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Croconanines as molecular materials for organic electronics: 
synthesis, solid state structure and transistor devices†  
A. Punzi,a M.A.M Capozzi,a  V. Fino,a C. Carlucci,a M. Suriano,a E. Mesto,b E. Schingaro,b E. Orgiu,c S. 
Bonacchi,c T. Leydecker,c  P. Samorì,c R.Musio,a G.M.Farinola*a

A series of indolenine-based croconaines has been synthesized 
and their molecular structure has been investigated together with 
their solid state organization. Ambipolar semiconducting 
properties have been demonstrated in thin-film transistors, 
suggesting croconaines as a new class of molecular materials for 
organic electronics. 

Introduction 

Croconaines are interesting molecules based on the croconic acid 
five-member ring. They can be easily synthesized via a one-pot 
condensation reaction of croconic acid with electron-rich aromatic 
and heteroaromatic compounds or heterocyclic methylene bases,[1] 
yielding donor-acceptor-donor type zwitterionic compounds, quite 
similar to the well-known squaraines. The stronger electron-
withdrawing character of the croconic acid moiety with respect to 
the squaric acid part produces a shift of about 100 nm in their 
absorption spectrum as compared with those of the corresponding 
squaraines.[1e,2] In fact, croconaines exhibit narrow and intense 
absorption bands in the near-infrared (NIR) region, that can be 
tuned by varying the donor moieties conjugated with the 
croconium acid core[1c,d,e] as well as by introducting substituents on 
a given donor moiety.[1b,d,3] This property, combined with high 
molar extinction coefficients (105 M-1cm-1), good photostability and 
strong solvatochromism[1a,e] have attracted considerable interest 
towards this class of molecules as effective infrared absorbing dyes. 

Based on these properties, also pointed out by theoretical 
studies,[4] some works on their application[2,3,5,6,7] as NIR absorbers 
have been reported so far, despite their low solubility in both 
organic solvents and aqueous environment, that hampers their 
wide use.[1b,d,5] Recently, thiophene-functionalised croconaine dyes 
encapsulated in rotaxanes have been reported as efficient 

photothermal systems[6]. Incorporation in polymers to form plastic 
NIR attenuating filters was also reported.[8]  Besides NIR absorption, 
other intriguing features have been demonstrated in croconaines, 
including  acidochromic[3] and ionochromic[1b,2,7] behavior, useful for 
application in optical sensors, and third-order nonlinear optical 
properties for potential ultrafast optical devices.[9] Light harvesting 
properties have been investigated for applications in dye-sensitized 
solar cells, but the recorded efficiencies are discouragingly low (PCE 
< 0.1%)[5] . No study has been reported so far on solid-state 
structure and electronic properties of croconaines for use in organic 
electronic devices.  
Here, we report the synthesis and characterization of a series of 
indolenine-based croconaines, bearing different substituents on the 
donor moieties. Results of structural investigations in solution by 
DFT calculations and NMR spectroscopy, and in crystals by Single 
Crystal X-Ray Diffraction (SCXRD) are presented that shed light on 
their molecular organization in the solid state. We show for the first 
time the semiconductive properties of croconaines employed as an 
ambipolar active layer in organic thin-film transistors. The 
ambipolar behavior stems from both the low band-gap of the 
molecules and the favorable energy level alignment at the metal-
electrode interface. Our pilot study lays the groundwork for 
possible applications of croconaine molecules in optoelectronics 
and sensors.  

Results and Discussion 

Condensation of croconic acid 1 with indolenines 2 and 3 (scheme 
1), yields the corresponding croconaines (Table 1). The UV-Vis 
absorption spectra in chloroform solution of 4 and 5 are reported in 
Figure 1. All the croconaine dyes synthesized show quite similar 
absorption profiles with intense absorption maxima in the NIR 
region and high molar extinction coefficients (Table 2). The increase 
in the maximum wavelength for dyes 5 compared to 4 can be 
attributed to their more extended conjugated system. Among the 
substituted dyes, compounds 4b,c and 5b,c exhibit a maximum 
wavelength slightly red-shifted with respect to the unsubstituted 
derivatives 4a[3] and 5a, respectively.  
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Scheme 1. Synthesis of the croconaines 4 a-e and 5 a-d: (i) toluene and 1-
butanol, 110 °C, 3h. 

Table 1. Yields of croconaines.  

Entry R1 R2 R3 Indolenine  Croconaine 
(Yield%) 

1 H H       2a [a] 4a (60) 
2 Br H  2b  4b (80) 
3 I H  2c  4c (47) 
4 F H  2d  4d (55) 
5 H F  2e  4e (49) 
6   H 3a 5a (60) 
7   CH3O 3b  5b (80) 
8   C6H5O 3c  5c (47) 
9   NO2 3d 5d (87) 

[a] commercially available 

 

 

Figure 1.  Absorption spectra of compounds 4 a-e (top) and 5 a-d (bottom). 

Table 2. Photophysical properties of croconaines recorded in CHCl3 

solution.  

Croconaine 
dye 

λλλλmax 

(nm) 
λλλλonset 

(nm) 
εεεε    

 (M-1 cm-1) 
Eg

opt  
(eV) [a] 

4a 770 802 1.92 x 105 1.55 
4b 784 814 1.85 x 105 1.52 
4c 788 813 1.88 x 105 1.52 
4d 771 803 2.23 x 105 1.54 
4e 775 808 2.79 x 105 1.53 
5a 800 838 2.78 x 105 1.48 
5b 812 853 4.18 x 105 1.45 
5c 808 847 3.63 x 105 1.46 
5d 802 841 1.77 x 105 1.47 

[a] Eg
opt was estimated from absorption onset wavelengths (Eg

opt = 
1240/λonset (eV)). 

The HOMO-LUMO energy levels of croconaines 4 and 5 were 
determined from cyclic voltammograms, which exhibit two 
reversible reduction and two quasi-reversible oxidation waves (ESI). 
As shown in Table 3, the electrochemical properties of croconaines 
4 and 5 are very similar, thus suggesting that the structural 
variations of the indolenine moieties minimally affects their 
electronic behavior in solution.  
Emission quantum yield of 4a and 4b determined by optically 
matched solutions with IR-140 as the standard (Φ in EtOH = 0.167) 
shows very low values (4a Φfl,

[11] = 0.035; 4b Φfl,
[11] = 0.028).  

A PhotoElectron Yield counter operating in Ambient conditions 
(PEYA) was used to quantify the ionization energy of solution casted 
thin films of compounds 4a and 4b. The ionization energy (IE) levels 
(HOMO) were assigned at (5.53±0.05) eV and (5.64±0.05) eV for 
compound 4a and 4b, respectively. The IE difference between the 
two compounds with respect to the vacuum level is consistent with 
that of the oxidation potential determined by means of CV.  
DFT calculations were performed on the model compound 4a using 
the B3PW91 functional with the 6-311G(d,p) basis set, both in 
vacuo and in CHCl3 solution (by IEF-PCM). Only data in solution are 
reported. Both in vacuo and in solution the croconaine molecules 
are planar and exhibit conformational isomerism (Fig. 2). 

  
Table 3. Electrochemical properties of croconaines.  

Croconaine Eox   
(V)[a] 

Ered 
(V)[b] 

LUMO 
(eV)[c] 

HOMO 
(eV)[d] 

Eg (eV)[e] 

4a 0.15  - 1.15  - 3.95 - 5.25 1.30  
4b 0.23  - 1.07  - 4.03 - 5.33 1.30  
4c 0.22  - 1.07  - 4.03 - 5.22 1.29  
4d 0.18  - 1.14  - 3.96 - 5.28 1.32  
4e 0.24  - 1.07  - 4.03 - 5.34 1.31  
5a 0.15  - 1.12  - 3.98 - 5.25 1.27  
5b 0.13  - 1.14  - 3.96 - 5.23 1.27  
5c 0.16  - 1.12  - 3.98 - 5.26 1.28  
5d 0.22  - 1.05  - 4.05 - 5.32 1.27  

[a] Eox and [b] Ered are the average values between the peak potential and 
the related reverse one measured for the compounds in DCM solution (10-3 

M) vs Fc/Fc+ reference. [c] LUMO and [d] HOMO energy levels were 
estimated by empirical equations: LUMO = -e(Ered + 5,1 V) and HOMO = -e 
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(Eox + 5,1 V).[10] [e] Energy gap was measured as difference between Eox and 
Ered values. 

 

Figure 2. Most stable conformational isomers of 4a, calculated in CHCl3 
solution at IEF-PCM/B3PW91/6-311G(d,p) level of approximation. The 
calculated energy differences between the cis1 / cis2 isomers with respect 
to the trans isomers are reported. 

Compound 4a can assume three conformations, two symmetric, 
with the two nitrogen atoms on the same side of the molecule (cis1 
and cis2) and one asymmetric conformation with the N atoms 
opposite with respect to the molecular barycenter (trans). Each 
conformer is stabilized by the formation of two N-H···O=C H-bonds. 
For the  trans conformation these H bonds involve two different 
carbonyl oxygens, in cis1 they involve the two symmetric carbonyl 
groups while in the cis2 they take place with the same carbonyl 
group. Different hydrogen bonds are characterized by different 
geometry and energy. The trans isomer is the most stable, but the 
energy differences calculated between the cis1 / cis2 and the trans 
isomers are small (Fig.2). Due to the extended π-delocalization, the 
interconversion energy barrier is very high and the three isomers 
are in very slow exchange, as suggested by the 1H NMR spectrum of 
4a in CDCl3 (Fig. 3). Four signals are evident in the region of NH, 
which can be tentatively assigned on the basis of their integral 
values and of the theoretical calculations results. The less intense 
signal at 14.61 ppm can be assigned to the two equivalent protons 
of the cis2 isomer, the signals at 14.43 and 15.67 ppm to the 
unsymmetrical trans isomer and finally, the signal at 15. 07 ppm at 
the two equivalent protons of the symmetric cis1 conformer. From 
the integral values, the ratio of the three conformers in CDCl3 
solution trans:cis1:cis2 is 67:30:3.  
The crystal structures of 4a and 4b were determined by Single 
Crystal X-Ray Diffraction (SCXRD).[12] The 4a crystal belongs to the 
space group !1#, whereas the 4b molecule crystallizes in the P21/n 
space group (ESI). X-ray analysis confirms that molecules are 
essentially planar with the π system delocalized over the whole 
molecule (Fig. 4). This induces a molecular packing characterized by 

 

Figure 3. 1H NMR spectrum of 4a acquired at 400 MHz  in CDCl3 at room 
temperature. Expansion of the N-H region. 

 

Figure 4. X-ray structure of 4b. 

parallel sheets linked by π-π stacking interactions. Specifically, the 
4a packing is dominated by interactions between the π systems of 
the croconaine molecular core and one phenyl ring of an adjacent 
molecule and by interactions between phenyl rings (ESI). For 4b 
(Fig. 5) relevant interactions are found between adjacent C1-O1 
centrosymmetric equivalent carbonyl groups with an interatomic 
distance of 3.082(6) Å, and between π system of O=C-C=C 
fragments and aromatic rings. The distance between the centroids 
of the π-systems involved is 3.598(6). Other less strong non-classical 
H-bonding characterizes the crystal packing of both compounds 
(ESI). In all the crystals isolated the molecules exhibit a trans 
arrangement with formation of two different intramolecular H-
bonds N-H···O=C, i.e. N1-H11···O3 and N2-H21···O2 (Fig.4). 
The charge transport properties of 4a and 4b were tested in 
bottom-contact bottom-gate transistor devices with Au source and 
drain electrodes. The electrical characterization revealed that both 
compounds exhibit (i) text-book like output curves (Figures 6a and 
6c) and (ii) ambipolar behavior as highlighted in Figures 6b and 6d. 
The saturation hole (µsat,p) and electron (µsat,n) mobilities were 
found to be balanced and amount to 1) µsat,p = (2,3±0,3) 10-5 cm2 V-1 

s-1 and µsat,n = (3,8±0,1) 10-6 cm2 V-1 s-1 for compound 4a and 2) µsat,p 

= (2,3±0,5) 10-5 cm2 V-1 s-1 and µsat,n = (3 ±1) 10-6 cm2 V-1 s-1 for  
compound 4b. The ION/IOFF is between 104 and 105, revealing an 
excellent switching ability of the devices.  Further, the threshold 
voltage values were found to be Vth,n = -18V and Vth,p = +25 V for 4a 
and Vth,n = -21V and Vth,p = +25 V for 4b. The large voltage window, 
||Vth,n - Vth,p||, of approximately 45 V ensures reliable employment 
of such devices for logic inverters which are the essential elements 
in all electronic circuits. We believe that the ambipolar behavior 
observed in such derivatives may stem from both the small 
bandgap of the dyes but also from a favorable energy level 
alignment of HOMO and LUMO with respect to the injecting Au 
electrode, whose work function amounts to  (4.8±0.1) eV, which 
falls within the bandgap of 4a and 4b. 
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Figure 5. The crystal packing of 4b . π-π stacking interaction are indicated by 
red dashed lines. 

  

Figure 6. Output (a) and transfer (b) characteristics of compound 4a. Output 
(c) and transfer (d) characteristics of compound 4b. [W = 10mm, L = 20 µm] 
[VDS = -30 V in the transfer curves]    

Conclusions 

We have reported a series of indolenine-based croconaines, 
together with their spectroscopic and electronic properties 
determined both by electrochemistry and PEYA measurements. An 
in-depth structural investigation both in solution and in the solid-
state has been performed. It reveals a solid-state packing 
characterized by parallel sheets linked by π-π stacking interactions, 
resulting in an extended supramolecular conjugation favouring 
charge transport for both electrons and holes. For the first time the 
charge transport properties of the croconaine derivatives have 
been explored. Three-terminal device measurements endorse 
croconaines as a novel and promising family of small molecules with 
great potential for the realization of single component 
complementary-MOS circuitry for flexible, large-area and low-cost 
electronics. This is an extremely interesting observation, especially 
considering the very simple and general synthetic protocol, that can 
in principle be extended to a wide variety of structures with 
tuneable optical and electronic properties.  
In conclusion, our work discloses a low cost and versatile novel class 
of molecules for organic electronics. Further investigations are 
desirable to both increase charge  mobility as well as to extend the 
number of molecular architectures accessible, with possible 
applications in molecular electronics. 
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