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Abstract: We have investigated transport properties of higher acenes pentacene
and hexacene and compared it with the transport properties of their BN analogues. Charge
hopping from one structure to another was investigated through calculations of reorgani-
zation energies based on DFT and Marcus semiempiric approach, while the investigation
of charge transport along the investigated structures was based on DFT calculations and
non-equilibrium Green's function (NEGF) method. Attention was also paid to the energy
separation between the lowest excited singlet (S1) and triplet (T1) state, which is quantity
that is important for the field of thermally activated delayed fluorescence (TADF). The
obtained results indicate that both groups of investigated structures have certain advan-
tages and drawbacks. According to the reorganization energies and I-V characteristics,
pentacene and hexacene have better properties, while from the aspect of TADF, BN ana-
logues of pentacene and hexacene have better properties.
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1. INTRODUCTION

From the aspect of organic electronics, acenes
are very important n-conjugated molecules that con-
sist of linearly fused benzene rings. These molecules
are considered to be the basis of modern organic
light-emitting diodes (OLED) and field effect tran-
sistors (FET), due to their fantastic transport proper-
ties [1—7]. This class of materials is also known as
organic semiconductors [8].

The smallest and most studied acenes are ben-
zene, naphtalene and anthracene [9]. Pentacene mole-
cule, consisting of five benzene rings, has attracted
great attention as an active semiconducting material
for application in organic field effect transistors
(OFET). Herringbone structure in which the face of
one molecule is close to the edge of another is typical
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for bulk crystals that pentacene forms, while the bulk
solid consists of a stack of these layers [10, 11]. From
the aspect of practical applications it is important to
emphasize that intermolecular spacing of pentacene
layers can be manipulated by parameters such as sub-
strate temperature, deposition rates and thickness of a
layer [12]. Pentacene is reported to have charge carri-
ers mobility of beyond 10 cm® V' s™', which is the
value that can be compared even with amorphous
silicon devices [1]. However, a precise mechanism of
charge transport in organic materials is rather com-
plex. Semiconducting organic molecules such as pen-
tacene are fully conjugated and thanks to the strong
covalent bonds the overlap between m-orbitals along
the molecule induces a continuous cloud over the
whole molecule in which electrons are localized. Pen-
tacene forms a film with desirable morphology thanks
to which a good intermolecular overlap between the
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molecules exist, which consequently leads to high
mobilities that are measured.

Higher acenes are molecules that consist of
more than five linearly fused benzene rings. Although
electronic properties of pentacene are well known,
specific properties of higher acenes are much less
known by the scientific community. Higher acene with
six benzene rings, hexacene, attracted attention from
crystallographic aspect. However, its investigation has
been made difficult due to its low stability and solubili-
ty [13]. Although hexacene and its higher homologues
are not stable, their existence can be demonstrated in
suitable matrixes [14,15], while this acene and hepta-
cene (higher acene with seven linearly fused benzene
rings) can be synthesized through photochemical bis-
decarbonylation of bridged R-diketones (Strating-
Zwanenburg reaction).

Despite the problems with synthesis of higher
acenes, research of the acene family from the theoret-
ical aspect predicts a set of specific properties
[16—18]. Besides benzene as a building block of
acenes, borazine can be viewed as a building block of
acene boron-nitride (BN) analogues. Benzene and
borazine are typical representatives of planar aromatic
organic and inorganic molecules, containing six 7-
electrons which are delocalized over the six-
membered ring [19,20]. Taking into account that bo-
ron and nitrogen atoms together with BN units are
frequently used for modifications of carbonaceous
materials, in this work we decided to investigate the
transport properties of pentacene, hexacene and their
BN analogues. For this work we were also motivated
by our results concerning oxidation/reduction poten-
tials, reorganization energies and AE (S , —T,) values

reported in [7]. The mentioned parameters are impor-
tant for transport properties in optoelectronic devices,
while further we decided to investigate the charge and
heat transport properties through calculation of I-V
curves and thermoelectric coefficients.

2. COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations
of optoelectronic properties were performed with
Jaguar 8.8. program and corresponding optoelectron-
ics module as implemented in Schrodinger Material
Suite 2015-2 [21,22]. Optoelectronic properties are
calculated within the screening method [22]. Con-
cerning the oxidation and reduction potential, OP
and RP respectively, they were calculated employing
the following equation:

OP (or RP) =S x OE + 1 (2)
where S, OE and I denotes slope, orbital energy and
intercept, respectively. The values of S and I were

obtained by linear regression against experimental OP
and RP over a wide range of relevant organic mole-
cules [22]. For OP, the value of orbital energy corres-
ponds to the value of highest occupied molecular
orbital (HOMO) energy from the neutral molecule,
while for RP the value of orbital energy corresponds
to the value of the lowest unoccupied molecular or-
bital (LUMO) energy from the neutral molecule.
These values were developed using B3LYP with the
default basis set, which is MIDI! in this case, meaning
that these values are not suitable for other functionals
and basis sets. For OP and RP the value of slopes and
intercepts respectively were —17.50 and —22.50 V and
—2.17 and —0.35 V [22]. Results concerning oxida-
tion/reduction potentials, reorganization energies and
TADF of pentacene, hexacene and their BN analo-
gues have been taken from our previously published
paper [7].

In order to investigate charge and heat trans-
port properties of pentacene and hexacene these struc-
tures were modeled as device systems presented in
Figure 3. Concretely, charge and heat transport prop-
erties of investigated device systems have been simu-
lated employing the Quantum Wise Atomistix Toolkit
(ATK) [23,24], which utilizes the self-consistent non-
equilibrium Green’s functions and the density func-
tional theory. Initially, the structures were optimized
by the ATK until the atomic forces were less than
0.01eV/A, without any constraints. Generalized gra-
dient approximation (GGA) with Perdew-Burke-
Ernzerh (PBE) functional with Double Zeta Polarized
(DZP) basis set has been used for optimization of
device systems. Transport simulations with ATK
were done employing the self-consistent extended
Hiickel method with Cerda type of Hiickel basis sets
[25]. For both optimization and transport calculations
mesh grid of k space was set to 1x1x100, while the
electronic temperature was set to 300 K. Phonon sub-
system of pentacene and hexacene devices has been
investigated employing the Tersoff 2010 CH poten-
tials [26,27]. For BN analogues of pentacene and
hexacene devices phonon subsystem has been inves-
tigated employing the potentials of Marian et al. [28].

3. RESULTS AND DISCUSSIONS
3.1. Oxidation and reduction potentials

One of the main drawbacks of pentacene includes
poor stability and low solubility in organic solvents
[29-32]. It is easily oxidized in the air, while its poor
solubility can be attributed to the strong intermolecu-
lar forces because of m-stacking [29]. Oxidation and
reduction properties of molecules can be assessed
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through calculation of reduction and oxidation poten-
tials, which can be interpreted as the tendency of
structure to gain/lose electrons and thus become oxi-
dized/reduced. For RP, the more positive/less nega-
tive potential, the more likely the reduction is to oc-

cur, while for OP the more negative/less positive the
potential is, the more likely oxidation is to occur.
Calculated OP and RP for investigated structures are
given in Figure 1.

[ Reduction potential [eV]
Il Oxidation potential [eV]

AENERIENERI N

Oxidation and Reduction potentials [eV]

AR RN ENEN I EERNE ERENE FNAT I FNEN]

Pentacene

Hexacene

BN Pentacene BN Hexacene

Figure 1. Oxidation and reduction potentials of investigated structures [7]

According to the definition of OP and RP it
can be seen from the obtained results that pentacene
and hexacene have similar OP and RP values of.
However, when it comes to the OP and RP of BN
analogues of pentacene and hexacene it can be seen
that their values significantly differ comparing to
their all carbon relatives. These values also indicate
that BN analogues are significantly less prone to
oxidation and reduction than pentacene and hex-
acene, leading to their significantly higher stability
over pentacene and hexacene.

Luminescence, electroluminescence and elec-
tronic properties of different materials are strongly
affected by oxygen quenching, which occur when
they are exposed to air. Thus, improved OP and RP
indicate that BN analogues of pentacene and hex-
acene could be significantly less prone to the effects
of oxygen quenching.

3.2. Reorganization energies

Significantly high charge mobilities and effi-
cient charge injection properties are the main quanti-
ties that are considered as crucial parameters deter-
mining the efficiency of electronic materials [33].
From the aspect of practical applications, charge
transfer from one organic molecule to another is
very important. This type of charge transport can be
investigated within the Marcus semi-empirical ap-

proach, according to which charge hopping rate,
k., , which regulates the charge carrier mobility,

can be expressed as [34, 35]:

47
ET — 7

K

1* exp —— |, (1)
4x Ak, T leq,T}

where A is reorganization energy, while ¢ represents
the charge transfer integral (or charge coupling).
Equation (1) tells that in order to achieve as good
performance of electric material as possible, reor-
ganization energy should be minimized while charge
coupling should be maximized.

Reorganization energies can be calculated according
to following formulas:

A =E°(G*)—E°(G°), ()
4 =E'(G")-E(G") G)
A=A+, 4)

where E°< 0) and F (G) are the ground state ener-
gies of the neutral and ionic states, respectively.
E° (G*)is the energy of the neutral molecule at the
optimal ionic geometry, while E*(GO) is the energy
of the charged state at the optimal geometry of the
neutral molecule. Obtained results for reorganization
energies of pentacene, hexacene and their BN analo-
gues are given in Figure 2.
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Figure 2. Hole and electron reorganization energies of investigated structures [7]

Pentacene and hexacene obviously possess
very low values of reorganization energies, especial-
ly for holes, with values even below 0.1 eV, which is
very important for practical optoelectronic applica-
tions. Reorganization energies of BN analogues of
pentacene and hexacene are not as good as for pen-
tacene and hexacene. However, the values of HRE
are comparable to pentacene and hexacene, while
BN hexacene structure has value of HRE below 0.1
eV, namely 0.09 eV. On the other hand, ERE are
somewhat higher than for pentacene and hexacene.
Nevertheless, these values can be considered as very
competitive with values obtained for other perspec-
tive organic molecules, when it comes to the appli-
cations in optoelectronic devices.

3.3. Thermally activated delayed fluorescence

The importance of the TADF mechanism lies
in the fact that it might enable the improvement of
efficiency of OLED without employment of phos-
phorescent metal-organic complexes. In OLED sing-
let and triplet excitons are formed in 1:3 ratio, ac-
cording to spin statistics. Unfortunately, only singlet
excitons are responsible for light emitting, while
triplet excitons relax by releasing heat. To overcome
this drawback, phosphorescent emitters such as iri-
dium or platinum based complexes are usually used
for manufacture of high efficiency OLED [36—38].
The usage of precious metals however leads to the
production challenges such as high pricing, because
of which chances for OLED to have more significant
role in the market are low [39].

BN Pentacene BN Hexacene

One of the crucial parameters that determines
the effectiveness of the TADF mechanism is certainly
the energy separation between the lowest excited
singlet (S1) and triplet (T1) state, AE(S, —T}). If
AE (S1 _T]) has a suitably low value, then singlet

state S1 can be populated thermally at ambient tem-
perature from the energetically lower-lying triplet
state. If AE(S, —T,) is larger than ca. 3x10° cm™ (or

0.37 eV) a thermal population of the singlet state S1
is not effective. Therefore in this work we calculated
AE(S, —T,) values for pentacene, hexacene and
their BN analogues and obtained interesting results.
Namely, for pentacene and hexacene AE(S, —T))

had the value which was by far above the desired
threshold of 0.37 eV, 1.41 eV and 1.33 eV, respec-
tively [7]. On the other hand, AFE (S L= Tl) values of

BN analogues of pentacene and hexacene were 0.25
eV and 0.30 eV, respectively, which are much lower
than values obtained for their all carbon relatives [7].
Additionally, these values are below 0.37 eV, which
is very desirable for the TADF mechanism and indi-
cates the potential for practical applications of BN
analogues of higher acenes in the devices based on
optoelectronic properties of organic molecules.

3.4. Charge and heat transport

Since according to the previously presented re-
sults in this work, BN analogues possess certain ad-
vantages over their all carbon relatives, we decided to
investigate the charge and heat transport properties of
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these structures. In order to do so, we calculated the
1=V curves in order to charge transport properties and
we have also calculated the electron and phonon
thermoelectric coefficients in order to gain an insight
into the heat transport properties. For the investigation
of transport properties in ATK package, the following

device systems has been built and considered, Figure
5. Left and right electrodes are indicated with L. and
R, respectively, the central scattering region is indi-
cated with C, while Figure 4 contains calculated -V
for device systems presented in Figure 3.

Figure 3. Investigated device systems

The results presented in Table 1 indicate that
electron subsystems of investigated device systems
are very similar in terms of electron conductivity,
which is not surprising taking into account that re-
placement of two carbon atoms by one boron and
nitrogen atom leads to the formation of systems that
are isoelectronic with their all-carbon analogues.
However, the phonon subsystem of investigated
device systems significantly differs. In cases of pen-

tacene and hexacene kyy, is still higher than the k.,
meaning that phonons are principally responsible for
heat conductivity. Contrary to this, k,, of BN analo-
gues of pentacene and hexacene is lower than the £,
meaning that in these cases electrons are more im-
portant in terms of heat conductivity. Consequently,
it can be concluded that heat conductivity of BN
analogues of pentacene and hexacene is lower than
of pentacene and hexacene.
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Figure 4. I-V curves of the investigated device systems
a) pentacene, b) BN pentacene, c)hexacene and d) BN hexacene

As it can be clearly seen, the device systems
based on pentacene and hexacene have much better
charge transport properties than device systems
based on their BN analogues. In the case of penta-
cene and hexacene, the peak value of current is
achieved at bias voltage of 1 V, while in the case of
BN analogues this value is achieved at around 0.5 V.
This means that in terms of current intensity device
systems based on pentacene and hexacene are much

better because much stronger current is calculated in
these cases, however, the response is much faster in
the case of BN analogues, because peak current in-
tensity is achieved at much lower bias voltage.

An insight into the heat transport properties of
investigated structures can be obtained after the in-
spection of calculated thermoelectric coefficients:
electron, phonon and total conductivity, ., kp, and &,
respectively, presented in Table 1.

Table 1. Thermoelectric coefficients of investigated structures

Device system k. [W/K] kon [W/K] k = kethon [W/K]
Pentacene 5.526 x 107" 7.919x 107" 1.344x 10~°
Hexacene 5.661x 10" 8.387x 10" 1.405% 10
BN-Pentacene 5.494x 10" 3.214x 107" 8.708x 10"
BN-Hexacene 5.666x 107" 5.322x 107" 1.099% 10~

4. CONCLUSIONS

We have investigated transport properties of
pentacene, hexacene and their BN analogues em-
ploying DFT calculations and NEGF method. Initial-
ly we were interested in optoelectronic properties
and we have calculated important properties that
might serve to assess the overall potential of investi-
gated structures for practical applications. Calcula-
tions of OP and RP indicated that BN analogues of
pentacene and hexacene might be much less prone to
oxidation and reduction than pentacene and hex-

acene, which indicates their significantly higher
stability. The investigation of reorganization ener-
gies indicated that both HRE and ERE of hexacene
are lower than pentacene and that booth of these two
parameters are somewhat higher for BN analogues
of pentacene and hexacene, but still low enough to
be considered competitive with other organic mole-
cules. AE (S L= T1) value of BN analogues of penta-

cene and hexacene is much lower than for regular
pentacene and hexacene and something that is even
more important it is well below the desired thre-
shold of 0.37 eV. I-V curves revealed that in terms



Stevan Armakovié, et al., Transport properties of pentacene, hexacene and their BN analogues

Contemporary Materials, VII-1 (2016)

Page 43 of 44

of current intensity, pentacene and hexacene are
much better than their BN analogues, however peak
current intensity of BN analogues is achieved for
much lower bias voltage thanks to which BN analo-
gues could be much more responsive. Finally, ther-
moelectric coefficients indicated that electron con-
ductivity is very similar for all investigated devices.
On the other hand, k;, is higher for pentacene and
hexacene, while for their BN analogues it is lower
than k.. Consequently, total thermal conductivity is
lower for BN analogues of pentacene and hexacene.
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TOR

TPAHCIIOPTHA CBOJCTBA IIEHTAIIEHA, XEKCAIIEHA 1 hIXOBUX BN AHAJIOT'A

Caerak: lcrpaxuBaii CcMO TpaHCIIOPTHA CBOjCTBA IIPEICTaBHHKA alleHa,
NIeHTaleHa M XeKcaleHa U yropehuBany ux ca TPaHCIOPTHHM CBOjCTBHMa BUXOBHX BN
aHAJOTHUX cTpyKTypa. IIpena3 HaenekTpucama ca jefHe Ha APYTY CTPYKTYpYy HCTpakeH
je Tmpeko TmpopauyHa eHepruja peopraHusaunuje Ha ocHoBy DFT u Mapkycosor
TIOJTyEeMITHPH]CKOT TPUCTYIIA, JOK Cy C€ MCTPaKMBama TPAHCIIOPTa HAEIEKTPHCama TyK
CTpPYKTypa 3acHMBajia Ha DFT mnpopauyHuMa M METOAY HEPABHOTEKHHUX [ pUHOBHUX
¢yukumja (NVEGF). [axma je 6una nocsehena u eHeprerckoM pasmaxy usmel)y HajHHKer
nobyhenor cunrnernor (S1) u tpumnerHor (T3) crama, IITO je BeIMYMHA BaXKHA 3a
o0JiacT TepMaHO akTUBHpaHe omoxene (ayopecuenuuje (TADF). lobujenn pe3ynraru
MHIULUPajy Aa 00je rpyne UCTPaKEHUX CTPYKTypa uMajy oapelheHe MpeaHoCTH U MaHe.
[Ipema eneprujama peopranuzauuje u [—V kapakrepucTHKama, NEHTAlleH U XeKcaleH
umajy 0oJba CBOjCTBA, JI0K ca acriekta TADF-a, 6osba cBojcTBa nMmajy BN ananosu.

Kibyune pujeun: anenn, DFT, onroenekTpoHWKa, €HEprHje peopraHu3aIyje,

TADF, NEGF, tpancriopTHa cBojcTBa.



