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The synthesis of four new TTF derivatives bearing phthalimides and fluorinated alkyl moieties as 

potential ambipolar semiconductors are described. The presence of such electron-withdrawing groups 

permits the stabilization of the energy of HOMO and LUMO orbitals. The solid-state structures of these 

novel molecules have been characterized by X-ray diffraction techniques. The potential of these 

materials as hole and electron conductor has been estimated under theoretical considerations by 

evaluating the position of the frontier energy levels as well as their charge carrier mobilities. Preparation 

of solution-processed single crystal organic field-effect transistors (OFETs) has resulted in hole 

mobilities of up to 0.33 cm2V-1s-1 for compound 1. On the other hand, Electrical Time of Flight (EToF) 

measurements on single crystals of compound 3 demonstrated ambipolar transport reaching very high 

mobility values around 2.0 cm2V-1s-1 for both type of charges. 

  KEYWORDS: TTF, ambipolar semiconductors, quantum-chemical calculations, charge carrier 

mobility calculations, Electrical Time of Flight, single crystals 

 

Introduction 

The advances in the electronic performance of organic devices in the last few years have attracted a 

great interest not only from the academic world but also from large international companies.1, 2 Up to 

now, the performances of the electro-active organic semiconductor are still the most important 

component to be optimized in order to obtain efficient devices. The ideal material should be 

preferentially solution processable, long-term stable and cheap to synthesize, in addition to exhibit a 

high charge transport mobility. Indeed, for practical device applications such as solar cells, organic 

light-emitting diodes (OLEDs) or organic field effect transistors (OFETs), materials with mobilities 

higher than 1 cm2V-1s-1 are required.1, 2 However, the understanding of the processes that govern charge 
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carrier mobility is still not clear and, thus, the prediction of the transport characteristics of a new 

material is nowadays a huge challenge. In this sense, the characterization of single crystal OFETs allows 

to study the intrinsic mechanisms of charge transport in absence of grain boundaries or defects that tend 

to decrease the charge carrier mobility, making the characterization of the semiconductor itself less 

uncertain.3, 4 Understanding the relationship between molecular structure and transport properties of a 

material is a key point for providing guidelines for device design and a great research effort is being 

made in this direction.2, 3, 5-7 Other challenges which are probably the most important in the design of 

new semiconductors are the understanding of the relationship between chemical structure and crystal 

packing as well as crystal packing and charge carrier mobility.8 Some progress has been made recently 

in the development of methods to predict the crystal structure from the chemical structure9 but this 

procedure is still difficult to be applied systematically. 

Several compounds of the family of tetrathiafulvalenes (TTFs) have demonstrated to behave as high 

mobility semiconductors in OFETs.10 The highest mobilities in TTF OFETs, which are among the 

largest values reported for OFETs, have been found for single crystals prepared from solution of 

dithiophene-tetrathiafulvalene (DT-TTF, μmax = 3.6 cm2V-1s-1),11 hexamethylene-tetrathiafulvalene 

(HM-TTF, μmax = 10 cm2V-1s-1),12-14 dibenzo-tetrathiafulvalene (DB-TTF, μmax = 1 cm2V-1s-1)15 and a 

parent TTF compound (μmax = 1.2 cm2V-1s-1).16 Due to the strong donor-character of these molecules, in 

most of the reported devices the TTF analogues behave as p-type semiconductors (i.e. hole conduction), 

with the exception of only two TTF derivatives with strong electron-withdrawing substituents that have 

been shown to behave as n-type semiconductors (i.e. electron conduction).17 N-type and ambipolar (i.e. 

hole and electron conduction) semiconductors are of special importance for the fabrication of p-n 

junctions and complementary circuits.18-24 However, despite the intense work devoted to the 

development of these materials, their performance is still far from the one found with p-type organic 

semiconductors. This can be partly caused by electron trapping in ambient air and/or at the dielectric 

surface sites but also by the lack of stable materials. Another major issue in order to achieve electron 
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conduction is the electron injection. Indeed, organic semiconductors should have LUMO energy levels 

which match the work function of the source-drain electrodes in order to decrease the electron injection 

barrier, a value that is commonly assumed as under -4.0 eV.25 Similarly, hole conduction is insured 

when the materials have an HOMO level aligned with the work function of hole injecting electrode. 

Therefore, one approach to prepare ambipolar organic semiconductors is to introduce electron acceptor 

units to the molecular cores of well-known p-type semiconductors such as oligothiophenes, acenes or 

tetrathiafulvalenes.19-24 Moreover, the presence of electron-withdrawing groups, such as phthalimides 

among others,26 leads to the decreases of both the HOMO and LUMO energy levels that is known to 

improve the air-stability and reliability of the prepared devices.27-29  

 

In this paper we report the synthesis of four new bis-phthalimide substituted TTF derivatives as novel 

ambipolar semiconductors. The electron-withdrawing groups attached to the TTF molecule increase the 

electron affinity of the materials but keep the HOMO energies sufficiently unaltered to guarantee hole 

injection.26 These materials were fully characterized in solution as well as in solid state. Also, a careful 

theoretical investigation was carried out in order to study the potential of these materials for charge 

transport in terms of energy levels and crystal packing. Single crystal OFETs were fabricated, achieving 

a maximum hole mobility of 0.33 cm2V-1s-1. Furthermore, the charge carrier mobility of the materials 

was also investigated by Electrical Time of Flight (EToF) and hole and electron mobilities as high as 2.0 

cm2V-1s-1 have been found for some of the materials. 

 

Experimental section 

Materials and Methods. All reactions were carried out under Ar using solvents which were dried 

following routine procedures. Bis(bromomethyl)dithiolone30 was synthesized using procedures reported 

in the literature. Graphite paste XC-12 was purchased from Dotite and thermally grown silicon dioxide 

was purchased from Si-Mat. Chemical reagents obtained from commercial sources were used without 

further purification. Column chromatography was performed using silica gel (60 A C.C. 35-70 μm, sds) 
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as the stationary phase. The MALDI-TOF MS spectra were recorded on a Bruker Ultraflex II TOF 

spectrometer. Infrared spectra were recorded on a Perkin-Elmer FT-IR Spectrum One 

spectrophotometer. UV-Vis spectra were performed in o-dichlorobenzene heated at 100 ºC (c = 1 x 10-4 

M) using a VARIAN CARY 5000 spectrophotometer. Elemental analyses were carried out on a Carlo 

Erba CE 1108 Elemental Analyser. Cyclic voltammograms (CV) were performed with a conventional 

three-electrode configuration consisting of platinum wires as working and auxiliary electrodes and Ag 

as pseudoreference electrode. These experiments were carried out in a 10-3 M solution of the 

corresponding TTF derivative in o-dichlorobenzene, thermostated at 150 ºC to be able to solubilise the 

materials, and containing 0.1 M of (n-C4H9)4PF6 (TBAHP) as supporting electrolyte. Deoxygenation of 

the solutions was performed previously to the experiments by bubbling nitrogen for at least 10 min, and 

the working electrode was cleaned after each run. The CVs were recorded with an increasing scan rate 

from 0.05 to 0.50 Vs-1. Ferrocene was used as an internal reference both for potential calibration and for 

reversibility criteria. All of the potential values reported are relative to the Fc+/Fc couple at room 

temperature. Under these conditions ferrocene has a redox potential of E0 = 0.440 V vs Ag/AgCl sat. 

electrode and the anodic-cathodic peak separation is 67 mV. Crystallographic data of 1 and 3 were 

measured in a Bruker SMART Apex CCD using graphite-monochromated Mo Kα radiation (λ = 

0.71073 Å) from an X-Ray Tube. The measurements were made in the range 2.44 to 28.22° for θ. Full-

sphere data collection was carried out with φ and ω scans. Programs used: data collection, Smart version 

5.631 (Bruker AXS 1997-02); data reduction, Saint + version 6.36A (Bruker AXS 2001); absorption 

correction, SADABS version 2.10 (Bruker AXS 2001). Structure solution and refinement was done by 

using SHELXTL Version 6.14 (Bruker AXS 2000-2003). The structure was solved by direct methods 

and refined by full-matrix least-squares methods on F2. The non-hydrogen atoms were refined 

anisotropically. The H-atoms were placed in geometrically optimized positions and forced to ride on the 

atom to which they are attached. 

Polycrystalline samples of 2 and 4 were measured in a Panalytical X´Pert Pro MPD diffractometer 

equipped with a θ/θ goniometer of 240 mm of radii. The diffractometer was used in a capillarity 
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transmission geometry with a elliptic focusing mirror in the incident beam, enabling the selection of the 

Cu (Kα1+2) radiation (λ = 1.54118 Å) and a PIXCel detector. Strictly monophasic samples of 2 and 4 

were gently ground in an agate mortar, and then loaded into 0.5 mm diameter Lindemann glass 

capillaries. The capillary rotates around its axis during 13 hours over the range 2.0-70.0º (2θ). Standard 

peak search methods, followed by indexing with X-Cell31 algorithm available in the PC modelling 

platform Material Studio (Materials Studio Modeling 4.2.; Information available at 

http://accelrys.com/products/materials-studio) allowed the determination of the approximate cell 

parameters. Systematic absences, where pertinent, and density considerations clearly indicated the 

corresponding space group, later confirmed by successful structure solution and refinement. The 

geometry of the substituent R of compound 2 and 4 were optimized by means of a force field geometry 

optimization using the COMPASS32 force field. Structure solution was initiated by employing a 

semirigid molecular fragment flexible about the C-N-C-C torsion angle such as to allow the R 

substituent to freely rotate with respect to the fixed planar geometry of the TTF skeleton (information 

taken from the known single-crystal structures of 1 and 3) placed at (0,0,0) and (1/2,1/2,1/2) spatial 

positions that was allowed to rotate. Direct-space methods following a Monte Carlo simulated 

annealing33 allowed the orientation of the used fragments to be determined and later refined by the 

Rietveld method.34, 35 The final structure is obtained by alternated cycles of Rietveld refinement 

followed by geometry optimization using the COMPASS force field. This sequence is performed 

several times in order to provide both a structure that is chemically stable and that gives the best 

agreement with the experimental powder pattern. In the Rietveld procedure, the fundamental parameter 

approach in describing the peak shapes was employed, the background contribution was modeled by a 

polynomial fit, and preferred orientation effects were described by the March-Dollase model36 (001 

pole). A single isotropic thermal parameter was adopted for all atoms. Crystal data and details of the 

structural analysis, including those for the two phases characterized by single-crystal X-ray diffraction, 

are reported in Table S1 (see Supporting Information). 
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Current-voltage ToF measurements were performed in the following way:37 The source electrode was 

connected to a low impedance ammeter, which was used to measure source current. The drain electrode 

was connected to a voltage source, which can measure also drain current. Gate voltage was applied to 

the n-doped Si substrate, which served as the gate electrode. During the measurement of the drain and 

source current, the drain voltage was changing in a cyclic way, and the gate voltage was kept constant. 

The difference between the source and the drain current was used to roughly estimate the leakage 

current. For more details see Supporting Information. OFETs were fabricated on 200 nm thermally 

oxidized silicon substrates. Crystals were formed on the substrate by drop casting a solution of 0.5- 1.0 

mg of the compounds in 1 ml of toluene or chlorobenzene and allowing the solvent to evaporate slowly 

under darkness and reduced ambient humidity. The prepared devices were measured in a Süss 

Microtech Probe Station EP4 equipped with micromanipulators and with a two-channel Keithley 

SourceMeter 2612. Graphite paste used as source and drain electrodes was applied on the mounted 

crystals with a small brush and dried in air. 

Computational Details. Geometries were fully optimized with tight convergence criteria at the 

Density Functional Theory (DFT) level with the Gaussian 09 package (A02 release),38 using the 

B3LYP39 functional and the 6-31G(d,p) basis set. All energies are not corrected for the zero-point 

vibrational energy. The electronic structures and the reorganization energies were calculated at the same 

level of theory. Transfer integrals have been calculated at the DFT level with the B3LYP functional and 

TZP basis set, using the fragment approach implemented in the ADF package with the methodology 

described in Ref 40, 41. Internal reorganization energies were calculated with B3LYP functional and 6-

31G(d,p) basis set. 

General procedure for the synthesis of the Bisphthalimide-TTF derivatives. A solution of the 

corresponding thione42 (0.538 mmol) in 10 ml of freshly distilled trimethylphosphite is refluxed in inert 

atmosphere for 8 h. After this time, the solution is left to cool down and the solvent is removed. The 

humid red residue is dispersed in CH2Cl2 and filtered. The resulting red/orange solid is washed 
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successively with 50 ml of water, MeOH, CH3CN, THF, CH2Cl2, and Et2O and dried in the filter to 

obtain the polycrystalline bis-imides with good purity. 

 

Bis-(N-propyl-phthalimido[5,6-d])tetrathiafulvalene, 1. 

Yield = 85%. M.p. > 350ºC. FT-IR (ATR): ν = 3084, 2974, 2934, 2881, 1767, 1750, 1705, 1593, 

1463, 1436, 1391, 1367, 1322, 1312, 1204, 1191, 1054, 913, 875, 786, 742 cm-1. MALDI-TOF-MS: m/z 

= 525.9 (M+, 100%); elemental analysis calcd (%) for C24H18N2O4S4: C 54.73, H 3.44, N 5.32, S 24.35; 

found: C 54.76 H 3.37 N 5.30 S 24.25. 

Bis-(N-(2,2,2-trifluoroethyl)-phthalimido[5,6-d])tetrathiafulvalene, 2. 

Yield = 74 %. M.p. > 350ºC. FT-IR (ATR): ν = 3099, 2977, 1783, 1753, 1726, 1714, 1591, 1415, 

1391, 1336, 1313, 1256, 1201, 1183, 1167, 1093, 1063, 916, 894, 881, 836, 747, 732 cm-1. MALDI-

TOF-MS: m/z = 605.9 (M+, 100%); elemental analysis calcd (%) for C22H8F6N2O4S4: C 43.56, H 1.33, 

N 4.62, S 21.15; found: C 43.60, H 1.20, N 4.53, S 4.55. 

Bis-(N-(4,4,4,3,3,2,2-heptafluorobuthyl)-phthalimido[5,6-d])tetrathiafulvalene, 3. 

Yield = 56 %. M.p. > 350ºC. FT-IR (ATR): ν = 3090, 2964, 1784, 1750, 1715, 1590, 1417, 1398, 

1384, 1356, 1342, 1311, 1228, 1198, 1169, 1122, 1103, 1062, 1001, 958, 916, 876, 794, 779 cm-1. 

MALDI-TOF-MS: m/z = 806.3 (M+, 100%); elemental analysis calcd (%) for C26H8F14N2O4S4: C 38.72, 

H 1.00, N 3.47, S 15.90; found: C 38.85, H 1.03, N 3.48, S 15.72. 

Bis-(N-(p-triflouromethylphenyl)-phthalimido[5,6-d])tetrathiafulvalene, 4. 

Yield = 68 %. M.p. > 350ºC. FT-IR (ATR): ν = 3086, 1772, 1712, 1616, 1588, 1519, 1436, 1420, 

1376, 1327, 1312, 1233, 1193, 1172, 1112, 1067, 1019, 948, 914, 875, 864, 836, 768, 737 cm-1. 

MALDI-TOF-MS: m/z = 730.0 (M+, 100%); elemental analysis calcd (%) for C32H12F6N2O4S4: C 52.60, 

H 1.66, N 3.83, S 17.55; C 52.71 H: 1.73 N: 3.74 S: 17.39. 

 

Results and Discussion 
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Synthesis. Reaction of n-alkyl and -aryl maleimides,43 with 3,4-bis(bromomethyl)dithiolthione30 

resulted in the formation of a group of phthalimide-fused dithiol-2-ones (see Supporting Information).42 

Further reaction in a reflux of freshly distilled trimethylphosphite led to the TTF derivatives 1-4 in 

yields that ranged from moderate to high. The identity and purity of the products were studied by the 

common spectroscopic techniques (FTIR, MS and elemental analysis) and in some cases the nature of 

the compounds was confirmed by single crystal XRD. Due to the low solubility of this family of 

compounds NMR characterization could not been carried out. 

 

 

Scheme 1 

Electrochemical and UV-Vis characterization. The electrochemical properties of TTFs 1-4 were 

investigated by cyclic voltammetry (CV). Due to the low solubility of the compounds, the experiments 

were performed in o-dichlorobenzene thermostated at 150ºC. Two oxidation processes were clearly 

observed at very similar half wave potentials in all cases (Figure 1 and Table 1). The first oxidation 

process for 2, 3 and 4 occurs around E1/2(1) = 0.55 V (vs Fc+/Fc), whereas for 1 the half wave potential 

is shifted 80 mV (E1/2(1) = 0.47 V) due to the lack of fluorine substituted side groups. The anodic peak 

of the second wave appears in the range Ep = 0.83-0.89 V (Table 1), where the most cathodically shifted 

values correspond to the fluorinated derivatives 3 and 4. The reversibility of the first wave has been 

confirmed by applying a small voltage window (see inset Figure 1). However, when the oxidation 

window is enlarged to more anodic potentials to observe the second oxidation process, a clear striping 

process is observed in all compounds. This phenomenon can be attributed to the low solubility of the 

dioxidized species that creates a large overpotential. No reduction peaks were observed in the 
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voltammogram because the baseline was too unstable above -1.5 V due to the experimental conditions 

used.   

The UV-Vis studies were also carried out in a hot solution (100ºC) of o-dichlorobenzene (c = 10-4M) 

to allow the complete solubilisation of the samples. As expected, the UV-Vis spectra of all compounds 

are quite similar due to the limited influence of the lateral chains in the values of HOMO and LUMO 

energies (vide infra). They show a band at λ = 380 nm for 1 and λ = 385 nm for 2, 3, and 4 and a broad 

shoulder at λ = 445 nm for 1 and λ = 461 nm for the other members of the family (see Supporting 

Information). 

 

 

 

 

 

 

Figure 1. a) Cyclic voltammogram (inset: first oxidation wave) and b) UV-Vis spectrum of 1 in o-

dichlorobenzene. 

 

The data obtained from the CV and UV-Vis permits the estimation of the frontier orbitals by means of 

the following equation: EHOMO = -e(4.8+ E1/2), and considering the HOMO-LUMO gap as the energy 

corresponding to the onset of the most red-shifted absorbance band of the UV-Vis spectra. The 

estimated HOMO energies are around -5.35 eV for compounds 2, 3 and 4, while for 1 the value is 

higher, -5.27 eV. These values are still close to the gold work function but are lower than well-known 
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TTF derivatives successfully employed for OFETs, such as DB-TTF (EHOMO = -4.88 eV).15 This 

indicates that the resulting materials are suitable for hole injection and, additionally, might exhibit 

higher air-stability since it is well-known that low lying HOMO hampers the material oxidation and 

even prevent structural or chemical changes caused by oxygen or water present in moisture.44-46 Energy 

values of the LUMOs, are around -3.15 eV for compounds 2, 3 and 4, and slightly higher (about 15 

meV) for 1, following the same trend found in the HOMO orbitals (Table 1). These LUMO values, 

though not low enough to allow an air stable operation of the devices in n-channel mode, should permit 

the electron injection from electrodes. 

The energy of frontier orbitals was also estimated by DFT calculations. The structures were optimized 

at B3LYP/6-31G(d,p) level in vacuum with Gaussian 09 and planar conformations were observed for all 

molecules. The computed HOMOs are in all cases placed in the TTF core, while LUMO orbitals are 

fundamentally situated in the phenyl and in the C=O groups of the phthalimide moiety. These values are 

collected in Table 1. HOMO energy for 1 is -5.50 eV and for the other compounds of the family is 

slightly lower. The values of LUMO energies exhibit a similar tendency, being -2.45 eV for 1 but 

approximately 0.25 eV lower in the case of the fluorinated compounds 2, 3 and 4. Although the 

calculated values are higher than the experimentally estimated ones, the tendency and relative 

increments between them are very similar.  

 

Table 1. Electrochemical data and HOMO-LUMO energy levels estimated experimentally and 

theoretically. 

   UV-Vis/Electrochem.1 DFT calculations2 

Comp. E1/2 Ox1 
(V) 

Ep(an)/Ep(cat) Ox2
(V) 

HOMO LUMO HOMO 
(eV) 

LUMO 
(eV) 

1 0,47 0,83/0,52 -5,27 -3.01 -5,34 -2,45 

2 0,54 0,88/0,55 -5,34 -3.15 -5,56 -2,73 

3 0,56 0,86/0,57 -5,36 -3.16 -5,56 -2,73 
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4 0,54 0,86/0,61 -5,34 -3.16 -5.62 -2.81 
1150ºC in o-dichlorobenzene (c = 10-4 M) with TBAHP (c = 0.15 M) as Supporting Electrolyte. 2The 

HOMO and LUMO values were obtained in vacuum on the minimized structures at B3LYP/6-31G(d,p). 

 

XRD characterization. High quality single crystals of 1 and 3 for XRD characterization were 

obtained by slow cooling from 180ºC to room temperature a solution of the TTF derivative in o-

dichlorobenzene, which resulted in the crystallization of the materials as red plates at the air-solvent 

interface due to the lower temperature in this area. Relevant crystallographic data are reported in Table 

S1 (Supporting Information). 

Both compounds crystallize in the triclinic system, space group P-1 with Z = 1/2. In 1 the molecules 

are essentially flat with the six rings coplanar and the propyl groups adopting a pseudo-trans 

configuration (Figure 2a). The molecules stack in a face-to-face mode forming columns along a axis, 

where each unit is slightly displaced both longitudinally and transversally with respect to the nearest one 

and with an interplanar distance of 3.647 Å. The closest S··S (3.794 Å) and O···O (3.412 Å) distances 

are, nevertheless, observed along b axis. Lateral S··S (3.813 Å) and O···S (3.176 Å) contacts between 

molecules in the columns forming a plane are found. Indexation measurements shows that the long 

dimension of the crystal corresponds to the a axis of the unit cell which is the stacking direction. 

In compound 3 the molecules are also flat and the packing is quite similar to compound 1 but a and b 

axes are inverted between the two structures for crystallographic conventions. The molecules in 3 stack 

forming columns along b axis, in this case, molecules inside the stack are more displaced both 

longitudinally and transversally (Figure 2b). Shortest S··S (3.660 Å) and O···O (3.290 Å) contacts are 

found along a axis and similar lateral structure to 1 is observed. Indexation of the crystal has shown that 

the long side of the crystals corresponds to the b axis of the unit cell.  

 

 

 

a 
b 

a) b)
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Figure 2. Different views of the columns formed in the crystal structures of compound a) 1 and b) 3. 

 

We mention that both single crystal structures are representative of the bulk polycrystalline samples 

as checked by powder X-ray (see Supporting Information). 

In order to gain a better understanding of the solid state structure of compounds 2 and 4, high quality 

polycrystalline samples were prepared by recrystallization in o-dichlorobenzene at 180ºC. The powder 

diffraction patterns obtained from the recrystallized samples were used for structure determination using 

X-ray powder diffraction methods.47-52 The Rietveld plots for the final fully refined models are reported 

in the Supplementary Information. 

Compound 4 crystallizes in the triclinic system, space group P1 and has a very similar packing of that of 

compounds 1 and 3 (Figure S1 in Supporting Information). In contrast, crystal structure of compound 2 

presents a unit cell containing two crystallographically independent molecules with the center of 

symmetry of one molecule located at the inversion centers in special positions at (0,0,0) and (½ ,½, ½). 

The six rings of the skeleton are coplanar and have the CF3 residues adopting the trans configuration 

imposed by symmetry. The crystal packing is composed of layers of TTF molecules in which the 

aromatic rings of the molecules interact edge-to-edge through the F3C-C…C-CF3 contact (4.198 Å) 

along the a axis direction. The stacking of layers results in columns of TTF molecules built along the b 

axis in which the TTF cores of a molecule is placed over the phthalimide moiety of the consecutive one. 

A projection in the ab plane is shown in Figure 3a. 
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 Figure 3. Crystal structures of compound 2 projected a) in a plane perpendicular to the c axis and b) in 

the plane perpendicular to the longitudinal axis of the molecules. 

  

Theoretical characterization of charge transport properties. Charge transport between two 

adjacent molecules is often characterized by a transfer rate which describes the hopping frequency going 

from a molecule M1 initially charged to a neutral molecule M2.53 The expression of the charge transfer 

rate is defined in this case, in the context of Marcus-Levich-Jortner (M-L-J) theory:54 

 

(1) 

 

The charge transfer rate khop depends on several parameters. Among them, the transfer integrals J and 

internal reorganization energy λi: are accessible from quantum-chemical calculations: 

- J reflects the strength of the interactions between the electronic levels (HOMO for hole and LUMO 

for electron) of the molecules involved in the charge transfer process.40, 41   

- S is the Huang-Rhys factor associated to a single effective intramolecular vibrational mode (with a 

typical energy ħωi set here to 0.2 eV) that assists the charge transfer by allowing for tunneling across the 

energy barrier. S is directly related to the internal reorganization energy λi (= S·ħωi) that depicts the 

changes in the geometry of the two molecules during the electron transfer reaction M1
+/- + M2 → M1 + 

M2
+/-.55 λi is often computed at the DFT level with the B3LYP functional and a 6-31G(d,p) basis set due 
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to the good agreement observed with values extracted from Ultraviolet Photoemission Spectroscopy 

spectra.56  

- ∆G0 is the Gibbs free energy which is related to the difference in energy between the configuration 

before and after the charge transfer. In the case of the single crystals, ∆G0 reduces to the energy 

difference created by the presence of the electric field, namely 0G e F dΔ = ± ⋅ ⋅
ur ur

. The ± sign is there to 

account for the nature of the charge carrier. Indeed, in absence of disorder, a hole (electron) experiences 

upward (downward) energy hops. 

The Marcus expression shows that high transfer rates require large transfer integral and small 

reorganization energy. 

The calculations made at the previous section have revealed that the shape of the frontier orbitals was 

not changed upon substitutions. Moreover, the bond-length modification upon oxidation (reduction) 

shows that the main changes are systematically located over the TTF core (imide groups) leading to the 

appearance of a quinoid structure. For these reasons, we have neglected the external substituents in 

order to evaluate the reorganization energy and consider the derivatives from Scheme 1 with R≡H. As a 

consequence, the derivatives reported in this study are all characterized by the same reorganization 

energy for positive (negative) polaron. The internal reorganization energies are found to be 271 and 244 

meV for positive and negative polarons, respectively. Interestingly, it appears that the internal 

reorganization energy for positive polaron is quite similar to DB-TTF (250 meV). The addition in the 

imide groups seems to have a small impact on this parameter, most probably due to the localization of 

the HOMO orbital of the newly synthesized compounds on the TTF core. Note that such λi values are 

larger than that calculated at the same level of theory for pentacene (~ 100 meV)57. However, a 

theoretical study on DT-TTF showed that when the local molecular environment is taken into account in 

DT-TTF (i.e. including in the calculation a cluster of molecules instead of a single one) and the charge 

can be partially delocalized over several molecules, the value of the reorganization energy is reduced. 

This behaviour can also be expected to take place in other TTF derivatives.58, 59 
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Previous theoretical works60-62 have shown that the magnitude of the transfer integral is driven by the 

shape of the molecular orbitals as well as by the relative position of the molecules involved in the 

charge transfer. We have thus calculated the electron and hole transfer integrals for all directions that 

present close contacts in the crystalline structures and have reported hereafter only the non-negligible 

contributions. Interestingly, compounds 1, 3 and 4 have quite similar structures which should lead to a 

charge transport mainly limited to a plane of the crystal structure (a-b plane for 1 and 3, b-c plane for 4). 

In Figure 4, we report the packing of the molecules considered for those three derivatives in the 

charge transport simulations. As previously described, the packing are quite similar, the main difference 

comes from the directions with the closest contact which are b, a and c axes for compounds 1, 3, and 4, 

respectively. 

 

Figure 4. Crystalline motives considered for the calculations of the transfer integral as well as of the 

charge carrier mobilities for compounds 1, 3 and 4.  

The calculations of the transfer integrals reveal that hole transport is largely favored along the 

direction with the shortest contact directions (namely b and a axes for 1 and 3, respectively) due to the 

tight packing along this axis. In the view of the transfer integrals values, hole mobility is expected to be 

much higher than electron mobility in these structures, although in the case of compound 3 electron 
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mobility is expected to be considerably larger than in compound 1. Similarly as previous molecules, 4 

shows the largest transfer integral along the closest contact direction (namely c). However, in this case, 

larger LUMO than HOMO transfer integrals are calculated leading most probably to larger mobility for 

electrons than for holes. 

 

 

 

 

Table 2. Transfer integrals values for hole and electron transport for the different directions of 

compounds 1, 3 and 4 crystalline motives. 

 Compound 1 Compound 3 Compound 4 

Directiona JHOMO 
(meV) 

JLUMO   
(meV) 

JHOMO 
(meV) 

JLUMO 
(meV) 

JHOMO 
(meV) 

JLUMO 
(meV) 

a 27 8.1 97 41 -- -- 

b 85.4 17.5 38 19 29.3 14.8 

c -- -- -- -- 58.8 91.2 

d1 1.9 3.97 11 6 0.8 ~0 

d2 7.5 3.2 0.4 0.5 12.4 5.4 
 a Relative direction of the pairs of molecules in the crystal defined in Figure 4. 

 

Interestingly, the behavior of 2 is completely different than the molecules discussed previously. 

Indeed, it exhibits a three-dimensional charge transport pattern since pathways with non-negligible 

transfer integrals going to all crystallographic planes should be considered for the characterization of the 

charge mobilities. The largest HOMO (LUMO) transfer integral has been calculated at a value of 25.5 

meV (41.1 meV) along direction d2 (See Figure S15 and Table S2 in Supporting Information). 
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Several experimental studies63-65 have nicely shown that the charge carrier mobility in single crystals 

is generally not isotropic due to the high sensitivity of electronic couplings to molecular packing. 

Kinetic Monte Carlo simulations have thus been performed in order to characterize the anisotropy of 

both hole and electron mobilities for the different TTF derivatives.  

Hole (electron) mobilities in derivatives 1, 3 and 4 have their largest value along the directions where 

shortest contact between adjacent molecules and maximum transfer integrals are found, namely b (for 

1), a axis (for 3) and c axis (for 4). The magnitude of the hole mobility for compounds 1 and 3 along 

these directions is comparable due to the similar transfer integrals values. The ratio of the mobilities 

along b (a) and a (b) is around 14 and 3.5 for 1 and 3. The reason for the difference between the two 

derivatives comes from the largest contribution of the d1 axis in 3 (Figure 5 a and b). From the transfer 

integrals calculations, the electron mobilities for those derivatives are expected to be smaller than the 

hole mobilities and are actually lower for more than one order of magnitude and for a factor of five for 1 

and 3, respectively (Figure 5 a and b, zoom of the electron mobility of 1, Figure S13). The orientation of 

the anisotropy is similar for both hole and electron mobilities which is not surprising in view of the 

transfer integrals values. It is worth mentioning that the difference in charge carrier mobilities is due to 

the difference in transfer integrals values since internal reorganization energies are quite similar. 

Interestingly, compound 4 exhibits completely opposite behavior as the previous molecules. Electron 

mobility is larger than hole mobility. The anisotropy as the magnitude of the electron mobility reminds 

the behavior of the hole mobility of 3 which again, is not surprising when looking at the most important 

transfer integrals contributions. However, the magnitude of the electron mobility of 4 along b (0.14 

cm2/Vs) is lower than the hole mobility of 3 (0.39 cm2/Vs) which is explained by the lower values of the 

transfer integrals along b and the diagonal directions. 
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Figure 5. Anisotropy of hole and electron mobilities calculated for a) 1, b) 3 and c) 4. 

 

In order to highlight the three-dimensional nature of charge transport in compound 2, we have 

calculated the anisotropy in the mobility of each charge carrier in the a-b plane and in the a-c plane. As 

seen in Figure 6, the maximum hole and electron mobilities are comparable, the orientation of the hole 

and electron mobility being rotated by 40 degrees with respect to a axis in the a-b plane calculations. It 

is always difficult to comment on the orientation of the anisotropy curves but we can say with a good 

confidence that the positions of the mobility maximums are observed for orientations that optimized the 

charge transport along the diagonal directions, namely along d2 and d3 (see Figures S14 and S15; and 

Table S2). We notice that the electron mobility is larger than the hole mobility because of the magnitude 

of the transfer integral. Moreover, the maximum hole and electron mobilities magnitude of 2 and 4 are 

about the same. 
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Figure 6. Anisotropy of hole and electron mobilities of compound 2 calculated a) in the a-b plane and 

b) in the a-c plane. 

 

All the previously commented results predict that compounds 1-4 should behave as p-type and n-type 

semiconductors, although it is well-known that electron injection problems might arise in devices based 

on semiconductors that have a LUMO energy over -3.5 eV.66-69  

 

Charge transport measurements. The intrinsic charge carrier mobility of all compounds has been 

investigated by Electrical Time of Flight (ETOF) measurements The ETOF measurements were 

performed with samples of the TTF derivatives in a microcrystalline form and compound 3 could be 

also measured as a single crystal. When polycrystalline samples were used, the organic semiconductors 

did not cover completely the channel surface (see Supporting Information), and as a result, the measured 

drain current was relatively low comparing to the capacitive current, which is also measured, and arises 

due to capacitive coupling between the drain, source and gate electrodes. In order to obtain the 

contribution of the capacitive coupling we have measured a sample with no organic semiconductor 

using the same experimental setup. Capacitive current was subtracted from the measured drain current 
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of a transistor with organic semiconductor. The resulting current, which is flowing through organic 

semiconductor, is presented as ΔID. Table 3 gathers the charge transport data. 

Compounds 1 and 3 form flat rod-like crystals which are few micrometers in size (see Supporting 

Information). The current-voltage dependence presents relatively unstable output characteristics. In 

general, the negative gate voltage is resulting in higher drain current, comparing to the positive gate 

voltage. In case of compound 1, the current is turned on only after the drain-source voltage is above a 

threshold voltage 2 V for negative gate voltage and above 8 V for positive voltage. This indicates, that 

the electron injection from Au contacts is less efficient, relative to hole injection. In this compound, as 

well as in the other compounds of the family, a relatively poor dependence on the gate voltage has been 

observed. This suggests a poor contact between the organic semiconductor and the dielectric. On the 

other hand, we have obtained a reliable measurement of the derivative 3 in a single crystal form (Figure 

7). No leakage current through the gate electrode was observed, and a p-type and n-type mobilities as 

high as 2.1±0.1 cm2V-1s-1 and 1.6±0.13 cm2V-1s-1 respectively were calculated. 

 

 

Table 3. Electrical ToF mobilities of compounds 1-4. 

Compound p-type 
mobilities 

(cm2V-1s-1) 

n-type mobilities 
(cm2V-1s-1) 

1 0.11 0.06 

2 3.6±0.1 (x10-6) 3.4±0.1 (x10-6) 

3, powder ---a 0.3±0.15 

3, crystal 2.1±0.1 1.6±0.13 

4 1±1.5 (x10-6) 2.5±0.1 (x10-6) 
a Estimation of p-type mobility was not possible due to very low device currents. 

 

For compounds 2 and 4, which form much smaller crystals than compound 1 or 3, the current-voltage 

characteristics exhibit a relatively low current, comparable to the leakage current. This is likely due to 
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the relatively low number of interconnected crystals. Charge carrier mobilities for both compounds are 

very similar (Table 3) even though their crystal structures are different. 

 

 

 

 

 

 

 

 

 

 

Figure 7. a) Optical microscope image of the measured crystal of compound 3. b) Current-voltage 

characteristics of a measured device. c) Electrical time-of-flight measurement for p-type charge carriers. 

d) Electrical time-of-flight measurement for n-type charge carriers. The leakage current is presented as 

an error bar in current-voltage graphs. 

 

Single crystal OFETs of 1 were successfully fabricated by growing the crystal from solution on a 

Si/SiO2 substrate and painting with graphite paste the source and drain electrodes. The presence of 

cracks along and across the crystal was clearly observable, which was attributed to the stress induced 

during the crystallization since this process was carried out at high temperature (T 110 ºC). 

a)      b) 

c) d) 
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A typical output and transfer characteristics are shown in Figure 8. The device behaves as a p-type 

material since the source-drain current increases with negative gate voltage. We should mention that at 

low source-drain voltages the contact was not ideal in this device, but this effect was even more 

pronounced when gold was used as source and drain contacts. From the transfer characteristics in the 

saturation regime a high hole mobility of 0.33 cm2V-1s-1 was extracted. The rather high threshold 

voltages found for this device indicates a high level of charge trapping due to the crystal cracks or to 

interface problems with the dielectric. Typical on/off current ratios about ~10^2 were found.  

It is worth mentioning that this low on/off current ratio is related to the low W/L ratio of the crystals 

as well as the current sensitivity limitation of the source-meter used.  No electron mobility was detected 

in these devices when applying positive gate voltages. In order to test the stability of the transistors, they 

were measured 5 weeks after being stored at room temperature in air and no decrease of the mobility 

was observed. 

Figure 8. (a) Output characteristics of a single crystal of compound 1 based OFET using graphite 

source and drain electrodes. (b) Semi-logarithmic transfer characteristics and extraction of field effect 

mobility in the saturation regime. 

 

Attempts to fabricate thin-film devices were also carried out. However, evaporation of the compounds 

1-4 employing a variety of conditions (substrate temperature, evaporation rates, type of substrates, etc.) 
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resulted always in the growth of not well-connected columns. Therefore, no field-effect mobility could 

be measured in these films. 

 

Summary 

We have described the synthesis and characterization of a series of bis-phthalimide tetrathiafulvalenes 

substituted with different side chains as potential ambipolar semiconductors. The electron-withdrawing 

groups contribute to reduce the energies of frontier orbitals making the prepared devices, air stable and 

also allows for improved electron injection and transport as it has been shown in the EToF 

measurements. Crystal structures of all compounds have been resolved by X-Ray spectroscopy. With 

the solid state structure and the theoretical calculations carried out, we have studied the capabilities of 

these materials for their use as semiconductors with hole and electron conduction. DFT quantum-

chemical calculations have been used to calculate the reorganization energy and electronic coupling to 

establish the probability of charge hopping. Moreover, the anisotropy and the magnitude of the 

mobilities in the crystals have been studied. This study establishes that the crystals are excellent both for 

holes and electrons conduction with anisotropic charge transport. Electrical Time-Of-Flight 

measurements have shown mobilities up to 2.1 cm2V-1s-1 for holes and 1.6 cm2V-1s-1 for electrons for a 

single crystal of 3. OFETs from compound 1 were also fabricated with single crystals and a high 

performance and stability has been observed with hole mobility on the order of 0.33 cm2V-1s-1. These 

studies conclude that attaching electron-withdrawing groups to TTF, a well known p-type organic 

semiconductor, is a suitable approach to increase the stability of the devices and can lead to the 

preparation of novel ambipolar materials, which are essential to develop in order to progress in the field 

of organic devices. 
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Specific electron-withdrawing groups attached to the 

TTF skeleton permit a reduction of HOMO and 

LUMO energies allowing ambipolar charge transport 

with similar hole and electron mobilities up to 2.0 

cm2V-1s-1 as demonstrated by EToF measurements.  

 

 


