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Following the theme of this special issue, two new compounds, the P-flowers C,4(PH)g and
C,6(PF)g, are designed by us and subsequently characterized by quantum chemical computations.
Their geometries and infrared signatures are analyzed and compared to those of the well-known

sulflower C;6Sg. Their electronic structure and aromaticity are examined using the electron
localization function (ELF) and also by the total and partial densities of state (DOS). Both
Ci6(PF)¢ and C;4(PH)g molecules exhibit small energy barrier of electron injection (@, = 0.33 eV
for the gold electrode for the former, and &, = 0.1 eV for the calcium electrode for the latter),
remarkably low reorganization energy and high rate of electron hopping. Thus, both theoretically

designed P-flower molecules are predicted to be excellent candidates for organic n-type

semiconductors.

1. Introduction

Organic m-conjugated materials continue to attract much
attention in both experimental and theoretical studies alike,
in part due to their wide industrial applications, currently in
the electronic devices such as organic field effect transistors
(OFETs), organic thin film transistors (OTFTs), organic light
emitting diodes (OLEDs), photovoltaic cells, sensors, erc.'
During the past decades, numerous organic semiconductor
materials have extensively been investigated.* ® Recent experi-
mental studies showed that some organic p-type semiconductors
such as pentacene, rubrene,”'°. .. have achieved a mobility
beyond 10 cm? V' s™!, which is comparable to the mobility
of amorphous silicon devices. However, such efficient organic
materials have not been found yet for n-type semiconductors that
are necessary to produce a complementary circuit being
composed of both p-type and n-type semiconductors. A reason
for this lack of a suitable product is the high barrier of electron
injection and the intrinsic instability of the resulting radical
anions in air. As a consequence, the search for an effective
material to be used as an n-type semiconductor remains a real
challenge. In this context, we have been searching for new
molecules derived from the heterocycles phosphole and sulflower
that can be considered for use as n-type semiconductors using
quantum chemical computations.
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Since experimentally prepared by Chernichenko ez al.,'! the
octathio[8]-circulene C;4Sg, 1, named sulflower, and its derivatives
have extensively been investigated. Possessing highly conjugated
n-electron systems and a large hole mobility, the sulflower 1 has
been considered as a good candidate for use in the fabrication of
organic electronic devices.'> ' In fact, a theoretical investigation
on C6Sg and its derivatives including C;¢S4Sey, C6Xg with X =
0, Se, NH and CH,'” showed that the three molecules C;¢Ss,
C16S4Se4 and Ci¢Seg have low reorganization energies that are
compatible to those of well-known hole-transport materials such
as pentacene, tetracene and dithiophene-tetrathiafulvalene
(DT-TTF). The remaining molecules C;4Xg with X = CH,,
NH and O considered in this study!” have rather convex forms
and much higher reorganization energies.

1 (Cy6Ss, Sulflower)

2 (Phospholes)

In previous studies, we demonstrated that replacement of
the S atoms in thiophene moieties, giving rise to phosphole
derivatives 2, also leads to m-conjugated polymers with similar
or even better optoelectronic properties.'* 2> We also showed
that fluorination of the parent phosphole 2 (R = F) turns out to
induce remarkable changes in the geometrical, thermochemical
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and electronic properties, in such a way that the n-type and
p-type oligomers could be obtained upon different arrangements
of the building blocks.?*** The strong and polarized P-F bonds
and the high electronegativity of the fluorine element are mostly
responsible for the different changes.* Introduction of electron
withdrawing groups such as F or CN, efc. into a p-type
semiconductor molecule tends to decrease the energy levels of
the highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals, and also to increase the electron
affinity of the resulting molecules.* Consequently, an n-type
material can be obtained as the case of perfluoropentacene or
fluorophospholes. Thus, an intriguing question is as to whether
the P-derivatives of the sulflower 1, namely the poly-phosphole
C16(PH)g 3 (all S atoms in 1 being replaced by PH groups) and its
fluorinated derivative C;4(PF)g 4 (all S atoms in 1 being replaced
by PF groups) also exhibit electronic properties similar to
C16Sg 1. At the first glance, the P-C bond length is longer than
that of the N-C bond, but close to that of the S—-C bond. Thus, it
is expected that C;4(PR)g exhibit planar geometries and their
electronic properties are closer to those of C;4Sg than to those of
the pyrazole derivatives C;s(NR)g.

Motivated by the above reasons, we set out to perform
theoretical investigations on C;4(PX)g 3 and 4 using quantum
chemical calculations. Our theoretical results predict that both
novel P-flowers Ci4(PH)g 3 and C;4(PF)g 4 have quasi-planar
structures and low reorganization energy. In what follows, we
emphasize that these new low-coordinated P-molecules, if
they could experimentally be prepared under good conditions,
could be used to fabricate organic electronic devices with
promising features.

2. Computational methods

All electronic structure calculations are carried out using the
Gaussian 03 suite of programs. Optimizations of the relevant
geometries and calculations of their harmonic vibrational
frequencies are fully performed using density functional theory
(DFT). Four different functionals, including B3LYP,*¢%8
B3P86,”** BLYP***” and BHandHLYP functionals,”**" are
used in conjunction with the 6-31G(d,p) basis sets.’!*> The
B3LYP and B3P86 are hybrid exchange—correlation functionals
using Becke’s three-parameter exchange B3 functional in which
the fraction of Hartree—Fock (HF) exchange is 20%.*® While
BLYP is a pure GGA-functional using Becke’s 1988 exchange
functional,?® the fraction of HF-exchange of the BHandHLYP
is increased up to 50%.° The functional BP86 was successfully
applied to predict the geometries and electronic properties of
n-conjugated systems in recent studies.®!? Although the
B3LYP functional was also commonly used,”®!*'* the transfer
integral obtained using this functional was overestimated in few
cases.'>¥33* The use of functionals with different fractions of
Hartree—Fock exchange (0% for BLYP, 20% for B3LYP and
B3P86 and 50% for BHandHLYP) allows the effect of HF
exchange fraction on the computed properties of molecules to
be evaluated. For each species considered, the neutral, anionic and
cationic states are characterized. In order to compare the
properties of our designed molecules 3 and 4 to those of 1
and other previously reported materials, single-point electronic

energies of molecules are also carried out using the B3LYP/
6-31++G(d,p) level of theory.®

The configurations of the dimers of compounds considered
are investigated by using the B3LYP-D functional®** in
conjugation with the 6-31G(d) basis set. Inclusion of the
dispersion energy (-D) is usually needed to describe the
solid-state packing of molecules.®® These calculations are
performed using the Turbomole 6.3 software.*

In order to probe the molecular electronic structure, the total
(DOS) and partial (pDOS) density of states are constructed using
the MOs obtained at the B3LYP/6-311G(d) level. The delocaliza-
tion and aromaticity of the m-electron systems are also examined
using the topological analysis of the electron localization function
(ELF). The ELF maps are generated using the B3LYP/6-311+G(d)
densities and with the aid of the Dgrid-4.2 software.** The ELF
plots are subsequently made using the Gopenmol software.*!

3. Results and discussion

Stability and geometrical features of the isomers

The isomers of C4(PH)g 3 and C,4(PF)g 4 are constructed
by simply substituting each of sulfur atoms of 1 by either one
PH- or PF-group. The only difference between these P-isomers
is the position of R (H/F) atoms. While all R-atoms of the
isomers 3A and 4A are pointed toward the same direction
from the molecular plane, the R-atoms of 3B and 4B follow an
up-down motif with a rrans-configuration for two successive
R atoms. Optimization of geometries and determination of
harmonic vibrational frequencies of the structures are performed
using DFT calculations. The same procedure is carried out for the
cationic and anionic states. While the shapes of the isomers are
depicted in Fig. 1, their geometrical parameters, point groups and
relative energies are summarized in Table 1. Although both isomers
of C((PH)g are located as local minima without imaginary
frequencies, the isomer 3A is more stable than 3B in all the charged
states considered. Of the neutrals, 3A is 2.7 kcal mol~! more stable
than 3B (B3LYP/6-31G(d,p)). This gap is increased to

Side-view

C16(PX)s Daa, *Ar)
3B:X=Hand 4B: X=F

Side-view

C16(PX)s (Csvs A1)
3A:X=Hand 4A: X=F

Fig. 1 Shapes of isomers C;s(PH)g and C,¢(PF)s.
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Table 1 Relative energies (kcal mol™"), selected geometrical parameters (A) and symmetry point groups of isomers C;4(PH)s and C;4(PF)g in

neutral, anionic and cationic states

Molecule 3A 3B 4A 4B
Neutrals
Point group and electronic state 3A Cgy Ay 3B Dyg ‘A 4A Cyg, Ay 4B D4q ‘A,
Relative energy BLYP/6-31G(d,p) 0.00 3.1 0.0 12.6
B3LYP/6-31G(d.p) 0.0 2.7 0.0 11.3
B3P86/6-31G(d,p) 0.0 2.9 0.0 13.5
BHandHLYP/6-31G(d,p) 0.0 2.1 0.0 8.8
C-P distance (dp_c) BLYP/6-31G(d.p) 1.822 1.825 1.820 1.826
B3LYP/6-31G(d,p) 1.808 1.811 1.807 1.813
B3P86/6-31G(d,p) 1.798 1.801 1.796 1.802
BHandHLYP/6-31G(d.p) 1.797 1.799 1.798 1.805
Cations
Point group and electronic state 3A7 Gy %B 3BY ¢, %A 4A7 C,, %B, 4B* Dyy ’A,
Relative energy BLYP/6-31G(d.p) 0.0 3.3 0.0 3.7
B3LYP/6-31G(d,p) 0.0 2.8 0.0 1.3
B3P86/6-31G(d,p) 0.0 3.0 0.0 3.9
BHandHLYP/6-31G(d,p) 0.0 2.4 0.0 0.9
C-P distance (dp_c) BLYP/6-31G(d,p) 1.809-1.829 1.832 1.829-1.830 1.836
B3LYP/6-31G(d,p) 1.794-1.814 1.795-1.817 1.793-1.815 1.823
B3P86/6-31G(d,p) 1.783-1.804 1.785-1.807 1.780-1.803 1.811
BHandHLYP/6-31G(d,p) 1.782-1.804 1.783-1.806 1.733-1.808 1.815
Anions
Point group and electronic state 3A° Gy, A 3B~ Dy 2As 44" Gy, %A, 4B~ D4y B,
Relative energy BLYP/6-31G(d,p) 0.0 3.8 0.0 10.9
B3LYP/6-31G(d.p) 0.0 3.6 0.0 10.1
B3P86/6-31G(d,p) 0.0 3.8 0.0 11.9
BHandHLYP/6-31G(d,p) 0.0 3.7 0.0 9.8
C-P distance (dp_c) BLYP/6-31G(d,p) 1.823 1.825 1.819 1.826
B3LYP/6-31G(d,p) 1.808 1.810 1.806 1.812
B3P86/6-31G(d,p) 1.799 1.801 1.795 1.802
BHandHLYP/6-31G(d,p) 1.796 1.800 1.795 1.800

2.8 kcal mol™! for cations and 3.6 kcal mol~! for anionic
species. The same predictions are made when the B3PS86,
BLYP and BHandHLYP functionals are used (Table 1).

Similar observations are also found for C;4(PF)g 4 that the
isomer 4A is 11.3 kcal mol™' more stable than the isomer 4B.
In the anionic state, the radical 4A~ is also 10.1 kcal mol™! lower
in energy than the 4B~. This value is reduced to 1.3 kcal mol™! for
the energy difference between both cations 4A™ and 4B™*.

In good agreement with previous reports, our calculations
show that the two functionals B3LYP and B3P86 give similar
geometrical parameters (Table 1). Interestingly, decrease of the
HF-exchange leads to an increase in geometrical parameters. At
the B3LYP/6-31G(d,p) level, the C—P bond lengths of molecules
3A and 4A are equal to 1.808 and 1.807 A, respectively. These
distances are increased to 1.822 A for 3A and 1.820 A for 4A
when the BLYP functional is used. Oppositely, increase of
HF-exchange from 20% in B3LYP to 50% in BHandHLYP
tends to shorten the C—P bonding lengths. The C-P distances
of 3A and 4A obtained from the BHandHLYP functional are
approximately 0.01 A shorter than the B3LYP counterparts.
Additionally, our predictions also point out that a replacement
of the correlation functional of LYP by the P86 tends to
shorten the C—P distances. The B3P86/6-31G(d,p) values of the
C-P bond lengths of molecules 3 and 4 amount to 1.798 and
1.796 A, respectively, that are shorter than the relevant B3LYP
values, and are close to those obtained by BHandHLYP.
Similar observations are found for other compounds 3B and
4B and their charged counterparts (Table 1). In order to
evaluate the accuracy of the functionals used, the same
calculations are carried out for the known compound 1

C16Sg. C-S distances of 1 are also decreased with respect to
increasing HF-exchange in functionals (BLYP = 1.783 A,
B3LYP = 1.766 A, B3P86 = 1.755 A, and BHandHLYP =
1.750 A). Compared to the average experimental values based
on X-ray structure (dc.s = 1.761 A-1.765 A), the B3LYP
shows thus a better agreement. While the BLYP value is
overestimated, the BHandHLYP value is underestimated.
More importantly, the C-P bond lengths are comparable to the
C-S bond length of 1.755 A of 1 C¢Ss and of course much longer
than the value of 1.415 A in Ci¢(NH)s (B3P86/6-31G(d.p))."”
These differences are no doubt the main reason for the quasi-
planarity of C;¢(PH)g and C;4(PF)g, whereas a convex form was
found for C4(NH)g. Geometrical features of 4 C,4(PF)g remain
almost unchanged as compared to those of 3 C;4(PH)g. Their
symmetry point groups are the same, while the difference of P-C
bond lengths between 3 and 4 amounts only to 0.002 A. More
importantly perhaps, the geometrical parameters given in Table 1
reveal that the carbon and phosphorus atoms of 3 and 4 are only
slightly distorted out of the molecular plane. Consequently, a
close packing can be expected as in the case of the sulflower 1.
Following either attachment or detachment of one electron, the
geometries of anionic and cationic species are slightly distorted.
Because the isomers 3A and 4A show a higher stability as compared
to their corresponding isomers 3B and 4B, we only show in the
following section the calculated results obtained for the former.

Vibrational frequencies and infrared spectra

Since the P-flowers C;q(PH)s and C,4(PF)s are unknown
molecules, a theoretical infrared (IR) signature could be useful
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for their future experimental identification. For this purpose,
their vibrational frequencies and IR spectra are predicted
using the hybrid B3LYP functional in conjunction with the
6-31G(d,p) basis set. A uniform scaling factor of 0.9627 is used
in the calculated harmonic frequencies.*” We would note that
this method has widely been proven to be effective enough for
predicting the vibrational spectra of organic compounds.
Recently, it was also applied to assign the IR spectra of
sulflower C;6Sg and its derivatives.!>*?

The IR spectra of 3A Cs(PH)g and 4A C4(PF)g in the
frequency range of 500 to 1200 cm™" are shown in Fig. 2a and b,
respectively. The highest intensity peak centered at 1064 cm ™!
and the lower peak at 884 cm™' of the IR spectrum of 3A
correspond to the in-plane vibration modes of carbon and
phosphorus atoms. The four remaining peaks with low intensities
at 584, 711, 777 and 788 cm™' are characteristic of out-plane
vibration modes of C and P atoms. The two peaks with very high
intensities observed at 2280 and 2282 cm™' correspond to
asymmetric and symmetric stretching vibrations of P-H groups.
These values are comparable to the experimental values in the
gas phase at 2328 cm~! for asymmetric and 2323 cm™! for
symmetric vibration of PH;.*

50 T T T T T M
CBPSHB 1064
40 4 4
= a)
o
E 30- 4
£
=
-
.'7, 20 . -
5 777
E 788
104 584 744 884 4
T T T T T T
600 800 1000 1200
Wavenumber (cm’)
200 T T T T T
b 816
) —C16PgFg| |
150 E
2
E 1055
< 100+ ]
>
2
g 835
£ 50 4 E
571 710 857
0 A A A
T T T T T T
600 800 1000 1200

Wavenumber (cm’)

Fig. 2 Infrared spectra given in wave number (cm™') of (a) 3A
C6(PH)g and (b) 4A C;4(PF)g obtained at the B3LYP/6-311G(d) level.

The C,¢(PF)g 4A presents three high intensity peaks located
at 1055, 835 and 816 cm ™' and three other peaks with lower
intensities at 857, 710 and 571 cm™!. The two peaks at 816 and
835 cm™! correspond to the typical P-F asymmetric and
symmetric vibrations. The latter are also comparable to the
experimental values in the gas phase at 860 and 892 cm ™' for
asymmetric and symmetric vibrations of gas phase PF;.**
Similar to C;4(PH)g, the two peaks located at 1055 and
857 cm™! in 4A represent the in-plane C—P vibration modes,
while the two remaining peaks at 571 and 710 cm™! corre-
spond rather to out-plane vibrational modes.

Electron delocalization and aromaticity

Features of electron delocalization and aromaticity of the
n-electron system are relevant for the search of organic
semiconductors. In this context, we examine these features
of the molecules considered using the electron localization
function (ELF) indices. This was applied effectively to evaluate
the electron delocalization of organic compounds and also
molecular clusters in the recent literature. The ELF that was
proposed by Becke and Edgecombe®® and supplemented by a
determination of the ELF topological bifurcation*® is a local
measure of the Pauli repulsion between electrons due to the
exclusion principle in 3D space. The definition of ELF is given
by the following equations.

ELF—— L (1)

3
Dy — 2\2/3 5/3
h —10(3“ ) p

N
p=_
i=1

where D, and Dy, are the local kinetic energy density due to
the Pauli exclusion principle, and the Thomas—Fermi kinetic
energy density, respectively, and p is the electron density.
These quantities can be evaluated using either Hartree—Fock
or Kohn—-Sham orbitals.

The total ELF maps can then be partitioned in terms of
separate ELF; and ELF, components that arise from the
contributions of ¢ and = electrons, respectively. The latter can
be used as useful indices describing the aromaticity of cyclic
molecules.*” Accordingly, a m aromatic ring possesses a high
bifurcation value of ELF,, whereas the corresponding bifurcation
value in an anti-aromatic system is very low.

The ELF, isosurfaces of molecules 3A C;q(PH)s, 4A
Ci6(PF)s and 1 Cy4Sg are depicted in Fig. 3 together with
their bifurcation values. At the first glance, it can be observed
that all molecules exhibit good electron delocalization with
contractors uniformly distributed over the entire systems.
While the large basins located on either phosphorus or sulfur
atoms correspond to their lone pairs, the smaller basins are
distributed over the molecular frameworks and thus responsible

This journal is © the Owner Societies 2012
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Top-view Side-view

a) ELF_ of C ¢S, at ELF_ = 0.85

Top-view Side-view

b) ELF_ of C,s(PH)g at ELF = 0.52

Top-view Side-view

c) ELF_ of C,((PF)g at ELF_ = 0.70

Fig. 3 The isosurfaces of ELF, of (a) 1 C¢Ss, (b) 3A C;¢(PH)g and
(c) 4A C;4(PF)g at various bifurcation values.

for the molecular aromaticity. More importantly, our analysis
reveals that 1 has a high bifurcation value of 0.85 that approx-
imates to the value of 0.91 of benzene.*® 4A also exhibits a high
ELF, value of 0.70 that is comparable to the value of 0.75 of
coronene.*® Although 3A C,¢(PH)g presents a lower ELF,, value of
0.52, this value is still higher than that of 0.35 of typically anti-
aromatic compound CgHg (and 0.11 of C4Hy4).*® As a consequence,
both P-flower molecules 3 and 4 can be considered as moderately
aromatic systems with good electron delocalization.

Table 2 The energy levels (eV) of HOMO and LUMO of molecules

Frontier molecular orbital, ionization potential and electron
affinity

Frontier molecular orbitals (HOMO and LUMO) play an impor-
tant role in probing organic semiconductors. In experimental
studies, gold (Au) with a work function of ~5.1 eV under vacuum
is usually taken as the electrode of OFETs. Experimental results on
OFETs showed that these devices have high performance when
using Au as the electrodes. In this case, the barriers of charge
injection into Au electrodes can be defined as:

electron injection @, = 5.1 — [LUMO/,
and
hole injection ¢, = |HOMO| — 5.1.

For n-type organic semiconductors, an effective injection of
electrons into the LUMO of the molecule is expected to
happen when the molecule has a small @, and a high enough
electron affinity (EA). Proceeding in the opposite side, a low
ionization energy (IE) and a small ¢y, value are required to
allow an effective injection of holes from the HOMO of the
molecule into the electrodes. However, because the n-type
organic semiconductors with a high LUMO energy level are
rather rare, some other metals such as calcium with a work
function of 2.9 eV and magnesium with a work function of
3.68 eV are often used as electrodes.*

While the frontier molecular orbital (FMO) energy levels of
the molecules considered are given in Table 2, their shapes are
depicted in Fig. 4. The FMO energy levels of known compounds
such as C;¢Sg, pentacene (PEN) and perfluoropentacene (PF-PEN)
are also computed using the same method. As the latter
compounds were investigated in experimental studies,'>*~!
their results allow us to calibrate the computational methods,
and also to probe applicability of the proposed molecules 3A
and 4A. In addition, FMO energy levels of all compounds
considered are also calculated by using the long-range-separated
functional LC-BLYP™ that was reported to be very effective to
compute the FMO energy level of m-conjugated molecules.™
Compared to the experimental HOMO energy levels of 1 C;¢Ss,
PEN and PF-PEN that were measured in solution, BLYP values
are overestimated, while LC-BLYP values are underestimated. An
opposite trend is found for their LUMO energy levels. As a
consequence, the HOMO-LUMO gaps obtained from BLYP
calculations become too small and those obtained from LC-BLYP
too large. In this context, it is really not clear over the best choice
for evaluating FMO energy levels.

For HOMO energies, the B3P86 reveals a good agreement
for PEN and PF-PEN. The computed HOMO energies of

HOMO LUMO

BLYP B3LYP B3BP8¢  BHandHLYP LC-BLYP* BLYP B3LYP B3BP8  BHandHLYP LC-BLYP“
3A —4.87 —5.83 —6.48 —6.87 —8.58 —2.73 —2.35 —3.00 —1.34 —0.17
4A —5.76 —6.82 —7.53 —7.95 —9.69 —4.45 —4.15 —4.77 —3.23 —2.10
PEN —3.88 —4.61 —5.28 —5.31 —6.73 —2.73 —2.40 —3.08 —1.42 —0.58
PF-PEN —4.52 —5.39 —6.01 —6.29 —7.57 —3.55 —3.37 —4.00 —2.55 —1.70
1 Cy6Sg —4.78 —5.74 —6.40 —6.77 —8.41 —1.73 —-1.07 —1.68 —0.04 1.15

“ Values calculated using the LC-BLYP/6-31G(d,p) level with the B3LYP/6-31G(d,p) geometries.

14836 | Phys. Chem. Chem. Phys., 2012, 14, 14832-14841

This journal is © the Owner Societies 2012



ev r' N
-1.00 |- ’;ﬁ .
LUMO —
¥
—_—
-3.00 |
4.44 eV
3.40 eV
-5.00 |-
HOMO ——¥ —e
-7.00 |-
CISSS c16(PM)8

° ® 9
L S 3 3
2.19 eV ’ ’
F—
— 1.99 eV
2.60 eV 3‘"’ r
230
ny
—— [ 9 0
b ! E
k
C15(PF)8 PEN PF-PEN

Fig. 4 Shapes of HOMO and LUMO of the molecules considered and their energy levels.

PEN and PF-PEN are —5.3 ¢V and —6.0 eV, respectively, that
are comparable to the experimental values of 5.1 eV for PEN
and of 5.8 eV for PF-PEN.* However, the B3LYP value of
5.74 eV of C¢Sg turns out to be closer to the experimental
value of 5.70 eV.'> For LUMO energies, while the B3P86 value
of —3.1 eV for PEN agrees well with the experimental value of
—3.0 eV, the BHandHLYP LUMO energy of PF-PEN is
closer to the reality.** These differences arise in part from
the fact that the experimental results are obtained in solution,
whereas our theoretical predictions are for gas phase species.
Thus, the relative positions within a series of related molecules
considered in this work are more meaningful than their
absolute values. At the B3P86/6-31G(d,p) level of theory, the
HOMO energy level of 3A C,¢(PH)g is equal to 6.5 eV slightly
higher as compared to 1 C;4,Ss (HOMO = —6.4 e¢V) and PEN
(HOMO = -5.3 eV), whereas its LUMO energy level is
increased considerably from —1.7 eV for 1 to —3.0 eV for 3A.
The LUMO energy level of 3A C;,(PH)g is close to the work
function of 2.9 eV of the calcium electrode. As expected,
substitution of H-atoms of 3A by F-atoms remarkably decreases
both LUMO and HOMO energy levels of the resulting 4A.
Similar to the cases of pentacene and its perfluoropentacene

derivative, the LUMO energy level of Ci4(PF)g is shifted down
more than that of its HOMO (Fig. 4). Accordingly, the
LUMO energy level of C;s(PF)g of —4.8 eV could lead to a
very low barrier of electron injection of 0.33 eV when the gold
electrode is used. These values appear to be much better as
compared to those of PF-PENT that is a well-known typical
n-type semiconductor (Table 2). The ionization energy (IE)
and electron affinity (EA) of the compounds considered are
calculated from energy difference between the neutral species,
cationic species (for IE) and anionic species (for EA). Table 3
shows that the IEs obtained at the B3P86/6-31G(d,p) and
B3LYP/6-311++G(d,p) levels are in good agreement with
available experimental data. The BHandHLYP also provides
good estimates, while BLYP values are somewhat smaller.
This can be understood by the fact that the BLYP functional
provides less good geometrical parameters. In another view,
the HOMO energy levels are considered to be equal to IEs.
Table 2 shows that the HOMO of PEN and PF-PEN of
6.7 and 7.6 eV, respectively, obtained from the LC-BLYP
functional are in good agreement with the experimental IE
values in the gas phase of 6.54 eV for PEN>® and 7.50 eV
for PF-PEN.>' IEs derived from other functionals are

Table 3 Ionization energy (IE) and electron affinity (EA) of compounds obtained by using various functionals in conjugation with the 6-31G(d,p)

basis set

Ionization energy (IE, eV) Electron affinity (EA, eV)

B3LYP“ B3LYP B3P86 BHandH BLYP B3LYP“ B3LYP B3P86 BHandH BLYP
3A 7.10 6.90 7.55 7.28 1.52 1.30 1.95 0.94 1.31
4A 8.44 7.96 8.59 8.36 3.64 3.09 3.72 2.81 3.02
PEN 6.13 — 6.57¢ — 1.49° — — — —
PF-PEN 7.12° — — — 2.78" — — — —
1 C6Sg — — 7.67¢ — — — — — —

@ Values obtained at B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p). * Values obtained from ref. 8. ¢ Values obtained from ref. 17.
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simply underestimated. This observation agrees well with
previous studies on m-conjugated molecules.>® High IE and
low EA values of 3A and 4A are important for their stability in
different environments.

In a general view, the HOMO and LUMO levels of 3A vary
in an ideal range of semiconducting materials and thus
it is suggested for both n- and p-type semiconductors. The
derivative 4A has a too high HOMO energy and is thus only
suitable for an n-type semiconductor.

Density of state (DOS)

We probe further the electronic distribution by examining the
density of states (DOS) that can be considered as a simple MO
energy spectrum of the molecule, whereas the partial density of
states (pDOS) are computed only from certain atomic orbitals
(AOs) of interest. The DOS plot shows the composition of the
MOs involved. The plots of total density of states of 3A
C6(PH)s and 4A C4(PF)g are displayed in Fig. 5a together
with that of 1 C;4Sg. Replacement of S-atoms of 1 by PH- and
PF-groups induces significant shifts for frontier orbital energies.
Frontier orbitals of C;4(PF)g containing strongly electron with-
drawing F-atoms are remarkably down-shifted as compared
to Ci¢(PH)s. These predictions agree well with the results that
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HOMO and LUMO of C4(PF)g are much lower as compared
to those of Ci4(PH)g and C4Sg (Table 2).

The partial density (pDOS) distribution on the p. component
that is important for charge mobility of an organic semiconductor
is further analyzed in Fig. 5b—d. While p.-AOs of both carbon
and sulfur have significant contributions to frontier orbitals of
C;6Sg, only p.-atomic orbitals of carbon are presented in
composition of frontier orbitals of C;s(PF)g and C;s(PHg).
Additionally, the contributions of carbon and sulfur atoms to
the HOMO of C¢Sg differ considerably from those to its
LUMO. This is probably a reason for why the reorganization
energy for the electron of the sulflower is much higher as
compared to those of the P-flowers.

Reorganization energies

In order to evaluate electron and hole mobility of a molecule, the
reorganization energies need to be considered. The reorganization
energies are defined as the sum of geometrical relaxation energies
when the species goes from the neutral state geometry to a
charged state geometry, and vice versa. A description of these
terms on a potential energy surface is schematically shown in
Fig. 6. Accordingly, a molecule has high charge mobility when it
has low reorganization energies. The latter can be defined as
follows:

4 L*
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Fig. 5 The plots of (a) total density of state (DOS) of molecules and partial density of state (pDOS) on p.-distribution of (b) 1 C¢Ss, (c) 3A

C16(PH)g and (d) 4A C,4(PF)s.
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In=Jo F dy = [EM) — EXM)] + [EM ") — EM")] (2)
he = Jo + A = [EM) — EM)] + [EM7) — EM)] (3)

where 1, and A, are reorganization energies for the hole and
electron, respectively; E(M ") and E(M™) the total energies of
the cationic and anionic states with the optimized geometries
of the neutral ground state, respectively; £(M) the total energy
of the neutral state with the optimized geometries of the
cationic species (for eqn (2)) and of the anionic species (for
eqn (3)); E°(M), E°(M %) and E°(M ") the total energies of the
neutral, cationic and anionic ground state species, respectively.

The hole and electron reorganization energies of 1, 3A and
4A obtained using various computational methods are shown
in Table 4, together with those computed for well-known
materials such as pentacene, perfluoropentacene.

It can be observed that there is a negligible difference
between the reorganization energies obtained by two func-
tionals B3LYP and B3P86. The values obtained using the
larger basis set (B3LYP/6-31++G(d,p)) are somewhat smaller
than the others. At the B3P86/6-31G(d.p) level, the reorgani-
zation energies for the hole (4,) and electron (A.,) of 3A
Ci6(PH)g are equal to 0.21 and 0.09 eV, respectively. The
latter is interestingly much smaller than that of 0.42 eV of 1
C16Ss."” Even as compared to PF-PEN (1. = 0.23 eV at
B3LYP/6-31++G(d,p)),® the value of 0.09 eV of C,4(PH)g is
also remarkably lower. As expected, our predictions show that
the reorganization energy is increased from 0.09 eV for 3A
C16(PH)g to 0.22 eV for 4A C4(PF)g. The latter is comparable
to that of 0.23 eV of PF-PEN at the same level.®

Although previous studies suggested that the B3LYP functional
is the best choice for estimating relaxation energies of oligoacenes,**
and an increase of HF-exchange ends up increasing relaxation

energies, such a trend is not emerged in our computed results
(Table 4).

Dimer configurations and rate of charge hopping (K)

To probe the charge hopping behavior, we perform calcula-
tions on the dimers of the molecules considered by using the
B3LYP-D functional that contains dispersion energy (-D).
These predictions allow us to examine the rate of charge
hopping of charge carriers of molecules 1, 3 and 4.

The dimers are thus constructed in a translational parallel
manner in which the molecules are situated on the top of each
other. This configuration was found to have the highest
transfer integral (r) among the dimer configurations of 1.'>!#
All the dimer geometries are optimized at the B3LYP-D/
6-31G(d) level of theory and depicted in Fig. 7. There is a
negligible difference between the dimer configuration of C;6Sg
obtained from our theoretical predictions and that obtained
from X-ray structure. The intermolecular distance between
two monomers C4Sg is predicted to be 3.83 A and slightly
shorter than the experimental value of 3.90 AS Interestingly,
the intermolecular distance of dimer 3A (C;4PgH3) is increased
to 3.93 A, whereas that of dimer 4A (Cy6PgFg) becomes
somewhat shorter and equal to 3.78 A.

According to the hopping mechanism, the hole and electron
carriers can be jumped between two adjacent molecules of the
organic crystals. The rate of charge hopping (K) is usually
estimated by using the Marcus—Hush equation:>

2 T A
Kk="L./ R 4
Ay (” 4k T) “@

where ¢ is the transfer integrals between two adjacent molecules,
/ the reorganization energies, kg the Boltzmann constant and 7'
the temperature (298 K in our calculations). Accordingly, a
high rate of charge hopping K is obtained when the transfer
integral (f) between two molecules is high, and the monomers
have low reorganization energy (4).

The transfer integral can be defined by the following
expression: !¢

t = <¢i0,sitcl ‘F‘ ¢/0,sitc2) (5)

where ¢.>5*! and ¢,O’Sitez present the HOMOs-LUMOs of
molecules 1 and 2, respectively. F is the Fock operator for a
dimer with a density matrix from the noninteracting dimer of
F = SCeC™'. S is an intermolecular overlap matrix, C and ¢
are the molecular orbital coefficients and energies from one step
diagonalization without iteration. More detailed description
about the theoretical approaches can be found elsewhere.®3®

Table 4 Reorganization energies for the hole (4, eV) and electron (4., V)

Reorganization energy for hole (1;,)

Reorganization energy for electron (4.)

BLYP B3LYP“ B3LYP B3P86 BHandHLYP BLYP B3LYP“ B3LYP B3P86 BHandHLYP
3A 0.271 0.197 0.203 0.206 0.254 0.087 0.092 0.111 0.092 0.105
4A 0.168 0.293 0.296 0.299 0.324 0.207 0.215 0.235 0.216 0.224
1 Ci6Ss — — — 0.125” — — — — 0.420” —
PEN — 0.095¢ — 0.077” — — 0.130° — — —
PF-PEN — 0.226° — — — — 0.229¢ — — —

“ Values obtained at B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p). * Values obtained from ref. 17. ¢ Values obtained from ref. 8.
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Fig. 7 Dimer configurations of molecules obtained at the B3LYP-D/
6-31G(d) level of theory (H- and F-atoms are removed from molecules
plotted).

Table 5 Transfer integrals for the electron (z, meV) and hole
(tn, meV) and rates of charge hopping K (s~!) of molecules

Molecule fe (meV) 1t (meV) K. (s Kn(s™H

3A C¢(PH);s  90.3 1.22 2938 x 10 0.013 x 10'?
4A C((PF)s  99.3 38.1 0.702 x 10" 0.414 x 10
1 Cy6Ss 43.1 24.9

Accordingly, the transfer integral for the hole (#,) is equal to
the half of energy difference between HOMO and HOMO — 1
of the dimer, while the transfer integral for the electron (z.)
corresponds to the half of energy difference between LUMO
and LUMO + 1 of the dimer. Because the failure of the
B3LYP functional was shown in evaluating the transfer
integral of m-conjugated molecules,'**33*37 the energy levels
of these orbitals are obtained by using the PW91/6-31G(d,p)
level® that was effectively applied to calculate the transfer
integrals.®'*% Our calculations interestingly reveal that the
transfer integrals for the electron (z,) of C;q(PH)s and
Ci4(PF)g are equal to 90.3 meV and 99.3 meV, respectively.
These values are very high as compared to that of 43.1 meV of
the sulflower 1 obtained using the same computational
method. This value was reported to be 54 meV by Mohakud
and Pati.'? The transfer integral for the hole (1,,) of C,s(PH)s is
only 1.20 meV that is much lower than those of the C¢Sg and
C6(PF)g. Consequently, both C;¢(PH)s and C4(PF)s show
high rates of charge hopping for the electron, whereas
C;6(PH)g exhibits a lower rate of hole hopping (Table 5).
Based on the fundamental characteristics such as low energy
barrier for electron injection, low reorganization energy and
high rate of electron hopping, we would suggest from our
predicted results that both C;¢(PH)g 3A and C;¢(PF)g 4A are
excellent candidates for use as an n-type organic semiconductor.

4. Concluding remarks

In this paper, we report on two new P-flower C4(PH)g and
Ci6(PF)g molecules that are designed by us on the basis of
chemical consideration and subsequently characterized by
quantum chemical computations. Our predictions show that
both molecules have symmetrical geometries and quasi-planar
framework of carbon and phosphorus. The infrared spectra of
the new molecules are simulated, and the electron delocaliza-
tion and aromaticity examined using the electron localization
function (ELF).

The electronic structure of both molecules is further inves-
tigated by using total and partial density of state (DOS). The
fluorinated P-flower C,¢(PF)g reveals small energy barrier of
electron injection, low reorganization energy and high rate of

electron hopping. The parent C;4(PH)g exhibits very low
energy barrier of electron injection, remarkably low reorganization
energy and high rate of electron hopping. Accordingly, we would
suggest that both P-flower molecules are potential candidates for
n-type organic semiconductors. It is up to experimental chemists
to take up the challenge for their actual synthesis. Let us point out
that in a previous study,® we theoretically predicted the existence
of related phosphole macrocycles, namely the phosphorus-
containing porphyrins, which were subsequently prepared in
the laboratory.®!
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