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Here, we design and synthesize three new diketopyrrolopyrrole (DPP) derivatives with 

naphthalene, possessing large-scaled π-delocalized electronic structure, as the flanking groups 

and both linear (n-decyl and n-dodecyl) and branched (2-hexyldecyl) alkyl chains as 

substitutions as active layer for high performance organic field-effect transistors (OFETs). The 

thermal, photophysical properties, energy levels and solid state molecular stacking have been 

studied in detail. All the materials show excellent thermal stability with a decomposition 



temperature of up to near 400 oC, high semi-crystallinity feature, suitable HOMO & LUMO 

energy levels, and varying crystalline domain sizes in thin films. Bottom-contact/top-gate 

transistor devices are thus fabricated to investigate the mobility. Encouragingly, all compounds 

function well in OFET devices and show significant potential as p-type semiconducting 

materials. The monomer with the n-decyl alkyl chain (D-DPPN) shows the highest mobility of 

0.019 cm2 V-1 s-1, with the Ion/Ioff ratio reaching 106. We first synthesize naphthalene flanked 

DPP monomers and achieve high mobility in OFET devices when using these monomers 

without any further functionalization as semiconductors directly. The primary result that high 

mobility is observed for monomers only opens a new way for further DPP application and 

provides more possibilities to constructing high performance polymeric and small molecular 

semiconductors based on this new DPP dye. 

 

Introduction 

Solution-processable organic field-effect transistors (OFET) have been attracting considerable 

research attention on account of their potential applications as cost-effective components in 

large-area flexible displays, smart cards, logic circuits, sensors and radio frequency 

identification (RFID) tags.1-6 As a solution-processing technique, organic semiconducting 

materials play a significant role in promoting the advances of OFET.7,8 Consequently, great 

efforts in materials design have boosted the OFET mobility values achievable from both 

semiconducting polymers and small molecules up to near 1 cm2 V-1 s-1.7-15 Furthermore, several 

recent papers have reported that mobility values surpassing 10 cm2 V-1 s-1 can be obtained.16,17 

In spite of the numerous milestone achievements for OFET devices in the last 10 years, it 

remains a challenge to develop new molecular systems suitable for transistor applications 

because many synthesized materials did not work or showed very low mobility in OFET 

devices, and most high mobility OFET materials were achieved through slight modification of 



the existing semiconductors with high performance mainly by changing one of the alternative 

building blocks in polymeric materials or replacing the flexible side chains of workable 

polymers or small molecules.18-20 

In the field of designing high performance OFET materials, two approaches have been mostly 

used. As the carrier transport in organic molecular films is intrinsically governed by the extent 

of intermolecular orbital coupling which determines the charge transfer integral,11,21 the first 

promising approach is to develop highly π-extended molecules.12,22-24 As an example, materials 

based on picene, di(thienothienyl)ethylene (DTTE), or dinaphtho[2,3-b:2’,3’-f]thieno[3,2-

b]thiophene (DNTT) that all have highly π-conjugated structures have shown high performance 

in OFET devices with mobility exceeding 1 cm2 V-1 s-1.25-29 Another effective approach is to 

utilize the self-assembly nature of organic molecules in solid state that in which molecular 

ordering is strongly influenced by flexible alkyl groups. Thus the self-assembly of materials 

has been widely studied through side chain engineering from different molecular systems like 

diketopyrropyrrole (DPP), isoindigo and truxene and this has proved to be a powerful design 

strategy.30-38 In the present work, these two factors are considered with the aim of designing 

new organic semiconducting materials for OFET devices. 

DPP is a well-known, much-utilized and recently widely-studied promising building block for 

designing new high performance donor-acceptor-based conjugated functional materials for 

both organic photovoltaic (OPV) and OFET devices.39-48 DPP is a fused aromatic 

semiconducting moiety with several favourable features.46 Importantly for use in OFET 

materials, the DPP motif is able to not only contribute to tight π-π stacking but also enhance 

the charge delocalization of corresponding compounds owing to its high level of co-planarity 

and quinoidal structure, which is highly beneficial to charge-carrier transport through 

intermolecular charge hopping.49 As a result, DPP-based materials have demonstrated some of 

the highest hole mobility values for OFET devices to date.16,17 Given the requirements of high 



degree of conjugation and rigidity, favouring enhanced π-π overlap in solid state, fused 

compounds are preferred flanking groups when designing materials for OFET applications.12 

Naphthalene, which has an acene structure, has been a widely introduced moiety to design π-

extended structural polymers and small molecules in organic electronics, and impressive device 

performance was observed when using these materials as an active semiconductors in OPV and 

OFET devices.24,50-57 According to the strategies discussed above for designing high 

performance OFET semiconductors, combining DPP with naphthalene to achieve a new class 

of DPP family could be a novel approach and such attempt has not been reported so far. This 

approach may produce highly promising conjugated functional materials for OFET devices. 

To guarantee solution processibility, different flexible alkyl chains can be attached to the 

nitrogen atom of the DPP core for making printable semiconductors for large area devices. 

Earlier studies have shown that side-chain engineering can significantly affect molecular 

packing and the π-coplanarity of DPP based materials, in addition to its conventional role as a 

solubilizer,33,36,37 therefore side chain selection is as important as manipulating the conjugated 

backbones. Both linear and branched alkyl chains were selected to make an integrated 

comparison in this work.  

Based on the above ideas, we designed and synthesized a new DPP derivative with naphthalene 

as the flanking group (DPPN) with either linear (n-decyl or n-dodecyl) or branched (2-

hexyldecyl) alkyl chains as the side substitutions, being named D-DPPN, DD-DPPN, and HD-

DPPN (structures are given in Scheme 1), respectively. The thermal, optical, solid state 

stacking and electronic properties of these three simple core compounds or monomers have 

been studied in detail. Bottom-contact/top-gate OFET devices were fabricated using all three 

materials as active channel semiconductors in order to study their structure-property 

relationship. The OFET devices exhibit promising performance with a highest hole mobility of 

0.019 cm2 V-1 s-1 for monomeric unit with straight short decyl alkyl chain substituted D-DPPN. 



Notably, the molecule used directly in the device is only alkylated naphthalene DPP monomer 

without any further functionalization. Other materials of the series with straight and branched 

alkyl chain substituted DPPN, namely, DD-DPPN and HD-DPPN also show moderate hole 

mobility values of 0.0012 and 0.0008 cm2 V-1 s-1, respectively. These results demonstrate that 

naphthalene flanked DPP (DPPN) is a promising candidate for high performance OFET 

materials. Currently, our group is working on DPPN-containing small molecules and polymers 

for various organic electronic devices. This work clearly provides new molecular design 

guidelines for synthesizing new DPP based fused aromatic conjugated building blocks for 

future high performance printable devices.  

 

Results and Discussion 

 

 

Scheme 1 Synthetic routes to D-DPPN, DD-DPPN, HD-DPPN and their solution and solid 

appearance. 

 

Synthesis and Characterization: 



The synthesis of the three small molecules is depicted in Scheme 1. Starting from cyano 

naphthalene, the most important intermediate (NH-DPPN) was prepared in one step at a yield 

of more than 60%. This reaction was performed referring to the previously reported procedure 

used for the synthesis of thiophene flanked DPP monomer.46 The final compounds, D-DPPN, 

DD-DPPN and HD-DPPN, were synthesized by the alkylation reaction of NH-DPPN with three 

different brominated alkyl chains using potassium tert-butoxide (t-BuOK) as a base in N,N-

Dimethylformamide (DMF) as solvent. The resulting materials are characterized by 1H NMR, 

13C NMR spectroscopy and high resolution mass spectrometry (HRMS). Both the NMR and 

HRMS spectra are shown in supporting information. The three synthesized DPPN molecules 

are soluble in commonly used organic solvents such as tetrahydrofuran (THF), 

dichloromethane (DCM), chloroform (CF), and chlorobenzene (CB) which is required for 

fabricating solution-processible OFET devices. 

 

Fig. 1 TGA thermograms of D-DPPN, DD-DPPN and HD-DPPN. 

 



 

 

Fig. 2 DSC analysis of D-DPPN, DD-DPPN and HD-DPPN. 

 

Thermal Properties: 

The thermal behaviour of D-DPPN, DD-DPPN and HD-DPPN compounds were investigated 

by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). As shown 

in Fig. 1, the TGA study indicates that all three DPP derivatives possess excellent thermal 

stability in nitrogen atmosphere with a decomposition temperature (Td, 5% weight loss) of 396 

oC for D-DPPN, 402 oC for DD-DPPN and 393 oC for HD-DPPN, which is high enough for 

applications of these materials in OFET (current case) or other organic electronic devices. The 

DSC analysis (Fig. 2) shows that all the DPPN based compounds exhibit crystalline isotropic 

melting transitions. During heating scans, all three compounds display similar melting points 

at 128 oC for D-DPPN, 123 oC for DD-DPPN and 127 oC for HD-DPPN, respectively. 

Combined with the similar Td, it demonstrates that the alkyl chains (either straight or branched 



one) has little impact on thermal properties. During the cooling process, characteristic phase 

transition behaviour appears at 67 oC, 71 oC and 91 oC for D-DPPN, DD-DPPN, and HD-DPPN, 

respectively. The HD-DPPN with branched side chain shows higher crystallinity than the linear 

ones that is attributed to the less steric hindrance caused by the smaller dihedral angels between 

naphthalene and DPP units (see the DFT results). Interestingly, DD-DPPN, functionalized with 

linear dodecane, exhibits a dual melting transition suggesting there are some isolated 

microcrystals that can be observed in the polarized microscope images (Fig. 10) while D-DPPN 

and HD-DPPN show continuous crystalline domains.58 The characterized crystallinity of these 

three monomers strongly suggests the possibility to use them directly in OFET devices while 

the good thermal stability can effectively prevent the degradation of active layer. 

 

 

 

 

 

 

 

 

 

Table 1 Summary of photophysical data. 

Complex Analysis 
Absorption Emission c 

λmax 
(nm) 

λonset (nm) 
Eg (eV) 

λem 
(nm) 

τaer d 
(ns) 

Φ e 

D-DPPN 
Degas a 486, 324 --- 558, 596 6.5 0.216 

Solid b 513, 329 610, 2.03 615 1.1 (70) 
4.7 (30) --- 

DD-DPPN 
Degas a 486, 324 --- 558, 596 6.7 0.209 

Solid b 527, 324 612, 2.03 565, 615 2.3 (26) 
5.4 (74) --- 

HD-DPPN 
Degas a 482, 323 --- 558, 596 6.6 0.206 

Solid b 510, 332 546, 2.27 540, 574 0.6 (82) 
3.3 (18) --- 



a Measured from degassed solution (ca.10-5 M). b Film obtained by evaporation of the complex 
solution. c λexc = 330 nm. d For the biexponential excited state lifetime (τ), the relative weights 
of the exponential curves are reported in parentheses. e Measured versus Ru(bpy)3

2+ in water (φr 
= 0.028). 

 

 

 

Fig. 3 UV-Vis absorption spectra of D-DPPN, DD-DPPN and HD-DPPN in both solutions 

and as thin films. 

 

Photophysical Properties:  

A summary of the photophysical data for the synthesized compounds is reported in Table 1. 

The normalized UV-Vis absorption spectra of N-alkyl substituted naphthalene DPP molecules 

obtained from both solutions and spin coated thin films are shown in Fig. 3 and summarized in 

Table 1. As expected, the three spectra are virtually identical and exhibit two absorption bands 

independently of the nature of the alkyl chain substituents. According to previous studies, the 

high energy band in the 270-360 nm region is attributed to π-π* electronic transitions and the 

lower energy band in the 400-560 nm region originates from intramolecular charge transfer 

(ICT) transitions. In solution, the vibronic structure is not well-defined in the ICT absorption 

band that is ascribed to the large torsion between naphthalene and DPP which causes poor co-

planarity and thus lower conjugation. For the thiophene and furan analogues that both have less 

than 2o dihedral angle, the 0-0 and 0-1 vibronic transitions are much more pronounced while 



for benzene counterpart that has similar dihedral angle (~ 40o) with our naphthalene DPP, the 

vibronic structure is not well-defined neither.59 Going from solution to thin films, it is noted 

that all compounds show a red shift for the ICT peak that is due to the formation of J-

aggregation.47,60 What’s more, shoulder peaks are observed in 470 - 500 nm for all three 

materials that is from the H-aggregation formed by sliding the intermolecular π-π stacking.47 

From the spectra, we can clearly see that D-DPPN shows almost equal intensity for J and H 

aggregation while DD-DPPN and HD-DPPN show stronger J aggregation that is disfavoured 

for the carrier transport because J-type molecular packing are more slipped than H-type 

aggregation in the π-π stacking direction.47 The optical band gaps calculated from onset of films 

absorption are 2.03, 2.03 and 2.27 eV for D-DPPN, DD-DPPN and HD-DPPN, respectively 

(Table 1). Although the large dihedral angels cause less conjugation, the fused naphthalene 

groups extend the conjugated length that broaden the absorption and thus naphthalene DPP 

shows relatively smaller band gaps than its thiophene (2.18 eV) furan (2.23 eV) and benzene 

(2.39 eV) DPP analogues with butyl alkyl side chain.59 

 



 

 

Fig. 4 Emission spectra of D-DPPN, DD-DPPN and HD-DPPN. 

 

The emission profiles of these three compounds, measured from degassed dichloromethane 

solutions and thin films with excitation at 330 nm, are reported in Fig. 4. In solution, the slightly 

structured emission profiles do not appear to be dependent from the excitation wavelength, 

therefore the emission is ascribed to spin-allowed radiative decay from the singlet 1ICT excited 

state. This is also supported by the relatively fast and oxygen independent excited state lifetime 

decay with value around 6.5 ns (Table 1), which is similar for all the three compounds and 

satisfactorily fit by a monoexponential function from measurements in solution. The three 

compounds also have very similar values photoluminescence quantum yield, around 21% 

(Table 1), again indicating that the nature of the alkyl substituents has less effect on the 

photophysical properties in solution. The emission profiles from thin films appear visibly red- 

shifted in the case of D-DPPN and DD-DPPN due to aggregation. As previously noted in the 



absorption spectra, because of the blue-shift spectrum of HD-DPPN compared with D-DPPN 

and DD-DPPN and disfavoured aggregation, a less degree of red-shift is also observed in its 

emission spectrum. 

 

 

 



Fig. 5 Photoelectron spectroscopy in air (PESA) measurements of D-DPPN, DD-DPPN and 

HD-DPPN. 

 

PESA and DFT Calculations: 

The electronic structure of molecules not only plays an important role for charge injection and 

transport in organic semiconductors, but also is crucial for environmental stability. In terms of 

OFET devices, the voltage applied to the gate will shift up or down the energy levels of 

semiconductors with respect to the Fermi level (EF) of the metal (gold or aluminium contacts) 

and thereby modulate the conductivity of the channel.11 As a consequence, the energy levels 

including the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) are one of the most important properties of semiconductors which can not only 

instruct the selection of metal electrodes but can also broadly predict whether the materials are 

suitable for OFET devices. The HOMO values of the newly synthesized naphthalene DPP 

monomers were measured through photoelectron yield spectroscopy in air (PESA) and were 

determined to be -5.72, -5.57 and -5.94 eV for D-DPPN, DD-DPPN, and HD-DPPN, 

respectively (Fig. 5). The corresponding LUMO energy levels are estimated to be -3.69, -3.54 

and -3.67 eV by assuming that the optical bandgap = LUMO - HOMO.  

Obviously the linear side chain monomers have higher HOMO energy levels than the branched 

one, indicating the D-DPPN and DD-DPPN are more easy to form hole carrier charge transport 

path and thus higher hole mobility in OFET device. Generally the alkyl chains will have little 

effect on the electronic energy levels, which has been reported in literature for both polymers 

and small molecules.36,37,60 In current work, the small effect of chains on molecular properties 

is confirmed by the solution absorption peaks and DFT results (vide infra). The difference of 

HOMO and LUMO energy levels is due to the synergistic effect of the different torsional extent 



of the conjugated backbone and intermolecular stacking manner caused by the alkyl side 

chains.61  

 

Fig. 6 the HOMO-LUMO distributions with ethyl side chains (they are similar for all chains 

studied here). 

 

To clearly understand the torsional extent of conjugated backbone and get deeper insight to the 

intermolecular stacking of all the monomers, density functional theory (DFT) and powder X-

ray diffraction (XRD) were carried out. DFT can not only investigate the energy level values 

but also molecular orbital distributions and dihedral angles between the DPP core and 

naphthalene flanking group. The DFT results show that the side chains have little influence on 

the distribution and energies of molecular orbitals (HOMO: -5.55, -5.53, -5.49 eV; LUMO: -

2.80, -2.82, -2.85 eV). All the three monomers have similar highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) shapes as shown in Fig. 6 where 

the side chain was replaced with ethyl group (the orbitals are visually similar with other chains). 

The dihedral angles between naphthalene and DPP core are determined to be 41o for D-DPPN, 

38o for DD-DPPN and 33o for HD-DPPN. The side view of the molecules is shown in 

supporting information (Figure S10) where the dihedral angles can be observed clearly. This 

result further indicates that the different properties in thin film absorption, solid state emission 

and HOMO & LUMO energy levels are resulted from the different manners of molecular 

aggregation in solid state which can be visually observed from the solution and solid 

appearance in Scheme 1. 



 

Fig. 7 XRD patterns of D-DPPN, DD-DPPN and HD-DPPN. 

 

The powder XRD was used to measure the stacking behaviour of monomers in the solid state. 

As shown in Fig. 7, all compounds show sharp and clear diffraction peaks at 2θ = 6.49o, 4.09o, 

and 5.93o for D-DPPN, DD-DPPN, and HD-DPPN, respectively, corresponding to an 

intermolecular lamellar distance of 15.80 Å, 25.07 Å, 17.29 Å, respectively. It can be seen that 

the length of linear side chain has large influence on the intermolecular alkyl chain stacking. 

While for the branched one, although the hexyldecyl side chain is much more bulky than decyl 

and dodecyl chain, HD-DPPN shows similar lamellar distance with D-DPPN and much shorter 

value than that of DD-DPPN indicating branched side chains are easy to form chain-chain 

interdigitation. D-DPPN and HD-DPPN also show a long-range stacking along the molecular 

backbones with several apparent peaks between 10-30o, which is helpful to form a continuous 

phase structure in solid state. Comparatively, DD-DPPN shows a much cleaner XRD pattern. 

The XRD results are consistent with the notion that the alkyl side chains can greatly influence 

the packing orientation of molecules in solid state, which can impact the π-electron 

delocalization and thus cause changes of energy levels.  



Fabrication of Solution-processed OFET Devices: 

 



 

Fig. 8 Top gate bottom contact OFET device schematic and typical output (a, c, e) and transfer 

(b, d, f, VD = -40 V) curves of D-DPPN (a, b), DD-DPPN (c, d) and HD-DPPN (e, f) based 

OFET devices after annealing at 100 oC. 

 



The potential use of naphthalene-flanked DPP materials in organic electronics was investigated 

by measuring the mobilities of OFETs fabricated by spin-coating with a top gate bottom contact 

structure device configuration on glass substrates where D-DPPN, DD-DPPN and HD-DPPN 

were used as active layers. Fig. 8 shows the device schematic used in this study and the 

representative output and transfer curves after annealing at 100 oC. The OFET parameters of 

the devices annealed at 100 oC extracted from transfer curves of the saturation regime, 

including mobility values (µh), threshold voltage (Vth), and On/Off ratio (IOn/IOff) are 

summarized in Table 2. 

Table 2. Summary of OFET Performance. 
 

Materials Ann. Temp. 
(°C) 

µh
ave. ×10-2 

(cm2 V-1 s-1) 
µh

max. ×10-2 
 (cm2 V-1 s-1) 

Vth 
(V) 

IOn/IOff 
(×106) 

GIXRD 
(2θ) 

D-DPPN 100 0.96±0.01 1.90 -20.1±1.9 1.05±1.00 3.93/5.64 
DD-DPPN 100 0.08±0.04 0.12 -2.03±2.2 0.18±0.04 3.55/3.52 
HD-DPPN 100 0.06±0.03 0.08 -27.8±0.2 0.04±0.01 ---/5.14 

 

The obtained data clearly demonstrate that the materials behave p-type transport as the hole 

accumulation for negative gate voltages. The hole mobility is calculated with data obtained in 

saturation regime. From the obtained OFET characteristics, it is clear that the nature of the 

flexible alkyl chain attached to nitrogen atoms has a strong impact on charge carrier transport. 

A shorter straight decyl-substituted DPPN compound (D-DPPN) based OFET device shows 

the best performance with the highest hole mobility of 0.019 cm2 V-1 s-1. When the shorter 

straight alkyl chain was replaced by a longer one, dodecyl substituted DPPN compound (DD-

DPPN) exhibits a lower hole mobility of 0.0012 cm2 V-1 s-1. Furthermore, a longer branched 

hexyldecyl substituted DPPN compound (HD-DPPN) shows the lowest performance among 

all these materials with a hole mobility of 0.0008 cm2 V-1 s-1. The differences in hole mobility 

values may result from both the varied molecular stacking as discussed below based on thin 

film grazing incidence X-ray diffraction (GIXRD) and based on thin film nanotopography as 



discussed below using atomic force microscopy (AFM) and polarized microscope image. To 

find the charge transport behaviour difference between naphthalene and thiophene flanked DPP, 

we fabricated transistor based on thiophene DPP monomer with a branched butyloctyl alkyl 

chain, unfortunately, the device didn’t work using the same conditions so we didn’t explore 

further and didn’t synthesize other alkylated thiophene flanked DPP monomers. According to 

our current results, the shorter the side chain, the higher the hole moblility. As per literature, 

thiophene and phenyl flanked DPP monomers with ethylhexyl and hexyl shorter side chains 

exhibits hole mobility values of 4×10-3 and 2 × 10-4 cm2 V-1 s-1 respectively. 62,63 Upon 

comparing the obtained charge carrier mobility results for our newly reported naphthalene 

flanked DPP in this work with that of previously reported thiophene and phenyl flanked DPP 

monomers, our naphthalene DPP exhibits charge carrier mobility in 10-2 range which is one 

and two orders of magnitude higher than thiophene and phenyl flanked DPP. This study clearly 

indicates that naphthalene flanked DPP is a highly promising candidature to create range of 

new p-type and relevant organic semiconductors. 

None of the devices based on DPPN derivatives worked after 150 oC annealing, which may be 

due to the formation of isolated organic crystal films upon heating above to the melting 

temperature of the materials, as observed from polarized microscope images (see the following 

discussion in “microstructural analysis of monomer films” section). Upon heating to 150 oC, 

the thin films of DPPN derivatives D-DPPN, DD-DPPN and HD-DPPN melted first and then 

solidified during the cooling process which resulted in a poor thin-film nanostructure (see 

Figure S11 in supporting information). One of the major reasons for this phenomenon is 

attributed to the melting point and all materials melt below 150 oC. In additional experiments, 

devices fabricated on SiO2/Si substrate failed to exhibit transistor behaviour. 

Grazing Incidence X-ray Diffraction (GIXRD) 



 

 

 

Fig. 9 thin films grazing incidence XRD patterns for D-DPPN, DD-DPPN and HD-DPPN. 



Since the transistor devices are based on the thin films of D-DPPN, DD-DPPN and HD-DPPN 

active channel semiconductors, we performed the grazing incidence X-ray diffraction (GIXRD) 

study using these material’s thin films without and with annealing at 100 oC for 1 h (similar to 

the device fabrication condition). From Fig. 9 and Table 2, we can clearly see that the GIXRD 

results have the similar trend as like powder XRD. However, unlike polymers, it is hard to pull 

out a π-π stacking distance for small molecules. For our monomer, we can see weak peaks at 

around 25o in the GIXRD data and this is attributed to the reflection of π-π stacking. However, 

it is very hard to extract an exact value for these weak peaks. For D-DPPN and HD-DPPN, the 

short lamellar distances after 100 oC annealing (15.66 and 17.18 Å) indicate that there is a high 

degree of interchain interdigitation with each other around adjacent layers.9 Although the alkyl 

stacking directions are not directly linked to charge transport pathways, they are reflective of 

the overall degree of crystallinity and crystalline order. From the following polarized 

microscope images, we can see that D-DPPN and HD-DPPN can form continuous crystalline 

domains where D-DPPN with shorter lamellar distance shows larger domain size, while for 

DD-DPPN, some isolated organic crystals were observed that may be caused by the longer 

interchain distance. 

 

Microstructural Analysis of Monomer Films: 

 

Fig. 10 Polarized microscope images of D-DPPN, DD-DPPN and HD-DPPN thin films after 

100-oC annealing. 



 

Fig. 11 Contact mode atomic force microscope (AFM) images of D-DPPN (a), DD-DPPN (b) 

and HD-DPPN (c). 

 

The solid-state microstructural properties of all three DPPN materials D-DPPN, DD-DPPN 

and HD-DPPN using thin films were studied by using optical microscopy and atomic force 

microscopy (AFM). The optical micrographs and AFM images of these materials are shown in 

Fig. 10 and Fig. 11 respectively. It is clearly observed from the polarized microscope images 

in Fig. 10 that all three monomers are crystalline but exhibit different crystal domain sizes after 

annealing at 100 oC; that is likely the main reason for the differences in hole mobility values. 

D-DPPN exhibits the largest crystal domain size of up to several hundreds of micrometres that 

may be caused by the low crystallinity temperature from DSC analysis that allows sufficient 

time to form large scale of crystal domain and thus the highest hole mobility of 0.019 cm2 V-1 

s-1. DD-DPPN shows ca. 100 micrometres of crystal domain size and 0.012 cm2 V-1 s-1 of hole 

mobility, while for HD-DPPN, the crystal domain size is only 10-40 micrometres, which causes 

poor hole mobility in OFET device. After annealing at 150 oC (see Figure S11 in supporting 

information), recrystallization of the films may cause disconnection between particles and thus 

the OFET devices did not work under this condition. From the AFM images in Fig. 11, all the 

thin films show flat, uniform surfaces with similar root-mean-square roughnesses of 0.52 nm 

for D-DPPN, 0.33 nm for DD-DPPN and 0.42 nm for HD-DPPN after 100-oC annealing. 

 



Conclusions 

A new DPP family member, naphthalene flanked diketopyrrolopyrrole (DPPN), was designed 

and synthesized for the first time. Both straight and branched side chains were attached to the 

DPP core and the effects of these side chains were studied in detail. We found that the side 

chains have little influence on the thermal properties and solution absorption. However, 

different side chains appear to cause different molecular aggregations as indicated in the XRD 

patterns; the thin film absorption spectra, solid-state emission spectra and HOMO and LUMO 

energy levels also show large differences. Encouragingly, upon fabricating thin film OFET 

devices using spin coating, these new DPP monomers exhibit a promising hole mobility of 

0.019 cm2 V-1 s-1 for D-DPPN, 0.0012 cm2 V-1 s-1 for DD-DPPN and 0.0008 cm2 V-1 s-1 for 

HD-DPPN after 100 oC annealing. It is important to note that the reported charge carrier 

mobility value in current work is only for the naphthalene flanked extended conjugated core 

without any further functionalization. These preliminary results suggest that naphthalene-

flanked DPP represents a promising building block for designing new solution-processable 

organic semiconductors for flexible and printed electronics. The initial insights clearly 

demonstrate a great potential of this moiety and open a new research avenue in DPP area. 

Further synthesis of DPPN-containing small molecules and their donor-acceptor polymers is 

currently under way in our laboratory. 

 

Experimental Section: 

Materials and Instruments: All starting materials were purchased commercially as analytical 

reagents and used directly without any further purification. Distillation prior to use purified all 

solvents. Reactions were conducted under an atmosphere of argon and monitored by thin layer 

chromatography (TLC). 1H NMR and 13C NMR were obtained with a Bruker 600 spectrometer. 



The HRMS spectra of final compounds were carried out on a LTQ XL Ion Trap instrument. 

TGA analysis was performed using a Pegasus Q500TGA thermogravimetric analyser under 

nitrogen atmosphere at a heating rate of 10 oC min-1. DSC measurements were conducted under 

nitrogen using a Chimaera instrument Q100 DSC. Photoelectron spectroscopy in air (PESA) 

measurements was conducted using on an AC-2 photoelectron spectrometer (Riken-Keiki Co.). 

AFM images were collected using an NT-MDT Solver Pro AFM equipped with Budget Sensors 

cantilevers with a resonant frequency of 150 kHz, a spring constant of 5 N/m, and a length of 

125 m. DFT calculations were performed in Gaussian 09 using the B3LYP functional and the 

LANL2DZ basis set. The PCM model of the chloroform solvent was used. Absorption spectra 

were computed using TD-DFT considering the first six excited states. 

Photophysical Measurements: Absorption spectra were recorded at room temperature using 

a Perkin Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady state emission and 

excitation spectra were recorded from air-equilibrated solutions on an Edinburgh FLSP980 

spectrometer equipped with a 450 W Xenon arc lamp, double excitation and double emission 

monochromators and a Peltier cooled Hamamatsu R928P photomultiplier tube (185-850 nm) 

as well as a Hamamatsu R5509-42 photomultiplier for detection of NIR radiation (spectra range 

800-1400 nm). Emission and excitation spectra were corrected for source intensity (lamp and 

grating) and emission spectral response (detector and grating) by a calibration curve supplied 

with the instrument. According to the approach described by Demas and Crosby64, 

luminescence quantum yields were measured in optically dilute solutions (O.D. < 0.1 at 

excitation wavelength) obtained from absorption spectra on a wavelength scale [nm] and 

compared to the reference emitter by the following equation:  

 



where A is the absorbance at the excitation wavelength λ, I is the intensity of the excitation 

light at the excitation wavelength λ, n is the refractive index of the solvent, D is the integrated 

intensity of the luminescence and Φ is the quantum yield. The subscripts r and x refer to the 

reference and the sample, respectively. The quantum yield determinations were performed at 

identical excitation wavelength for the sample and the reference, therefore cancelling the 

Ir(λr)/Ix(λx) term in the equation. The synthesised species were measured against an air-

equilibrated aqueous solution of quinine sulfate in 0.1 M H2SO4 used as reference (Φr = 

0.546).65 Emission lifetimes (τ) were determined with the time-correlated single photon 

counting (TCSPC) technique with the same Edinburgh FLSP920 spectrometer using pulsed 

picosecond LEDs (EPLED 360, FHWM < 800 ps) as the excitation source and the above-

mentioned R928P PMT as detector. The goodness of fit was assessed by minimising the 

reduced χ2 function and by visual inspection of the weighted residuals. The dichloromethane 

used for the preparation of the solutions for photophysical investigations was of spectrometric 

grade, and was degassed using freeze-pump-thaw technique. The prepared solution was filtered 

through a 0.2 mm syringe filter before measurement. Experimental uncertainties are estimated 

to be ±8% for lifetime determinations, ±20 % for quantum yields, ±2 nm and ±5 nm for 

absorption and emission peaks. 

Powder XRD (X-ray Diffraction) Analysis: The samples were dried overnight in an oven at 

40 oC. Following drying, the samples were front pressed into low background quartz sample 

holders. Powder X-Ray diffraction patterns were acquired using a PANalytical X’Pert Pro 

MPD in parallel beam mode with a cobalt (Co, Kα1 = 1.789010 Å) source operating at 40 kV 

and 40 mA. X-ray diffraction patterns were collected from 3-90o 2θ at a step size of 0.02o for 

1 hour. Incident optics included a parabolic mirror, 0.04 radian Soller slit, a 20 mm mask and 

a 0.5o fixed divergence slit. The receiving optics included a 0.09o parallel plate collimator and 

0.04 radian Soller slits. The samples were spun during data acquisition. 



Grazing Incidence X-ray Diffraction (GIXRD): Grazing incidence X-ray diffraction 

(GIXRD) patterns were acquired using a Rigaku SmartLab diffractometer (Cu source, 40 kV 

40 mA) operating in parallel beam mode with a Hypix 3000 detector. The incidence angle (ω) 

was fixed to 0.5° during data collection. The incident optics consisted of 5° Soller slits, 5 mm 

incident slit and a fixed divergence slit at 0.075 mm. Receiving optics included a 0.114° 

collimator and a 20 mm receiving slit. Patterns were collected at 0.75 deg·min-1 at a step size 

of 0.01° from 2 - 50° 2θ. 

Device Fabrication: OFET devices were fabricated in a Top-Gate/Bottom-Contact structure. 

Glass substrates were employed, and a lithographed electrode (Au/Ni = 13 nm/3 nm) was used 

as the source and drain electrodes. The glass substrates were sequentially cleaned with acetone, 

DI water, and isopropanol, and oven dried at 110 °C for 1 h. After drying, the substrates were 

treated with UV/Ozone for 30 min and then moved into a N2 filled glove box. DPPN derivatives, 

D-DPPN, DD-DPPN and HD-DPPN, (3 mg/ml in Chlorobenzene) was spin-coated at 2000 

rpm and annealed at 100 oC (below melting point) or 150 oC (over melting point) for 1 h. 

CYTOP was spin coated on to the organic semiconductor as the dielectric layer (∼500 nm) and 

annealed at 90 °C for 1h. Al (50 nm) was used for the gate electrode and was thermally 

evaporated under vacuum (∼10-6 Torr). Electrical characterization was measured under 

nitrogen using a Keithley semiconductor parametric analyzer (Keithley 4200-SCS) under 

nitrogen atmosphere in glove box. Hole mobility (μ) was determined using Ids = (WCi/2L) × μ 

× (Vg - Vth)2 in the saturation regime.  

Synthesis: 

Synthesis of 3,6-di(naphthalen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (NH-DPPN): 

A three-neck round-bottom flask connected to a condenser was charged with a stir bar and 

potassium tert-butoxide (3.9 g, 35.1 mmol) with argon protection. Naphthalene-2-carbonitrile 

(6 g, 39 mmol) and t-amyl alcohol (34 mL) were added in one portion. The mixture was 



progressively warmed to 120 oC for about half an hour. A solution of diisopropyl succinate (3.2 

g, 16 mmol) in t-amyl alcohol (10 mL) was subsequently added dropwise over 1 h and then the 

mixture was kept stirring for another 2 h at the same temperature. The reaction mixture was 

then cooled to 65 oC and precipitated into acidic MeOH (220 mL MeOH and 11 mL conc. HCl) 

gradually. After stirring for half an hour, the resulting suspension was filtered, washed with hot 

methanol and water twice each and dried in vacuum to yield the red solid NH-DPPN (3.8 g, 

61%), which was used directly in the subsequent reactions without further purification. 

Synthesis of 2,5-didecyl-3,6-di(naphthalen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(D-DPPN): NH-DPPN (0.84 g, 2.16 mmol), potassium tert-butoxide (485 mg, 4.32 mmol) 

were suspended in anhydrous N,N-dimethylformamide (25 mL) with argon protection. The 

mixture was stirred for 1h at room temperature and then heated to 60 oC, a solution of n-decyl 

bromide (2.9 g, 12.96 mmol) in N,N-dimethylformamide (5 mL) was added dropwise over 1 

h. After stirring for 20 h, the reaction mixture was filtered and the organic layer was diluted 

with 50 mL of ethyl acetate and washed with water and brine several times. The organic phase 

was then dried over sodium sulfate and concentrated to obtain crude product which was 

purified by column chromatography on silica gel using hexane: ethyl acetate = 10:1 as eluent 

and then recrystallization in methanol to obtain orange solid D-DPPN (480 mg, 33%). 

1H NMR (600 MHz, CDCl3) δ (ppm)  8.36 (s, 2H), 7.93 (d, J = 7.8 Hz, 2H), 7.85-7.79 (m, 6H), 

7.57-7.51 (m, 4H), 3.87 (t, J = 7.8 Hz, J = 7.2 Hz, 4H), 1.62 (m, 4H), 1.29-1.16 (m, 28H), 0.88 

(t, J = 7.2 Hz, J = 7.2 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ (ppm) 162.79, 148.53, 134.23, 132.82, 129.43, 128.96, 128.42, 

127.76, 126.69, 125.61, 125.07, 110.13, 41.97, 31.87, 29.46, 29.45, 29.41, 29.25, 29.05, 26.74, 

22.67, 14.14. 

HRMS [M+H]+ m/z calcd. 669.4342 found 669.4413. 



Synthesis of 2,5-didodecyl-3,6-di(naphthalen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione (DD-DPPN): NH-DPPN: (1 g, 2.57 mmol), potassium tert-butoxide (577 mg, 5.14 mmol) 

were suspended in anhydrous N,N-dimethylformamide (28 mL) with argon protection. The 

mixture was stirred for 1 h at room temperature and then heated to 60 oC, a solution of n-

dodecyl bromide (3.8 g, 15.42 mmol) in N,N-dimethylformamide (6 mL) was added dropwise 

over 1 h. After stirring for 20 h, the reaction mixture was filtered and the organic layer was 

diluted with 50 mL of ethyl acetate and washed with water and brine several times. The organic 

phase was then dried over sodium sulfate and concentrated to obtain crude product which was 

purified by column chromatography on silica gel using hexane: ethyl acetate = 10:1 as eluent 

and then recrystallization in methanol to obtain red solid DD-DPPN (460 mg, 25%). 

1H NMR (600 MHz, CDCl3) δ (ppm)  8.38 (s, 2H), 7.96 (d, J = 7.8 Hz, 2H), 7.91-7.85 (m, 6H), 

7.60-7.55 (m, 4H), 3.88 (t, J = 7.8 Hz, J = 7.2 Hz, 4H), 1.65 (m, 4H), 1.31-1.17 (m, 36H), 0.89 

(t, J = 7.2 Hz, J = 7.2 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ (ppm) 162.83, 148.51, 134.30, 132.89, 129.42, 128.98, 128.53, 

127.83, 127.80, 126.78, 125.65, 125.08, 110.20, 42.06, 31.92, 29.61, 29.60, 29.52, 29.46, 29.34, 

29.06, 26.75, 22.70, 14.14. 

HRMS [M+H]+ m/z calcd. 725.4968 found 725.5039. 

Synthesis of 2,5-bis(2-hexyldecyl)-3,6-di(naphthalen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (HD-DPPN): NH-DPPN (0.96 g, 2.47 mmol), potassium tert-butoxide (554 mg, 4.94 

mmol) were suspended in anhydrous N,N-dimethylformamide (25 mL) with argon protection. 

The mixture was stirred for 1 h at room temperature and then heated to 60 oC, a solution of 2-

hexyldecyl bromide (4.5 g, 14.82 mmol) in N,N-dimethylformamide (5 mL) was added 

dropwise over 1 h. After stirring for 20 h, the reaction mixture was filtered and the organic 

layer was diluted with 50 mL of ethyl acetate and washed with water and brine several times. 

The organic phase was then dried over sodium sulfate and concentrated to obtain crude product 



which was purified by column chromatography on silica gel using hexane: ethyl acetate = 10:1 

as eluent and then recrystallization in methanol to obtain orange solid HD-DPPN (370 mg, 

18%). 

1H NMR (600 MHz, CDCl3) δ (ppm) 8.32 (s, 2H), 7.92 (d, J = 7.8 Hz, 2H), 7.80 (m, 6H), 7.57-

7.51 (m, 4H), 3.87 (d, J = 7.2 Hz, 4H), 1.52 (m, 2H), 1.28-0.98 (m, 48H), 0.87 (t, J = 7.2 Hz, 

J = 7.2 Hz, 6H), 0.80 (t, J = 7.2 Hz, J = 7.2 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ (ppm) 162.88, 148.70, 134.17, 132.80, 129.25, 128.87, 128.37, 

127.77, 127.65, 126.65, 125.96, 125.08, 110.06, 45.33, 36.98, 31.88, 31.70, 31.28, 31.27, 29.86, 

29.52, 29.47, 29.27, 26.06, 26.01, 22.67, 22.59, 14.14, 14.08. 

HRMS [M+H]+ m/z calcd. 837.6220 found 837.6292. 
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