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Abstract: To gain a better understanding of the fluorination effect on the charge transport property,

the charge transport properties of the six fused thiophene  derivatives

2,6-diphenylbisthieno[3,2-b:2',3'-d]thiophene (DP-DTT)
6,6'-diphenyl-2,2"-bibisthieno[3,2-b:2',3'-d]thiophene (DP-BDTT),
2-(pentafluorophenyl)-6-phenylbisthieno[3,2-b:2',3'-d]thiophene (FPP-DTT),
6,6'-bis(pentafluorophenyl)-2,2'-bibisthieno[3,2-b:2',3'-d]thiophene (FPP-BDTT),
2,6-dipentafluorophenyl-bisthieno[3,2-b:2',3'-d]thiophene (DFP-DTT) and

6,6'-dipentafluorophenyl-2,2'-bibisthieno[3,2-b:2',3'-d]thiophene (DFP-BDTT) were explored by

the density functional theory (DFT) coupled with the incoherent charge-hopping model at the

molecular and crystal levels. The crystal structures of the titled compounds are either predicted by

the dispersion-corrected density functional method (DFD-D) or retrieved from the Cambridge

Crystallographic Database. Introducing the electron-withdrawing fluorine atoms to the end phenyl

of the DTT and BDTT molecules can decrease the HOMO-LUMO gap, which is beneficial to the

conductivity. The FPP-BDTT has the largest electron mobility among the six compounds because

it has small electron reorganization energy and large transfer integral. The efficient overlaps of
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n-orbital and smaller n- stacking distance are proved to be the main reason for its good hole
transport property for DFP-DTT. Additionally, FPP-BDTT and DFP-BDTT have shown
remarkably anisotropic behaviors and the maximal charge mobilities are along a special crystal
axis direction with strong n-w interactions, which further confirms our finding that the fluorination

effect may be an effective way to improve the charge mobilities.

Keywords: DFT, fused thiophene derivatives, fluorination effect, charge transport property, T-n

interaction

1. Introduction

A growing interest in organic semiconductors has emerged in the past years due to their
potential electronic applications in organic light-emitting diodes (OLEDs), organic photovoltaic
cells (OPVs) and organic field-effect transistors (OFETs) [1-3]. The advantages of the organic
semiconductors such as low cost, easy fabrication, mechanical flexibility, light weight, and large
area production, make them good alternatives to conventional inorganic materials [4, 5]. Over the
past years, organic m-conjugated materials such as oligothiophenes, linear arenes and their
derivatives have been widely studied due to their large n-conjugation and outstanding chemical
and physical properties [6—8]. Among the organic semiconductors materials, some representative
p-type organic semiconductors have achieved mobility beyond 10 em®V 's”', which can even be
compared with the mobility of amorphous silicon devices [9]. On the contrary, the development of
n-type organic semiconductors lagged behind of their p-type analogs due to high injection barrier

of electron and the intrinsic instability of organic radical anions in the ambient air environment
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[10, 11]. Some experimental and theoretical investigations revealed that functionalizing p-type
semiconductors with electron-withdrawing groups was a promising way to convert them into
n-type ones, such as cyanation, fluorination and chlorination [12, 13]. Hence, the appropriate
functionalization is an essential approach to efficiently design and develop high performance
n-type organic semiconductors.

To date, many research groups have focused their interests on fused-thiophene based organic
semiconductors due to their excellent properties associated with rigid and coplanar conformation
via extended conjugation length [14]. Recently, many fused thiophene derivatives were reported to
exhibit excellent electrical and charge transport performance [15]. Sun et al. have reported a novel
organic semiconductor 2,6-diphenylbisthieno[3,2-b:2',3'-d]thiophene (DP-DTT) with a high
mobility of 0.42 cm*V'+s using the dithieno[3,2-b:2",3'-d]thiophene (DTT) as a skeleton [16].
At the microscopic level, the electron is gained from the electrode to the molecule DP-DTT, the
radical anion of DP-DTT will be expected to be involved in a self-exchange electron transfer
reaction where an electron hops from an ionized DP-DTT molecule to an adjacent neutral
molecule. Chen et al. have achieved a high-performance organic semiconductor
6,6'-diphenyl-2,2'-bibisthieno[3,2-b:2',3'-d]thiophene (DP-BDTT) with a mobility of 0.41
ecm>V -5 in a single-crystal OFET of bisdithienothiophene-based fused-thiophene (BDTT) [17].
In all the halogenation, the fluorine is the strongest electron-withdrawing atom with an
electronegativity of 4.0 according to Pauling definition, which has been demonstrated to be
advanced for electron transport as well [18]. Previous studies showed that the n-type or ambipolar
organic semiconductors can be obtained by introducing electronegative fluorine atoms to the

oligothiophenes [19-21]. As the evidence of this strategy used for this functionalized linear
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thiophenes, Chen et al. have synthesized asymmetric phenyl and perfluorophenyl

end-functionalized dithienothiophene and bisdithienothiophene based fused-thiophene derivatives

2-(pentafluorophenyl)-6-phenylbisthieno[3,2-b:2',3'-d]thiophene (FPP-DTT) and

6,6'-bis(pentafluorophenyl)-2,2'-bibisthieno[3,2-b:2',3'-d]thiophene  (FPP-BDTT), which are

examined as charge transporting materials [17]. In this regard, we introduced the strong

electron-withdrawing fluorine to the asymmetric molecules FPP-DTT and FPP-BDTT to obtain

two novel symmetric perfluorophenyl fused-thiophene derivatives

2,6-dipentafluorophenyl-bisthieno[3,2-b:2',3'-d]thiophene (DFP-DTT) and

6,6'-dipentafluorophenyl-2,2'-bibisthieno[3,2-b:2',3'-d]thiophene (DFP-BDTT). For the four

fluorinated fused thiophene derivatives, the electron transfer reactions of the radical anion

involved an electron hopping to its adjacent neutral molecule instead of loss of fluoride anion.

Taking DFP-DTT as an example, when the bond H-F breaking, it needs to absorb the energy of 6.7

eV, while the DFP-DTT accepts an electron, it needs to absorb the energy of only 1.8 eV.

Consequently, the H-F bond of DFP-DTT will not break in the electron transfer reaction. The

molecular structures of the studied six compounds were depicted in Figure 1.

Up to now, there is still no concise and unambiguous understanding of fluorine interactions,

especially for chemical structure, material morphology and macroscopic properties of fluorine

compounds. In this work, motivated by the fact that a tiny modification of organic molecules

could induce differently optical and electrochemical performances [22], we explored the influence

of fluorine substitution on the geometries, electronic properties, and charge transport parameters

of the six compounds based on density functional theory (DFT) coupled with incoherent

charge-hopping mechanism mode. The present theoretical study will provide ionization potential,
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electron affinity, hole extraction potential and electron extraction potential along with the charge
transport properties such as charge transfer integral, reorganization energy and charge carrier
mobility of those molecules. We hope these discussions can provide a fertile theoretical ground

with the rational molecular design and synthesis of the promising organic semiconductors.

2. Theoretical and computational methodology
2.1 Theoretical methodology

In almost all m-conjugated organic materials, the molecular scale charge transport at room
temperature occurs via a thermally activated incoherent hopping mechanism [23]. According to
the incoherent hopping mechanism, the charge carriers in the crystal structure will jump between
two adjacent molecules across the organic layer. The charge transfer rate can be expressed from
the Marcus-Hush equation [24]:

2
K;]ﬂ exp(—L) (1)
h  J4rxAk,T 4k, T

k=
V denotes the transfer integral between two adjacent molecules in organic single crystal, 4 is the
reorganization energy, 7 is the temperature which is 298 K in our calculations, % and kg are the
Planck and Boltzmann constants, respectively.

Generally, the total reorganization energy 4 includes contributions from the internal
reorganization energy 4; (induces by the relaxation of molecular geometry) and the external
polarization reorganization energy 4, (derives from the surrounding medium in bulk materials)
[25]. For organic solids, the contribution of outer reorganization energy to the total reorganization

energy is usually much smaller than that of inner reorganization energy due to weak polar media,

so we only focus on the inner reorganization energy here [26]. So, the reorganization energies for
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the hole and electron transfers are evaluated using the following formulas [27]:

A, =[E(M") - E(M)]+[E"(M)—E"(M")] )

A =[E(M") = EM)]+[E" (M) - E (M")] €))
where E(M), E'(M"), and E (M) are the respective energies of optimized neutral, cationic, and
anionic structures. E(M )/E(M’) is the neutral energy of the optimized cationic/anionic structure,
and E"(M)/E(M") is the cationic/anionic energy of the optimized neutral structure. Besides, the
ionic state properties such as vertical ionization potential (IPy), adiabatic ionization potential (IPa),
vertical electron affinities (EAy), adiabatic electron affinities (EAa), hole extraction potential
(HEP) and electron extraction potential (EEP) were calculated by the following formulas [28]:

IP =E"(M")—E(M)

IP, =E"(M)—-E(M)

EA =EM)-E (M) “4)

EA, =EM)-E (M)

HEP=E"(M")—E(M")

EEP=EM™)-E (M")

The transfer integral V" describes the overlap of the electronic wave functions between the

donor and acceptor states, which intensively depends on the relatively molecular arrangement in

the solid state. The transfer integral is expressed through the site-energy corrected method as [29]:

1
Iy, _ESlz(el te,)

V= 5
1-S%, ©)

Here, e, =<(Dl.|H|(Dl.>(i:1, 2), h, =<(I)1|H|(Dz>, and S, =<(I)l|S|(I)2>, where @, and @,

are the HOMOs/LUMOs of the two monomers in the dimer, A and S are the dimer Hamiltonian

and the overlap matrix, respectively.
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After obtaining the reorganization energies A and the transfer integral V, the hopping rates

were calculated using Equation 1. Here, the charge transport is modeled as a Brownian motion

process, as described by a particle diffusion process [30]. The carrier mobility can be obtained by

the Einstein equation [31]:

D (6)

where u is the charge carrier mobility, D the isotropic charge diffusion coefficient, and e the
electronic charge. Given the hopping rate between the nearest-neighbor molecules, the diffusion

coefficient can be evaluated from the hopping rates as [32]

D=1 rk, P, @)
2n =

where n is the dimensionality (when n is equal to 3, we can evaluate the average mobility of all the

hopping pathways), &; the hopping rate due to charge carrier to the ith neighbor, ; the distance to

neighbori, P, = k ( z k,)~! is the relative probability for charge hopping to the ith pathway.

2.2 Computational details

The unit cells of the crystal structures DP-DTT, FPP-DTT, DP-BDTT and FPP-BDTT are
retrieved from the Cambridge Crystallographic Database. The crystal structure data of the four
compounds are shown in Table S1 in the Supporting Information. Inclusion the dispersion energy
(-D) is used to describe the solid-state packing of molecules [33]. Based on this, we performed
periodic optimization for the DP-DTT, FPP-DTT, DP-BDTT and FPP-BDTT crystals by using the
dispersion-corrected density functional theory (DFT-D) at the LDA/CA-PZ level based on the

experimental crystal structures. The optimized crystal structure parameters of the four compounds
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were summarized in Table S2. As seen in Table S1 and Table S2, it is noticed that the optimized

crystal structure parameters are well consistent with the experiments, which indicates that the

method is suitable for the four crystals. Based on this, we also optimized the DFP-DTT and

DFP-BDTT crystals by DFT-D method with LDA/CA-PZ functional [34, 35]. The optimized

crystal parameters of the DFP-DTT and DFP-BDTT were also summarized in Table S2. All the

calculations are performed using the CASTEP code within the Material Studio package [36].

Recent studies have shown the B3LYP hybrid functional at the DFT level is suitable to the

oligothiophenes and their derivatives, and hence the monomer geometries of the neutral and ionic

states of all the studied molecules were fully optimized by the B3LYP hybrid functional and

6-311G(d,p) basis set [37, 38]. Based on these molecular geometries, the reorganization energies

and the ionic state properties were calculated employing the same functional and basis set. The

calculations of the above quantities were performed in the Gaussian 09 program package [39].

However, in the calculations of the transfer integral, we chose the PW91 exchange and PW91

correction functionals with 6-31G(d,p) basis set by the site-energy corrected method [40]. Huang

et al. showed that PW91 functional gave the best description for the bandwidth of organic solid,

and some groups also obtained very good results of charge mobilities using

PW91PW91/6-31G(d,p) method in the similar investigations [41, 42].

3. Results and discussion

3.1 Crystal and geometric structures

Crystal structure is one of the important properties that determine the charge carrier transport

pathways and mobility in organic molecular crystals. The crystal structures of the studied six
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compounds were shown in Figure S1. As seen in Figure S1, the DTT moiety in the symmetric

DP-DTT is connected with the two end-capped phenyl groups in a slightly bent (arc-shape like)

structure. Two phenyl groups are not coplanar to the DTT moiety with torsion angles of about 6°.

Note that the DP-DTT is characterized by the herringbone structure. While for the asymmetric

FPP-DTT and symmetric DFP-DTT, the fused DTT moiety is nearly coplanar with two

end-capped phenyl groups and the unit cells of the two compounds exhibit a face-to face packing

motif. For DP-BDTT, two DTT units are paired with each other in the opposite direction to form

the BDTT moiety with a slightly twisted structure. Coupled with two phenyl groups with average

torsion angles of about 8°, the DP-BDTT exhibited unusual wave shape geometry. It is seen that

the symmetric DP-BDTT also exhibits a commonly observed edge-to-face herringbone packing

motif as well as DP-DTT, similar to other fused thiophenes in literatures [43, 44]. The fused

thiophene DP-BDTT has a herringbone stacking angle of about 43°. On the contrary, for

FPP-BDTT and DFP-BDTT, the two DTT units in the BDTT moiety combine in the opposite

direction, resulting in a nearly coplanar BDTT moiety. For both FPP-BDTT and DFP-BDTT, the

planar molecular structure of the two asymmetric/symmetric materials suggest ideal conditions for

the extended m-m interaction of the corresponding molecules, leading to an excellent device

performance. These results suggest that that fluorine substitution of the DP-DTT and DP-BDTT

have changed the crystal and molecular structure significantly. The electron-withdrawing fluorine

substituents make the bent molecules (DP-DTT and DP-BDTT) change to the coplanar molecules

(FFP-DTT, DFP-DTT, FFP-BDTT and DFP-BDTT), which is beneficial to a strong m-orbital

overlap between adjacent organic molecules in the solid state.
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The geometries of the studied molecules have optimized at B3LYP/6-311G(d,p) level of
theory in gas phase [37]. The optimized bond lengths, bond angles and dihedral angles as well as
their experiment crystal data are shown in Tables S3—S8. As seen the tables, it can be determined
that the optimized bond lengths of DP-DTT, FPP-DTT, DP-BDTT and FPP-BDTT are in good
agreement with the corresponding experiment values, which indicates that B3LYP functional
coupled with the 6-311G(d,p) basis set is appropriate for the geometric properties of the six
compounds. Hence, the bond length change upon the reduction and oxidation processes were also
obtained from the B3LYP/6-311G(d,p) method. The optimized DP-DTT and DP-BDTT exhibit
good coplanarity in the gaseous state, but they display slightly twisted structure in the solid state.
Previous investigations revealed that the molecular geometry may be influenced by the
intermolecular interaction of neighboring molecules in the solid state. The slightly geometric
change, however, appears as not conclusive as regards the method of choice [16, 17]. As seen in
Tables S3—S8, the bond length modification is found to take place in the entire molecule due to the
extended m-system configurations. Besides, the absolute values of bond lengths between neutral
and ionic states are ca. of 0.01 A with the maximum changes of 0.03 A for the DP-DTT. By
analyzing the optimized geometry of the neutral and ionic states of the studied six molecules, it
has been observed that the presence of excess positive and negative charges can not profoundly
alter the bond lengths in the substituted DTT and BDTT molecules. Among the compounds, the
maximum bond length difference between neutral and ionic states is only 0.023 A. In order to
describe the geometric distortion quantitatively upon carrier transfer processes, we computed the
magnitude sum of bond length changes (Z|A(A-G)| and X|A(C-G))) for the six compounds in both

charge carrier processes. Here |A(A-G)| represents the absolute value of bond length difference

10
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between the anionic and neutral geometries, |A(C-G)| denotes the absolute value of bond length
change between the cationic and neutral ones [45]. The calculated X|A(A-G)| and Z|A(C-G)| values
reach 0.533 A and 0.321 A for DP-DTT, 0.490 A and 0.382 A for FPP-DTT, 0.456 A and 0.395 A
for DFP-DTT, 0.579 A and 0.396 A for DP-BDTT, 0.555 A and 0.408 A for FPP-BDTT, 0.523 A
and 0.423 A for DFP-BDTT, respectively. The different Z|A(A-G)| and Z|A(C-G)|values in charge
transfer processes indicate the six compounds have different geometric modification
accompanying the charge transfer process from one molecule to another. As seen from Table
S3-S8, the discrepancies of bond angles (A4) between cation and neutral states are in the range of
0.09-0.87°, and the discrepancies of dihedral angles (AD) are in the range of 0.05-2.28°
indicating that the geometric deformation in the oxidation process is minor as compared to the
reduction process. The variations of dihedral angles from neutral to anion states decrease in the
order of DP-DTT > FPP-DTT > DFP-DTT for DTT fused-thiophene derivatives and DP-BDTT >
FPP-BDTT > DFP-BDTT for BDTT fused-thiophene derivatives, respectively, indicating a
distinct torsion of the anionic structure compared to the planar neutral structure as the number of

fluorine atoms increases.

3.2 Reorganization energy

The reorganization energy (4) is one key parameter governing the hopping rate. It has long
been recognized that hole (electron) reorganization energies are closely related to the geometries
of cation (anion) states. The molecules with small reorganization energy possess high carrier
mobility [46]. The reorganization energies are in proportion to the deformation of the geometries

in charge transfer process [42]. The changes of bond lengths between the neutral and ionized
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geometries for fused thiophene DTT and BDTT derivatives were presented in Figure S2 and

Figure S3. As seen in Figure S2 and Figure S3, the largest deformations of bond lengths for both

cation and anion appear on the C-C bond in the thiophene ring. It can also be found that their

geometrical deformations accompanying electron transfer are larger, so the electron reorganization

energies (4.) for the DTT and BDTT derivatives should be larger than the corresponding hole ones

(41), which agrees well with the trend of the computed reorganization energy results (see Table 1).

The reorganization energies of hole and electron transports of the DTT and BDTT derivatives

were obtained through the adiabatic potential (AP) energy surface approach at the

B3LYP/6-311G(d,p) level [38]. The reorganization energies of the six compounds were listed in

Table 1. From the reorganization energy analysis, DFP-BDTT is expected to have the best hole

transport properties, but DP-DTT should possess the smallest electron transfer rate. Among the

studied molecule, the DFP-BDTT has the minimum electron reorganization energy of 0.296 eV.

The other fluorinated fused-thiophene DTT and BDTT derivatives having less reorganization

energy for electron transfer are FPP-BDTT with 0.353 eV, DFP-DTT with 0.399 eV and

FPP-DTT with 0.409 eV, respectively. For the DTT derivatives, the 4, is predicted to decrease in

the order of DFP-DTT> FPP-DTT > DP-DTT, while A, follows the order of DP-DTT >

FPP-DTT > DFP-DTT. The different variation trends of 1, and A, of the DTT derivatives could be

explained in terms of geometry changing. The more the geometrical deformation in the charge

transfer process is, the larger the A value is. For the BDTT derivatives, both the 4, and 4, are

predicted to decrease in the order of DP-DTT > FPP-DTT > DFP-DTT. Additionally, it can be

seen that as the number of substituted fluorine atoms increases, the 4, decreases slightly, and in the

meantime the A, decreases significantly. From the viewpoint of the reorganization energy, the

12
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introduction of the strong electron-withdrawing fluorine atoms to the end phenyl of DTT and

BDTT molecules can significantly influence the geometries of the six compounds and contribute

differently to 4, and A..

3.3 Frontier molecular orbitals

It will be useful to examine the frontier molecular orbitals (FMO) of the six molecules since the

FMO is an important factor to affect the carrier transport properties [47]. The relative orderings of

the highest occupied orbitals (HOMOs) and the lowest unoccupied orbitals (LUMOSs) energies

provide a reasonable qualitative indication of the ability of hole and electron injection and also

determine the redox stability of organic semiconductors [29]. The smaller the injection barrier is,

the more easily the charges are injected. The energies of HOMOs and LUMOs as well as the

energy gaps of all the studied molecules were shown in Figure 2 and their corresponding

distribution of the FMOs were presented in Figure 3. As can be seen from Figure 3, the electron

distribution of the HOMOs or LUMOs for the six systems is similar. For the symmetric molecules

DP-DTT, DP-DFP, DP-BDTT and DP-BDTT, the LUMOs denote symmetrical distributions,

while the HOMOs present asymmetrical distributions. It was found that all the LUMOs possess ©

orbital features and spread over the thiophene moieties and the HOMOs are mainly localized on

the carbon atoms. As observed in the four molecules, the sulfur atom has only an imperceptible

contribution to the HOMOs, but it contributes more to the LUMOs. The more uniform distribution

of LUMOs for the symmetrical molecules suggests that electron delocalizations of these

molecules are better compared to the unsymmetrical molecules FPP-DTT and FPP-BDTT. As

seen in Figure 2, the molecular orbitals of the substituted DTT and BDTT derivatives are more

13
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stabilized since they have relatively lower LUMO energy levels compared with the unsubstituted
molecule DP-DTT and DP-BDTT. The low LUMO levels facilitate electron injection that is
necessary for a stable n-type organic semiconductor in the environment. With reference to the
conductivity, the energy gap of HOMO-LUMO (E,,,) can be considered approximately as the
band gap energy [48]. The smaller Eg,;, is, the larger the conductivity is. Obviously, the Eg,yp of
DFP-BDTT (2.28 eV) is smaller than those of other compounds. This is beneficial to the
conductivity efficiently. It is noted that with increasing numbers of the substituted fluorine atoms,
the LUMO energy of the DTT/BDTT derivative decreases and the HOMO energy also decreases
but not as much as the LUMO, indicating that the fluorination should be beneficial to electron
injection. In order to probe the reduction of FMO energies, we analyzed the natural bond orbital
(NBO) charges of compounds DP-DTT and its fluorinated derivative DFP-DTT (seen in Figure 4).
As shown in Figure 4, the charges at perfluorphenyl carbon atoms of DFP-DTT are 0.075 to 0.168
electrons, while those of DP-DTT are —0.174 to —0.312 electrons. Additionally, the electron
occupancy on C-C bond (1.966 to 3.635) in the perfluorphenyl of DFP-DTT is smaller than those
in phenyl of DP-DTT (1.969 to 3.646). This means that the electrons are transferred from carbon
to fluorine atoms during fluorination. The contributions of atomic orbitals to the HOMO and
LUMO for DP-DTT and DFP-DTT are presented in Figure S4. The contributions of the fluorine
atoms to the LUMO and HOMO for DFP-DTT are 0.07%—0.59% and 0.04%—0.53%, respectively.
While the contributions of the corresponding hydrogen atoms to LUMO and HOMO for DP-DTT
are 0.001%—-0.04% and 0.004%—-0.04%, respectively. Moreover, the electronegativity of fluorine
is greater. Thus, the strong attraction of fluorine nuclei to electron lowers the potential energy of

electron. The second-order perturbation estimates of “donor—acceptor” interactions in the NBO

14
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basis. This is carried out by examining all possible interactions between “filled” (donor)

Lewis-type NBOs and “empty” (acceptor) non-Lewis NBOs, and estimating their stabilization

energy by second order perturbation theory [49]. The stabilization energies E(2) are proportional

to the NBO interacting intensities [50]. The NBO analysis shows that the orbital interaction F—C

between the fluorine and its corresponding ortho carbon atom in the phenyl of the DFP-DTT has a

stabilization energy as large as 4.78 kcal/mol, while the interactions of the DP-DTT and

CH3CH3CHF are less than a default threshold of 0.5 kcal/mol. The Wiberg’s bond index

calculated at the B3LYP/6-311G (d) level for the C-F bond between fluorine atom and phenyl ring

of DFP-DTT is 0.9176, while that of CH3CH3CHEF is 0.6371, which further indicates that there

are p-m conjugations between F and phenyl. On the whole, the decrease of HOMO and LUMO

energies by the fluorination is not only attributed to the m-conjugation extension to fluorinated

phenyl groups, but also to the electron-withdrawing effect of the fluorine atoms.

3.4 Electron affinities (EA) and ionization potentials (IP)

To inject an electron into the LUMO efficiently, EA must be high enough, which is an

important requirement of an excellent n-type organic semiconductor. On the contrary, IP must be

low enough to allow an efficient hole injection into the HOMO [51]. The IP, EA, both vertical and

adiabatic, and extraction potentials (HEP and EEP for the hole and electron, respectively) were

calculated by the Equation 4 and the results were summarized in Table 1. The small difference in

the vertical and adiabatic values indicates that the structural relaxation upon charge injection is

small. Tt has been observed that the ionization potentials for vertical excitations of the DTT

fused-thiophene derivatives follow the order of DFP-DTT > FPP-DTT > DP-DTT and the IPy of

15
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values of the BDTT derivatives are predicted to decrease in the order of DFP-BDTT >

FPP-BDTT > DP-BDTT. The orders of EA, of DTT derivatives are DFP-DTT (1.553 eV) >

FPP-DTT (1.226 eV) > DP-DTT (0.867 eV) and the EA, of BDTT derivatives follows

DFP-BDTT (1.860 eV) > FPP-BDTT (1.627 eV) > DP-BDTT (1.376eV). Obviously, the

introduction of fluorine substituents to the DTT/BDTT increases the ionization potential and

electron affinity. The EA, values of DP-BDTT, FPP-DTT and DP-DTT are small, suggesting that

three compounds have a large barrier for electron injection. The large EA, values of DFP-BDTT

give rise to high stability of its radical anions in ambient atmosphere, which is an important

requirement of fine n-type OFET material [52]. Some investigations showed that the EAa value

should be greater than 2.8 eV for air-stable n-channel materials due to the inherent instability of

organic anions in air [53]. Hence, the DFP-BDTT is ill-suited to being used as electron transport

materials for their low air-stability. As observed for HEP, DP-BDTT has minimum HEP of 5.948

eV, which demonstrates that the injection of hole into DP-BDTT is easier than in other molecules.

On the contrary, DFP-BDTT has maximum EEP of 2.004 eV, indicating that the injection of

electron into the DFP-BDTT becomes easier. The above results show that the substitution of

electron-withdrawing fluorine atoms can significantly affect the electron-transporting properties of

DTT and BDTT fused-thiophene derivatives.

3.5 Transfer integral and packing motif

It is well known that the charge transport properties of conjugated molecules critically

depend on the transfer integrals, which are highly sensitive to the relative orientations of the

adjacent molecules and their crystal packing motifs [54]. To better understand the transfer
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integrals, it is necessary to investigate the crystal structures of the studied compounds. As seen

from the Figure S1, DP-DTT, FFP-DTT and DFP-DTT crystallize in a monoclinic space group

P21/c, while DP-BDTT, FFP-BDTT and DFP-BDTT crystallize in a triclinic space group P-1

[55-57]. For the DP-DTT and DP-BDTT, the molecular stack forms a herringbone structure in the

a-b plane, there is no m-m overlap along the b axis. For the other four fluorinated crystalline

structures, the molecular stacking forms a face-to-face structure in the a-c plane with the n-n

stacking between consecutive molecules along the ¢ axis, indicating that the attachment of fluorine

atoms to the DTT/BDTT skeleton can effectively convert the herringbone packing to the n-n

stacking. Based on the crystal structures, the main carrier hopping pathways of all the investigated

compounds were depicted in the Figure 5. The packing motifs of dimer P1 for DP-DTT and

DP-BDTT manifest a slipped face-to-face mn-m stacking, which is considered to be a favorable

packing motif with small energetic disorder and beneficial topology of charge percolating network

[58, 59]. The arrangement of dimers P3 and PS5 of the two crystals are completely shifted with

little intermolecular overlap or the edge-to-edge packing. The transfer integral J was evaluated

from the dimer in the packing pathway and the results for both hole (V) and electron (V,) were

given in Table 2. It is generally accepted that the transfer integral between two molecules is

closely related to the intermolecular interactions [60]. The transfer integrals of all hopping

pathways were calculated by the site-energy corrected method at PW91PW91/6-31G(d,p) level,

which has been proven to give reliable estimation of transfer integral for conjugated organic

compounds [42]. It can be seen from Table 2, there is a certain relation between the molecular

centroid to centroid distance (d) in dimer and transfer integral (7). The transfer integral depends

on the distance of the intermolecular moieties directly interacting with each other. Usually, the
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transfer integral always become larger with a shorter d in the dimer. When the d value is too large,

the transfer integral approaches zoo. Besides, for the studied compounds except DP-DTT and

DP-BDTT, the transfer integral of hole is larger than that of electron, indicating that four

compounds are beneficial to hole transfer from the viewpoint of transfer integral. Interestingly, the

V. and V), of the n-m stacking P1 are not the largest one in DP-DTT and DP-BDTT, whereas the

edge-to-edge pathways P3 and PS5 lead to the largest V,and V), which can be explained by the fact

although dimers P1 and P2 adopt a n-n stacking, they have large d distances, which results in a

small overlap between the orbitals of the neighboring molecules. As seen from Table 2, with the

introduction the fluorine atoms to the end phenyl of DTT and BDTT derivatives, the largest V, and

V;, of the fluorinated fused-thiophene compounds increase significantly, especially the value of the

V.. To further understand the intermolecular effective electronic couplings, the overlap of LUMO

orbitals of the dimer with the maximal transfer integral for the DP-DTT and DFP-DTT are

presented in Figure 6. As seen Figure 6, in comparison with the unfluorinated dimer of DP-DTT,

dimer P7 for the DFP-DTT adopts the perfect m-n stacking. It is noted that both dimers P5 and P7

are composed of the relevant molecular orbitals of the isolated monomer, and the dimer of the

fluorinated DFP-DTT have relatively larger electron transfer value between the neighboring

molecules than the unfluorinated molecule DP-DTT, indicating further that the transport path

along the perfect n-n stacking direction is the best transfer pathway for electron transport. The

above results also shed light on the larger overlap area of the n-n stacking and the smaller vertical

distance between neighboring molecules contribute to the larger transfer integrals.

3.6 Charge carrier mobility and anisotropic mobility
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As can be seen from Table 1 and Table 2, the calculated reorganization energies of hole and
electron transfers for the six compounds are larger than the largest hole and electron transfer
integrals, we could therefore be convinced that the localized description of the charge transfer by
the Marcus—Hush model is adequate for investigating the charge mobilities of the six compounds
[42, 61]. Based on the calculated reorganization energy and transfer integral, the carrier mobility
for both hole and electron are evaluated at 298K using the Equations 1, 5 and 6 and the results are
given in Table 3. It can be found that these molecular crystals almost possess larger hole mobilities
within the range from 0.01 to 0.709 cm>V "-s™' in comparison with the corresponding electron
mobilities, indicating that the DTT and BDTT fused-thiophene derivatives should be a class of
candidates for the p-type organic semiconductors. Obviously, the predicted the values of hole
mobility (u;,) for the fluorine substituted molecules are more than 0.1 em®V'-s™', the threshold
value fully meeting the practical OFET application. However, the g, of the DP-DTT is 0.01
em™V s from the hoping model, less than the experimental value of 0.41 cm®V s, The
discrepancy between the theoretical and experiment value is accepted since the charge carrier
mobility is influence by many factors during facbrication and measurement, and the resultant
consequences often change in some range [62, 63]. Among the DTT derivatives, both w;, and g,
vary as DFP-DTT > FPP-DTT > DP-DTT. For the series BDTT derivatives, the u, decreases in the
order of DFP-BDTT > FPP-BDTT > DP-BDTT, and y. follows the order of FPP-BDTT >
DFP-BDTT > DP-BDTT. Obviously, the electron-withdrawing fluorine substituted m-conjugated
molecules have the relatively large mobilities due to the large and direct n-n overlap and the lower
molecular orbital energy levels, which is favorable for obtaining high-performance n-type organic

semiconductor materials. As for the DP-DTT and DP-BDTT, the herringbone structures lead to
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smaller hole and electron mobility. On the other hand, the calculated ., of DP-BDTT is 0.019
em>V s, slightly larger than g, of 0.015 em>V 75, indicating that the DP-BDTT may be an
electron-dominated ambipolar transport material. Judged by the charge carrier mobilities of these
compounds, it can be seen that the attachment of fluorine atoms to the end phenyl of
fused-thiophene DTT/BDTT derivatives can change the packing motif and increase the n-m
overlap to achieve high charge mobility and enhance the performance of the organic
semiconductors.

The directional dependence of the mobility, namely the anisotropy of mobility, is also an
important factor that leads to the disagreement between the experimental and theoretical data [42].
As can be seen in Table 3, we speculated that the charge transports in DP-DTT, DP-BDTT,
FPP-BDTT and DFP-BDTT crystals are remarkably anisotropic. Understanding the anisotropy of
the mobility can help control the orientation of transistor channel relative to the reference axis of
molecular crystal. The angular resolution anisotropic mobility can be calculated by the following

equation [64]:

e 2 > >
= E d."k.P cos”y.cos (0. — D
2kBT - 1 1 1 7! ( 1 )

Ho

where @ is the orientation angle of the transistor channel relative to the reference crystallographic

axis, and 6; and y; are the angle of the projected hopping paths of different dimers relative to the

reference axis. We only considered dimer P in the mobility orientation function on the basal

stacked layer due to the smaller transfer integrals along transfer pathways in dimers T1 and T2 in

these four compounds, that is, y; =0°. Thus, the angular resolution anisotropic hole and electron

mobilities of DP-DTT and DFP-BDTT are depicted in Figure 7 and Figure 8 and the anisotropic

mobilities of DP-BDTT and FPP-BDTT are presented in Figure S5 and S6. The anisotropy of hole
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mobility in DP-DTT exhibit anisotropic behavior, while the electron mobility is closely isotropic.
On the contrary, the DP-BDTT crystal exhibits remarkable angular dependence and anisotropic
behavior in electron mobility, while the hole electron mobility for DP-BDTT is closely isotropic.
In addition, DP-BDTT has the highest electron mobility (0.023 cem” V! -s_l) at the reference angle
of 45° and 225° The projections of their hopping pathways possessing the maximal transfer
integrals are along the above directions. As for FPP-BDTT and DFP-BDTT, the two molecular
crystals exhibit remarkable angular dependence and anisotropic behaviors in electron and hole
mobilities. For FPP-BDTT, at the reference angles of 90° and 270°, the largest hole and electron

mobilities are 0.95 and 0.12 cm*V s

, corresponding to the transport pathways with m-m
intermolecular interactions along the b axis. However, the minima appear along the a axis, which
corresponds to the reference angle of 0° and 180°. The largest hole and mobilities for DFP-BDTT
are 1.05 and 0.11 cm>V "5, corresponding to the parallel direction of b crystallographic axis
(along the T2 direction). The directions of the lowest hole and electron mobilities of DFP-BDTT
are also perpendicular to the axis in the a-b plane. According to Figure S5 and Figure S6, it is also
found that that the directions of highest hole and electron mobilities correspond to the transport
pathways possessing large transfer integrals. It should be noticed that the large anisotropic charge

carrier mobilities found in the four crystals in this work may be quite useful for the fabrication of

high-performance OFET devices.

4. Conclusions
In this work, we have presented a computational investigation of the DTT and BDTT

fused-thiophene derivatives based upon the DFT calculations coupled with the charge-hopping
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mechanism aimed to elucidate the charge transport properties of these six compounds. The

molecular geometry, reorganization energy, frontier orbitals, IPs and EAs, transfer integrals,

charge mobility as well as anisotropic mobility have been explored. As the hydrogen atoms of end

phenyl were substituted by fluorine atoms, the LUMO energy levels lower obviously, which

indicates that the introduction of the fluorine atoms to the studied molecules should be beneficial

to electron injection. The analysis of the reorganization energy demonstrates that both hole and

electron reorganization energies decrease as the number of the substituent fluorine atoms increase,

indicating that the fluorination may be an efficient method to obtain high mobility. The discussion

of transfer integrals suggests that the charge transport properties are mainly determined by

pathways containing intermolecular n-m interactions. The larger overlap area of the n-m stacking

and the smaller vertical distance between neighboring molecules will contribute to the larger

transfer integrals. The fluorinated DTT and BDTT compounds with the small reorganization

energy and larger transfer integral have the relatively charge mobility compared with the

unsubstituted DP-DTT and DP-BDTT. The simulation for the angle dependence of mobility

reveals that perfluorophenyl fused-thiophene derivatives FPP-BDTT and DFP-BDTT have

remarkably anisotropic behaviors and the maximal charge mobilities are along a special crystal

axis with strong m-m interactions. Fluorination of DP-DTT and DP-BDTT could be an effective

way to improve their carrier mobilities.
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Table 1. The calculated ionization potentials, electron affinities (adiabatic and vertical), hole

extraction potential and electron extraction potential and reorganization energies for the studied

RSC Advances

DTT and BDTT derivatives at the B3LYP/6-311G(d,p) level (All energies are in eV)

Compound IP, 1P, EA, EA, HEP EEP An Je
DP-DTT 6.713 6.547 0.618 0.867 6.394 1.045 0.319 0.427
DP-BDTT 6.266 6.087 1.165 1.376 5.948 1.540 0.318 0.375
FPP-DTT 7.011 6.837 0.998 1.226 6.682 1.407 0.329 0.409
FPP-BDTT  6.456 6.278 1.430 1.627 6.139 1.782 0.317 0.353
DFP-DTT 7.318 7.142 1.337 1.553 6.986 1.736 0.332 0.399
DFP-BDTT  6.605 6.471 1.707 1.860 6.340 2.004 0.265 0.296
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Table 2. The hole (V) and electronic (¥,) transfer integrals (meV) and distances (A) of main

carrier hopping pathways selected based on the crystal structures for DTT and BDTT derivatives

Compound Pathways d? v,° v,°
DP-DTT P1 and P2 5.92 -1.50 21.40
P3 and P4 4.73 -20.70 23.40
PS5 and P6 4.73 -20.70 23.40
DP-BDTT P1 and P2 5.96 —0.90 14.70
P3 and P4 4.79 -22.40 31.70
PS5 and P6 4.80 -22.70 30.70
FPP-DTT P1 and P2 5.87 4.10 10.70
P3 and P4 6.88 0.20 4.40
PS5 and P6 9.39 0.00 -0.30
P7 and P8 3.76 —174.40 68.11
FPP-BDTT P1 and P2 5.83 2.90 26.50
P3 and P4 6.81 0.00 4.90
PS5 and P6 3.83 151.16 61.11
P7 and P8 7.14 0.10 1.20
DFP-DTT P1 and P2 6.04 6.70 -11.50
P3 and P4 7.13 0.30 3.10
PS5 and P6 9.67 0.00 -0.20
P7 and P8 3.78 —162.88 66.71
DFP-BDTT P1 and P2 5.97 -2.50 10.90
P3 and P4 7.03 0.00 5.50
PS5 and P6 3.87 —141.35 54.10

? The values of d refer to centroid to centroid distances

® The transfer integrals calculated at PW91PW91/6-31G(d,p) level
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Table 3. The calculated hole and electron mobilities (uy and g, in cm? 'Vl-s_l) for the DTT and

BDTT derivatives
Compound Ui He
DP-DTT 0.010 0.008
DP-BDTT 0.015 0.019
FPP-DTT 0.581 0.057
FPP-BDTT 0.637 0.087
DFP-DTT 0.709 0.058

DFP-BDTT 0.699 0.075
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Figure 1. Chemical structures of the compounds investigated in this study
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Figure 3. Distribution of HOMOs and LUMOs of the DTT and BDTT derivatives at the

B3LYP/6-311G(d,p) level
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Figure 4. The natural bond orbital charge population analyses of DP-DTT and DFP-DTT
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Figure 5. Main carrier hopping pathways selected based on the crystal structures for DTT and

BDTT derivatives
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Figure 6. Orbital interaction of the dimer with the maximum transfer integrals (in meV) for the

DP-DTT(left) and DFP-DTT (right).
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Figure 7. (a) Illustration of projecting different hopping pathways to a transistor channel in a-b
plane of DP-DTT crystal; 8p, O7; and @7, are the angles of P, T1 and T2 dimers relative to the
reference crystallographic axis b. @ is the angle along a transistor channel relative to the reference
crystallographic axis b. (b) the simulated hole and electron anisotropic mobilities in the a-b plane

of DP-DTT.
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Figure 8. (a) Illustration of projecting different hopping pathways to a transistor channel in a-b
plane of DFP-BDTT crystal; 8p, 87; and 87, are the angles of P, T1 and T2 dimers relative to the
reference crystallographic axis a. @ is the angle along a transistor channel relative to the reference
crystallographic axis a. (b) the simulated hole and electron anisotropic mobilities in the a-b plane

of DFP-BDTT.
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