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Density functional theory calculations were carried out to investigate the charge transfer of four tetrathiafulvalene derivatives. 
Perfluorination of dibenzo-tetrathiafulvalene (DB-TTF) increased the reorganization energy and was considered disadvantageous 
for the charge-transport process. Fluorination lowered the frontier orbitals of the compound, favoring electron—rather than 
hole-transport due to the low injection barrier. While intra-ring substitution of carbons of benzene with N atoms did not increase 
the reorganization energy, it enforced thermodynamic stability and decreased the charge injection barrier due to lowering the fron-
tier orbital. Calculation results also showed that introduction of NH2 to DB-TTF can change the crystal structure and charge mo-
bility, thus providing a method with which to promote -stacked structures. Calculation of charge transfer integrals using site 
energy correction methods was found to be more suitable for perfluorinated DB-TTF because it exhibits remarkable polarization 
effects. 
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Organic charge transfer materials have recently gained sig-
nificant interest due to their low cost, easy chemical modi-
fication, and structural flexibility [1–5]. Charge carrier mo-
bility is a measure of the quality of organic semiconductors 
and a primary factor that determines the performance of 
organic field effect transistors (OFETs) [6–9]. Excellent 
charge carrier mobilities, which are of the same order as 
amorphous silicon (0.1 to 1.0 cm2/(V s)), have been 
achieved in OFETs through the unremitting efforts of many 
scientists [4,10–12]. Tetrathiafulvalene (TTF) derivatives 
have received increased attention because these compounds 
exhibit various intra- and intermolecular interactions, in-
cluding van der Waals interactions, weak hydrogen bonding, 
π-π stacking, and sulfur-sulfur interaction [11,13,14], all of 
which decide the crystal structures involved and consequen-
tially affect the electron coupling between adjacent mole-
cules. TTF derivatives are generally soluble in various sol-

vents, which permit the use of inexpensive deposition tech-
niques, such as spin-coating and inkjet printing, to obtain 
them. Furthermore, the electronic and structural characteris-
tics of these heterocyclic compounds can be modified by 
introduction of different types of substituents at the 2, 3, 6, 
and 7 positions of the TTF core [15]. Many OFET-based 
TTF derivatives have been obtained using vacuum tech-
niques and solution, and several aromatic rings, such as 
benzene, naphthalene, and thiophene rings have been intro-
duced to TTF. These derivatives exhibit excellent charge 
transfer properties, the highest charge mobility of which 
was reported to be 3.6 cm2/(V  s) [16]. Mas-Torrent et al. 
[17,18] studied dithiophene-tetrathiafulvalene (DT-TTF) 
and dibenzo-tetrathiafulvalene (DB-TTF), which contain 
similar molecules but present different crystal packing types, 
and found that different intermolecular interactions 
significantly influence the electronic transport properties of 
the compounds. Naraso et al. [19] found that OFET devices 
based on halogeno-substituted quinoxaline rings fused with 
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TTF show excellent n-type performance and high carrier 
mobility. To date, most available organic semiconductors 
involve hole-transporting (p-type) materials, and reports on 
n-type semiconductors are relatively rare. The lack of stu- 
dies on such n-type materials has been a significant imped-
iment to applications using these organic-based devices. 
Therefore, determination of new molecules that are able to 
act as organic semiconductors, especially n-type materials, 
is of great importance.  

The lowest unoccupied molecular orbital (LUMO) level 
of a semiconducting molecule must be lowered (i.e., its 
electron affinity must be increased) substantially to align 
with the work function of the metal for the fabrication of 
n-channel transistors with the same electrodes as those used 
for p-channel transistors, such as gold, which is the most 
common electrode known today due to its environmental 
stability [4]. This process is achieved by taking a known 
semiconducting core molecule and adding strong electron- 
withdrawing groups, such as fluorine (F), cyano, or diimide 
moieties [2–4,20]. In this paper, we investigate the influ-
ence of two electron-withdrawing groups (F and N atoms) 
and one electron-donating group (amino, NH2) on the 
charge transfer properties of DB-TTF. 

1  Computational approaches 

The incoherent hopping model is adopted to illustrate the 
charge transfer between a neutral molecule and a neighbo- 
ring charged molecule in organic materials. The basic as-
sumption here is that charge transfer is a slow process such 
that molecules have enough time to reach equilibrium. 
Within the hopping description used in this work, the charge 
transfer can be characterized by a diffusion process, and the 
carrier mobility (eq. (1)) can be well described by the Ein-
stein relation [9,21]: 

 B/ ,eD k T    (1) 

where μ is the drift charge transfer mobility, e is the electron 
charge, kB is the Boltzmann constant, T is the temperature 
and D is the charge diffusion coefficient, which can be ap-
proximately evaluated as [8] 
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where i is a specific transfer pathway, ri is the transfer dis-
tance (intermolecular center to center distance) that runs 
over all nearest adjacent molecules, 1/ki is the transfer time, 
and d is the spatial dimension, which is equal to 3 for the 
crystal. Pi is the relative probability for the ith pathway, 
which is given by 
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Determination of charge transfer rates between molecular 

dimers is necessary as the above simulation is employed. 
The rate constant can be modeled by classical Marcus theo-
ry when the charge transfer in an adjacent molecular dimer 
is assumed to be a self-exchange reaction process, which is 
represented as follows [22,23] 
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where V is the transfer integral, λ± is the reorganization  
energy. 

Reorganization energy and transfer integral are two key 
factors that influence the charge transfer rate based on    
eq. (4). Several studies have described how to obtain these 
parameters from first-principles calculations [9–11,24]. Re-
organization energy has both internal and external contribu-
tions, with the internal contribution arising from geometric 
changes in the geometry of the molecular dimer when elec-
tron transfer takes place, and the external contribution com-
ing from changes in the surrounding media accompanying 
the charge transfer. Moderate contributions to the relaxation 
energy of organic solids and weak polar media are in the 
order of a few tenths of an electronvolt [25,26]; thus, exter-
nal contributions are often neglected and only internal con-
tributions are taken into account in organic crystals. 

The internal reorganization energy can be obtained using 
the adiabatic potential energy surface method [27,28], 
which considers the sum of two relaxation energy terms: (i) 
the energy difference of the neutral molecule in the optimal 
charged geometry and in the equilibrium neutral geometry, 
and (ii) the energy difference of the charged molecule in 
these two geometries. The reorganization energies for hole 
transport (λ+) and electron transport (λ–) are calculated from 
positively and negatively-charged molecules, respectively. 

Several methods have been proposed to evaluate the 
transfer integral within a molecular dimer. A simple and 
widely used method for calculating the charge transfer inte-
gral is Koopmans’s theorem (KT) approximation, which 
estimates V as half the splitting of the highest occupied mo-
lecular orbital (HOMO) or Lowest unoccupied molecular 
orbital (LUMO) levels in a neutral dimer for hole (electron) 
transfer [29]. The KT approximation is reliable when the 
diabatic energies of the donor and acceptor states are the 
same (i.e., in a symmetric dimer, or more generally, in the 
transition state structure). Otherwise, KT approximation can 
overestimate the transfer integral considerably when the 
molecules are not equal in symmetry [8,30]. 

A more direct and simpler way of calculating the transfer 
integral involves direct evaluation of the coupling element 
between frontier orbitals using the unperturbed density ma-
trix of the dimer Fock operator. In this case, the transfer 
integral is calculated using the PW91PW91/6-31G* basis 
set, which has been proven to be simple, efficient, and reli-
able [31,32]. The electronic coupling for hole or electron 
transfers in the direct scheme can be written as 
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 0,site1 0,site2
HOMO/LUMO 0 HOMO/LUMOV F  ,  (5) 

where 
0,site1
HOMO/LUMO  and 

0,site2
HOMO/LUMO  are the HOMO or 

LUMO of isolated molecules 1 and 2, respectively, among 
neighboring molecules, and F0 is the Fock operator for the 
dimer for a fixed pathway; the suffix zero indicates that the 
molecular orbitals appearing in the operator (the density 
matrix, for instance) are unperturbed. F0=SCεC1 is the Fock 
operator, where S is the overlap matrix for the dimer taken 
from the crystal structure, and the Kohn-Sham orbital coef-
ficient C and eigenvalue ε can be obtained from one-step 
diagonalization without interaction, which can be performed 
in the Gaussian 03 package [33]. The direct coupling me- 
thod (DC) used in this work has much less computational 
cost than other methods because there is no need to con-
struct the dimer Hamiltonian or obtain energy levels. 

The energies of the individual orbitals in the dimer, 
called site energies, are included in estimating the effective 
electronic coupling to take the polarization effects explicitly 
into account for an asymmetric dimer. Senthilkumar et al. 
[34] and Edward et al. [35] proposed the site energy correc-
tion (SEC) model, where the site energy Hii and charge 
transfer integral V are expressed as 
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where ij i KS jh h   and ij i jS S  . 

2  Results and discussion 

The structures of the compounds studied in this paper are 
shown in Figure 1. 

2.1  Crystal packing  

Charge transport properties critically depend on the relative 
orientations and solid-state packing of the species involved.  
 

 
Figure 1  Molecular structures of TTF derivatives (H atoms were omitted 
for simplicity). 

The packing of a molecular crystal is a compromise that 
involves all of the intermolecular interactions between its 
molecules [36]. Strong interactions can change the optimum 
energy conformation in a substituted molecule compared 
with that in an isolated molecule. Consequently the geomet-
rical distribution of molecules in the packing is a minimum 
of the total interaction energy. Therefore, knowing the 
strength of the intermolecular interactions is very helpful to 
describe the packing. Dominant interactions are traditional-
ly identified by looking at the shortest intermolecular con-
tacts present in the crystal. TTF-based materials exhibit 
various intra- and intermolecular interactions, such as van 
der Waals interactions, π-π stacking, and sulfur-sulfur in-
teractions. The neutral TTF molecule at the B3LYP level 
shows a boat conformation, which is due to the fact that the 
average angle of a planar five-membered ring must be 108°. 
However, the C–S–C bond angle is usually 92°; thus, a boat 
conformation is necessary to decrease strain and to obtain a 
small bond angle. But the most TTF-based neutral mole-
cules exhibit quasi-planar conformations in their crystal 
packing due to intra- and intermolecular interactions. 

The crystal structures of DB-TTF present a herringbone 
arrangement; it has a monoclinic unit cell with two mole-
cules, and the crystal structure shows that the molecules 
have more or less edge-to-face packing. The molecules 
form a zigzag chain along the c axis and the shortest contact 
between two sulfur atoms of neighboring molecules is 0.375 
nm. In contrast to DB-TTF, DP-TTF presents a triclinic 
system with a unit cell containing two molecules; its crystal 
structure also shows a herringbone motif, where the zigzag 
chain of the molecules is along the a axis and the shortest 
distance of sulfur-sulfur atoms from adjacent molecules is 
0.381 nm. The unit cell of OFDB-TTF belongs to the tri-
clinic system with P1 space group and contains two mole-
cules; the shortest contacting of S … S is 0.380 nm. 
NH2-DB-TTF has a monoclinic unit cell with two molecules 
and exhibits face-to-face π-π stacking, where the interplanar 
distance is 0.389 nm. The stacking manner is obviously 
different from the other compounds and the shortest contact 
between S…S is 0.379 nm from the adjacent dimer. More-
over, all of the atoms of NH2-DB-TTF are in the same plane. 
All the crystal structures and charge hopping pathways are 
shown in Figure 2. 

2.2  Frontier orbital energy level and reorganization 
energies 

A typical OFET is composed of a gate electrode, dielectric 
layer, organic semiconductor layer, and source-drain (S-D) 
electrodes. Carrier injection from the S-D electrode into the 
organic layer mainly depends on the barrier between the 
work function of the metal electrode and the HOMO or 
LUMO energy level of the organic semiconductors. P-type 
organic semiconductors typically have HOMO levels be-
tween –4.9 and –5.5 eV, resulting in ohmic contact with  
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Figure 2  Charge hopping pathway schemes for TTFs. 

high work-function metals, such as gold (5.1 eV) and plati-
num (5.6 eV). N-type materials, on the other hand, typically 
have LUMO levels between –3 and –4 eV and have better 
contact with low work-function metals, such as calcium and 
lithium. However, despite its high work function, gold has 
been observed to typically form good top contacts with or-
ganic n-type materials [37]. The frontier orbital levels of 
TTF derivatives are listed in Table 1. 

When two hydrogen atoms in DB-TTF are substituted 
with the electron-donating groups NH2 to form NH2-DB- 
TTF, the HOMO and LUMO energy levels of the com-
pound increase and its energy gap decreases compared with 
that of DB-TTF. The HOMO of NH2-DB-TTF becomes 
–4.218 eV while that of DB-TTF is –4.701 eV. As well, the 
LUMO of NH2-DB-TTF increases from –1.123 eV of 
DB-TTF to –0.762 eV. Potential barriers are very high 

when charge carriers are injected into this semiconductor 
from an Au electrode, so NH2-DB-TTF may not be a good 
charge transporting material. Hydrogen bonds are present 
between molecules of NH2-DB-TTF for the introduction of 
amino groups. The shortest distance between N–H…N is 
0.260 nm, implying that electrostatic interaction is dominant 
and that the nature of crystal packing is face-to-face π 
stacking instead of a herringbone arrangement. 

N-type materials are typically created by attachment of 
strong electron-withdrawing groups, such as F, cyano, and 
alkanoyls [38], to the compound of interest, thus lowering 
the LUMO energy level and decreasing sensitivity to ambi-
ent water and oxidation. DP-TTF is a compound in which 
pyrazine rings replace two benzene rings. Its frontier orbital 
energy levels decrease due to electron-withdrawing effects, 
improving charge injection from metal electrodes compared 
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Table 1  HOMO and LUMO energies, HOMO-LUMO gaps (Egap), and reorganization energies obtained by adiabatic potential methods using B3LYP/6- 
31G(d) 

Molecule HOMO (eV) LUMO (eV) Egap (eV) 
Reorganization energy (eV) 

λ+ λ– 

DB-TTF (planar) –4.701 –1.123 3.578 0.250 0.412 

DP-TTF (planar ) –4.829 –1.321 3.508 0.250 0.287 

OFDB-TTF (boat ) –5.633 –1.796 3.837 0.478 0.692 

NH2-DB-TTF (planar) –4.218 –0.762 3.456 0.239 0.434 
 

 
with that observed from DB-TTF. Such a process implies 
that DP-TTF is also more stable in air. DB-TTF turns into 
OFDB-TTF when all of its hydrogen atoms are substituted 
with F atoms. In this case, the LUMO energy level decreas-
es from –1.123 to –1.796 eV and the HOMO energy level 
decreases from –4.701 to –5.633 eV. Obviously, OFDB- 
TTF possesses the smallest barrier in all TTF derivatives 
when gold electrodes are used. 

The reorganization energy must be minimized to achieve 
high charge carrier mobility based on Marcus theory, which 
means that molecular configuration transformations must be 
minimized while charges transfer. The OFDB-TTF mole-
cule shows a boat-configuration both in its crystal and in the 
calculation at the B3LYP/6-31G* level. In comparison, 
DB-TTF, DP-TTF, and NH2-DB-TTF are quasi-planar in 
their crystalline packing, which indicates that OFDB-TTF 
undergoes more configuration deformations and presents 
higher reorganization energies when charge carriers pass 
through it. Calculations of pentacene, sexithiophene, and 
their perfluorinated analogues showed that perfluorination 
increases the reorganization energy of the charge-transport 
process, which originates from additional contributions of 
C–F bond stretching [5]. The λ and λ of OFDB-TTF are 
0.478 and 0.692 eV, respectively, the largest in all of the 
compounds studied in this work. Decreasing reorganization 
energy to improve material performance is achieved 
through intra-ring substitution, such as replacement of car-
bon with other electronegative atoms, which avoids intro-
duction of additional degrees of freedom for geometric re-
laxation. DP-TTF is a compound with hole and electron 
reorganization energies that are markedly lowered than 
those of OFDB-TTF (Table 1).  

The λ± of DB-TTF and NH2-DB-TTF are close to each 
other and low, indicating that substituent effects are not 
obvious in them; this finding is attributed to replacement of 
only two H atoms in DB-TTF. 

2.3  Charge transfer integral and mobility 

The charge transfer integral is another important factor for 
determining charge mobility. Two different methods, 
namely, DC and SEC, were employed to calculate the 
charge transfer integrals of neighboring dimmers through 
DFT/PW91PW91, and all data are shown in Table 2. The 
charge transfer integrals of DB-TTF and DP-TTF are close 

to each other. The largest hole coupling terms (Vh) for 
DB-TTF are 88.5 me V from DC and 47.8 me V from SEC, 
and the largest electron coupling terms (Ve) are 44.5 me V 
from DC and 20.1 me V from SEC. The largest Vh values 
for DP-TTF are 19.2 me V from DC and 21.0 me V from 
SEC, and the largest Ve values are 23.3 me V from DC and 
16.4 me V from SEC. The calculated values of an identical 
path using the DC and SEC methods are basically within the 
same order of magnitude. Overall, the Vh values of both 
compounds are slightly larger than the Ve values, regardless 
of whether DC or SEC is used. Considering that the λ of 
these compounds are smaller than λ, the calculated hole 
mobilities of DB-TTF and DP-TTF are higher than the elec-
tron mobilities, indicating that both TTF derivatives are 
p-type materials. The hole mobility of DB-TTF is 0.115 
cm2/(V s) and the experimental values range from 0.06 to 
1.4 cm2/(V s). The experimental results are in considerable 
accordance with the theoretical analysis. Considering the 
anisotropy of molecule deposition on the substrate, the cal-
culated mobility should adopt a one- or two-dimensional 
model and the predicted result will increase. DP-TTF also 
exhibits p-type properties similar to those of DB-TTF, 
where the hole mobility is larger than the electronic mobili-
ty. However, the computed hole mobility (0.025 cm2/(V s)) 
of DP-TTF is far greater than the experimental value 
(3.3×105 cm2/(V s)), which implies that there is still ample 
room for improvement in the experiment. 

Introduction of an amino group to DB-TTF to yield NH2- 
DB-TTF changes the electronic configuration of the atoms. 
NH2 can form H-bonds with adjacent molecules, causing 
alterations to the interactions between molecules. Molecular 
packing in a unit cell forms a columnar arrangement instead 
of the herringbone motif in DB-TTF, DP-TTF, and 
OFDB-TTF crystals. The electron coupling terms obtained 
from DC and SEC are larger than the hole terms as a whole. 
This result shows that electrons can be transferred more 
easily in NH2-DB-TTF and that the calculated electron mo-
bility is larger than the hole mobility. 

The packing structure for the dimer along pathway 4 of 
NH2-DB-TTF, as well as its molecular orbital maps of 
HOMO and LUMO, are illustrated in Figure 3. Generally, 
the greater the overlap of the molecular orbitals in the dimer 
is, the greater the charge transfer integral is; otherwise, the 
integral decreases between the bonding and antibonding 
overlaps. For the given dimer, a displacement of about one  
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Table 2  Hole (Vh) and electron (Ve) transfer integrals of TTF derivatives for different hopping pathways (r) calculated using two different methods by 
DFT/PW91PW91. Hole (μ+) and electron (μ–) mobilities (in cm2 /(V s)) are also given a) 

Pathway r (nm) 
DB-TTF (DC) DB-TTF (SEC ) 

Vh (eV) Ve (eV) Vh (eV) Ve (eV) 

1 0.395 8.8510–2 –4.4510–2 4.7810–2 –1.6010–2 

2 0.752 1.3010–2 –1.2110–2 4.8210–3 –2.0110–2 

3 0.759 5.6010–3 –1.8710–2 4.8210–3 –2.0110–2 

4 1.462 1.7310–3  9.0010–5 2.7110–3 –1.1010–3 

5 1.515 1.9010–4 –4.0010–4 2.8010–4 –9.6010–4 

μ+              0.115 7.1110–2 

μ–               4.510–3 4.7510–3 

μ+(exp.) 0.06–1.4 (p-type) [15,18] 

Pathway r (nm) 
DP-TTF (DC) DP-TTF (SEC ) 

Vh (eV) Ve (eV) Vh (eV) Ve (eV) 

1 0.492  1.1010–2 –2.3310–2 –2.1010–2 –1.5410–2 

2 0.764  1.9210–2  4.6510–3 –1.4610–2  1.6410–2 

3 0.943  3.0510–3 –5.4610–3  1.4310–3 –1.2810–2 

4 1.011  1.8010–2  1.2210–2 –1.7010–2 –3.6210–3 

5 0.951  1.7010–4 –7.3810–3  3.5710–3  1.4310–3 

6 1.512 –8.9010–4  2.4410–3 –9.8610–4  4.3310–3 

μ+               2.510–2  1.710–2 

μ–               1.510–3 1.3810–3 

μ+(exp.) 3.310–5 (p-type) [15] 

Pathway r (nm) 
OFDB-TTF (DC) OFDB-TTF (SEC ) 

Vh (eV) Ve (eV) Vh (eV) Ve (eV) 

1 0.627 6.8610–2 –2.2810–2  2.6710–3 –1.4510–3 

2 0.518 2.2710–2 –1.2410–2  1.1110–2 –1.4510–3 

3 0.491 3.9710–2 –1.7410–2  2.0610–2 –1.5610–2 

4 0.627 0.106  –1.8610–2  2.6510–3 –2.9810–2 

5 0.835 –2.5910–3 –1.8610–2 –3.3010–3 –3.3310–2 

6 0.647  6.3710–3 –3.0510–3  2.6510–3 –2.9810–2 

7 1.453 –5.8010–4 –8.3110–4  4.4210–4 –1.7010–3 

8 1.307 1.2910–3 –1.1510–3 –3.2610–3 –4.4210–2 

μ+                2.510–2 6.1210–4 

μ–                1.310–3 1.1610–2 

Pathway r (nm) 
NH2-DB-TTF (DC) NH2-DB-TTF (SEC ) 

Vh (eV) Ve (eV) Vh (eV) Ve (eV) 

1 0.466  3.5210–3  3.4310–2 –1.6710–2  1.8210–2 

2 0.966  0.7210–3  8.9910–3  1.2510–3  7.3510–2 

3 0.794 –6.1610–3 –5.2410–2 –5.2310–3 –5.4610–2 

4 0.970 –7.2310–3 –8.9910–3 –4.9410–4 –0.149 

5 1.336  8.2010–4 –3.0010–5 –2.1310–3 –6.9110–4 

6 1.361  8.2010–4 –3.1010–4 –1.2810–3  4.4710–3 

μ+                410–3 6.0310–3 

μ–              1.510–2 0.190 

a) r: distance of a charge hop between two adjacent molecules. The temperature was set to 300 K. 
 

 

phenyl ring width exists. Combined with the HOMO and 
LUMO orbital charge distributions, the overlap of the 
LUMO orbital could be deduced to be larger than that of the 
HOMO, implying easier electron hopping. 

OFDB-TTF presents a different scenario where the  

crystal molecule is a boat conformation instead of planar 
one, with introduction of eight fluorine atoms. Here, polari-
zation effects between neighboring molecules are more sig-
nificant. The hole and electron site energies of each dimer 
were calculated using the DC and SEC methods, and the  
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Figure 3  Intermolecular displacement of pathway 4 for NH2-DB-TTF (a) 
and molecular orbital maps of its HOMO (b) and LUMO (c). 

results are shown in Table 3. Due to the nonoccurrence of 
perturbation between adjacent molecules in DC method, the 
hole site energy of each pathway is in close proximity to 
–4.8 eV and the electron site energies are close to –2.6 eV. 
Considering the interaction of each dimer in the SEC meth-
od, the site energy of each pathway is very different from 
the results obtained using the DC method, where hole ener-
gies range from –4.8 to –20.2 eV, indicating that pathways 
1 and 5 are hardly polarized while the others are deviate 
more or less from the characteristics of a single molecule. 
The hole transfer integral of pathway 4 is 2.65 meV in the 
SEC method instead of 106 meV in the DC model, showing 
remarkable variation. The electron site energies of SEC 
exhibit larger changes; for example, those of pathways 7 
and 8 decrease to –70.0 eV, and the electron transfer inte-
grals accordingly change from 0.831 and 1.15 meV in DC 
method to 1.70 and 44.2 meV in the SEC method. The data 
above imply that polarization effects cannot be ignored 
when calculating charge transfer integrals of OFDB-TTF, 
and the result obtained means that a study of the molecule 
using the SEC method may be more appropriate. Calculated 
SEC results show that OFDB-TTF is an n-type material 
because its μ– (0.0116 cm2/(V s)) is larger than its μ+ (6.12× 
10–4 cm2/(V s)). However, the semiconductor is a p-type 
material when the DC method is used, a finding that contra-
dicts the fact that perfluorinated aromatic fused compounds 
have electronic transmission performance [2,20,39,40]. Han 
group [41,42] pointed out that there exit great difference for 
the charge transport along different directions in the identi-
cal organic semiconductor, they have performed some im-
port calculations about the anisotropic mobility, and the 
results showed the charge mobility along a specific path can 
be improved one order of magnitude compared with the 
total mobility. The study on anisotropy of these TTF deriva-
tives is going on and the results will be reported in another 
paper. 

Table 3  Hole and electron site energies obtained using both the DC and 
SEC methods for all pathways of OFBD-TTF crystals by DFT/PW91PW91a) 

Pathway  
Site energy using the DC 

method 
Site energy using the SEC 

method 
Hole (eV) Electron (eV) Hole (eV) Electron (eV) 

1 
H11 –4.816 –2.585 –4.894 –2.624 
H22 –4.816 –2.585 –4.894 –2.624 

2 
H11 –4.735 –2.612 –10.683 –2.624 
H22 –4.816 –2.585 –20.193 –2.624 

3 
H11 –4.816 –2.585 –11.182 –2.609 
H22 –4.735 –2.612 –17.638 –2.609 

4 
H11 –4.816 –2.585 –10.437 –2.580 

H22 –4.816 –2.585 –10.408 –2.608 

5 
H11 –4.816 –2.585 –4.824 –2.572 
H22 –4.816 –2.585 –4.824 –2.572 

6 
H11 –4.816 –2.585 –10.408 –2.580 
H22 –4.816 –2.585 –10.437 –2.608 

7 
H11 –4.735 –2.612 –13.142 –68.288 
H22 –4.816 –2.585 –11.883 –70.211 

8 
H11 –4.816 –2.585 –11.332 –69.888 
H22 –4.816 –2.585 –11.416 –70.151 

a) The Hamilton used in the DC method were unperturbed, whereas 
that in the SEC method were self-consistent. 

3  Conclusion 

In this work, the rate constants of charge transfer of TTF 
derivatives were predicted based on the Marcus electron 
transfer model. A diffusion process simulated charge mobi- 
lity by Einstein relations. Charge mobility was found to 
depend mainly on the monomer reorganization energy and 
the coupling matrix element between dimmers. Both the 
reorganization energy and transfer integral were calculated 
at the first-principles DFT level, and results showed that 
perfluorination increases the stability of radical anions, 
lowers the injection barrier of electrons, and increases the 
reorganization energy of the charge-transport process. 
Moreover, perfluorination causes significant polarization 
effects. The charge transfer integral was calculated using 
the SEC method, where the predicted μ– is larger and should 
be considered as an n-type semiconductor. Introduction of 
NH2 to DB-TTF changed the distribution of electron density 
on a single molecule and crystal structure. Consequently, 
the μ– increased to values larger than those of μ+; frontier 
orbitals also increased compared with the NH2-free parent 
compound, implying the presence of a high electron injec-
tion barrier and increased instability in air. Predicted results 
of DB-TTF and DP-TTF are similar to those obtained from 
experiments using both the DC and SEC methods.  
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