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Studying multi-purpose applications of a specific material is a challenging topic in organic 

electronics community. In this work, through molecular engineering and smart device 

structure design strategy, high performances in transistors and thin film display devices have 

been simultaneously achieved by applying a simple new dye molecule, naphthalene flanked 

diketopyrrolopyrrole (DPPN), as the active layer material. Short alkyl chains (hexyl or octyl 

side groups for H-DPPN and O-DPPN, respectively) are adapted to improve the hole mobility 

in organic thin film transistors (OTFTs) and single crystal transistors (SCTs). Specifically, H-

DPPN shows a similar hole mobility in either OFETTs or SCTs, while O-DPPN exhibits a 
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dramatically enhanced mobility, reaching 0.125 cm
2
 V

-1
 s

-1
 in SCTs. Additionally, a smart 

organic light emitting diode (OLED) device is designed by using DPPN molecule as the 

dopant with a host matrix. The promising external quantum efficiencies (EQEs) of 4.0% and 

2.3% are achieved for H-DPPN and O-DPPN fabricated OLEDs. Overall, in this work, it is 

reported that DPP-based small molecules can simultaneously function well in both transistors 

and thin film displays with high device performances through molecular and smart device 

engineering. 

 

Introduction 

Diketopyrrolopyrrole (DPP) derivatives have proven to be an important class of high-

performance organic semiconductors that can be used as active materials in various types of 

electronic devices.
[1-7]

 As representative examples, the power conversion efficiency (PCE) of 

organic photovoltaic (OPV) devices have reached more than 12% by using some DPP 

derivatives as the active layer materials.
[8, 9]

 In DPP semiconductors for organic thin film 

transistors (OTFTs), impressive hole mobilities exceeding 10 cm
2
 V

-1
 s

-1
 have been 

demonstrated.
[1]

 Recently, DPP materials are being exploited in more applications like 

OLEDs, sensors, photodetectors, and memory devices.
[2, 10-17]

 Flanking groups substituted at 

the 3- and 6-position of the DPP core play significant roles in the optoelectronic properties of 

resultant materials.
[18]

 Flanking moieties such as thiophene, furan, selenophene, thiazol, 

thienothiophene, phenyl and pyridyl groups have been reported.
[19, 20]

 Thiophene flanked DPP 

(DPPT) is one of the most promising building blocks to construct high-performance materials 

for both OTFTs and OPVs. We previously reported the polymer, PDPP-TNT, consisting of 

DPPT and naphthalene.
[21, 22]

 The introduction of conjugation-extended naphthalene 

promoted strong intermolecular interactions and resulted in favourable π stacking between 

polymer backbones. Thus, a high hole mobility of ~1.0 cm
2
 V

-1
 s

-1
 was observed in OTFTs 
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and a promising PCE of 4.7% was obtained in OPVs as donor mixing with PC71BM. 

Simultaneously achieving high performance in both OPVs and OTFTs is feasible, because 

the good charge carrier transport for a molecule is also a beneficial factor for improving both 

the short-circuit current (JSC) and fill factor (FF) when it is used in active layer of OPV 

devices.
[23]

 In addition to DPPT, other DPP derivatives based semiconductors also 

successfully demonstrated high performance in electronic devices.
[24-26]

 

It is worth mentioning that phenyl flanked DPP (DPPh) has been proven to be a great 

choice of luminescent material for OLEDs and related applications.
[10]

 One reason making 

DPPh a promising molecule is that the dihedral angles between the phenyl groups and the 

DPP core (estimated to be around 40
o
) to some extent weaken the π stacking which 

minimizes the fluorescence quenching in solid state.
[27]

 Recently, we reported novel 

naphthalene flanked DPP (DPPN) with different alkyl chains as a new member in the DPP 

family.
[28]

 Compared with five- or six-membered ring DPPs, the fused aromatic ring of 

naphthalene resulted in a more extended π-conjugation leading to a larger intermolecular 

orbital overlap and thus facilitated the charge transport. Our primary attempt has 

demonstrated that n-decyl substituted DPPN (D-DPPN) monomer showed the highest hole 

mobility of 0.019 cm
2
 V

-1
 s

-1
 in OTFTs as the active semiconductor directly, without any 

further functionalization. It is believed that there is still room to further improve the mobility 

by decreasing the length of side chains. Moreover, shorter chains substituted DPPN 

monomers are more suitable for growing single crystals, which prompted us to study their 

intrinsic charge carrier transport behaviour by fabricating single crystal transistors (SCTs). 

Naphthalene, a common acene type of benzene derivative that has been proven to form J-

aggregation in solid state, can be used as a building block in materials that can retain efficient 

emission and thus lead to high photo-luminescence quantum yield.
[29]

 Our DPPNs were 
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observed to show strong luminescence under a laboratory lamp thus could be also promising 

in related devices like OLEDs. 

In this work, n-hexyl and n-octyl alkylated DPPN compounds, H-DPPN and O-

DPPN, were synthesized and their thermal, optical, and electronic properties were studied. 

The hole mobility of OTFTs was further enhanced by decreasing the length of side chains to 

n-octyl (O-DPPN) but dropped then for shorter n-hexyl H-DPPN. Moreover, single crystals 

for both materials were successfully grown and the fabricated SCTs indicated their high 

intrinsic hole transporting property. Due to the strong luminescence feature under laboratory 

UV light, we also fabricated OLED devices by using H-DPPN and O-DPPN as the dopant 

mixed with tris(4-carbazoyl-9-ylphenyl)amine (TCTA) host and achieved promising 

performance with EQEs of 4.0% and 2.3% respectively. It is well known that compact 

packing of molecules can induce strong and plentiful intermolecular interactions that 

generally facilitate charge transport in OTFTs. However, the interactions will also quench the 

solid-state luminescence, which makes it difficult to achieve both high mobility in OTFTs 

and high EQE in OLEDs. Nevertheless, in our current scenario, we have achieved high 

performance in both OTFTs and OLEDs via smart device and molecular engineering 

approaches. This is the first report of novel flanking group naphthalene attached DPP based 

small molecules, which can simultaneously function well in several different electronic 

devices, and the afforded high performance is encouraging for the future advancement of 

organic electronics. 

 

Results and Discussion 

Our previous report on DPPNs has demonstrated that a linear and short side alkyl chain 

enhances charge carrier mobility; in particular, the obtained hole mobility was higher.
[28]

 We 

perform a systematic study to investigate this type of material further, in particular, to find 
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the most suitable side chains for this series of DPPN compounds. In this work, we 

continuously shorten the side chains to synthesize n-hexyl and n-octyl substituted DPPN 

based small molecular materials namely H-DPPN and O-DPPN. Besides, both materials are 

expected to show versatility for use in various electronic devices considering the structural 

advantages: i) higher hole mobility is expected according to our previous report; ii) 

monomers with short side chains are more feasible to grow single crystals, being beneficial 

for SCTs fabrication; iii) as an analogue of DPPh, H-DPPN and O-DPPN solutions were 

observed to be highly fluorescent under the laboratory UV lamp (Figure S1), demonstrating 

their potential in OLEDs. As per our previous report, the synthetic route to H-DPPN and O-

DPPN is shown in Figure 1a.
[30]

 The alkylation of NH-DPPN was performed in the presence 

of n-hexyl or n-octyl bromide, respectively, at 120
o
C in dimethylformamide (DMF) with 

anhydrous potassium carbonate (K2CO3) as the base. The purity and structures of H-DPPN 

and O-DPPN were characterized with 
1
H, 

13
C NMR spectra, and high-resolution mass 

spectrometry (HRMS). 
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Figure 1. (a) The synthetic route to H-DPPN and O-DPPN. (b) UV-vis absorption spectra of 

H-DPPN and O-DPPN in both chloroform solutions and thin films. (c) Photoluminescence 

(PL) spectra of H-DPPN and O-DPPN in chloroform solutions. (d) Photoelectron 

spectroscopy in air (PESA) measurements of H-DPPN and O-DPPN films. 

 

The thermogravimetric analysis (TGA, Figure S2a) indicated that both H-DPPN and O-

DPPN appear to possess excellent thermal stability with the decomposition temperature (Td, 

5% weight loss) of 340
o
C and 348

o
C, respectively. These values are high enough to perform 

annealing or other thermal processing required for devices fabrication. The differential 

scanning calorimetry (DSC, Figure S2b-d) demonstrated that small variation in side chains 

on DPPN has dramatic influences on their crystallinity. H-DPPN undergoes a classic melting 

transition at 162 
o
C (91.22 J/g) and a crystalline transition at 102 

o
C (72.74 J/g). However, O-

DPPN shows a different behaviour in that an endothermic peak at 119 
o
C followed by a cold 

crystallization at 125 
o
C (18.96 J/g) was observed before the material was completely melted 
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at 147 
o
C (79.80 J/g). This feature is an indication of the melting and secondary 

recrystallization of the amorphous area. The crystallinity peak is observed at about 84 
o
C 

during cooling process with the enthalpy of 29.59 J/g. The original DSC analysis labelled 

with enthalpy values are present in Figure S3 in Supporting Information. 

The UV-vis absorption spectra (Figure 1b) of both compounds in solutions are well 

overlapped due to the similar molecular backbone and the absence of interchain interactions. 

This observation has also been confirmed by density functional theory (DFT) modelling 

where both molecules exhibit the same visible peak position (503 nm, Figure S4a). The 

measured absorption maximum in solution is located around 487 nm, which is attributed to 

the intramolecular charge transfer (ICT) from naphthalene to the DPP core. This peak was 

red-shifted to 502 and 503 nm for H-DPPN and O-DPPN thin films, respectively, due to the 

molecular aggregation. In thin films, both materials only exhibit H-aggregation which 

follows a similar trend to that observed in our previous work, namely, that the shorter the side 

chains, the stronger the H-aggregation.
[28]

 After annealing the thin films at 100 
o
C and 130 

o
C 

for 10 mins (Figure S5a-b), the J-aggregation of H-DPPN has been enhanced, whereas for 

O-DPPN, not only the J-aggregation was enhanced after 100 
o
C annealing, an extra 

absorption peak and a red-shifted spectrum are observed. After annealing at 130 
o
C, the 

spectrum went back to the dominant H-aggregation, but the red shift remains the same. This 

phenomenon is consistent with the DSC analysis, since the secondary recrystallization of the 

amorphous area of O-DPPN promoted further aggregation and caused the change from J- to 

H-aggregation. The bandgaps of both compounds are calculated from the onset of thin film 

spectra (559 and 565 nm for H-DPPN and O-DPPN, respectively) to be 2.22 and 2.19 eV. In 

solutions, both materials show a strong PL emissive peak at 558 nm (Figure 1c and Figure 

S5c). In thin films, aggregation caused quenching was observed for both materials with a 

dominant emissive peak at 388 nm and 422 nm for H-DPPN and O-DPPN, respectively, 
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under excitation wavelength of 325 nm. Upon exciting at 502 or 503 nm, both compounds 

exhibited weak emission with a peak located at around 610 nm (Figure S5d). 

The highest occupied molecular orbital (HOMO) energy levels are determined 

through photoelectron spectroscopy in air (PESA) measurements to be -5.40 and -5.39 eV 

respectively as shown in Figure 1d. In our previous publication,
[28]

 we observed that the side 

chains on DPPN can have a significant influence on the energy levels (despite of same 

conjugated backbone) due to the different solid state stacking, which is supported by the 

significant colour variation. However, for H-DPPN and O-DPPN, the HOMOs are only 

slightly changed. This can be further confirmed from the similar colour appearance of both 

compounds and the similarity of the absorption spectra in solutions and thin films. The lowest 

unoccupied molecular orbital (LUMO) energy levels are estimated from the difference 

between optical bandgaps and HOMOs to be -3.18 and -3.20 eV for H-DPPN and O-DPPN, 

respectively. 

DFT calculations were employed to investigate the electronic structure and molecular 

geometry of H-DPPN and O-DPPN. As shown in Figure S6, both molecules have same 

HOMO and LUMO distributions, which are found to be localized at the completely 

molecular backbone that can be beneficial to facilitate the intramolecular charge carrier 

transport. The computed molecular HOMO levels are -5.35 eV for both molecules, which is 

in an excellent agreement with the experimental results. The calculated bandgaps (2.62 eV) 

and LUMO (-2.73 eV) values are higher than the experimental values which could be 

attributed to the fact that the measured onset of optical absorption is affected by vibrational 

broadening while the computed levels are at the equilibrium geometry, as well as errors due 

to approximations used. The optimized backbone conformation indicates the same dihedral 

angles of 37
o
 and 31

o
 for both molecules (Figure S6). Since both H-DPPN and O-DPPN 

solutions have shown strong fluorescence under a UV lamp, the relatively large dihedral 
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angles can, to some extent, restrain the emission quenching effect in solid state, 

demonstrating their promise for application in OLEDs. 

Top gate bottom contact (TG/BC) OTFT devices were fabricated to evaluate the 

electrical properties of newly synthesized H-DPPN and O-DPPN semiconductors. The 

representative device schematic and transfer curves after annealing at 100 
o
C or 120 

o
C are 

shown in Figure S7 and Figure 2a-b. The hole mobility values (μh), threshold voltage (Vth), 

subthreshold swing (SS) and on/off ratio (Ion/Ioff) extracted from transfer curves at the 

saturation regime are summarized in Table 1. 

Table 1. Summary of TG/BC structured OTFT device performance. 

Material 

Tanneal 

(°C) 

  
     ×10

-2
 

(cm
2 

V
-1 

s
-1

) 

  
     ×10

-2
 

(cm
2 

V
-1 

s
-1

) 

SS 

(V/Dec) 

Vth 

(V) 

Ion/Ioff 

(×10
6
) 

H-DPPN 100 0.66±0.27 1.02 0.95±0.20 20.1±4.1 0.43±0.49 

 120 0.23±0.19 0.61 0.77±0.17 23.5±1.8 0.54±0.63 

O-DPPN 100 4.29±1.38 5.03 -4.70±1.0 -8.9±2.6 0.63±0.13 

 120 0.04±0.06 0.16 5.62±5.60 -- 0.13±0.27 
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Figure 2. Transfer curves of OTFTs based on (a) H-DPPN and (b) O-DPPN thin films. 

Transfer curves of SCTs based on (c) H-DPPN and (d) O-DPPN crystals with the 

corresponding optical device structure images in the insets. Optical images of (e) H-DPPN 

and (f) O-DPPN single crystals. X-ray determined unit cells of (g) H-DPPN and (h) O-DPPN 

crystals. 

 

It was found that the devices annealed at 100 
o
C exhibited better performance with a highest 

hole mobility of 0.01 cm
2
 V

-1
 s

-1
 for H-DPPN and 0.05 cm

2
 V

-1
 s

-1
 for O-DPPN. This 

performance is better than some reported alkylated thiophene DPP monomers in solution 
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processed thin film transistors as compared in Table S1.
[31]

 When the thin films were 

annealed at 120 
o
C, the mobility decreased to 0.006 and 0.001 cm

2 
V

-1 
s

-1
, respectively. By 

comparing with our reported compounds, O-DPPN was observed to show the best 

performance and H-DPPN shows an even worse mobility than D-DPPN (0.019 cm
2
 V

-1
 s

-

1
).

[28]
 From the polarized microscopic images shown in Figure S8, it is clear that the films of 

both materials easily form large crystalline domains, which is beneficial for charge carrier 

transport. However, the H-DPPN film has many defects while the O-DPPN film is smoother 

that contributed to the higher hole mobility. Upon annealing at 120 
o
C, the defects become 

more obvious in H-DPPN film which caused a decreased hole mobility, while the crystal 

domains did not change much, that is consistent with the high melting point >160 
o
C 

observed from the DSC curve. From the AFM (atomic force microscope) images of H-DPPN 

and O-DPPN films annealed at 120 
o
C, similar phenomenon is observed as shown in Figure 

S9. For the O-DPPN film, the crystal domains were broken, and a cullet-shaped film was 

observed. After 120 
o
C annealing, the amorphous area experienced melting process, which, 

we assume, caused the broken of crystalline regions of O-DPPN films. This phenomenon can 

easily cause disconnection along the conducting channel and thus result in a large decrease in 

mobility. Microstructure, defects, and domain walls are thus critical determinants of mobility 

in these materials. Computed estimates of charge transfer rates (see Supporting Information) 

also point the critical role of domains and microstructure: while the computed single crystal 

charge hopping rate is higher for H-DPPN than for O-DPPN, the packing of H-DPPN favours 

one-dimensional hopping pathways, while the packing of O-DPPN favours two-dimensional 

pathways (Figure S10). The low-dimensional hopping paths imply strong dependence of the 

measured bulk rate on crystal domain size, whereby domain boundaries are expected to be a 

significant bottleneck to transport in particular because ideal crystal transport is low-

dimensional. The grain boundaries are expected to be a more significant bottleneck in H-
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DPPN due to one-dimensional transport in the ideal crystal, explaining the better measured 

mobility with O-DPPN. 

To investigate the intrinsic charge transport behaviour, transistor devices based on H-

DPPN or O-DPPN single crystals were fabricated. By drop-casting a H-DPPN (0.1 mg/mL) 

solution in chlorobenzene on bare Si/SiO2 wafer and after solvent evaporation, well-defined 

ribbon-shaped crystals were grown in three days (Figure 2e). Since ill-defined clusters of O-

DPPN were grown in chlorobenzene, we screened the solvent species and used a mixed 

solvent (chloroform:ethyl acetate = 1:2) to grow ribbon-shaped crystals (Figure 2f) by drop-

casting method (0.05 mg/mL). The optical images of H-DPPN and O-DPPN single crystals 

are also present in Figure S11 with a same scale plate for better comparison. The single 

crystals were annealed in vacuum at 80°C to remove residual solvent before devices 

fabrication. Drain and source electrodes (40 nm) were deposited on H-DPPN and O-DPPN 

crystals by thermal evaporation of a gold film with the “Au stripe mask”.
[32]

 The transfer 

curves and optical images (insets) of fabricated devices are shown in Figure 2c-d. The 

electrical characteristics of all devices were measured under ambient conditions. From the 

saturation regime of the transfer characteristics, the mobility is calculated by linear fitting of 

the dependence of (IDS)
1/2

 vs. VG. The mobility of the best devices for O-DPPN crystals is up 

to 0.125 cm
2
 V

-1
 s

-1
, over ten times higher than that of H-DPPN crystals. The Ion/Ioff ratio of 

the best device for O-DPPN crystals was measured to be 10
6
, five orders of magnitude higher 

than that of H-DPPN crystals. These results further demonstrated that O-DPPN crystals 

exhibit much better charge transport behaviours compared with H-DPPN. 

To better understand the difference between single crystals for H-DPPN and O-

DPPN, we grew H-DPPN and O-DPPN single crystals as shown in Figure S12. Their 

structures and unit cells were determined through X-ray diffraction as shown in Figure S13 

and Figure 2g-h. H-DPPN and O-DPPN crystallise in the space groups P21/c and P21/n, 
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respectively. In the crystal structure of H-DPPN, the molecules stack in one-dimensional 

chain, with the principal interaction being an offset face-to-face π-π interaction between 

adjacent naphthalene units (3.278 Å). In the O-DPPN crystal structure, chains of stacked O-

DPPN molecules (vertical offset 2.760 Å) interact with adjacent chains via weak naphthalene 

CH-π interactions (3.808 Å) between neighbouring naphthalene units. CH-π interactions 

(2.695 Å) are also observed between naphthalene rings and adjacent alkyl chains. Obviously, 

the favourable backbone stacking in Figure 2h for O-DPPN crystals explained its higher 

mobility in SCTs. The comparison of single crystal data of H-DPPN and O-DPPN with 

thiophene, selenophene, and phenyl DPPs (with hexyl side chains) indicate that DPPN 

compounds exhibit a much closer π stacking than other DPP derivatives as compared in 

Table S1.
[33]

 That is a much favourable feature for intermolecular charge carrier transport. 

We also performed large-scale calculations on crystals and clusters of H-DPPN and O-DPPN 

to estimate the effect of solid-state packing on electronic properties. First, density functional 

tight binding (DFTB) and time-dependent DFTB (TD-DFTB) were benchmarked to DFT and 

TD-DFT in single-molecule calculations. The results are given in Table S2 and Figure S4, 

showing that while (TD)-DFTB results in somewhat different values of the HOMO, LUMO 

energies, the gap, and the visible absorption peak (as is expected given that the DFTB 

parameterization is based on GGA calculations), it can be used for qualitative assessment and 

is reliable for comparison between the two molecules and between different molecular 

environments. We therefore compared properties computed in periodic crystals and clusters 

to those of the molecules. 
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Figure 3. DFTB-computed unit cells (delimited by the box) of crystalline (a) H-DPPN and 

(c) O-DPPN. Molecular clusters of (b) H-DPPN and (d) O-DPPN. 

 

The unit cells of H-DPPN and O-DPPN crystals are shown in Figure 3a and 3c. 

Experimental structures were used as a starting point of optimizations. Clusters were cut 

preserving the optimized geometry of the periodic calculation (Figure 3b and 3d). The 

DFTB-optimized cell parameters are given in Table S3. As TD-DFTB calculations had to be 

done with the  point, a supercell with 10 molecules was then optimized for O-DPPN to 

make  point calculations sufficiently accurate (for H-DPPN, the unit cell is big enough for a 

 point calculation). The calculated HOMO, LUMO values and the gap for crystals and 

clusters are also shown in Table S2. For crystals, they show stabilization of the HOMO about 

0.3 eV for H-DPPN and approximately 0.4 eV for O-DPPN. The band gap becomes about 0.3 

eV lower in H-DPPN vs. O-DPPN, while the HOMO-LUMO gap is practically the same at 

the single-molecule level. While the absolute values of HOMO and LUMO in periodic 
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systems are generally not directly comparable to molecular levels, changes in the gap are 

comparable and indicate stronger effects of aggregation on the gap with H-DPPN. The cluster 

calculations result in higher HOMO values vs. single molecules, by 0.2-0.3 eV. They confirm 

the decrease in the gap in H-DPPN vs. O-DPPN due to aggregate state effects, by 0.36 eV, 

similar to the results of the periodic calculations. Both periodic and cluster calculations 

indicate a slightly (approximately 0.1 eV) lower HOMO of O-DPPN in solid state vs. H-

DPPN even though molecular HOMO are nearly identical. The calculations also clearly 

confirmed the π stacking between naphthalene for O-DPPN, while H-DPPN tends to stack 

parallel.  

A family of DPP molecules is gaining significant importance in OLED technology 

because of its high fluorescent quantum yield, thermal and photostability.
[10, 27]

 In the present 

study, H-DPPN and O-DPPN were used to fabricate yellowish orange OLED by using cost-

effective solution processing. Specifically, the device structure is shown in Figure S14 where 

PEDOT:PSS is employed as a hole injecting and transporting layer (HIL/HTL), the emissive 

layer (EML) is  composed of TCTA host doped with 2wt% H-DPPN or O-DPPN orange 

emitter, TPBi is used as an electron transporting layer (ETL), and LiF/Al acts as a cathode. 

The energy level diagram of all used materials is shown in Figure 4a. The J-V curve as 

shown in Figure 4b exhibits well-defined diode characteristics, revealing that the fabricated 

OLED behaves as a rectifying device. The forward bias current for both devices rises with the 

increase of applied bias voltage, however, the reverse bias current remained significantly low 

(not shown in J-V curve), suggesting both OLEDs act as rectifying diodes. The rapid increase 

in forward-bias current is observed for O-DPPN based OLED, implying a small sheet 

resistance of the device, whereas H-DPPN OLED has a high sheet resistance. 
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Figure 4. (a) Energy level diagram of studied OLED device. (b) Current-voltage (J-V), (c) 

luminance, (d) power efficiency, and (e) current efficiency of studied OLED devices based 

on TCTA host doped with 2wt% H-DPPN or O-DPPN molecules. (f) Electroluminescence 

(EL) spectra of the fabricated OLED devices at 100 cd/m
2
. Inset picture is the photograph of 

the working O-DPPN based OLED device. 

 

The difference in high forward bias current is attributed to differences in charge carrier 

mobility of the corresponding molecules.
[34]

 From the OTFTs and SCTs study, it is confirmed 
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that O-DPPN possesses a higher mobility compared to H-DPPN. The influence of hole 

mobility is vividly observed in OLED device turn-on voltage as shown in Figure 4c which is 

the plot of luminescence vs. applied voltage. The O-DPPN based OLED requires a 3.0 V to 

emit 10 cd/m
2
 luminescence, whereas to get the same luminescence, 3.8 V is needed for H-

DPPN emitter OLED (0.8 V more). However, the power efficiency obtained for H-DPPN 

OLED is 8.8 lm/W which is 27% higher than that of O-DPPN (6.5 lm/W) based device at 100 

cd/m
2
 (Figure 4d) and a similar trend is noticed for current efficiency (Figure 4e). Table 2 

details electroluminescent properties of the fabricated OLEDs. The maximum power 

efficiency, current efficiency, and EQE were found to be 8.3 lm/W, 11.8 cd/A, and 4.0%, 

respectively, at 100 nits, for the H-DPPN based OLED. The overall performance of the H-

DPPN OLED is superior to the O-DPPN counterpart, except the maximum luminance. To 

emphasize the advantage of DPPN compound in OLEDs, we compared the EQE values with 

other DPP derivatives (Table S1). Also as the dopant for a host material, the device 

fabricated with TAPC (4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]) host 

doped with 10wt% furan flanked DPP exhibited a much lower EQE value of 0.7%.
[27]

 

Although this value is further enhanced to 12.1% by introducing a second dopant (9-[2,8]-9-

carbazole-[dibenzothiophene-S,S-dioxide]-carbazole, initialled as 2d), it is not competitive 

since the 2d doped TAPC shows a EQE value of 15%.
[35]
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Table 2. OLED device parameters with TCTA host doped with 2wt% DPPNs. 

Dopant OV/V PE/lm/W CE/cd/A EQE/% CIE/(x,y) Max. L 

/cd/m
2
  @100/1000 cd/m

2
 

H-DPPN 4.5/5.2 8.3/4.7 11.8/7.8 4.0/2.7 (0.50,0.48)/(0.49,0.47) 5371 

O-DPPN 3.5/4.5 6.5/4.5 7.3/6.5 2.3/2.0 (0.49,0.48)/(0.48,0.48) 6065 

OV: Operating Voltage; PE: Power Efficiency; CE: Current Efficiency; EQE: External 

Quantum Efficiency; CIE 1931 Color Coordinates; Max. L: Maximum Luminance. 

 

Figure 4f shows the normalized electroluminescent (EL)spectra of two OLED devices. Each 

one was made with 2wt% H-DPPN and O-DPPN molecules doped in the TCTA host, 

obtained at 100 nits. The main emission peak is obtained at 570 nm for both devices, which 

corresponds to the absorbance band of H-DPPN and O-DPPN molecules, confirming the 

direct excitation of DPP cores. The CIE (x,y) coordinate of EL spectra (0.50, 0.48) evidences 

that the fabricated OLED devices generate greenish-yellow light. However, emission noticed 

at 400-450 nm originates from the TCTA host molecules. The EL spectrum of O-DPPN 

OLED is narrower than that of the H-DPPN counterpart, suggesting the recombination zone 

of the injected charge carriers is narrower as compared to H-DPPN based OLED. To explain 

this behaviour, it is important to consider the charge carrier mobility of O-DPPN and H-

DPPN. It is a well-known fact that the OLED device with a TCTA host with TPBi ETL is a 

hole charge carrier-dominated device and therefore the charge carrier recombination zone is 

mainly available at the interface of the emissive layer (EML) and the electron transporting 

layer (ETL).
[36]

 O-DPPN possesses a higher hole mobility allowing for more efficient hole 

injection and transport through the EML layer up to the ETL interface, resulting in a narrower 
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recombination zone. On the other hand, the H-DPPN molecule has a slightly lower hole-

mobility that assists to widen the charge carrier recombination zone up to the interface of the 

HTL and EML.
[34, 37]

 As a result of this, we have obtained higher power and current efficacy 

and EQE for H-DPPN based OLED compared to the O-DPPN counterpart. 

 

Conclusions 

To summarize, we designed and synthesized two naphthalene flanked DPP dye based 

versatile materials, namely, H-DPPN and O-DPPN. It was found that, through molecular 

engineering and smart device structure design, high performance can be achieved in both 

transistors and thin film displays, which is encouraging for researchers working on organic 

electronics. DPPNs with different side chains were first reported by our group, and in this 

work, we demonstrated that the octyl side chain is most suitable for this series of molecules 

due to its highest hole mobility of 0.05 cm
2
 V

-1
 s

-1
 in OTFTs. The better performance was 

ascribed to the uniform morphology with a highly crystalline nature. Molecule with short side 

chains allows growing single crystals for SCTs. O-DPPN shows a largely enhanced 

performance with mobility of up to 0.125 cm
2
 V

-1
 s

-1
 which is 10 times higher than that of H-

DPPN. This is attributed to the stacking mode suggested by X-ray determined unit cells and 

DFTB computations. H-DPPN crystals appear to stack in one dimensional chain with a face 

to face π-π interaction that lacks favourable backbone stacking for charge carrier transport. 

However, obvious backbone stacking from X-ray diffraction for O-DPPN crystals and 

naphthalene-naphthalene stacking from DFTB calculations are observed. This is a favourable 

feature for better charge carrier transport, explaining its higher hole mobility in SCTs. 

Additionally, as the analogue of phenyl DPP, H-DPPN and O-DPPN also exhibit potential in 

OLEDs. To avoid the emission quenching effect of pristine DPPN film in the active layer, we 

smartly modified the OLED device structure by using the DPPN molecule as a dopant for 
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TCTA. H-DPPN based OLED shows better performances with maximum power efficiency, 

current efficiency, and EQE of 8.3 lm/W, 11.8 cd/A, and 4.0%, respectively, at 100 nits. 

Overall, in this work, we have clearly disclosed the versatility of two DPPN molecules in 

various types of electronic devices. Especially, simultaneously achieving high performance in 

both transistors and thin film displays through molecular engineering and smart device 

structure design is a new scenario in organic electronics community which is expected to 

advance the future development of electronic devices.  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

 

Acknowledgement 

Qian Liu is thankful to QUT for offering here QUTPRA scholarship to conduct his research. 

P. S. is thankful to QUT for the financial support from the Australian Research Council 

(ARC) for the Future Fellowship (FT130101337) and QUT core funding (QUT/322120-

0301/07). Some of the data reported in this paper were obtained at the Central Analytical 

Research Facility (CARF) operated by the Institute for Future Environments (QUT). Access 

to CARF is supported by generous funding from the Science and Engineering Faculty (QUT). 

S. M. is supported by the National Sciences and Engineering Research Council of Canada. 

This research was enabled in part by support provided by Compute Canada. Additionally, this 

project has received funding from the European Union’s Horizon 2020 research and 

innovation programme under the Marie Skłodowska-Curie grant agreement no. 663830. Parts 

of this research were undertaken on the MX1 beamline at the Australian Synchrotron, part of 

ANSTO. We thank the synchrotron for travel support and the beamline staff for their 



 

 
This article is protected by copyright. All rights reserved. 

22 

assistance. We appreciate the help from Dr. Dilini Galpayage Dona in obtaining the 

enthalpies of melting/crystallinity of both materials from DSC analysis. 

 

Author Contributions 

Qian Liu is responsible for the materials synthesis, properties characterization as well as 

managing the final manuscript preparation. Sudam Chavhan, Jwo-Huei Jou, Ho-Shin Chen, 

and Mangey Ram Nagar are responsible for the OLED device fabrication and 

characterization. Hantang Zhang, Yonggang Zhen and Wenping Hu are responsible for the 

single crystal transistors fabrication and characterization. Huabin Sun and Yong-Young Noh 

are responsible for the thin film transistors fabrication and characterization. Aidan Brock and 

John McMurtrie are responsible for the X-ray determined single crystal data. Sergei Manzhos 

and Yingqian Chen are responsible for the DFT and DFTB calculations. Krishna Feron is 

responsible for the PESA measurement. Steven E. Bottle reviewed and revised the 

manuscript. Prashant Sonar conceived and directed the project. All authors have reviewed or 

commented the final version of the manuscript. 

 

Conflict of Interest 

The authors declare no conflict of interest. 

 

Keywords 

molecular engineering, smart device structure design, versatility, naphthalene flanked 

diketopyrrolopyrrole, transistors, thin film displays 

 

  



 

 
This article is protected by copyright. All rights reserved. 

23 

References 

[1] Z. Yi, S. Wang, Y. Liu, Adv. Mater. 2015, 27, 3589. 

[2] M. Kaur, D. H. Choi, Chem. Soc. Rev. 2015, 44, 58. 

[3] A. Tang, C. Zhan, J. Yao, E. Zhou, Adv. Mater. 2017, 29, 1600013. 

[4] Q. Liu, S. E. Bottle, P. Sonar, Adv. Mater. 2020, 32, 1903882. 

[5] Q. Liu, Y. Wang, A. Kohara, H. Matsumoto, S. Manzhos, K. Feron, S. E. Bottle, J. 

Bell, T. Michinobu, P. Sonar, Adv. Funct. Mater. 2020, 30, 1907452. 

[6] Q. Liu, S. Kumagai, S. Manzhos, Y. Chen, I. Angunawela, M. M. Nahid, K. Feron, S. 

E. Bottle, J. Bell, H. Ade, J. Takeya, P. Sonar, Adv. Funct. Mater. 2020, 30, 2000489. 

[7] Q. Liu, Y. Wang, Y. Ren, A. Kohara, H. Matsumoto, Y. Chen, S. Manzhos, K. Feron, 

S. E. Bottle, J. Bell, Y. Zhou, T. Michinobu, P. Sonar, ACS Appl. Electron. Mater. 

2020, 2, 1609. 

[8] K. Gao, S. B. Jo, X. Shi, L. Nian, M. Zhang, Y. Kan, F. Lin, B. Kan, B. Xu, Q. Rong, 

Adv. Mater. 2019, 31, 1807842. 

[9] C. Zhao, Y. Guo, Y. Zhang, N. Yan, S. You, W. Li, J. Mater. Chem. A 2019, 7, 

10174. 

[10] A. Leventis, J. Royakkers, A. G. Rapidis, N. Goodeal, M. K. Corpinot, J. M. Frost, D. 

K. Bucar, M. O. Blunt, F. Cacialli, H. Bronstein, J. Am. Chem. Soc. 2018, 140, 1622. 

[11] C. Y. Yang, W. L. Jin, J. Wang, Y. F. Ding, S. Nong, K. Shi, Y. Lu, Y. Z. Dai, F. D. 

Zhuang, T. Lei, C. A. Di, D. Zhu, J. Y. Wang, J. Pei, Adv. Mater. 2018, 30, 1802850. 

[12] L. Zhang, T. Yang, L. Shen, Y. Fang, L. Dang, N. Zhou, X. Guo, Z. Hong, Y. Yang, 

H. Wu, J. Huang, Y. Liang, Adv. Mater. 2015, 27, 6496. 

[13] B. Wang, T. P. Huynh, W. Wu, N. Hayek, T. T. Do, J. C. Cancilla, J. S. Torrecilla, M. 

M. Nahid, J. M. Colwell, O. M. Gazit, S. R. Puniredd, C. R. McNeill, P. Sonar, H. 

Haick, Adv. Mater. 2016, 28, 4012. 



 

 
This article is protected by copyright. All rights reserved. 

24 

[14] W. Y. Lee, H. C. Wu, C. Lu, B. D. Naab, W. C. Chen, Z. Bao, Adv. Mater. 2017, 29, 

1605166. 

[15] X. J. She, D. Gustafsson, H. Sirringhaus, Adv. Mater. 2017, 29, 1604769. 

[16] C.-T. Chen, W.-Y. Lee, T.-L. Shen, H.-C. Wu, C.-C. Shih, B.-W. Ye, T.-Y. Lin, W.-

C. Chen, Y.-F. Chen, Adv. Electron. Mater. 2017, 3, 1600548. 

[17] P. P. Kumavat, P. Sonar, D. S. Dalal, Renew. Sust. Energ. Rev. 2017, 78, 1262. 

[18] L. Shi, Y. Guo, W. Hu, Y. Liu, Mater. Chem. Front. 2017, 1, 2423. 

[19] Q. Liu, A. Surendran, K. Feron, S. Manzhos, X. Jiao, C. R. McNeill, S. E. Bottle, J. 

Bell, W. L. Leong, P. Sonar, New J. Chem. 2018, 42, 4017. 

[20] Q. Liu, H. Sun, S. P. Ponnappa, K. Feron, S. Manzhos, M. W. M. Jones, S. E. Bottle, 

J. Bell, Y.-Y. Noh, P. Sonar, Org. Electron. 2019, 74, 290. 

[21] P. Sonar, S. P. Singh, Y. Li, Z.-E. Ooi, T.-j. Ha, I. Wong, M. S. Soh, A. Dodabalapur, 

Energy Environ. Sci. 2011, 4, 2288. 

[22] T.-J. Ha, P. Sonar, A. Dodabalapur, Appl. Phys. Lett. 2011, 98, 253305. 

[23] R. S. Ashraf, I. Meager, M. Nikolka, M. Kirkus, M. Planells, B. C. Schroeder, S. 

Holliday, M. Hurhangee, C. B. Nielsen, H. Sirringhaus, I. McCulloch, J. Am. Chem. 

Soc. 2015, 137, 1314. 

[24] Z. Genene, W. Mammo, E. Wang, M. R. Andersson, Adv. Mater. 2019, 31, 1807275. 

[25] Z. Ni, H. Wang, H. Dong, Y. Dang, Q. Zhao, X. Zhang, W. Hu, Nat. Chem. 2019, 11, 

271. 

[26] M. A. Naik, S. Patil, J. Polym. Sci., Part A: Polym. Chem. 2013, 51, 4241. 

[27] P. Data, A. Kurowska, S. Pluczyk, P. Zassowski, P. Pander, R. Jedrysiak, M. 

Czwartosz, L. Otulakowski, J. Suwinski, M. Lapkowski, A. P. Monkman, J. Phys. 

Chem. C 2016, 120, 2070. 



 

 
This article is protected by copyright. All rights reserved. 

25 

[28] Q. Liu, H. Sun, C. Blaikie, C. Caporale, S. Manzhos, K. Feron, J. M. MacLeod, M. 

Massi, S. E. Bottle, J. Bell, Y.-Y. Noh, P. Sonar, New J. Chem. 2018, 42, 12374. 

[29] J. Li, K. Zhou, J. Liu, Y. Zhen, L. Liu, J. Zhang, H. Dong, X. Zhang, L. Jiang, W. Hu, 

J. Am. Chem. Soc. 2017, 139, 17261. 

[30] S. P. Ponnappa, Q. Liu, M. Umer, J. MacLeod, J. Jickson, G. Ayoko, M. J. A. 

Shiddiky, A. P. O'Mullane, P. Sonar, Polym. Chem. 2019, 10, 3722. 

[31] A. Kovalenko, C. Yumusak, P. Heinrichova, S. Stritesky, L. Fekete, M. Vala, M. 

Weiter, N. S. Sariciftci, J. Krajcovic, J. Mater. Chem. C 2017, 5, 4716. 

[32] Q. Tang, Y. Tong, H. Li, Z. Ji, L. Li, W. Hu, Y. Liu, D. Zhu, Adv. Mater. 2008, 20, 

1511. 

[33] J. Dhar, N. Venkatramaiah, A. A, S. Patil, J. Mater. Chem. C 2014, 2, 3457. 

[34] G. G. Malliaras, J. C. Scott, J. Appl. Phys. 1998, 83, 5399. 

[35] V. Jankus, P. Data, D. Graves, C. McGuinness, J. Santos, M. R. Bryce, F. B. Dias, A. 

P. Monkman, Adv. Funct. Mater. 2014, 24, 6178. 

[36] J.-H. Jou, J.-W. Weng, S. D. Chavhan, R. A. K. Yadav, T.-W. Liang, J. Phys. D: 

Appl. Phys. 2018, 51, 454002. 

[37] S. W. Culligan, A. C. A. Chen, J. U. Wallace, K. P. Klubek, C. W. Tang, S. H. Chen, 

Adv. Funct. Mater. 2006, 16, 1481. 

 

 

  



 

 
This article is protected by copyright. All rights reserved. 

26 

ToC 

 

 

Studying the multi-functional applications of a specific material is a challenging topic in organic 

electronics community. In this work, through molecular engineering (short alkyl chain substituted 

naphthalene flanked diketopyrrolopyrrole) and smart device structure design, high device 

performance in transistors and thin film displays are simultaneously achieved. 

 

 




