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Abstract: Diphenylanthracene (DPA) and its derivatives are 

promising semiconducting materials for p-type organic field-effect 

transistors (OFETs). In this study, to develop n-type semiconducting 

materials with an anthracene core, pentafluorobenzene was 

introduced into anthracene via C–H direct arylation, enabling the 

synthesis of various bis(pentafluorophenyl)anthracene (DPA-F) 

derivatives. The high reactivity of the pentafluorobenzene C–H bond 

allows direct arylation for synthesizing DPA-F derivatives in a single 

step. The introduction of strong electron-withdrawing 

pentafluorophenyl groups provides the anthracene derivatives with n-

type semiconducting properties, in contrast to the p-type properties of 

the parent DPAs. Among the synthesized compounds, 2,6-

bis(pentafluorophenyl)anthracene shows a high electron mobility of 

0.12 ± 0.02 cm2/Vs and an on/off ratio >106 in OFETs. The high 

crystallinity results in the smooth electron transport. This study 

provides a facile synthetic method for n-type semiconducting 

materials and insights into the molecular design of the positional 

effects of aromatic substituents on anthracene. 

Introduction 

Organic semiconducting materials are expected to emerge as the 

main materials in next-generation thin and lightweight device 

applications.[1] Various organic semiconducting materials have 

been developed as their molecular structures can be easily 

converted.[2] Among these materials, acene derivatives, which 

have a rigid conjugated backbone, exhibit high mobility in organic 

field-effect transistors (OFETs).[1–3] Owing to the inherent 

electron-rich characteristics of acene derivatives, they mostly 

serve as hole-transport materials (p-type) rather than electron-

transport materials (n-type).[3] Diphenylanthracene (DPA) and its 

derivatives have been reported to exhibit excellent p-type 

semiconducting properties despite their easily accessible simple 

molecular structures.[4–8] Diphenylanthracene derivatives have 

also been applied in organic light-emitting transistors due to their 

high luminescence quantum yields.[4,6,7,9] In contrast, Yamashita 

et al. prepared anthracene with two 4-(trifluoromethyl)phenyl 

groups at the 2 and 6 positions.[10] This compound functioned as 

an n-type semiconductor with an OFET electron mobility (μe) of 

3.4 × 10-3 cm2/Vs and on/off ratio of >104 in vacuum at room 

temperature. However, the threshold voltage (Vth) is as high as 75 

V. Additionally, as this compound was synthesized via the 

Suzuki–Miyaura coupling reaction, the synthetic method remains 

limited because of the large number of synthetic steps and low 

atom efficiency. To overcome these issues, we focused on direct 

arylation via C–H bond activation, which avoids the use of 

organometallic reagents for the synthesis of acene-based n-type 

semiconducting materials.[11–14] A pentafluorophenyl group was 

selected as the substituent owing to its strong electron-

withdrawing characteristics, which is expected to provide n-type 

semiconducting properties.[15–17] For example, oligothiophene 

derivatives with two pentafluorophenyl groups at both ends can 

act as n-type semiconductors.[17] When pentafluorophenyl groups 

are introduced into anthracene, several regioisomers can be 

obtained.[18] The different positions of the pentafluorophenyl 

groups were expected to alter the torsion angles of the 

substituents and anthracene, thereby forming different molecular 

packing structures.[19] As the packing structures in the thin film are 

crucial factors for OFET performance, we aimed to clarify the 

effects of the positions of the pentafluorophenyl substituents on 

the molecular packing, physical properties, and device 

performance. To achieve this objective, we first established a 

facile synthetic protocol for regioisomers of 

bis(pentafluorophenyl)anthracene (DPA-F) derivatives using a 

direct arylation reaction. Among the synthesized compounds, 2,6-

DPA-F shows a high μe of 0.12 ± 0.02 cm2/Vs and an on/off ratio 

>106 in OFETs owing to high crystallinity. 

Results and Discussion 

First, we synthesized three DPA-F regioisomers (Scheme 1). 2,6-

DPA-F was synthesized in a high yield (80%) via a direct arylation 

reaction under general reaction conditions (Scheme 1a). [20] 

Because the reaction of 1,5-dibromo anthracene with 

pentafluorobenzene was considered difficult owing to its steric 

hindrance,[18] we selected dicyclohexyl(2′,6′-dimethoxy[1,1′-

biphenyl]-2-yl)phosphane (SPhos), which is a bulkier ligand than 

tris(o-methoxyphenyl)phosphine that facilitates a catalytic 

reaction (Scheme S1).[21] However, the reaction was incomplete, 

and the isolated yield of 1,5-DPA-F was low. Therefore, 

dicyclohexyl[2′,4′,6′-tris(propan-2-yl)[1,1′-biphenyl]-2-

yl]phosphane (XPhos) was selected as a ligand to accelerate the 

catalytic reaction, particularly in the reductive elimination step, 

and the amounts of the Pd catalyst and ligand were also 
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increased to allow the reaction to proceed completely (Scheme 

1b).[22] The modified reaction afforded 1,5-DPA-F in a 75% yield. 

The synthesis of the more sterically hindered 9,10-DPA-F[23] via 

direct arylation (Scheme S2) was more difficult. 9,10-DPA-F was 

obtained via a nucleophilic substitution reaction between 

anthraquinone and pentafluorophenyl lithium generated in situ 

and subsequent aromatization (Scheme 1c).[24] A derivative with 

a phenazine backbone instead of the anthracene skeleton was 

designed for comparison (Scheme 1d) because the introduction 

of nitrogen atoms generally leads to a deeper lowest unoccupied 

molecular orbital (LUMO) energy level, thereby reducing the 

electron injection barrier.[3,25–27] We attempted to synthesize 2,7-

bis(pentafluorophenyl)phenazine (2,7-DPP-F) via the direct 

arylation of 2,7-dibromophenazine with pentafluorobenzene 

under XPhos-based reaction conditions. The reaction affords the 

target compound and a small amount of defluorinated byproduct 

(Scheme S3). Because the separation of the target compound 

from the byproduct is difficult, the optimization of the reaction 

conditions is required to avoid side reactions. We hypothesized 

that defluorination proceeded via the oxidative addition of a 

zerovalent Pd species to the sterically favored C–F bond of 2,7-

DPP-F.[28,29] To avoid overreaction, the reaction was performed 

under mild conditions, and 2,7-DPP-F was obtained in 71% yield 

(Scheme 1d). Significantly, 2,7-DPP-F is a comparator substance 

for 2,6-DPA-F, although the numbers representing the positions 

are different owing to the nomenclature.  

Scheme 1. Synthesis of DPA-F derivatives and 2,7-DPP-F. 

 

The optical properties were measured to determine the effect of 

the substituent position on the fundamental physical properties. 

The absorption spectra of the DPA-F derivatives show two 

absorption bands at 370 and 260 nm (Figure 1a and Table S1). 

Long-wavelength absorptions at approximately 370 nm are 

observed in a similar wavelength range for all the DPA-F 

derivatives. In terms of short wavelength absorption, the 

absorption peaks of 2,6-DPA-F and 2,7-DPP-F are located on the 

longer-wavelength region than those of 1,5-DPA-F and 9,10-

DPA-F. A time-dependent density-functional theory (TD-DFT) 

study was conducted to clarify the effects of the substituent 

positions on the conjugated system and their transitions.[30] The 

results show that the absorptions at approximately 370 nm are 

attributed to the highest occupied molecular orbital (HOMO)–

LUMO transitions (Figure S2). In 2,7-DPP-F, HOMO-1 to LUMO 

transition contributes to the long-wavelength absorption in 

addition to the HOMO–LUMO transition. This overlapped 

absorption of 2,7-DPP-F is the origin of the broad absorption, 

which is in contrast to the absorption of the vibrational structures 

of other derivatives. The absorption at short wavelengths is mainly 

attributed to the transitions from HOMO to LUMO+1 in 2,6-DPA-

F and 2,7-DPP-F. The corresponding LUMO+1 is delocalized 

over the entire molecule, including the pentafluorophenyl group 

(Figure S3). In contrast, the short-wavelength absorption of 1,5-

DPA-F and 9,10-DPA-F is mainly attributed to transitions from 

HOMO-1 to LUMO. These molecular orbitals are localized on the 

anthracene core, presumably because of the limited conjugation 

between the anthracene core and pentafluorophenyl groups 

owing to the large torsion angles. The limited conjugation systems 

of 1,5-DPA-F and 9,10-DPA-F result in shorter-wavelength 

absorption. The emission spectra exhibit similar shapes for the 

DPA-F derivatives (Figure 1b). In contrast, the emission of 2,7-

DPP-F is broad and negligible (Figure S1 and Table S1). 

Figure 1. UV-vis absorption (a) and normarized emission (b) spectra of DPA-F 

derivatives in CHCl3 (c = 1.0 x 10-5 M). 

 

Subsequently, a single-crystal X-ray structural analysis was 

performed to confirm the structures and packing diagrams 

(Figures 2 and 3). The torsion angles between the central core 

and pentafluorophenyl group are strongly dependent on the 

position of the substituents and follows the order of 2,6-DPA-F 

(44°) < 2,7-DPP-F (49°) < 1,5-DPA-F (59°) < 9,10-DPA-F (86°) 

(Figure 2). The shortest C–C bond distance between the 

anthracene cores increases as the torsion angle increases 

(Figure 3).[1,31] The 2,6-DPA-F and 2,7-DPP-F distances are 

comparable to that of the parent 2,6-DPA (3.471 Å).[5] These 

results indicate that the position of the pentafluorophenyl groups 

affects the density of the packing structure. 

Figure 2. Crystal structures and torsion angles of DPA-F derivatives. 

 

Out-of-plane X-ray diffraction (XRD) measurements of the 

vacuum-deposited films show similar patterns for 2,6-DPA-F and 

2,7-DPP-F, confirming that these films have similar crystallinity 

and molecular orientations in the direction perpendicular to the 

substrate (Figure 4 and Table S2). The out-of-plane XRD patterns 

show the intense diffraction peaks of the 2,6-DPA-F and 2,7-DPP- 
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Figure 3. Molecular packing structures of DPA-F derivatives, obtained by the 

single X-ray structural analysis. Bottom numbers are the shortest carbon-carbon 

distances between anthracenes. 

 

F films corresponding to the lattice spacing of 19 Å, which is close 

to the length of the molecules. Thus, 2,6-DPA-F and 2,7-DPP-F 

molecules are considered to be vertically oriented to the substrate 

in the film state. In contrast, weak peaks are observed in the XRD 

patterns of 1,5-DPA-F and 9,10-DPA-F, indicating their low 

crystallinity.[32] These results reveal that derivatives with small 

torsion angles form highly crystalline films via vapor 

deposition.[1,31] The HOMO energy levels were determined by 

photoelectron yield spectroscopy in the thin film state, and the 

LUMO energy levels were determined from the HOMO energy 

levels and band gaps from the absorption edge of the ultraviolet–

visible (UV–vis) absorption spectra (Table 1 and Figures S4 and 

S5).[33,34] No significant differences are observed in the LUMO 

energy levels. All derivatives have deeper LUMO energy levels 

than those of 2,6-bis[4-(trifluoromethyl)phenyl]anthracene (-2.62 

eV) reported by Yamashita et al.[10] 

Figure 4. Out-of-plane XRD patterns of the vacuum-deposited film of DPA-F 

derivatives on the HMDS-treated SiO2/Si substrate. 

 

The n-type semiconducting characteristics of 2,6-DPA-F and 2,7-

DPP-F, which form highly crystalline films, were evaluated (Table 

2). The OFET with 2,6-DPA-F shows an μe of 0.12 ± 0.02 cm2/Vs, 

an on/off ratio of > 106, and a Vth of 36 V (entry 1). 2,6-DPA-F has 

a higher μe and can be operated at a lower drive voltage than 2,6-

bis[4-(trifluoromethyl)phenyl]anthracene (μe: 3.4 × 10-3 cm2/V, 

on/off ratio: >104, and Vth: 75 V).[10] The OFET properties of 2,7-

DPP-F were also evaluated using the same device configuration. 

Contrary to the expectation of a lower Vth owing to the nitrogen 

atoms,[3,25] 2,7-DPP-F shows a lower performance than 2,6-DPA-

F in terms of μe, on/off ratio, and Vth. To discuss the differences in 

 

 

Table 1. Physical properties of DPA-F derivatives in thin film. 

[a] Less than 1% 

 

the OFET performances between 2,6-DPA-F and 2,7-DPP-F, in-

plane XRD measurements were performed to compare the in-

plane crystallinity in the thin films. The in-plane XRD patterns 

(Figure S8 and Table S4) in contrast to almost the same out-of- 

plane XRD (Figure 4). This observation indicates that a crystal 

structure in the thin film state differs only in the in-plane direction. 

2,6-DPA-F is expected to have an in-plane crystal structure 

suitable for carrier transport. Moreover, the XRD patterns of the 

2,6-DPA-F film exhibit higher peak intensities and smaller full-

width at half-maximum (FWHM) values of the obtained peaks than 

those of the 2,7-DPP-F film, suggesting the higher in-plane 

crystallinity of the 2,6-DPA-F film (Table S4). These results reveal 

that the high crystallinity in both the out-of-plane and in-plane 

directions in the 2,6-DPA-F film is the possible origin of the high 

OFET performance.[1,31] Additionally, the atomic force microscopy 

(AFM) image of the 2,6-DPA-F film shows a smooth surface 

compared to that of 2,7-DPP-F, which exhibits large aggregates 

(Figure S9). The smaller grain boundaries in the 2,6-DPA-F film 

may also contribute to its higher mobility.[35] 

 

Table 2. Evaluation of DPA-F derivatives for FET[a]. 

entry molecule μe [cm2/Vs] on/off ratio Vth [V] 

1 2,6-DPA-F 0.12±0.02 >106 36±1 

2 2,7-DPP-F 1.4±0.2 ×10-3 >104 42±2 

[a] Gate Si/HMDS treated SiO2 insulator/evaporated film of molecule/source-drain 

Mg:Ag electrode. 

 

Conclusion 

In this study, we developed a facile method for introducing 

pentafluorophenyl groups into anthracenes via direct arylation. 

The optimization of the reaction conditions allows the synthesis of 

various DPA-F derivatives with different substitution positions in a 

single step. The substitution positions of the pentafluorophenyl 

groups strongly affect the morphology, crystallinity, and molecular 

orientation of the thin film. DPA-F bearing pentafluorophenyl 

groups at sterically vacant positions (2 and 6 positions) form a 

smooth thin film with high crystallinity and vertical molecular 

orientation packing, presumably because of the small torsion 

angles between the substituents and the anthracene core. These 

fundamental physical properties indicate that 2,6-DPA-F is a 

suitable structure for application in n-type semiconductors. 

Significantly, 2,6-DPA-F serves as an n-type organic 
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semiconductor in OFETs and exhibits an μe of 0.12 ± 0.02 cm2/Vs 

and on/off ratio of >106. 

Experimental Section 

General, Measurement, and Materials. 

1H, 19F, and 13C{1H} NMR spectra were recorded using Bruker AVANCE-

400 NMR spectrometer and AVANCE-600 NMR spectrometer. Elemental 

analyses were carried out using a Perkin-Elmer 2400 CHN elemental 

analyzer and Yanaco CHN coder MT-6 or MT-5. Anhydrous toluene and 

THF were purchased from Kanto Chemical and used as dry solvents. 

Crystal Structure Determination Intensity data were collected on a Bruker 

SMART APEX II ULTRA with Mo Kα radiation. UV−vis absorption spectra 

in solution states were recorded on a Hitachi U-3900H spectrophotometer. 

Excitation and emission spectra in solution states were recorded on a 

Hitachi F-2700 fluorescence spectrophotometer. The PL quantum yields 

of the emission were measured using a Hamamatsu Photonics C9920-02 

absolute PL quantum yield spectrometer. UV−vis absorption spectra and 

photoluminescence spectra for the vacuum-deposited films were recorded 

on a Hitachi U-3010 and JASCO FP-6500 spectrophotometer, respectively. 

The HOMO energy level was estimated by photoelectron yield 

spectroscopy (PYS) using a Riken Keiki AC-3 spectrometer. Out-of-plane 

and in-plane XRD measurements were performed using MiniFlex600 and 

SmartLab diffractometer (Rigaku Corporation, Cu Kα radiation), 

respectively. The incident angle ω was set to 0.3° for in-plane 

measurement. 

Fabrication and characterization of OFETs. 

To estimate the electron mobilities of the compounds, OFETs with a top-

contact geometry were fabricated and characterized as follows. A SiO2 

insulator (300 nm) on Si substrate (gate electrode) was exposed to 

hexamethyldisilazane (HMDS) vapor. Vacuum-deposited films (40 nm) of 

the compounds were formed on the HMDS-treated SiO2 layer. Mg:Ag (9:1 

weight ratio) (80 nm)/Ag(40 nm) source-drain electrodes were thermally 

evaporated onto the substrates through shadow masks. The channel 

length and width were fixed at 75 μm and 5 mm, respectively. After 

fabricating the HMDS-treated SiO2/Si substrate, OFETs were fabricated 

without exposure to air, and measured in a nitrogen atmosphere using a 

Keithley 2636A System Source Meter. 
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