
Synthesis and electronic properties of nitrogen-doped π-

extended polycyclic aromatic dicarboximides with multiple 

redox processes 
 

Matías J. Alonso-Navarroa,c†, Alexandra Harbuzarub†, Marcos Martínez-Fernándeza, 

Paula Pérez Camero,b J. Teodomiro López Navarrete,b M. Mar Ramos,c Rocío Ponce 

Ortizb*, José L. Segura a* 

 

aDepartment of Organic Chemistry, Complutense University of Madrid, Faculty of 

Chemistry, Madrid 28040, Spain. 

bDepartment of Physical Chemistry, University of Málaga, Málaga, 29071, Spain. 

cChemical and Environmental Technology Department. Univ. Rey Juan Carlos, Móstoles, 

28933, Spain.  

 
†These authors contributed equally to this work 

 

Dedicated to Professor Dr. Peter Bäuerle on the occasion of his 65th anniversary. 
 

Abstract 

In this work, a series of nitrogen-doped polycyclic aromatic mono and dicarboximides 

was designed, and their synthesis is reported by an innovative synthetic procedure that 

avoids metal-based cross-coupling reactions. A combined theoretical, electrochemical, 

optical spectroscopy and material characterization study allows the investigation of the 

interplay of different effects such as (i) the type of solubilizing chain, (ii) the all-acceptor 

vs donor-acceptor nature of the novel systems, and (iii) the molecular ordering, on the 

ability to stabilize multiple charges and on the OTFT device response characteristics. The 

amphoteric redox behavior of some of the novel systems allow to obtain ambipolar 

mobilities while the electron mobility values of the three all-acceptor systems can be 

rationalized in terms of supramolecular aggregation and enhanced film-forming ability. 

 

1. Introduction 

Organic semiconductors based on π-conjugated materials have been intensively 

investigated for their advantages in the manufacture of low-cost, light-weight, and 

flexible optoelectronic devices.1-3 The chemical structure of the π-conjugated materials, 

as well as their purity, supramolecular organization and film morphology determine the 

electronic performance of these organic devices. Therefore, in order to develop new 

organic semiconductors with high mobilities, an in-depth understanding of the molecular 

structure-charge transport property relationships is required. In this regard, π-conjugated 

fused-ring systems, such as polycyclic aromatic dicarboximides4-7 (PADI) and their 

heteroatom-doped analogues  are emerging classes of semiconducting materials8 derived 

from the well-known family of polycyclic aromatic hydrocarbons9-13 (PAH). These 



materials have been successfully applied in organic (opto)electronics14-18 and more 

recently, as electrodes in energy storage devices due to their remarkable redox 

behavior.19-23 Among them, π-conjugated compounds containing imide groups, such as 

naphthalene24 and perylene diimides (NDI and PDI)1, 2, 25-27 are among the most successful 

n-type organic semiconductors, due to the strong electron-withdrawing character of the 

imide group, which lowers the LUMO energy levels of the semiconductor, facilitating 

electron injection and charge stabilization through the π-conjugated systems. 

Furthermore, modifications on the conjugated skeletons of NDI and PDI derivatives offer 

the possibility of tuning the redox potentials and promoting the generation of reversible 

polyanionic species, for their use as electrode materials in batteries.28-32 Besides, 

processability can be easily modulated in these derivatives by the  appropriate selection 

of alkyl chains substituents at the nitrogen atom of the imide groups.  Thus, long or bulky 

alkyl chains provides good film forming ability through enhanced solubility, even in large 

planar π-extended systems with many fused rings, while intermolecular interactions can 

be promoted by the absence of lateral substituents, for applications as electrodes.  

π-Extended PADI systems are usually obtained from functionalized rylene monoimide 

derivatives via metal-based cross-coupling or C-H arylation reactions.6, 33, 34 In this 

regard, the synthesis of new π-extended polycyclic aromatic dicarboximides by metal-

free reactions is relatively unexplored. Inspired by the excellent properties of these 

organic semiconductors and by the relative scarcity of metal-free reactions for the 

synthesis of heteroatom-doped PADI materials, we report herein the synthesis and study 

of new electron-poor π-conjugated polycyclic aromatic dicarboximides.4, 6, 7  

Taking into account that 1,2-diketones have already proven as good intermediates for the 

synthesis of fused-ring systems,35 in this article we describe the synthesis and 

characterization of a novel family of π-extended nine-ring-fused systems (naft-1-4, 

Scheme 1) by auto-condensation and cross-condensation of pyrene36 and 1,8-

naphthalimide37-39 moieties endowed with 1,2-diketone functionalities. The systems 

based only on naphthalimide units (naft-2-4) are designed to exhibit good electron 

accepting properties while that based on pyrene and 1,8-naphthalimide (naft-1) is 

designed to exhibit an ambipolar behavior. Different solubilizing chains are incorporated 

in the novel systems in order to tune their supramolecular aggregation and film-forming 

ability. These novel systems have been characterized by cyclic voltammetry (CV), UV-

vis absorption, spectroelectrochemistry, and density functional theory (DFT) 

calculations. Furthermore, their electrical properties in OFETs have been examined using 

vapor-deposited films which have been also characterized by X-ray diffraction (XRD) 

and atomic force microscopy (AFM) analysis. The study allows the investigation of the 

interplay of different effects such as (i) the type of solubilizing chain, (ii) the all-acceptor 

vs donor-acceptor nature of the novel systems, and (iii) the molecular ordering, on the 

ability to stabilize multiple charges and on the OTFT device characteristics. 

 

 

2. Results and discussion 



The syntheses of the target compounds reported in this article (naft-1-4, Scheme 1) start 

with the preparation of suitably functionalized pyrene and 1,8-naphthalimide moieties 

endowed with 1,2-diketone functionalities. Thus, the t-butyl substituted pyrene-4,5-dione 

1 (Scheme 1) has been obtained from pyrene by following  the synthetic procedure 

previously reported by Harris and coworkers36 while 1,8-naphthalimide derivatives (2-4, 

Scheme 1) endowed with 1,2-diketone functionalities and different substituents at imide 

nitrogen have been obtained by using the four-step  reaction sequence from acenaphthene 

previously developed by our group.37-40 

In order to synthesize the novel family of electron-acceptor π-extended nine-ring-fused 

systems, we have used the innovative one-pot condensation method of aromatic 1,2-

diketones recently developed by Zhao and co-workers.41, 42 Thus, diketones 2-4 were self-

condensed in glacial acetic acid in the presence of an excess of ammonium acetate by 

heating overnight at 110 °C to yield the target molecules (naft-2-4, Scheme 1) after a 

purification step. The three novel electron acceptors share the same π-conjugated skeleton 

and differ only on the solubilizing chain at the imide nitrogen. 

In addition, a novel donor-acceptor π-extended nine-ring-fused system has been obtained 

by cross-condensation reaction of an equimolecular mixture of the diketone based on the 

1,8-naphthalimide moiety (2) and the pyrene-4,5-dione derivative 1 suspended in glacial 

acetic acid together with ammonium acetate and heated at 110 °C overnight (Scheme 1). 

In this reaction, two possible products (naft-1 and inverted naft-1, Scheme 1) may be 

formed. However, only naft-1 was obtained in the reaction together with a small amount 

of naft-2 and the pyrene dimer, due to the self-coupling product of 1,2-diones 1 and 2. 

The regioselectivity toward the formation of naft-1 may be due to the different reactivity 

of 1,2-diones 1 and 2. In contrast to pyrene, the 1,8-naphthalimide moiety is a stronger 

electron-acceptor, what makes the 1,2-dione 2 more reactive toward ammonium acetate 

than the parent pyrene derivative 1. Thus, the higher reactivity of 1,2-dione 2 is 

responsible for the better yields observed for the synthesis of 1,8-naphthalimide-based 

dimers naft-2-4 (60-85 %) in comparison with those obtained in the syntheses of both the 

mixed-based derivative naft-1 (20 %) and the previously reported  pyrenedione-based 

dimers (< 50 %).41 

 



 

Scheme 1  Syntheses of the new naphthalimide and pyrene assemblies studied in this work. 

 

It is worth pointing out that the solubility problem commonly associated with this type of 

π-conjugated fused-ring systems is avoided by the incorporation of the t-butyl groups in 

the pyrene moiety as well as by the incorporation of suitable branched alkyl chains and 

3,5-diisopropylphenyl substituent at the imide-nitrogen of 1,8-naphthalimides.  Thus, the 

chemical structures of the four π-extended nine-ring-fused systems could be properly 

characterized not only by mass spectrometry and FT-IR but also by NMR given their 

good solubility in deuterated chloroform. However, due to the lower solubility of naft-2 

in deuterated solvents, as a consequence of the shortest alkyl chain at the imide position, 

its 13C-NMR spectrum could only be obtained properly by the addition of a small amount 

of deuterated trifluoroacetic acid. 

The analysis of 1H-NMR spectra revealed a clearly well-resolved pattern for these four 

compounds (Figures S1-S4). First, the appearance of well-defined downfield signals 

reveals the characteristic protons for the 1,8-naphthalimide fragments between 9.4 and 

7.8 ppm. Due to the non-symmetrical structure of naft-1, its 1H-NMR spectrum shows 

10 signals corresponding to the 10 non-equivalent hydrogen atoms present in the 

structure. The signals corresponding to the hydrogen atoms of the naphthalimide moiety 

appear at 9.23, 9.03, 8.84 and 8.74 ppm with their characteristic coupling constants of 7.5 

Hz (Figure S5). Concerning with the pyrene moiety, the singlet at 9.95 ppm can be 

assigned to the hydrogen atom closer to the heterocyclic nitrogen and the singlet at 8.91 



can be assigned to the hydrogen atom closer to the carbonyl group according to that 

observed for pyrene dimers with analogous structure.43 The singlets at 8.43 and 8.48 

correspond to the other hydrogen atoms next to the tert-butyl substituents. Finally, the 

remaining signals that appear as an AB system centered at 8.11 correspond to the 

diagnostic AB system of the pyrene moiety. The assignment of these signals has been 

carried out by two-dimensional homonuclear (1H-1H) and heteronuclear (1H-13C) 

correlation experiments (Figures S6-S8). In addition, for all of them, at higher field the 

characteristic signal for the protons in alpha position to the imide nitrogen appears at 

around 4 ppm. Finally, all the typical signals of the alkyl chains appear around 1 ppm. 

For the 13C-NMR spectra (Figures S9-S12) the most deshielded protons correspond to the 

imide carbons. Then, there are three signals at 157, 155 and 145 ppm which can be 

assigned to the newly formed amidine system. All signals between 140 and 110 ppm 

correspond to sp2 carbons in the π-conjugated hydrocarbon skeleton. Up-field, there are 

the signals corresponding to the alkyl chains, all bellow 50 ppm. 

In the FTIR spectra (Figures S13-S16), the most characteristic bands are the imide group 

between 1715 and 1690 cm-1 and the bands corresponding to the imine moiety between 

1650 and 1590 cm-1, depending on each molecule. All typical C=C stretching bands 

appear around 1550-1400 cm-1. Finally, from high resolution mass spectrometry analyses 

we can conclude the successful achievement of the desired compounds (Figures S17-

S20). 

Herein, we propose a possible mechanism for this kind of reaction, (Scheme 2) which is 

consistent with that previously reported by Zhao and co-workers, for the self-

condensation of pyrene-4,5-dione.41 The diimine intermediate NID-1 is formed by 

treating the 2-(2-ethylhexyl)-1H-indeno[6,7,1-def]isoquinoline-1,3,6,7(2H)-tetraone (2) 

with ammonium acetate. The next step involves the formation of a spiro-derivative (NID-

2) which suffers a ring-opening, leading to NID-3 by the nucleophilic attack of a molecule 

of water. Due to the acidic media in the reaction, there is an intramolecular nucleophilic 

attack in the condensation between the imidazole ring and the free carboxylic acid, 

followed by a loss of water, to obtain naft-2 as a stable product. For the mixed derivative 

naft-1, the mechanism should be the same as that proposed above but considering the 

introduction of pyrene dione 1 instead of the naphthalimide dione 2, thus leading to a 

seven-ring imidine macrocycle. 

 



 

Scheme 2 Proposed mechanism for the auto-condensation of the 1,2-dione of naphthalimide 2. 

 

Optical and electrochemical properties 

The acceptable solubility of the novel fused systems described in this work allows also 

proper characterization of their optical and electrochemical properties in solution by 

means of UV-Vis spectroscopy and cyclic voltammetry. The main values of the optical 

and electrochemical properties of naft-1-4 are summarized in tables 1, 2 and 3.   

  



UV-visa 

 [C] 

(µM) 

λmax
b 

(nm) 

ελmax
c 

(M-1·cm-1) 

λonset
d 

(nm) 

Eg
opt, e 

(eV) 

naft-1 0.275 340 37090 716 1.73 

naft-2 0.275 330 17090 655 1.89 

naft-3 0.275 331 40000 651 1.90 

naft-4 0.275 329 54545 670 1.85 

 

Table 1 Optical and electrochemical properties for naft-1-4 derivatives. a Absorption measurements in 

CHCl3 solution, b absorption maxima in solution, c molar absorption coefficient to the referred wavelength, 
d absorption band for the onset wavelength,e energy band gap derived from the low-energy absorption edge 

using the equation Eg
opt =1240/ λonset. 

In Figure 1a, the UV-Vis absorption spectrum in chloroform of the mixed-based 

derivative naft-1 is shown together with those of the pyrene-based 1,2-dione 1 and the 

naphthalimide 1,2-dione 2. For comparison purposes, Figure 1b depicts the UV-Vis 

absorption spectra of the naphthalimide dimer naft-2 together with that of the 

naphthalimide 1,2-dione 2. In Figure 1c, the UV-vis-spectra of the three naphthalimide-

dimers (naft-2-4), with different substituents at the imide nitrogen atoms, are shown and 

a comparison between all dimers described in this work is shown in Figure 1d. 
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Figure 1 UV-vis absorption spectra in chloroform solution of a) naft-1 dimer and b) naft-2 derivative 

together with the UV-vis absorption spectra of the diones used for their syntheses.  c) UV-Vis absorption 

spectra of the three naphthalene-based dimers naft-2-4. d) Normalized comparison between all dimers naft-

1-4 described in this work. 

In comparison with the 1,2-diketones used as starting materials, both derivatives naft-1 

and naft-2 show some new vibronic bands either below 400 nm (naft-1) or around 400 

a) 

c) d) 

b) 



nm (naft-2), which are due to the more complex and rigid π-conjugated system formed. 

In addition, the UV-vis spectra of both naft-1 and naft-2 exhibit new broad bands 

centered at 600 and 550 nm, respectively, which can be attributed to an absorption with 

a charge transfer character. This charge transfer band is not affected by the solution 

concentration (Figures S25-S28), which strongly suggests the intramolecular nature of 

the charge transfer absorptions. In this regard, it is worth mentioning that an 

intramolecular charge-transfer (ICT) band may be expected in naft-1, considering the 

electron acceptor character of the naphthalimide moiety and the electron-donor 

characteristics of the phenanthrene moiety. Regarding naft-2, the ICT excitation is 

theoretically confirmed by TDDFT calculations and can be described as a one-electron 

HOMO-LUMO excitation, consisting of the displacement of the electron density from 

the HOMO, mainly localized over the imidazole ring, to the LUMO, which is totally 

localized over the naphthalimide moiety (see Figure 2 and Figure S36). 

 

Figure 2 B3LYP/6-31G** predicted molecular orbitals of the naphthalene-based molecules naft-1 and 

naft-2.   The pattern of the electron density distribution for naft-2 is identical to that found for naft-3 and 

naft-4 (see naft-3 and naft-4 MOs in the ESI). 

 

The other naphthalimide dimers (naft-3 and naft-4) show identical UV-Vis spectra in 

chloroform solutions in comparison with that of the naft-2 analogue (figure 1c and in the 

ESI).  All of them show absorption maxima centered at 330 nm followed by vibronic 

structured absorptions around 400nm, ending with an ICT band centered at 550 nm. The 

almost undifferentiated UV-vis spectra observed for these compounds is consistent with 

their identical central π-conjugated cores as they only differ in the solubilizing alkyl or 

aryl chains at the imide nitrogen atoms. However, it is also worth pointing out that when 

the experiments were carried out in dichloromethane solutions, slight differences were 

observed. Thus, an inversion of the relative intensity in the structured bands was observed 

for naft-2 in comparison with that observed for naft-3 and naft-4 (Figure S29). This 

behavior is due to the remarkable differences in solubility of the naft-2-4 derivatives in 

dichloromethane solutions. The limited solubility of naft-2 in dichloromethane in 

comparison with the parent naft-3 and naft-4 analogues may be responsible for the 

formation of supramolecular aggregates.40 In order to confirm this supramolecular 

aggregation, dilution experiments were carried out in dichloromethane, as depicted in 

figure S30. When naft-2 solution is diluted enough, an inversion of the structured bands 

occurs,44, 45 confirming the presence of supramolecular aggregates in solution at 



concentrations around 10-4 M and non-aggregated molecular species in solution at 10-5 

M. This study was also accomplished for naft-3 (Figure S29c, S29d) and naft-4 (Figure 

S29e, S29f) but, in those cases, the presence of longer alkyl chain or 3,5-

diisopropylphenyl substituent at the imide position do not allow the formation of 

supramolecular species in dichloromethane solutions.  

 

TD-DFT calculations, at B3LYP/6-31G** level, are in good agreement with the 

experimental data and predict the existence of one intense electronic transition at around 

300 nm and a transition at around 600 nm, similar to the experimental electronic 

absorptions at around 300 and 550 nm, respectively (See Table 2). 

 

Table 2. Optical characterization and TDDFT calculations at B3LYP/6-31G** level for naft-1-4.  

Molecules 

λexp (nm) λtheor (nm) Description f 

λmax 

(nm) 

λICT 

(nm) 

λmax 

(nm) 

λICT 

(nm) 
λmax (nm) λICT (nm) 

λmax 

(nm) 

λICT 

(nm) 

naft-1 335 587 371 590 HOMO→L+2 HOMO→LUMO 0.79 0.03 

naft-2 328 551 324 636 HOMO→L+2 HOMO→LUMO 0.98 0.22 

naft-3 329 551 324 633 HOMO→L+2 HOMO→LUMO 0.90 0.24 

naft-4 328 551 323 634 HOMO→L+2 HOMO→LUMO 0.91 0.21 

 

 

The absorption spectra of naft-1-4 as thin films have been also investigated (Figure 3). 

Although the UV–vis absorption spectra of naft-2 and naft-4 in solutions (Figure 1c) are 

well overlapped due to the similar molecular backbone and the absence of interchain 

interactions, thin films absorption spectra of naft-2 and naft-4 show perceptible, red-

shifted bands in comparison with their absorption in chloroform solutions. This behavior 

is characteristic of a stronger molecular interaction in the aggregated state,46 as we 

previously observed for naft-2 in solution. In agreement with that observed for other alkyl 

substituted π-conjugated systems,47, 48 the shorter the side chains, the stronger the 

aggregation. Concerning naft-3, π-π-interactions are significantly decreased due to the 

bulky steric hindrance of the diisopropylphenyl substituent and therefore, no significant 

differences are found between the solution and thin film UV-Vis absorption spectra.  

Finally, thin film absorption spectrum of naft-1 also shows perceptible shifted bands in 

comparison with the absorption in chloroform solution, which suggests also strong 

molecular interactions in the solid state.  
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Figure 3 Thin film absorption spectra of the naphthalene-based derivatives a) naft-1, b) naft-2 c) naft-3 

d) naft-4. 

 

The acidochromic behavior in solution of these compounds was also studied. Figure 4 

depicts the remarkable changes in the absorption spectra of naft-1-4 by addition of 

increasing amounts of a strong organic acid such as trifluoroacetic acid49 (TFA: pKa = -

0.25) . This behavior is characteristic of conjugated molecules and polymers containing   

N-heterocyclic units such as pyridine,50 pyrazine,51 imidazole,52 or quinazolines,53 which 

have been reported to strongly react with acids due to the capability of these acids to 

interact with the lone pairs of the basic nitrogen of the heterocyclic moieties.  

  

b) a) 

d) c) 
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Figure 4 Normalized UV-Vis spectra of (a) naft-1, (b) naft-2, (c) naft-3 and (d) naft-4 in chloroform 

solutions in response to the addition of TFA from 0 to 2.3x105 molar equivalents. The photograph shows 

the colour change from the initial (left,) to the final solution (right). 

 

UV-vis tritation experiments, carried out by adding TFA into a chloroform solution of 

pyrene-containing naft-1, show bathochromic shifts in all absorption bands. This 

behavior is due to the interaction of the trifluoroacetic acid with the in-plane electron lone 

pair of the imidazole nitrogen atom, which is not involved in π-conjugation, acting as a 

basic site. Under similar UV-vis titration experiments, derivatives naft-2-4 exhibit an 

hypsochromic response to the addition of an excess of TFA. The protonated species were 

theoretically predicted for naft-1 and naft-4 (Figure 5, naft-2-3 in ESI) and their 

absorption spectra nicely follow the tendencies found experimentally; thus, the HOMO-

LUMO gap is slightly enlarged in naft-1 (Figure 5c) after protonation while it decreases 

for protonated naft-4 (Figure 5f). In both cases, protonation remarkably stabilizes both 

HOMO and LUMO orbitals energy levels, but being the LUMO stabilization more 

pronounced for naft-1, therefore the gap decrease. In contrast, HOMO stabilization is 

stronger for protonated naft-4. This can be understood considering the HOMO and 

LUMO topologies before and after protonation. In fact, following the trend in the orbital 

energetics, significant changes in the LUMO topologies are found for naft-1 after 

protonation, while changes in the HOMO orbitals are registered for naft-4. 

 

b) a) 

d) c) 



 

 

Figure 5 TDDFT/B3LYP-calculated vertical transition energies, for both pristine and protonated forms, and 

predicted FMOs energies for naft-1 (a-c) and naft-4 (d-f). 

 

The electrochemical redox activities of naft-1-4 were determined by cyclic voltammetry 

(CV) measurements in dichloromethane solutions and using tetrabutylammonium 

hexafluorophosphate as the electrolyte. Figure 6 shows the cyclic voltammograms of 

these four compounds and the electrochemical data is summarized in table 3. For the 

naphthalene-based dimers (naft-2-4) only reversible reduction waves are observed, with 

only small differences in the reduction values due to different substituents at the imide 

nitrogen (Figure 6b-d), as it is described in the literature.54, 55 For the mixed-based 

derivative naft-1 the cyclic voltammogram shows, in addition to the reversible reduction 

waves, an oxidation process due to the presence of the phenanthrene moiety (figures 6a). 

It is also worth pointing out that the cyclic voltammograms of dimers naft-2-4 show up 

to four reversible reduction waves, while that of naft-1 shows only two reduction waves. 

This behavior is consistent with the presence of only one naphthalimide unit in naft-1 

and two naphthalimide moieties in naft-2-4.  
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Figure 6 Cyclic voltammograms recorded for a) naft-1, b) naft-2, c) naft-3 and d) naft-4 derivatives in 

dichloromethane solutions.  

 

Cyclic voltammetry a 

 E1/2
ox 1 

(V) 
E1/2

red 1 

(V) 
E1/2

red 2 

(V) 
E1/2

red 3 

(V) 
E1/2

red 4 

(V) 
EHOMO

b 

(eV) 
ELUMO

c 

(eV) 
naft-1 0.92 -1.08 -1.38 - - -6.02 -4.02 
naft-2 - -0.98 -1.33 -1.45 -1.66 -6.01d -4.12 
naft-3 - -0.89 -1.22 -1.49 -1.65 -6.11d -4.21 
naft-4 - -0.98 -1.30 -1.51 -1.72 -6.01d -4.12 

 

Table  3 aElectrochemical data recorded by cyclic voltammetry experiments carried out in DCM/TBAPF6 

(0.1 M) solutions at a scan rate of 0.1 V/s, using Pt as working and the counter electrodes, and Fc/Fc+ 

redox couple as internal reference. b Estimated from EHOMO = -5.1 eV – E½oxI.  c Estimated from ELUMO = -

5.1 eV – E½redI. d Estimated from Eg
opt = EHOMO - ELUMO. 

 

From the first reduction potentials, obtained by cyclic voltammetry in dry 

dichloromethane (Fig. 6), it is possible to estimate the lowest unoccupied molecular 

orbital (LUMO) energy levels of naft-1–4 (Table 3). Similarly, the highest occupied 

molecular orbitals (HOMO) energy level of naft-1 can be estimated from the oxidation 

potential value observed for this derivative. Note that the first reduction potential of naft-

1, having only one naphthalimide moiety, is approximately 100 mV more negative than 

that of naft-2 with two naphthalimide moieties. Furthermore, according to these results, 

these new derivatives have lower estimated lowest unoccupied molecular orbital (LUMO) 

energies than that determined for naphthalene diimide (NDI, -4.03 eV) and perylene 

diimide (PDI, -3.98 eV) derivatives from voltammetry data recorded under identical 

conditions to those used for the electrochemical characterization of naft1-4. In addition, 

a) 

c) d) 

b) 



cyclic voltammetry analyses were also performed in chloroform solution, at the same 

experimental conditions described above, in order to enhance naft-2 solubility and with 

the aim to analyze solvent effects on its electrochemical behavior (figure S32 in the ESI). 

These measurements were also carried out for naft-1, naft-3 and naft-4 for comparative 

purposes (Figure S31-S34).  As it is shown in the ESI, the CV values obtained in 

chloroform solutions are shifted in comparison with the obtained values in 

dichloromethane. This phenomenon is related to a different stabilization charge behavior 

due to the different dielectric constants of the solvents (dichloromethane 9 vs chloroform 

4.8), as well as to the different aggregation state in solution for these derivatives. 

Theoretical calculations carried out by using both dichloromethane and chloroform 

solvents with a polarizable continuum model (PCM) confirm that the reduced species are 

less stabilized in chloroform than in dichloromethane solvent (see Table S3). 

 

Table 4 shows the comparison between predicted and experimental frontier molecular 

orbital energies. Although the absolute values are not always fully consistent, DFT 

calculations are able to predict the general tendency in orbital energy levels and bandgaps. 

As expected, the presence of different substituents at the imide nitrogen in naft-2-4 does 

not have a remarkable effect on the HOMO and LUMO energy gap values. 

Internal reorganization energies were also computed in order to estimate theoretical 

parameters related to their charge transport abilities. The data shown in Table 4 indicate 

similar reorganization energies for both hole and electron transport in naft-1; however, 

in the case of naft-2-4 semiconductors, the internal reorganization energies for electron 

transport are substantially lower than those predicted for hole transport. That can be 

related to the easiness to accommodate negative charges over the two naphthalimide units. 

 

 

 

 

UV-Vis-NIR Spectroelectrochemistry 

 

Table 4. Calculated (B3LYP/6-31G**) HOMO and LUMO energy levels, reorganization energies for naft-

1-4. Experimental values are also shown. 

 

Experimental results Theoretical results Reorganization energies 

LUMO 

(eV) 

HOMO 

(eV) 

Egap 

(eV) 

LUMO 

(eV) 

HOMO 

(eV) 

Egap 

(eV) 
λe λh 

naft-1 -4.02 -6.02 2 -2.82 -5.51 2.69 0.29 0.31 

naft-2 -4.12 -6.01 1.89 -3.63 -6.01 2.38 0.22 0.31 

naft-3 -4.21 -6.11 1.9 -3.69 -6.07 2.38 0.22 0.31 

naft-4 -4.12 -6.01 1.89 -3.64 -6.03 2.39 0.22 0.31 



Figure 7-8 and figure S42 display the UV-Vis-NIR absorption spectra recorded during56, 

57 progressive electrochemical reductions of naft-1-4 in dichloromethane in the presence 

of high excess of tetrabutylammonium tetrafluoroborate (Bu4NBF4), as supporting 

electrolyte, in an OTTLE cell. In the case of naft-1 both spectroelectrochemical reduction 

and oxidation processes were recorded (Figure 7) due to its amphoteric redox behavior. 

The results are supported by TDDFT theoretical calculations at PBE0/6-31G** level 

(Figure S45).  

 

The progressive electrochemical oxidation of naft-1 (Figure 7a) depresses the absorption 

of the neutral species while leads to the formation of a broad absorption band. According 

to the electrochemical results and TDDFT calculations, this new absorption can be 

ascribed to the formation of the radical cation species. Note that Figure S45a shows 

numerous electronic transitions corresponding to the radical cation that appear between 

~380-700nm and give rise to the broad absorption appearing upon oxidation and three 

electronic transitions between 900 and 1200 nm, explaining the low and broad absorption 

centered at 1028 nm. 

 

The application of negative potential around 800 mV (Figure 7b, blue curve) leads to the 

formation of the radical anion, with absorption peaks at 348, 471, 584, 680 and 751 nm, 

that are in good agreement with the predicted electronic transitions of the one-electron 

reduced species (Figure S45). Further reduction at ~1000 mV (red curve) depressed these 

bands as peaks rise at 386, 443 and 617 nm, which nicely corresponds to the formation 

of the dianion.  

Thus, as seen in electrochemical experiments, naft-1 is able to stabilize both positive and 

negative charges, in the latter up to a two-electron reduced species. Note that the potential 

difference necessary to generate the dianion from the radical anion species is of 

approximately 250 mV, which fits perfectly with the potential difference between the 

second and first reduction processes in cyclic voltammetry experiments (Figure 6). 

 
  

 
Figure 7 UV-Vis-NIR absorption spectra recorded in an OTTLE cell by (a) electrochemical oxidation 

(1520 mV, blue curve), (b) during the first step of electrochemical reduction (-790 mV, blue curve) and 

during the second step of the electrochemical reduction (-1040 mV, red curve) of naft-1 in dichloromethane 

in presence of Bu4NBF4 supporting electrolyte. 

 



Electrochemical reductions of naft-2-3-4 (Figure 8a and Figure S42) follow the same 

reduction absorption pattern and thus, the data recorded for naft-4 is shown in Figure 8a 

as an example (naft-2 and naft-3 data is shown in Figure S42). 

 

 
   

 
Figure 8 (a) UV-Vis-NIR absorption spectra recorded, in and OTTLE cell, during the first step of 

electrochemical reduction (-470 mV, blue curve), the second step of the electrochemical reduction (-990 

mV, cyan curve) and the third step of electrochemical reduction (-1200 mV, yellow curve) of naft-4 in 

dichloromethane in presence of Bu4NBF4 as supporting electrolyte. (b) TDDFT/PBE0 (PCM:DCM)-

calculated vertical transition energies for naft-4 neutral and reduced species. 

 

 

The gradual application of -470 mV, -990 mV and -1160 mV to a naft-4 solution leads 

to the blue, cyan and yellow spectral profiles shown in Figure 8a, respectively. TD-DFT 

calculations on the charged species are shown in Figure 8b and Figure S46 and indicate 

that, for naft-2, naft-3 and naft-4, the first isolated reduced species is indeed a radical 

anion (blue curve); however, a gradual increment of the potential leads directly to a triple 

negatively charged species (cyan curve), followed by the stabilization of the tetranion 

(yellow curve).  Note also that the differences between the applied reduction potentials in 

this experiment follow a similar trend to those of the electrochemical potentials in the 

cyclic voltammetry experiment, necessary to generate the radical anion, trianion and 

tetranion species, thus further supporting the formation of these species also by 

spectroelectrochemistry. The simultaneous two-electron injection in the second reduction 

process can be understood considering the LUMO and LUMO+1 orbital topologies (see 

Figure S38); while the two electrons inserted in the LUMO must be accommodated in 

half the molecular length, a third electron is easily delocalized in the other half of the 

molecule, thus mitigating charge repulsion. On the other hand, while by cyclic 

voltammetry the potentials needed to inject charges in naft-2 and naft-4 are comparable, 

in spectroelectrochemical experiments the potentials needed for naft-2 are higher than 

those for naft-4 (see Figure S42a).  

 

UV-Vis-NIR absorption spectra recorded during56, 57 progressive electrochemical 

reductions of naft-1-4 in chloroform in the presence of high excess of 

tetrabutylammonium tetrafluoroborate (Bu4NBF4), as supporting electrolyte, were also 

performed (Figures S43-44). In this case, a similar reduction absorption pattern was 



obtained; however, the reduced species seem to be less stabilized in chloroform than in 

dichloromethane, as theoretically predicted (see Table S3), confirming the results 

obtained by CV. 

 

 

 

Field-effect transistor characterization 

 

To evaluate the charge-transport characteristics58, 59 of the new semiconductors, top-

contact/bottom-gate thin film transistors were fabricated by vapour deposition of the 

semiconducting films onto octadecyltrichlorosilane (OTS)-functionalized Si/SiO2 

substrates, followed by gold deposition through a shadow mask to define the source and 

drain electrodes. The performance parameters, which are summarized in table 5 are 

extracted from I-V response plots in the saturation regime by using the assumptions of 

conventional transistor formalism [Eq. (1)]. These parameters include field-effect 

mobility µ, threshold voltage VTh, and current on/off ratio ION/IOFF.  

 

(𝐼𝐷)𝑠𝑎𝑡 =
𝑊

2𝐿
µ𝐶(𝑉𝐺 −  𝑉𝑇)2  (1) 

 

where (𝐼𝐷)𝑠𝑎𝑡 is the drain current in the saturation regime, W the channel width, L the 

channel length, C the capacitance per unit area of the insulator layer, and VG the gate 

voltage. The transfer plots of (ID)sat vs. VG are used to calculate the performance 

parameters are shown in Figure 9a-d.  

 

In this series of semiconducting naphthalimide derivatives (naft-1-4), ambipolar 

mobilities were recorded only for naft-1 in good agreement with its amphoteric redox 

behavior, while only electron mobilities were recorded for naft-2-4. Representative 

transistor curves of OFETs are illustrated in Figure 9, and their performance parameters 

are summarized in Table 5. 

naft-1 thin films (Figure 9a-c) annealed at 90 °C exhibit electron and hole mobilities of 

~7x10-4 cm2V-1s-1 and ~6x10-5 cm2V-1s-1, respectively. The electron field-effect mobility 

is though one order of magnitude lower than those obtained for naft-4, the best 

performing material within the series, which can be understood considering its lower 

ability to stabilize an extra electron and the skeletal distortion of ~16° of naft-1 

conjugated skeleton (Figure S35), compared to naft-4. 

 

  



 

Figure 9. OFET transfer and output characteristics of (a-c) naft-1, (b-d) naft-4 derivatives. 

 

On other hand, the presence of different substituents at the imide nitrogen in naft-2-4 

seems to be crucial to tune the electron transport, since molecular aggregation and crystal 

packing is greatly affected by the lateral substituents. Thus, devices fabricated by using 

naft-3, with bulky diisopropylphenyl lateral groups were not active. In contrast, naft-4 

exhibits the highest electron mobility (Figure 9b-d), with a maximum value of 6x10-3 

cm2V-1s-1 for films annealed at 90 °C. Similar electron mobility was obtained when the 

film of naft-4 was grown at room temperature. 

 

The OFET performance of naft-2, with shorter alkyl chains at the imide nitrogen, 

decreases by approximately 10-fold for films annealed at 90 °C in comparison to naft-4 

films, and no activity was observed for naft-2 OFETs when films were grown at room 

temperature. Note that the alkyl substituents at the imide nitrogen atoms are longer in 

naft-4, and thus intermolecular hydrophobic interactions between the long alkyl chains, 

also known as fastener effect, may be the reason behind the higher electrical performance, 

due to enhanced intermolecular overlap of the semiconductor layer.60-63 To analyze this 

Table 5. OFET electrical data for vapor deposited films of the indicated semiconductors. measured 

in vacuum. Average field-effect mobilities are shown. 

Semiconductor 
Deposition 

Conditions 

µe  

[cm2V-1s-1] 

VTH 

(V) 
ION/IOFF 

µh  

[cm2V-1s-1] 

VTH 

(V) 
ION/IOFF 

naft-1 OTS, 90 °C 7x10-4 14 9x102 6x10-5 -46 7x104 

naft-2 OTS, 90 °C 2x10-4 44 2x101    

naft-4 OTS, 90 °C 6x10-3 18 2x104    

naft-4 OTS, 25 °C 5x10-3 22 3x104    



effect, XRD and AFM experiments were carried out for the prepared films and selected 

data is shown in Figures 10 and 11, respectively. 

 

 

Figure 10. ϴ-2ϴ X-ray diffraction scans of vapor-deposited naft-1-4 thin films (Td= 25ºC and 90ºC) grown 

on OTS-treated Si/SiO2 substrates. 

 

XRD data shows a completely amorphous film for naft-3, due to the incorporation of 

bulky substituents at the N of the imide group. These diisopropylphenyl groups are 

orthogonal to the -conjugated core, thus preventing proper molecular organization at the 

semiconducting layer, which is translated to poorly performing devices. On the contrary, 

naft-2 and naft-4 diffraction profiles show one sharp peak, indicating certain molecular 

ordering at the interface. Note also that the longer substituents in naft-4 render more 

ordered films, in agreement with stronger intermolecular hydrophobic interactions 

promoted by the alkyl substituents. 

Naft-1 XRD pattern also shows molecular ordering, with the recording of several 

diffraction peaks, which is in good agreement with the formation of needle-like 

crystallites in AFM images (figure 11). AFM images also nicely follow the trend found 

in XRD and electrical performance for the semiconductors with varying substituents at 

the N atom of the imide group. In fact, quite amorphous morphologies are found for naft-

3 films, having bulky and non-planar substituents. On the other hand, round features are 

found for naft-2 and naft-4, the latter showing bigger crystalline domains due to more 

efficient hydrophobic intermolecular interactions between longer alkyl chains.  

 



  

Figure 11. AFM images of the (a) naft-1, (b) naft-2, (c) naft-3, and (d) naft-4 vapor-deposited under 

conditions yielding optimum OFET performance. Image size: 5x5 mm. 

 

3. Summary and conclusions 

A versatile synthetic procedure has been developed for the efficient syntheses of 

heteroatom-doped polycyclic aromatic mono- and dicarboximides (PADI). Thus, a family 

of π-extended nine-ring-fused systems have been synthesized by metal-free auto-

condensation and cross-condensation of pyrene and 1,8-naphthalimide moieties endowed 

with 1,2-diketone functionalities. This strategy is aimed to provide novel semiconductors 

with different redox ability, tunable supramolecular aggregation and film-forming ability 

suitable for their use as active materials in OTFTs.  

The optical, electronic and molecular properties of the novel systems have been 

thoroughly analyzed using optical spectroscopy, electrochemical measurements, 

spectroelectrochemical studies and DFT calculations. 

The all-acceptor systems show up to four reversible reduction waves in cyclic 

voltammetry measurements and have lower estimated LUMO energies than that 

described for naphthalene diimide (NDI) and perylene diimide (PDI) derivatives with 

similar alkyl chains at the imide nitrogen. The derivative containing naphthalimide and 

pyrene units shows amphoteric redox behavior with two reversible reduction waves and 

one oxidation wave. 



Spectroelectrochemistry has been used with the aim to analyze the stability of the charge 

carriers involved in the electron transport process. The gradual formation of the radical 

anion, trianion and tetranion species for the all-acceptor derivatives can be observed and 

TD-DFT calculations nicely reproduces the spectral profiles of the charged species. 

Internal reorganization energies of the novel materials have been computed and the 

calculated theoretical parameters have been related to their charge transport. Similar 

reorganization energies for both hole and electron transport are found for naft-1, 

constituted by pyrene and 1,8-naphthalimide moieties. On the other hand, for those 

materials based only on naphthalimide moieties (naft-2-4), the internal reorganization 

energies for electron transport are substantially lower than those predicted for hole 

transport due to the easiness to accommodate negative charges over two naphthalimide 

units. 

Vapour-deposited films of the novel semiconductors have been obtained and 

characterized by X-ray diffraction (XRD) and atomic force microscopy (AFM) analysis. 

Concerning with the three all-acceptors systems with identical π-conjugated skeleton and 

different solubilizing chains at the imide nitrogens, different film characteristics have 

been observed. Naft-3, endowed with bulky and rigid diisopropylphenyl groups, forms 

amorphous films while the analogues, naft-2 and naft-4, with flexible branched alkyl 

chains form films with certain molecular ordering at the interface, as indicated by the 

presence of sharp diffraction peaks in the XRD analysis. The semiconductor with longer 

alkyl chains (naft-4) render more ordered films, in agreement with stronger 

intermolecular hydrophobic interactions promoted by the alkyl substituents. AFM images 

also nicely follow the trend found in XRD for the systems with varying substituents at 

the N atom of the imide group. 

The above summarized studies have allowed the investigation of the interplay of different 

effects such as (i) the all-acceptor vs donor-acceptor nature of the novel systems, (ii) the 

type of solubilizing chain, and (iii) the molecular ordering on the OTFT device response 

characteristics. Thus, ambipolar mobilities can be only observed for naft-1 in good 

agreement with its amphoteric redox behavior. On the other hand, due to more efficient 

supramolecular aggregation and enhanced film-forming ability, naft-4 exhibits the 

highest electron mobility of the three all-acceptor systems. 
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