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Abstract

        In this paper, Tetraphenyldipyranylidene (DPPh), a large quinoidal planar

π-conjugated  heterocyclic,  was  considered  as  primary  organic  molecule  in

organic field effect transistors (OFETs). Electron-withdrawing atoms such as F,

Cl, and Br were attached to the H-atoms of four peripheral phenyl groups of

para-positions  relative  to  the  O-atoms  of  DPPh.  Density  functional  theory

(DFT) calculations at the M06-2X/6-311G++ (d,p) level were performed. The

influences of the different electron-withdrawing atoms such as F, Cl, and Br on

the electronic and optical properties, charge transport parameters, and charge

carrier mobility were investigated. The absorption and emission spectra of the

DPPh and its derivatives were theoretically simulated in OFETs. The simulated

spectra show an intense peak in the visible region (400-650 nm), in which the

highest  adsorption/emission intensity  is  related  to  DPPh-Br. Moreover,  the

charge injection energy barrier of DPPh and its derivatives were calculated by

considering  Pt as  the  source  electrode.  Based  on the  results,  a  greater  hole

transport is predicted than the electron transport. Moreover, the obtained ratio of

the hole/electron mobility and the theoretical correlations between the charge

transport parameters of monomers and dimers show that the insertion of the

electron-withdrawing atoms in the DPPh structure is a promising strategy to

have an ambipolar or n-type semiconductor, too. The obtained results show that

introducing  electron-withdrawing  atoms  at  the  para-position  of  the  DPPh

improves the hole/electron injection and transport process in the OFET devices.
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Finally, DPPh-Br shows a great performance in comparison with the substituted

F and Cl atoms in the OFETs devices.

1  INTRODUCTION

For the first  time, the field-effect  transistor  (FET) was introduced by J.

Bardeen et al in 1947.[1] In 1960, Kahng and Atalla fabricated the first silicon-

based  metal-oxide-semiconductor  field-effect  transistor  (MOSFET).[2]

Nowadays, MOSFET has several acronyms such as, MISFET (metal-insulator-

semiconductor FET) and IGFET (insulated gate FET). New reports in this field

show that the study of the stability and performance of these devices is of great

interest.[3] 
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Organic semiconductors, such as polyaniline,  were intensively investigated

for  industrial  applications  in  different  branches  of  electronics, including the

photovoltaic  cells  (PVs),[4] light-emitting  diodes  (LEDs),[5] and  FETs.[6] The

performance of the organic semiconductors is not comparable with inorganic

semiconductors  due  to  lower  electrical  conductivity  and  short-term stability

under environmental  conditions.[7] But they have distinct  advantages such as

structural  flexibility   due  to  weak  Van  der  Waals  interactions,  band  gap

tunability, and cheaply producing at low temperature (100–150°C).[7]

In  the  FETs  devices,  organic  semiconductor  layer  is  an  important  part

because the transistor performance can be easily tuned by modification of this

layer.  Among all  FETs devices,  organic  field  effect  transistors  (OFETs)  are

more suitable alternatives than inorganic-based transistors such as amorphous

silicon thin-film.[8]

Moreover, OFETs have the applied potential in smart cards, display drivers,

and  identification  tags.[9] Also,  unique  properties  including  low-cost,  simple

design, small dimensions, lightweight, and flexible electronic applications make

them favorable to be used in new electronic devices.[10]  

Generally, an important prerequisite for semiconductor improvement is the

identification of chemical and physical properties of organic semiconductors.

Interestingly, organic materials  (carbon-based materials) are abundant,  which

have no effect on reducing natural resources. In OFETs devices,  the applied

organic materials as semiconductor layers are classified into two types of π-
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conjugated small molecules, and polymers.[11] It is well worth mentioning that

small molecules in organic electronic devices have inherent advantages such as

monodispersity, simple synthesis, and easier crystallization in comparison with

the conjugated polymers.[12,13] In addition, the planar small molecules result in a

good crystalline packing that enhances the charge carrier diffusion into material.

Dipyranylidene (DP) molecule  has a  quinoidal  structure with a  C=C double

bond in the para-position relative to O-atoms in the pyran heterocyclic rings

(Figure 1).

    

FIGURE 1 Dipyranylidene molecular structure.

2,2',6,6'-tetraphenyl-dipyranylidene  (DPPh)  is  a  type  of  small  organic

semiconductor molecule derivated from DP. In DPPh, the H-atoms of DP in the

2,2',6,6' positions relative to the O-atoms have been replaced by four phenyl

groups.   DPPh  has  an  extended  π-conjugation  system  and  favorable  planar

structure for the strong intermolecular interactions (a good crystalline packing),

enhance charge carrier mobility, and intense absorption spectrum in the UV-

visible region.[9]
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In  1970,  the  initial  synthesis  of  DPPh was  reported  by Hunig  et  al  [14]

applied  as  an  organic  material  in  OFETs,  organic  bulk-heterojunction  solar

cells, and perovskite solar cells.[9,15,16] In 2009, it was considered  as an organic

semiconductor layer  in  OFET device by Yamashita et al.[9] They investigated

the  relationship  between  the  electronic  properties  and  chemical  structure  of

DPPh in  the  FETs.  Also,  they analyzed the  semiconducting  performance of

DPPh substituted by different functional groups (alkyl and halogen). 

DPPh as  a  strong donor  was  combined  with  fullerenes  in   narrowband

near-infrared  (  NIR)   light  detectors  by  Kaiser  and  coworkers.[17]  They

introduced side-chains having a stronger electron-donating strength than phenyl.

[17] Based  on  the  results,  new  molecules  improve  the  efficiency  of  these

photodetectors.

On the basis of our knowledge, the semiconducting performance of DPPh

and  its  derivatives  is  unknown in  electronic  devices  such  as  OFET.  These

compounds were considered in this work from the molecular engineering point

of  view.  Theoretical  investigations  can  help  to  provide  a  fundamental

understanding of the substituent effect on DPPh and provide useful information

for the design of high-performance organic semiconductor in OFETs devices.

 Density functional theory (DFT)[18] calculations at the M06-2X/6-311G++

(d,p)[19] level  were performed  to study the influences of the different electron-

withdrawing atoms of F, Cl, and Br on the electronic and optical properties,

charge  transport  parameters,  and  charge  carrier  mobility. Time  dependent-
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density functional theory  (TD-DFT)[20]  calculations were used to simulate the

absorption and emission spectra and finally their performances were evaluated

and discussed in the OFETs. 

2  COMPUTATIONAL DETAILS 

 DFT  calculations  are  one  of  the  prosperous  theoretical  approaches  to

investigate the correlation between the electronic and structure parameters  of

the molecules in the ground states  (S0).[21] Moreover, TD-DFT evaluates the

optical properties at the excited states (S1).[22,23]

All calculations  were  performed  at the M06-2X/6-311++G(d,p) level of

theory  using the Gaussian 09 package.[24] In additions, frequency analyses were

performed to ensure that the optimized structures converge to a local minimum

without  imaginary  frequency.  Also, SIESTA  package[25] was  used  for

optimization of crystal structure of DPPh at the DFT/PBE/DZP level.[26]  

At the first step, the electronic and optical properties including the highest

occupied molecular  orbital  energy (EHOMO),  the lowest  unoccupied molecular

orbital energy (ELUMO), energy gaps (Egap= ELUMO-EHOMO), and charge distribution

on the frontier molecular orbitals (FMOs) were investigated. Furthermore, the

theoretical values of absorption (λabs) and emission wavelengths (λemi), oscillator

strengths  (f),  contribution  percent  (Con%),  and  major  transitions  for  S0

geometries by TD-DFT calculations were evaluated. These parameters describe
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various properties including charge density, charge transport, and optoelectronic

nature of organic materials.

In  the  following,  the  intrinsic  properties  such  as  charge-transfer  rate

constant (k CT),  reorganization  energy  (λ),  electronic  coupling  (t),  ionization

potential  (IP),  electron  affinity  (EA),  and  electron/hole  extraction  potential

(EEP/HEP) values were calculated.

Several  theoretical  models,  including  band-like  transport,  hopping

transport,  and  multiple  trapping  were  proposed  to  find  charge  transport

mechanism in organic semiconductors.[27,28] But hopping model is the most well-

established  model  that  can  explain  the  charge  transport  mechanism at  room

temperature  for  organic  semiconductors  of  OFETs.[29] According  to  Marcus

theory,[30] the charge-transfer rate  constant  (kCT)  for the charge hopping model

between two adjacent molecules is expressed by Equation (1):

kCT=
√ π
ħ

t 2

√ λkBT
exp(

−λ
4k BT

¿)¿                (1)

wherek B, T, and ℏ are Boltzmann's constant, absolute temperature (298 K),

and reduced Planck constant, respectively. Moreover,  kCT depends critically on

two key parameters of reorganization energy (intramolecular coupling (λ)) and

electronic  coupling  (intermolecular  coupling  (t))  between  the  adjacent

molecules. 

Therefore, reorganization energy shows the modification of the molecular

geometry  is  classified  to  the  external  (λext)  and  internal  (λint)  reorganization

8



energies. λint is defined as the relaxation energy of a molecule from the geometry

of neutral state to the charged state (anion and cation) and vice versa. λext is the

modification in the surrounding medium as the result  of polarization effects,

which is negligible.[31] Therefore, the inner reorganization energy for hole (λ+)

and  electron  (λ-)  transfer  were  evaluated  by  using the  Nelsen’s  four-point

method (adiabatic potential-energy surface method) according to Equation (2):

[32,33]  

λ=λ1+λ2                 (2)

λ1 is defined as the difference in the single-point energy calculations of the

charged molecule (xc) at the neutral geometry (E) with geometry optimization of

the charged molecules (Ecxc). Also  λ2 is defined as the difference between the

single-point  energy  calculations  of  the  neutral  molecule  (x)  at  the  charged

geometry  (Ec)  and  geometry  optimization  of  the  neutral  molecule  (Ex).

Equations (3) and (4) are applied for this purpose, respectively.

λ+ ¿=¿¿        (3)

        λ−¿=¿ ¿         (4)

where Ex+/Ex-  and E+x/E-x are the energies of single-point cationic, anionic,

and neutral  molecular  structures  with  the  neutral  geometry  and cation/anion

geometries. Also,  Ex and  E+x+/E-x-   represent  the  optimization  energies  of

neutral and cation/anion species, respectively.

Since  λ  shows  the  amount  of  geometrical  changes  upon  electron/hole

transfer,[34] the  enhancement of λ may be attributed to the strain received from
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structure  deplanarization,[35] chemisorption  induced  loss  of  conjugation,  and

reducing the effective intermolecular π-orbital overlap.[36] Therefore, small λ is

desirable for efficient charge transfer (electron/hole).[37,38] 

Simultaneously, from four-point method[32,33] it is possible to calculate the

vertical ionization potential (IPv), adiabatic ionization potential (IPa),  vertical

electronic  affinity  (EAv),  adiabatic  electron  affinity  (EAa),  and  electron/hole

extraction potential (EEP/HEP), by using the following Equations (5-10). 

IPa=E
+¿ x+¿−Ex ¿

¿      (5)

IPv=E x
+ ¿−Ex ¿        (6)

EA a=Ex−E
−¿ x−¿¿

¿     (7)

EA v=Ex−E x
−¿¿      (8)

HEP=E+¿ x+¿−E+¿ x ¿
¿
¿   (9)

  EEP=E¿
¿    (10)

Based on the reported data on a series of the π-conjugated organic species,

greater values of  IP/EEP and  EA/HEP lead to a favorable hole and electron

transport, respectively.

Electronic coupling (t) is related to the overlap of electronic wave functions

between  the  adjacent  molecules  in  the  solid  state,  which  is  calculated  by

Equation (11):

                   t=
EL+1 [H ]−EL[H−1]

2
                                 (11)
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EL+1[H] and EL[H−1] are LUMO+1 (HOMO) and LUMO (HOMO-1) energies

of the closed-shell configuration of the neutral state of the dimer for electron

(hole)  transfer,  respectively.  Theoretical  calculations  show  that  t strongly

depends on the molecular packing, like π–π stacking distance and degree of π–

orbital overlaps.[39] 

Moreover, the intrinsic mobility of electron-hole in organic semiconductors

is a key physical quantity in the charge-transport. In the zero-field, the electron/

hole mobility is calculated by using the Einstein Equation (12).[40]

μ=
e
k BT

D                          (12)

where  e is  electronic  charge  and  D is  diffusion  coefficient  for  n-

dimensional charge transport (n=1-3) calculated by Equation (13).[41]  

D=
R2 k
2n

                         (13)

where R, k, and n are the effective length of the charge transfer (center-to-

center  distance  between  the  molecules  in  the  dimer),  the  charge  transport

dimensional, and the charge transfer rate constant, respectively. 

Finally,  the  influence  of  different  source  electrode  on  electron/hole

injection energy barrier[42] from the source electrode to organic semiconductors

in the OFETs were evaluated. The electron and hole injection energy barrier

(EIE/HIE) were calculated by Equations (14) and (15), respectively.

EIE=ELUMO−∅                        (14)
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 HIE=∅−EHOMO                         (15)

herein, ϕ is the work functions of the source electrodes[43]  and  both  ELUMO

and EHOMO  are related to the organic semiconductors layer.

3  RESULTS AND DISCUSSION

3.1   Electronic and optical properties

Semiconductor materials are  defined as an active layer for injection and

transport of charge in the OFETs. In this work,  DPPh was considered as the

primary organic molecule and  semiconductor layer in the OFET  device.  The

effect of the substitution was investigated on the peripheral hydrogen atoms at

the para-position of the phenyl rings of DPPh with electron-withdrawing groups

including fluorine (F), bromide (Br), and chloride (Cl), i.e. 4’-flouro-2,2',6,6'-

tetraphenyl-dipyranylidene, 4’-boromo-2,2',6,6'-tetraphenyl-dipyranylidene, and

4’-choloro-2,2',6,6'-tetraphenyl-dipyranylidene, named DPPh-F, DPPh-Br, and

DPPh-Cl, respectively. The design of the organic field-effect transistor with the

optimized  molecular  structures  of  DPPh  and  its  derivatives,  as  organic

semiconductor, is shown in Figure 2.
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FIGURE 2 A  schematic  of  the  organic  field-effect  transistor  along  with  the  optimized
molecular structures, dihedral angles in the neutral and ionic states, and the values of relaxed
energies of dimer and monomer (-Erelax) of designed molecules calculated at the M06-2X/6-
311G ++ (d, p) level. 

                 

The  energies  of  the  HOMO,  LUMO,  and  their  gap  obtained  and  the

corresponding pictorial  representation is depicted in  Figure  3.  According to

Figure 3, electron-withdrawing atoms including F and Cl increase the energies

of the HOMO, LUMO, and Egap in comparison with DPPh, while Br substitution

does not represent an important change in comparison with DPPh. Also, Figure

3  shows  that  electron  density  distribution  on  the  HOMO  is  localized  on

dipyranylidene core for all  designed molecules, in which fluorine and chlorine

atoms  have  an  important  contribution.  Electron  density  distribution  on  the

LUMO is delocalized on whole molecule for all designed molecules. 
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FIGURE 3 The  frontier  molecular  orbitals  (HOMO→LUMO) and Egap of  DPPh and its
derivatives calculated at the M06-2X/6-311G ++ (d, p) level.

                                  

The results of absorption/emission maximum wavelengths (see  Table S1)

and  UV−vis  absorption/emission  spectrums  of  DPPh and  its derivatives  are

shown in Figure 4.
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FIGURE 4 UV-visible spectra of DPPh and its derivatives, (A) absorption (B) emission 

According to Table SI, the most oscillator strength and contribution percent

was observed for H → L and L→ H transitions of the absorption and emission.
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Therefore, the most intense transition of λabs/λemi of the designed compounds is H

→ L and L → H transition, respectively.  The UV-visible absorption/emission

spectra  of  the DPPh and its  derivatives  show an intense peak in the visible

region  (400-650  nm). The  studied  structures  exhibit  similar  spectra  in  the

UV−visible region with slight difference in the absorption/emission intensity.

Interestingly,  Table  SI shows that  DPPh-Br  has  the  most  oscillator  strength

from  other  studied  compounds,  suggesting  that  DPPh-Br  has  the  highest

adsorption/emission intensity (see in Figure 4). 

The results of the simulated absorption/emission spectra show that these

structures  can  be  used  as  organic  materials  in  photoresponsivity  of  organic

field-effect transistors (photo-OFETs),[44] which are the basis for light sensitive

transistors,  e.g.  light  induced  switches,  light  triggered  amplification,  and

detection circuits. For example, photo-OFETs were operated onto MoS2/rubrene

FET[45] by light irradiation without use of source–drain bias and controlled gate

bias using. The results of photo-OFETs can represent new electronic devices.

Also, the studied molecules can be used as a hole transport material (HTM) in

various  types  of  electronic  devices,  including  perovskite  solar  cells  (PSCs),

organic solar cells (OSCs), and organic light-emitting diodes (OLEDs).[15-17]

3.2 | Charge transport parameters in monomers

16



       In the following, the hole/electron reorganization energies (λ+/λ-) of DPPh

and its derivatives were calculated. The obtained results are shown in Table 1.

         Molecules

λ (eV)

DPPh DPPh-F DPPh-Cl DPPh-Br

λ+ 0.41 0.44 0.43 0.42

λ- 0.45 0.45 0.46 0.42

TABLE 1 The  hole/electron  reorganization  energies (λ+/λ-) of  DPPh  and  its  derivatives

calculated at the M06-2X/6-311G ++ (d, p) level.

According to  Table 1, in the case of DPPh, DPPh-F, and DPPh-Cl,  λ+ is

lower than λ- that indicates that the hole transfer (p-type) is more desirable than

the electron transfer (n-type). However, λ+ increases by introducing the electron-

withdrawing atoms (F and Cl) on the DPPh structure, while the hole transfer is

undesirable.  There is a balance between  λ+ and  λ- in DPPh-Br indicating the

same ability in hole and electron transport. Therefore, it can be defined as an

ambipolar-type semiconductor.  Also,  the dihedral  angles between the phenyl

rings  and  DP  core  by  considering  the  optimized  geometries  of  designed

molecules in the natural and ionic states were represented in Figure 2. The low

changes of dihedral angles for the natural molecules with the cationic state were

observed in comparison with the anionic state. It can also be determined that the

changes of dihedral angles for DPPh and its derivatives in the cationic state are

more  significant  (planar)  than  those  in  the  anionic  state  compared  with  the

neutral state. Also, these results confirm the calculated reorganization energies
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of hole of DPPh and its derivatives that are smaller than those of electron (see in

Table 1).

The calculated values of  IPa,  IPv,  EAa,  EAv,  EEP, and HEP of the studied

molecules are represented in  Table 2.  The small difference in the vertical and

adiabatic values of ionization potential and electron affinity demonstrated that

the structural relaxation upon charge transport is small.[46] However, adiabatic

energy  is  not  often  determined  due  to  experimental  work limitations,  while

vertical  energy is  easily  identifiable  and its  values  have near  communicated

with the experimental data. Therefore, the vertical  IP and EA were considered

and evaluated.  

TABLE  2 Vertical/adiabatic  ionization  potential  (IPv/IPa),  vertical/adiabatic  electron

affinity (EAv/EAa), hole extraction potential (HEP) and electron extraction potential (EEP)

of DPPh and its derivatives were calculated at M06-2X/6-311G++ (d, p) level (all values in

eV).

Molecules IPa IPv EAa EAv HEP EEP

DPPh 5.65 5.86 0.83 0.59 5.45 1.04

DPPh-F 5.92 6.14 1.07 0.82 5.70 1.28

DPPh-Cl 5.97 6.19 1.26 1.03 5.79 1.49

DPPh-Br 6.00 6.21 1.36 1.13 5.75 1.55

According to Table 2 and, Figure 5(A) and 5(B), the theoretical trend in the

EEP/IPv and  HEP/EAv values  is  as  follows:  DPPh < DPPh-F < DPPh-Cl  <

DPPh-Br. A greater value of  IPv/EEP and  EAv/HEP leads to a favorable hole

and electron transport, respectively. Hence, electron-withdrawing atoms have a
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favorable  effect  on  the  both  electron  and  hole  transfer  in  DPPh.  Also,  the

obtained values of λ+ and λ- decrease by the substituted F, Cl, and Br atoms (see

in Table 1). 

FIGURE 5 The theoretical correlation of the charge transport parameters between the studied

monomers. (A) Linear correlation of the EEP and IPv. (B) As well as HEP and EAv. (C) The

correlation of λ+ and IPv of the studied monomers within the differential plot of λ+/IPv. (D) The

correlation of λ- and EAv of the substituted monomers within the differential plot of λ-/EAv.
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The theoretical behaviors of λ+  and λ-  as a functional of IPv and EAv of the

substituted compounds by a polynomial function are shown in Figure 5(C) and

5(D), respectively. In fact, the differential plots show an increase in IPv and EAv

values  decreases  the dependence of  the organization energy of  the hole  and

electron  transport  to  IPv and  EAv,  respectively.  According  to  the  mentioned

results, it can be concluded that DPPh derivatives  in OFETs are favorable for

the electron transfer from the p-type semiconductor to an ambipolar or n-type. 

Also,  the   electron and hole  injection  energy barrier   (EIE and  HIE in

Figure 3) of the studied monomer molecules were calculated by considering  the

Pt work function (ϕ= 6.38 eV)[43] and reported in Table 3.

Molecules DPPh DPPh-F DPPh-Cl DPPh-Br

EIE 0.40 0.70 0.71 0.43

HIE 1.22 1.15 1.09 1.20

 TABLE 3 The theoretical values of EIE and HIE (eV) of DPPh and its derivatives at the 

M06-2X/6-311G ++ (d, p) level.

According to Table 3 and schematic of the HIE and EIE were depicted in

Figure 2, the calculated values of EIE are lower than that of HIE, in which the

substituted halides increase the electron injection energy barrier in the OFETs

relative  to  pure  DPPh.  However,  the  values  of  HIE  of  derivatives  were

decreased  in  comparison  with  DPPh  molecule.  Therefore,  the  substituted
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halides facilitate the hole injection greater than the considered source electrode

(Pt).

3.3 | Charge transport parameters in dimers

       In addition to the mentioned parameters for describing the charge transport

nature and the semiconducting performance of monomer molecules in OFETs

devices, the intrinsic mobility has an important role in the charge transport of

dimer molecules.[47] 

Packing configuration is another parameter that affects the efficient charge

carrier mobility under the field-effect conditions. Based on the X-ray diffraction

(XRD) analysis, there are three hopping dimers that categorized as the edge-to-

face,  face-to-face,  and  head-to-tail  stacking  dimers.[48,49] However,  the

experimental  observations  confirmed  that  the  face-to-face  and  edge-to-face

stacking  geometry  are  more  desirable  than  the  head-to-tail  configuration,

because the effective π−π overlap of π-stacking geometry improves the charge

transport properties and charge carrier mobility.[50] 

The  triclinic  (α-phase)  and  monoclinic  phases  (β-phase)  are  two

polymorphs of DPPh, which are different in the growth method. A  clear  π-π

stacking is reported for both polymorphs.[15] 

The optimization of the crystal structures 2×2×2 were implemented by the

conjugated  gradient  algorithm  within  the  framework  of  the  DFT  with  the

generalized gradient approximation (GGA) in Perdew-Burke Ernzernhof (PBE),

[26] the  exchange-correlation  functional  and  norm-conservative  Troullier–
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Martins  pseudopotentials  (PP),[51] and  double-zeta-plus  polarization  function

(DZP) basis set on the SIESTA package.[25,52] All atoms were fully relaxed with

the cutoff energy of  220 Ry (1 eV=0.73Ry), electronic temperature of 300 K,

and 1×1×1 uniform Monkhorst–Pack k-point.  Figure 6 and Table S2 represent

the optimized crystal structure of the  α-phase and crystallographic parameters

for  the  designed  supercell  structure  (Figure 6(A)),  respectively.   In  the

following, the dimer of the face-to-face π-stacking geometry of optimization of

crystal  structure  is  selected.  Finally,  the  charge  carrier  mobility  and  charge

transport properties of  the selected dimer of the α-phase of the crystal structure

were calculated by using  the Gaussian 09  package [24] at the DFT/M06-2x/6-

311G++(d,p) level (Figure 6).

According to the results of dimer and monomer molecular structures (See

Figure 6(B) and 2), the relaxed energy values of monomer and dimers of DPPh

and its derivatives reported in  Figure 2. These values show that DPPh-Br is

more stable than the primary structure and other derivatives. Also, in  Figure

6(B) see that of the DPPh-Br compound has a smaller the effective distance of

the charge transport than other compounds. According to these results and the

results  reported  in  Table 2,  DPPh-Br  can  be  introduced  as  a  stable

semiconductor against environmental oxidants. 
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FIGURE 6 (A) The optimized crystal structure of the α-phase of DPPh (triclinic) by SIESTA

at  the  DFT/PBE/DZP  level.  (B)  The  dimer  structures  of  DPPh  and  its  derivatives  were

optimized  by  Gaussian 09  at  the  DFT/M06-2X/6-311G++ (d,p)  level  (d  is  the  effective

distance of the charge transport between the monomer of dimers).

The values of transfer integral (t+ and t-), charge transfer rate (k+ and k−),

charge  carrier  mobility  (μ+ and  μ-),  hole/electron  mobility  ratio  (μ+/μ-),  and

electron/electron mobility ratio of DPPh derivatives and designed dimers were

calculated and reported in Table 4. 
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Dimer compounds DPPh DPPh-F DPPh-Cl DPPh-Br

t+ (eV) 0.08 0.01 0.06 0.07

1011k+ (s
-1

) 30.8 0.53 15.1 24.2

10-3μ+ (cm
2
.s

-1
.V

-1
) 2.91 0.14 1.48 2.39

μ+ (DPPh)/ μ+ (DPPh-X) 20.78 1.96 1.22

t-(eV) 0.05 0.01 0.04 0.04

1011k− (s-1) 7.27 0.231 4.07 7.19

10-3μ- (cm
2
.s

-1
V

-1
) 0.34 0.03 0.2 0.35

μ- (DPPh)/ μ- (DPPh-X) 11.33 1.7 0.97

μ +/μ– 8.56 4.66 7.4 6.82

μ -/μ+ 0.12 0.21 0.13 0.15

TABLE  4 The  charge  transport  parameters  (t+/t-  and k+/k−),  charge  carrier  mobility,  and

charge carrier mobility ratio (μ+/μ-) of the dimers of DPPh and its derivatives were calculated

at the M06-2X/6-311G ++ (d,p) level.

According to Table 4 and Figure 7, all compounds show relatively high hole

mobility, while electron mobility is lower than that of the hole. Since, the values

of  t+ are greater than t- and λ+ are lower than λ-, according to  Equation (1),  k+

becomes larger than k−. Therefore, it can be concluded that higher hole mobility

is related to the hole transport parameters (Table 1 and  4). Also, the obtained

ratio of the hole/electron mobility confirms that hole transport is predominant to
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the electron transport in the designed molecules. Moreover, the charge mobility

ratio of DPPh and DPPh-Br dimers show that the hole and electron mobility of

the substituted-Br compound is almost equal and slightly larger from the DPPh

dimer, respectively. Moreover, the theoretical correlation between the t+ values

of the studied dimmers and the IPv values of the studied monomers and t- values

and  EAv of the substituted compounds are depicted by polynomial and linear

functions in  Figure 8(A) and  8(B),  respectively.  The differential  plot  of  the

t+/IPv shows  an  increase  in  IPv increases  the  dependence  of  hole  electronic

coupling to IPv. Figure 8(B) shows that there is a linear correlation between EAv

and t-. Hence, an increase in  IPv and EAv values leads to a favorable hole and

electron  transport  in  dimers  by  considering  electron-withdrawing  atoms,

respectively.
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FIGURE 7 The histograms of the calculated values of charge transport parameters of k, µ, 1/

λ, and t. 

FIGURE 8 (A) The theoretical correlation of the hole electronic coupling (t+) parameter of
the studied dimers and IPv of the studied monomers within the differential plot of t+/IPv. (B)
The  linear  correlation  between  the  electron  electronic  coupling  (t-)  parameter  of  the
substituted dimers and EAv of the substituted monomers.

26



       The frontier molecular orbital distribution is one of the key factors that

determine the charge transport properties upon the electronic coupling of both

hole  and  electron.  In  the  following,  the  electron  density  distribution  of  the

HOMO/HOMO-1  and  LUMO/LUMO+1  are  investigated  to  depict  the

influences of electronic coupling on the charge transfer rate and charge carrier

mobility (Figure 9). Figure 9 shows that π –π stacking arrangement leads to the

higher  electronic  coupling  of  hole  in  the  dimers  of  DPPh and  DPPh-Br  in

comparison with both other compounds. The ratios of the hole/electron mobility

(Table 4) are in correlation with the density distribution of the HOMO/HOMO-

1  and  LUMO/LUMO+1.  Moreover,  Egap of  the  dimers  and  monomers  are

depicted in Figure 9 and 3, respectively. The results show that the HOMO and

LUMO energies of the dimers shift to higher energies in comparison with the

corresponding  monomers.  The  dimers  have  a  smaller  Egap than  that  of  the

monomers. These results show that the aggregated molecules have a smaller

energy  gap.  Therefore,  these  results  support  the  positive  effect  of  Br  in

comparison with F and Cl atoms on DPPh. DPPH-Br can be considered as a

useful semiconductor for designing high-performance organic semiconductor in

OFETs devices.
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FIGURE  9 The  frontier  molecular  orbitals  electron  density  distribution  of  HOMO-1
1)/HOMO and LUMO/LUMO+1 energy levels were calculated at the M06-2X/6-311G ++
(d,p) level for the dimers of DPPh and its derivatives.  Also, the values of Egap of the dimer
compounds were reported.

4  Conclusions

A  theoretical  investigation  was  performed  on  the  electronic  structures,

optical properties, and charge transfer parameters of DPPh and its derivatives.

According  to  the  theoretical  data,  the  performance  of  these  structures  was

analyzed in OFETs devices. The results show the high performance of the hole

transfer  that supports DPPh as a p-type organic semiconductor in the OFETs.

The introduction of F, Cl, and Br atoms as electron-withdrawing atoms at the

para- position instead of H-atoms of DPPh leads to a change in the electronic

structures,  optical  properties,  and  charge  transfer  parameters.   Br  atom

substitution  leads  to  an  increment  in  the  peak  intensity  of  the

adsorption/emission spectra and greater performance than Cl and F atoms. The
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charge  injection  barrier  was  calculated  by  considering  Pt  as  the  source

electrode,  which  suggests  that  hole  injection  energy  barrier  reduces  by

introducing electron-withdrawing atoms, therefore, the performance of charge

injection is improved in the OFETs. According to different analyses, DPPh-Br

is proposed as the best candidate for hole/electron transfer, in comparison with

Cl and F atoms, respectively. 
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