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Abstract:  

  To date, n-type semiconductor designs are less investigated than their p-type 

counterparts, due to the fact that the charge transport mobility and the stability of the n-

type materials are generally lower than those of the p-type ones. Well-defined n-type 

semiconductors often require low lowest unoccupied molecular orbital (LUMO) levels 

that facilitate the electron injection from the electrode into the semiconductors. 

Therefore, it is of significance to explore novel chromophores with strong electron-

deficient properties, yet it is still challenging. Herein, a naphthodipyrrolopyrrole-based 

dimeric aza-boron dipyrromethene (Aza-BODIPY) dye (NDP-AB) is designed and 

synthesized. The optical studies indicate that NDP-AB presents a blue spectral shift 

(111 nm) in solution phase compared to the thin film state, while exhibiting a 

photoluminescence emission quenching. The NDP-AB semiconductor demonstrates 

strong acceptor properties with a low LUMO energy level of only -4.25 eV, owing to 

the multi-fluorine atoms, unsaturated nitrogen atoms, as well as the amide functional 

groups. Moreover, the large conjugation system, highly planar core, along with the large 

transition dipole on the line that links 2-position with 6-position of the BODIPY core, 

result in NDP-AB with a strong H-aggregation. As a consequence, the NDP-AB-based 

semiconductors show a good n-type behavior with an average electron mobility of 0.16 

cm2 V-1 s-1. Our work, proposes a strong electron-deficient chromophore that is a 

promising candidate as building block of organic field-effect transistors. Our design 

strategy paves the way for the identification of more n-type semiconductor materials 

with high-performance. 

 

 

1. Introduction 

 

  Over the last few years, π-conjugated semiconducting materials for organic field-

effect transistors (OFETs) have attracted considerable attention due to their chemical 

structure tunability, low-cost mechanical flexibility, and large-area solution 

processability for electronic applications [1-5]. To date, most of the reported conjugated 

materials are p-type semiconductors, while the research focusing on n-type or 

ambipolar conjugated materials greatly falls behind [6-9]. This might be attributed to the 

fact that the n-type semiconductors are easy to be doped and sensitive to ambient 

conditions (e.g., moisture and oxygen), which results in their poor stability and low 

charge transport mobility compared to the p-type counterparts [10-12]. Developing high-

performance n-type or ambipolar semiconductor materials with high charge transport 

mobility and good stability is always very desired though challenging.  

 A good n-type conjugated material should feature not only low lowest unoccupied 

molecular orbital (LUMO) levels, but also high inter- and intra-charge transport 

mobilities [13-16]. The low LUMO energy levels (typically below -4.0 eV) facilitate the 

electron injection from the electrode into the semiconductor layers, leading to the n-

type or ambipolar properties [17-20] for the conjugated materials. Materials with low 

LUMO values typically contain chromophores with strong electron-deficient properties 

[21-22]. However, electron-deficient semiconductors are relatively less explored due to 
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their tedious syntheses. Tremendous efforts have been made to explore the acceptor 

units with new structures for diverse applications [23-25]. Most of the reported 

chromophores with good properties contain the amide groups such as 

diketopyrrolopyrrole (DPP), benzodipyrrolidone (BDP), indigo, naphthodipyrrolidone 

(NDP) and their derivatives (see Figure S1 in the Supporting Information, SI) [26-32]. 

Recently, an NDP-based chromophore has attracted our attention. The chemical 

structure of NDP is similar to those of DPP and BDP except that the DPP and BDP 

cores are bi- and tricyclic, whereas the NDP is tetracyclic (Figure S1). NDP was firstly 

developed by B. Tieke’s group in 2014[33]. Later on, Zhu’s group synthesized NDP-

based polymers in OFETs, which exhibit stable n-type properties [34]. To the best of our 

knowledge, almost all the reported NDP-based chromophores present n-type or 

ambipolar properties, which are suitable building blocks for the fabrication of n-type or 

ambipolar semiconductors [34-36]. However, further optimization of NDP structures is 

still desirable for the development of n-type or ambipolar semiconductor materials.  

  In the semiconductor layer, the charge carriers need to be efficiently transferred 

between individual molecules in order to be transported from one electrode to the other. 

Therefore, the molecular packing mode is critical for realizing efficient charge transport 

[37]. Compared to the J-aggregation, the H-aggregation is more favorable for the charge 

transport, since it is a face-to-face parallel aggregation that results in a good π-π 

aggregation as well as π-π overlap, in turn leading to materials with improved 

intermolecular charge transport mobility [38-42]. However, it is generally difficult to 

design and synthesize materials with H-aggregation. Tokoro et al. reported that 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes can stack geometrically in the 

form of H-dimers due to a large transition dipole on the line that links 2-position with 

6-position of the BODIPY core [43-44]. In the H-dimer, two BODIPY planes stack with 

almost both parallel S0→S1 transition dipoles and antiparallel electric dipole moments. 

This research has inspired us to adopt BODIPY building blocks to modify the NDP 

chromophore with the design and synthesis of the first NDP-based Aza-BODIPY 

(NDP-AB) n-type semiconductor proposed in this work. NDP-AB exhibits the H-

aggregation and, in addition, compared to NDP, it presents large and effective π-

conjugation system, which is beneficial for the charge transport within the single 

molecules. Besides, the NDP-AB contains multi-fluorine (F) atoms and unsaturated 

nitrogen atoms, which can improve the electron-deficient property, thus deepening the 

LUMO levels. [45-48] Based on these merits, the NDP-AB could be a promising material 

for n-type or ambipolar chromophore for the application of OFETs. 

The NDP-AB are theoretically and experimentally investigated by using the quantum 

chemical calculations (B3LYP/6-31G*), spectroscopic methods (e.g., nuclear magnetic 

resonance (NMR) and UV/visible spectrometer), cyclic voltammetry, and X-ray 

diffraction (XRD). In addition, high-performance OFETs are fabricated by employing 

the NDP-AB small molecule as the n-type semiconductor layer. The NDP-AB-based 

chromophore shows outstanding electron-deficient property with a relatively low 

LUMO level of around -4.25 eV with broad optical absorption (between 550 and 850 

nm). In addition, the NDP-AB present a strong H-aggregation. The as-fabricated 

OFETs exhibit n-type behavior with an electron mobility (μe) up to 0.18 cm2 V-1 s-1.  
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2.  Results and discussion 

The NDP-AB chromophore was synthesized by utilizing the Schiff-base reaction of 

NDP and heteroaromatic amines with a yield of 39 % (Scheme 1). The as-synthesized 

NDP-AB was characterized by NMR, elemental analysis, and mass spectroscopy, 

confirming the successful synthesis of the NDP-AB chromophore. The NMR spectra 

of the compounds exhibit all the expected resonance peaks (Figures S2 – S3). The 

proton signal on the alky chain lies between 0.90 and 4.06 ppm, while the observed 

signals between 7.16 and 8.34 ppm are ascribed to the protons from the aromatic ring 

units. NDP-AB presents good solubility in most common organic solvents such as 

chloroform, toluene, and acetone, owning to the alky side chains. 

Scheme 1. Synthetic route leading to NDP-AB.  

 

2.1 Computation study 

 

In order to investigate the molecular structure of NDP-AB, computational calculations 

were conducted via density-functional theory (DFT) at the B3LYP/6-31 (d,p) level by 

using a simplified NDP-AB structure with a methyl group substituted unit. The 

optimized structures reveal that the core of NDP-AB, along the aza-BODIPY-NDP axis, 

is in the same plane (Figure 1). The dihedral angle between the phenyl ring and the 

NDP-AB core is around 36.8o. The highly coplanar backbone structure of NDP-AB 

molecules could facilitate the efficient intramolecular charge delocalization within 

NDP-AB molecules, which is also beneficial for achieving close intermolecular 

stackings in the solid state. The electrons at the highest occupied molecular orbital 

(HOMO) level of NDP-AB are well-distributed along with the whole molecule, while 

the electron cloud density distribution of the LUMO level is mainly localized at the 

NDP-AB core. Once the molecule is excited, the electrons transfer from the whole 

molecule to the NDP-AB core will occur. The calculated HOMO and LUMO levels of 

NDP-AB are -5.08 eV and -3.59 eV, respectively, and the band gap is estimated as 1.49 

eV.  

 

Jo
urn

al 
Pre-

pro
of



5 
 

 

Figure 1. Structures and molecular orbital surfaces of HOMO and LUMO of NDP-AB 

obtained at the B3LYP/6-31 (d,p) level. 

 

 

2.2 Thermal properties 

 

  The thermal properties of NDP-AB were characterized by thermogravimetric 

analysis (TGA) and differential scanning chromatography (DSC). As shown in Figure 

S6, the TGA spectra demonstrate that there is no weight loss before 270 oC, and the 5% 

weight loss occurs at 330 °C for NDP-AB. Most of the B←N incorporated materials 

show the low stability. However, the DSC curves of NDP-AB exhibit no any exothermic 

peak observed during the healing cycle between 30 oC and 270 oC, indicating that the 

B←N bond is stable when incorporated in the NDP-AB core. The DSC traces of the 

NDP-AB present an exothermal transition that is located in the range between 50 °C 

and 100 °C during the heating process, ascribed to the glass transition temperature 

(Tg).[49-50] Correspondingly, the endothermic transition was observed at ∼123 °C during 

the cooling process, stemming from the formation of some ordered structures for the 

alkyl side chain attached NDP-AB core when the temperature was decreased. The DSC 

and TGA curves reveal that NDP-AB possesses a good thermal stability. 

 

2.3 Optical properties (H-aggregation) 

 

  To investigate the molecular aggregation in the solid state, the absorption spectra of 

the solution and thin film were measured. The corresponding optical data are 

summarized in Table S1 in the SI. The NDP-AB solution in tetrahydrofuran (THF) turns 
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into a blue color with an absorption peak at 770 nm accompanied by a shoulder at 707 

nm, while the NDP-AB-based thin film exhibits a cyan color with an exciton peak at 

659 nm (Figure S2 and Figure 2c). Most of the conjugated materials in their solution 

phase likely form a single-molecular state, with the absorption maximum generally 

exhibiting a red-shift [51-53] in the solid state compared to the solution case. On contrary, 

NDP-AB shows an opposite trend with the blue-shifted absorption maximum in solid 

state by almost 111 nm compared to that in solution, while the absorption onset is red-

shift by 230 nm (from 820 nm in solution to 1004 nm in film state). Based on the 

absorption onset, the optical band gap of NDP-AB is calculated to be 1.24 eV. The large 

spectral blue-shift for the absorption maximum and the red-shift for the absorption 

onset indicate that NDP-AB thin film possesses a strong aggregation and close packing, 

which are advantageous for realizing the efficient charge transport between the 

neighboring molecules. In addition, the optical blue-shift for the absorption maximum 

hints that the NDP-AB film could feature a H-aggregation, whose formation benefits 

from the large conjugation system, good planar core-structure, and large transition 

dipole on the line that links 2-position with 6-posiotn of the BODIPY core [54-56]. 

  To further identify the NDP-AB film molecular packing with H-aggregation, the 

absorption and photoluminescence (PL) spectra of NDP-AB were carried out for the 

mixture solutions of THF and water (volume: volume, v:v (THF:H2O) = 10:0; 8:2; 6:4; 

4:6; 2:8; 0:10). As shown in Figure 2a, NDP-AB exhibits a strong absorption peak at 

770 nm that is assigned to the S0→S1 transition of the monomeric NDP-AB (Figure 

2a). In the solvent of THF-containing water, an increase in the water ratio induces a 

gradual decrease in the molar absorption coefficient at the absorption maxima until the 

THF:H2O ratio is 6:4. The absorption spectra of NDP-AB present a new peak at 659 

nm when the ratio of THF:H2O is below 4:6. At this stage, the solution turns from blue 

to almost transparent with a cyan color (Figure 2c). The new peak appearance is 

ascribed to the formation of H-dimers of NDP-AB. When increasing the water content, 

the new peak intensity is enhanced with a signature of more H-dimers formation. For 

H-aggregation, the H-dimers are practically non-fluorescent with a blue-shifted 

absorption compared to their monomer case. As observed in Figure 2b, the fluorescence 

intensity of NDP-AB is decreased with no change on the peak position along with the 

addition of water in the mixture. Particularly, there is a sharp decrease when the 

THF:H2O ratio changes from 6:4 to 4:6 upon the fluorescence quenching (Figures 2b 

and 2c). This trend is also observed in the absorption spectra. The absorption and 

emission spectra of the NDP-AB film are similar to those in the pure water (Figure 2d). 

All these observations confirm that NDP-AB exhibits a H-aggregation behavior [43,57-

58]. Figure S7 shows that NDP-AB presents almost the identical absorption spectra in 

different solvents (THF vs. chloroform), as well as in different states (thin film vs. water 

solution) as observed above. This suggests that the NDP-AB film obtained by spin-

coating the chloroform-based precursor indeed presents the H-aggregation. The as-

formed H-aggregation could be beneficial for the NDP-AB core π-π overlap, as well as 

the charge transport between the neighboring molecules. 
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Figure 2. UV/vis absorption spectra (a) and emission spectra (b) of NDP-AB in THF-

containing water with different ratios. (c) Photographs of NDP-AB in THF-containing 

water with different ratios under ambient light (top) and 365 nm UV light (bottom). The 

volume ratios of THF:H2O is 10:0, 8:2, 6:4, 4:6, 2:8, 0:10. 

 

2.4 Electrochemical properties 

 

  The electrochemical properties of NDP-AB were investigated by cyclic voltammetry 

(CV). The experimental details are described in the SI. Based on the onset reduction 

and oxidation potentials, the LUMO/HOMO energy levels of the material were 

estimated. Figure 3a shows that NDP-AB has the reversible cathodic and quasi-

reversible anodic waves. The onset oxidation and reduction occur at 0.78 V and -0.55 

V, from which the HOMO and LUMO energy levels were calculated as -5.58 eV and -

4.25 eV, respectively. The extraordinarily low LUMO energy levels of NDP-AB are 

possibly caused by the strong electron-deficient properties of the molecules, originating 

from the amide group, fluorine atoms as well as the unsaturated nitrogen atoms in the 

NDP-AB core, since the acceptor ability mainly contributes to the alignment of LUMO 

energy levels. 

  Due to the low LUMO energy level of NDP-AB, the electron injection speed from 
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the electrode to the semiconductors could be optimized, leading to n-type or ambipolar 

properties for NDP-AB. In addition, the LUMO level is still higher than the reduction 

threshold of the weak nucleophiles (-4.6 eV), which allows NDP-AB to be a promising 

semiconductor with high environmental stability. From the onset oxidation and 

reduction peaks, the electrochemical band gap was calculated to be 1.33 eV. The 

HOMO/LUMO levels and the band gap obtained through the CV measurements are 

slightly different from the computationally calculated. This could be due to the fact that 

the DFT results were calculated based on the single molecules of the NDP-AB, while 

the CV measurements were carried out for the NDP-AB thin films with strong 

intermolecular interactions, such as the H-aggregation.  

 

 

Figure 3. (a) Cyclic voltammograms of NDP-AB (spin-coated thin film on the ITO 

glass). Electrolyte: 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile. 

Potential calculated versus ferrocene. Scan rate: 100 mV s–1. Temperature: room 

temperature. (b) Transmission XRD patterns of the NDP-AB films prepared via spin-

coating before (low temperature, room temperature) and after thermal annealing at 120 
oC (high temperature), respectively. (c,d) AFM images of the NDP-AB film before (c, 

low temperature and after thermal annealing at 120 oC (d, high temperature, size of 5 × 

5 µm). 

 

2.5 Thin film 

 

  For small molecule-based OFETs, the charge carriers need to be efficiently 
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transferred between the individual molecules. Thus, the small molecules packing as 

well as the thin film morphology can significantly influence the performance of the 

OFETs. The thin film properties were probed by conducting the X-ray diffraction (XRD) 

measurements for the NDP-AB film with and without the thermal annealing treatment. 

As shown in Figure 3b, the pristine NDP-AB film exhibits an intermolecular co-facial 

π-π stacking peak at 22.97o, corresponding to a d-spacing of 0.387 nm. After the thermal 

annealing treatment at 120 oC, the XRD pattern of the film turns to be sharper than that 

of the pristine one. Moreover, the π–π stacking peak shifts to 23.52 o with a slightly 

decreased d-spacing of 0.378 nm. These observations possibly confirm the formation 

of more ordered molecular packing for the NDP-AB molecules upon the thermal 

annealing. [59-62] This phenomenon could be caused by the nature of NDP-AB molecules 

after glass state, which suppresses the strong intermolecular interaction, such as 

molecular crystallization and π–π interactions.[50] 

  The morphology of the NDP-AB thin film was investigated by atomic force 

microscopy (AFM) and the images are shown in Figure 3c. The surface of the film is 

quite smooth with a root-mean-square (RMS) roughness of 1.28 nm, demonstrating a 

well-distributed and flat morphology, which can afford superior film-forming 

capabilities. However, A disordered state with inferior crystallinity is also observed for 

the NDP-AB film. Upon the thermal annealing at 120 oC, the morphology of the film 

is almost identical with that of the pristine case, except for a few interconnected small-

sized crystalline grains with a reduced RMS roughness of 1.07 nm observed, which 

might be caused by the glass state of NDP-AB annealed at 120 oC. [50] 

 

2.6 OFETs 

 

  The charge transport properties of the NDP-AB were evaluated by fabricating the 

OFET devices with NDP-AB as the semiconductor layer in a bottom-gate and bottom-

contact (BGBC) configuration, which is based on an n-type silicon wafer by using a 

300 nm SiO2 layer as the dielectric material. The devices with the chromophores were 

fabricated by directly spin-coating the NDP-AB precursor in chloroform onto the 

octadecyltrichlorosilane (OTS)-treated silicon wafer with pre-patterned gold source and 

drain electrodes. The as-prepared devices were characterized before and after thermal 

annealing treatment at 120 oC under vacuum condition. The detailed fabrication and 

testing procedures are described in the SI. The properties of as-fabricated OEFTs are 

summarized in Table S2. As shown in Figure 4, the NDP-AB presents n-type properties 

with an average electron transport mobility of 0.10 cm2 V-1 s-1 (highest μe of 0.11 cm2 

V-1 s-1). This average value can be further improved up to 0.16 cm2 V-1 s-1 (highest μe 

of 0.18 cm2 V-1 s-1) upon the thermal annealing at 120 oC. The high μe achieved by the 

n-type NDP-AB can be attributed to: (i) ultra-low LUMO energy level, which is 

favorable for the electron injection from the electrode to the NDP-AB layer; (ii) the 

strong electron-deficient behavior of NDP-AB that can stabilize the electron transport 

within the semiconductor layer; (iii) high planar NDP-AB core as well as large π-

conjugation system that result in the fast and efficient electron transfer within the NDP-

AB single molecules; (iv) strong H-aggregation-containing NDP-AB film with 
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enhanced π-orbital overlap, where the charge transport occurs. Thus, all these factors 

are also beneficial for the charge transport across the adjacent molecules. Furthermore, 

the improved electron transport mobility in terms of thermal annealing process is likely 

due to the formation of strengthened molecular packing in the thin film, which has been 

confirmed by previous XRD and AFM studies. The threshold voltage (Vth) of the NDP-

AB-based OFET is around 12 V, and it drops to 9 V after the thermal annealing. The 

decreased Vth value is possibly ascribed to that the fact that traps and defects in the 

semiconductor layer can be eliminated or at least significantly reduced upon the thermal 

annealing treatment. The current ratio (Ion/Ioff) is in the rage 105~106. During the last 

several years, some other Aza-BODIPY small molecules and polymers have also been 

investigated, most of which exhibit the n-type or ambipolar behavior with very few 

cases that demonstrate a p-type behavior (Figure S8). Most of the small molecules show 

the n-type behavior with the electron transport mobility in the range of 10-5~10-2 cm2 

V-1 s-1. In addition, the BDP- and DPP-based small molecules, whose chemical 

structures are similar to the NDP, present the charge transport mobility of 10-3~10-2 cm2 

V-1 s-1.[63-67] However, the NDP-AB in this work features a high electron transport 

mobility up to 0.18 cm2 V-1 s-1, possibly due to the large conjugation system as well as 

to the good planar structure. 

 

Normally, n-type OFETs are easy to be doped and sensitive to the ambient conditions 

(e.g., moisture and oxygen). To investigate the NDP-AB-based OFETs’ stability, the 

pristine and thermal treated devices were separately exposed to the ambient conditions 

and Ar-filled glove box for one week after the fabrication, and the charge transport 

mobilities were continuously monitored under vacuum. The charge transport mobility 

exhibited almost no change after one week storage in the Ar-filled glove box. However, 

after the five days of exposure to the ambient conditions, the charge carrier mobility 

can retain nearly 68% of its initial value in the case of NDP-AB, and then displayed 

almost no change till the end of one week storage. During the same period, the electron 

transport mobility of the annealed devices can in turn maintain nearly 80% of its initial 

value. The annealed devices obviously exhibit an improved stability compared to the 

ones with no annealing treatment. This is due to the formation of strengthened 

molecular packing in the annealed NDP-AB thin film, as well as the traps and defects 

in the semiconductor layer that can be eliminated or at least significantly reduced upon 

the thermal annealing treatment, resulting in the NDP-AB film hardly being doped by 

moisture and oxygen. To further probe the stability of NDP-AB, the as-prepared devices 

were measured under ambient conditions, showing an average μe of 1.9×10-2 cm2 V-1 s-

1 (highest μe of 2.2×10-2 cm2 V-1 s-1), which are lower than those measured under 

vacuum. This suggests that during the monitoring of the charge transport mobilities, the 

devices can be doped by atmospheric moisture and oxygen.  
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Figure 4. Transfer characteristics of the OFET devices based on NDP-AB measured 

under vacuum (a), NDP-AB-AN (AN: after thermal annealing at 120 oC) measured 

under vacuum (b) and NDP-AB measured under ambient conditions (c). (d) The 

calculated electron mobilities of the NDP-AB-based device with and without the 

thermal annealing treatment. The error bars show the variation of the mobilities from 8 

different devices. (e,f) Stabilities of NDP-AB-based (e) and NDP-AB-AN-based (f) 

devices after the exposure to the ambient conditions. 

. 

 

 

 

3. Conclusions 

 

  In summary, a novel chromophore with strong electron-deficient properties, namely 

NDP-AB, is designed, synthesized, and characterized for OFET applications. NDP-AB 

exhibits a large conjugation system with highly planar core as evidenced by our DFT 

calculations, which is beneficial for the charge transport within the single molecules. 

Interestingly, the absorption in solution exhibits a 111 nm blue-shift from to that in thin 

film, accompanied by a clear emission quenching. These observations indicate that the 

NDP-AB film has a strong H-aggregation (good π-π overlap). Moreover, our XRD and 

AFM analyses demonstrate that the NDP-AB thin film features close π-π stacking with 

a small d-spacing of around 0.378 nm, which is beneficial for efficient electron 

transport between adjacent molecules. The electrochemical studies confirm that NDP-
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AB possesses a low LUMO level, which is favorable for the electron injection from the 

electrode into the semiconductor layer of the n-type OFETs. The NDP-AB-based 

OFETs show a clear n-type behavior with a maximum electron mobility of 0.18 cm2 V-

1 s-1. This work provides a simple and effective strategy to design a novel and strong 

electron-deficient chromophore, which is an attractive building block for the fabrication 

of high-performance n-type semiconductor materials. More importantly, NDP-AB 

molecules could be used as dyes, colorants, and comonomer electron-withdrawing units 

for photovoltaics and/or phototransistors benefiting from the enhanced light absorption 

in the visible range.  
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Highlight: 

1. Naphthodipyrrolopyrrole-based dimeric aza-boron dipyrromethene (aza-BODIPY) 

chromophore, namely NDP-AB, is for the first time designed and synthesized.  

2. NDP-AB exhbits not only strong electron-deficient ability with ultra-low LUMO 

energy level of -4.25 eV, but also large conjugation system. 

3. NDP-AB features strong H-aggregation.  

4. NDP-AB-based OFETs demonstrate n-type properties with an average electron 

mobility of 0.16 cm2 V-1 s-1. 

5. NDP-AB is a promising electron-deficient building block for the fabrication of 

high-performance n-type semiconductors. 
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