameters, as well as the thickness of parylene, were 

determined for each individual device. The electrical characteristics 

of the devices were measured in ambient in a dark chamber using a 

computer-controlled Agilent 4156C Semiconductor Parameter 

Analyzer. The field-effect mobility of the OFET devices was 

calculated from the I-V characteristics in the saturation region 

(ISD,sat) according to equation 1:19 

ISD,sat=(WCi/2L) µsat(VG-Vth)
2     (1) 

where W and L are the channel width and length respectively, and Ci 

is the capacitance per unit area of the parylene-N insulator, VG is the 

gate voltage and Vth is the threshold voltage. 

Conclusions 

In summary, we have synthesized and characterized a new 

series of planar fused PAHs, namely dibenzo[de, 

op]bistetracene derivatives with symmetrical or unsymmetrical 

substituent as well as the unsubstituted one by the same 

convenient route. Substituent not only affects the photophysical 

and thermal stable properties but also perturbs the packing 

pattern such that compounds 4a-4d exhibit shifted π–π stacking 

and herringbone-packing whereas compound 4e has just π–π 

packing because of the size of substituent. SCFET devices were 

fabricated for all five compounds, which display different 

charge transfer properties with reasonable correlation by 

theoretical calculation. The high electronic coupling of 4e does 

not lead to higher mobility presumably because the additional 

traps formed due to delocalized polarons. Among these, the 

devices with di-methyl substituted 4b gave a high hole mobility 

of 1.19 cm2V-1s-1 with a current on/off ratio of up to 106. 
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A series of five dibenzo[de, op]bistetracene derivatives is synthesized in 

short steps and their single-crystal field-effect transistor devices show a 

hole mobility from 0.045 cm
2
 V

-1 
s
-1
 up to 1.19 cm

2
 V

-1 
s
-1
, due to the 

effect of substituents on the crystal packing/electronic coupling. 
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