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POLARIZATION OF ORGANIC AROMATIC
MOLECULE IN ANIONIC AND CATIONIC STATE

The modification of dectron states and the change in the geometry of the
structure of molecule during hopping transport of charge carriers depends
on the symmetry of the molecule. During electric transport the molecule
reversibly transforms from neutral state to cation when hole conductivity
occurs or to anion when eectron conductivity occurs. The energies of
orbitals HOMO and HOMO-1 of anthrone and anthrachinone are always
negative, what allows for holes transport. Positive energies of LUMO and
LUMO+1 orbitals of anion of anthrone and anthraquinone in structure of
anion or neutral molecule make el ectron transport difficult.
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1. INTRODUCTION

The results of quantum-chemical calculations allow to specify the hopping
conduction parameters at the molecular level [1, 2, 3]. Conduction in a high-
resistance material occurs in two stages. The first stage is the takeover of
a charge carrier by the molecule in the form of the entire electron or entire hole.
The second stage is transferring a single electron between neighbouring
molecules [4, 5, 6]. This process should be independent of the existence of
bonds between molecules of organic material and it cannot be carried out in such
a way that solid phase damage would occur. Maintaining stability of solid phase
in the organic semiconductor under equilibrium conditions is possible due to the
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existence of van der Waals or London dispersion forces [7] appearing when the
electron density fluctuations of neighbouring molecules occur. The lack of
charge transfer of the value of the charge of the whole electron from one
molecule to another is a special feature of such binding interactions. Even if the
above-mentioned interactions are strong, they are not accompanied by the
transfer of charge equal or greater than the charge of one electron from one
molecule to another. There is also no strong localization of an electron pair
between neighbouring molecules what is a special property of covalent bond.
The strength of intermolecular interactions is significantly determined by the
distance between the centers of mass (centroids) of the molecules, but the
twisting of the planes of molecules relative to each other also plays an important
role. Possibility of occurrence of favourable m-stacking interactions between
molecules for electric conduction depends on the orientation of molecules. At
equilibrium, the distance between centroids of the organic molecules forming the
crystalline solid phase is quite significant, and in the case of anthracene and its
derivatives is of the order of 4 A. When the distance between the centers of the
molecules is above about 8 A then the molecules practically do not interact and the
molecular orbitals do not contribute to conductivity [5]. The lack of charge transfer
between molecules in dispersion interactions allows treating these interactions
almost as a kind of physical adsorption or chemisorption. There is no spontaneous
unilateral flow of electrons between adjacent molecules under equilibrium
conditions therefore, an effective equilibrium for red-ox reactions connected
with electron taking over by molecules is observed. However, polarization by an
external electric field causes current flow through layers made of organic
molecules which involves the molecules to uptake the electrons. Thus, there
must be a step when the next molecule takes over the entire electron previously
released from the preceding molecule during the charge carrier transfer process.

This electron exchange between neighbouring molecules can be considered
as a chemical reaction. Marcus-Hush theory [4] enables to understand the
process of conduction as a red-ox reaction string to which organic matter
molecules are subjected while transferring charge carriers occurs. This theory
was used to describe hopping conduction in organic materials in the 1990s. Total
charge of a molecule changes during the process of charge transfer. Molecule
transferring an electron as a negative charge carrier becomes an anion for a short
time, while a molecule carrying a positive charge carrier (hole) becomes a cation
for a short time. The molecule returns to the neutral state after completing such a
red-ox reaction which is the special feature of this process. The molecule does
not dissociate into fragments and has the same properties as before the process
of taking charge and transferring the charge carrier. The energy effect associated
with such a process can be calculated as reorganization energy [1, 5].
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The value of the reorganization energy for conduction of holes is A+
ﬂ# :/’{’c—i_ﬂ’n:(Ekn_Ekk)+(Enk+Enn)’ (1)

where Ac is the energy necessary for the reorganization of the neutral geometry
of molecule to the cation geometry during electron removal. The symbol An
denotes the energy necessary for the reorganization to change the cation
geometry again to the neutral geometry when attached electron from the
neighbouring molecule.

Therefore, to determine the reorganization energy for hole conductivity, the
total energy for the molecule in the following states should be determined:

e En, is optimized state of the neutral molecule,

e Ei is optimized state of the molecule being a cationic radical,

e Ey, is optimized state of the molecule being a cation in the structure of

a neutral molecule,

e En is optimized state of the neutral molecule in the cation structure.

Similar calculations are carried out in the case of reorganization energy
calculation, A. for electron transport

A zﬂc—'—/’in :(Ean_Eaa)+(Ena+Enn) > (2)

Here, A is calculated as the sum of Ac for the energy necessary to reorganize the
geometry of the neutral molecule to the anion geometry when attaching the electron,
and A, for the energy necessary for the reorganization to change the geometry of the
anion again to the geometry of the neutral molecule when the electron is donated
to the neighbouring molecule.

Therefore, to determine the reorganization energy for electron transport, the
total energy for a molecule in the following states should be determined as
follows:

e Enn is optimized state of the neutral molecule,

o E.a is optimized state of the molecule being an anionic radical,

e E.n is optimized state of the molecule being anion in the structure of the

neutral molecule,

e Ena is optimized state of the neutral molecule in the anion structure.

Experimental results revealed that the mobilities of charge carriers are
different in the case of conduction of layers of two anthracene derivatives. This
difference is observed for both crystalline and amorphous samples [8]. It was
shown in our previous work [1] that this difference has its origin in the existence
of a constant dipole moment in anthron molecules and lack of it in
anthraquinone molecules. Analysis of solid phase X-ray studies [4, 7] and our
quantum mechanical calculations carried out for both considered molecules [9]
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proved that the change in aromatic stabilization energy, calculated relative to
unsubstituted anthracene, is practically the same and amounts to approx. 1%.
This feature is observed despite of the fact that the central benzene ring of
anthrone molecule is substituted with one ketone group and for anthraquinone
molecule central benzene ring is substituted symmetrically with two ketone
groups. This is accompanied by an almost equal change in the length of bonds
between carbon atoms in the side and the middle rings, which is about 6.4% for
both molecules under study. Thus, there is no noticeable steric effect associated
with symmetrical or asymmetrical substitution of the middle anthracene ring
with one or two ketone groups on reorganization energy.

The question arises here whether the polarity of the molecule has an impact
on the stability of the excited states of the cation and anion and enables hole or
electron transport.

We want to find answer to this question calculating the states of external
orbitals (FMO) of the two molecules under consideration. We carry out analysis
of the states of molecules that are used to define the reorganization energy
defined by formula (1) for transport of holes and formula (2) for electron
transport.

2. CALCULATION RESULTS AND DISCUSSION

The "four-point" [1, 5] method (Egs. (1) and (2)) was used to calculate the
reorganization energy. DFT calculations were carried out using the Gaussian 09
program [10] at the level of theory B3LYP/6-311+G(d, p). The calculations in
the scope of the “four-point” method required the calculation of the structure of
the molecule in the cation, anion and in the neutral state. They were performed
for molecules in the gas phase. The choice of calculations in the gas phase is
associated with the observation that the strong localization of charge carriers on
molecules in oligoacene derivatives causes that the electronic states of the
molecule are similar in the gas phase and in the solid phase [11]. The shift
caused by the presence of the crystal field is almost constant for all external
orbitals given molecule [12]. The differences in the energy of external orbitals
and not their absolute values are important for our considerations.

An interesting problem is the possibility of realizing a stable molecule in
the cation or anion state. In order to answer this question, the calculation of the
energy value of the levels HOMO, HOMO-1, LUMO and LUMO+1 is required.
LUMO levels are important for electron conduction while HOMO levels are
important for conduction of holes. The molecule is not stable in the gas phase
when the obtained energy values of the orbital are non-negative. The additional
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multi-body interactions that counteract the destruction of the solid phase caused
by the flow of the charge carrier through the molecule appear in the presence of
particles in the solid phase.

The results of quantum-chemical calculations obtained by us allow for
preliminary determination of cation and anion stability. Tables 1 and 2 show the
results of calculations for the anthraquinone and the anthron molecules,
respectively. Both molecules are derivatives of anthracene, and they crystallize
in almost the same crystal structure with similar lattice constants [13, 14]. The
results for the unsubstituted anthracene molecule are shown in Table 3 for
comparison.

Table 1
Calculated electronic properties of molecule of anthraquinone during transfer of charge
carricr

1 2 3 4 5 6 7 8
[D] [eV] [eV] [eV] [eV] | [eV]
cation in cation structure +1 |doublet 0.0033 [-11.9545 |-11.9376 | —7.7414 | —6.2945| 4.196
cation in neutral structure +1 doublet 0.0003 [-11.8503 |-11.7825 | —7.9882 | —6.3789 | 3.794
neutral in cation structure 0 singlet 0.0003 | —7.5898 | =7.3144 | -3.1421 | -2.0180 | 4.172
neutral in neutral structure | 0 |singlet 0.0003 | —7.5786 | —7.3969 | —3.1865 | —2.0583 | 4.210

(=)

neutral in anion structure singlet 0.0002 | —=7.5814 | —7.4741 | -3.5329 | -2.1062 | 3.941
anion in neutral structure —1 doublet 0,0003 | —2.7900 | —0.0185 1.9124 | 2.2757] 1.930
anion in anion structure —1 doublet 0,0001 | —2.8806 | —0.3777 1.8607 | 2.2640 | 2.238

1 - charge, 2 - spin, 3 - dipole moment, 4 - HOMO-1, 5 - HOMO, 6 - LUMO,7 - LUMO+1, 8 - Eq.

—_

—_

Table 2
Calculated electronic properties of molecule of anthrone during transfer of charge carrier
1 2 3 4 5 6 7 8
[D] [eV] [eV] [eV] [eV] | [eV]

1 doublet | 4.7756 |-11.4843 |-11.1246 | —6.2806 | —5.5054 | 4.843
1 |doublet | 4.7156 |-11.5403 |-11.0816 | —6.3318 | —5.3854 | 4.750
neutral in cation structure 0 singlet 3.8761 | —7.0818 | —7.0042 | —2.1004 | —1.0653 | 4.904
neutral in neutral structure | 0 singlet 3.8667 | —7.0426 | —7.2649 | —2.1437 | —0.9442 | 5.121
neutral in anion structure 0 singlet 4.0854 | —7.1332 | =7.0290 | —2.5007 | —0.8898 | 4.528
anion in neutral structure —1 doublet 4.6776 | —2.2101 0.9891 2.2601 2.3587 | 1.271
anion in anion structure —1 |doublet | 4.8151 | —2.2422 | 0.6059 [ 2.2490 | 2.3467 | 1.643
1 - charge, 2 - spin, 3 - dipole moment, 4 - HOMO-1, 5 - HOMO, 6 - LUMO,7 - LUMO+1, 8 - Eq.

cation in cation structure

cation in neutral structure

In the case of hole conductivity, both HOMO and HOMO-1 levels for
anthraquinone, anthron and anthracene are significantly below the vacuum level.
Thus, we can conclude that conduction of holes is always possible both for
anthraquinone and for anthrone. The energy values of the LUMO and LUMO+1
levels are decisive for electron conduction. For the molecule in the neutral state
in the neutral structure as well neutral in the anion structure for both
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anthraquinone and anthron molecules the energies of the LUMO and LUMO+1
levels are negative. However, the transition of the molecule to the anion
structure (in the —1 charge state) leads to positive high energy values (above
1.8 eV) of the LUMO and LUMO+1 orbitals. Even if the energy shift caused by
the presence of a crystal field is taken into account, which according to some
estimates for anthracene derivatives may have a value of even 1.7 eV [12],
the energy values of LUMO orbitals do not allow maintaining anion stability in
solid state. This means that the implementation of effective transport of negative
carriers in anthraquinone and anthron is difficult. Moreover, in the case of
anthrone, the positive energy of its HOMO level in the anion state indicates that
obtaining a stable anion of the anthrone is difficult.

Table 3
Calculated electronic properties of molecule of anthracene during transfer of charge
carrier

1 2 3 4 5 6 7 8
(D] | [eV] [eV] [eV] [eV] [eV]
cation in cation structure 1 | doublet 0|-11.1836| -10.1681| —6.7775 | —4.9838 | 3.390
cation in neutral structure 1 | doublet 0]-11.1330 -9.4758 | —6.6254 | —5.0630 | 2.850
neutral in cation structure 0 | singlet 0| —6.8676 —5.4415| -2.1568 | —0.6900 | 3.284
neutral in neutral structure | 0 | singlet 0| —6.7988 —5.5764 | —2.0240 | —0.7483 | 3.552
neutral in anion structure 0 | singlet 0] —6.8856 —5.4564 | —2.2120 | —0.7581 | 3.236
anion in neutral structure -1 | doublet 0] -1.5913 1.0294 | 2.4330 24751 | 1.403
anion in anion structure -1 | doublet 0] —1.4909 0.8297 | 2.4251 24624 | 1.595

1 - charge, 2 - spin, 3 - dipole moment, 4 - HOMO-1, 5 - HOMO, 6 - LUMO,7 - LUMO+1, 8 - Eq

Despite the similarity of the molecules and the structures in which they
crystallize, there is a significant difference in the value of the energy gap Eg
between molecules under consideration. Anthrone having a permanent dipole
moment has the value of the energy gap clearly higher than anthraquinone and
anthracene.

3. CONCLUSIONS

The results of calculation clearly indicate the high stability of the
anthraquinone and the anthrone cations. The conductivity of holes in solid phase
is possible for both materials in this situation.

A high positive value of LUMO and LUMO+I1 levels for anthraquinone
above 1.8 eV does not allow for stable electron conduction in anthraquinone
solid phase. However, the negative value of the HOMO level for the anion
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allows the molecule to move through the solid phase to the basic level of the
anion, in the ionization state +1. This allows application of anthraquinone in the
form of a solid phase for the needs of technology used in electrochemical
environment.

The high positive value of HOMO, LUMO and LUMO+1 levels for the
anthrone does not allow the anthrone to be obtained in a stable anion state. This
makes effective electron transport for applications in organic electronics more
difficult to accomplish. It should be noted, however, that the properties of
anthrone anion are more favourable for applications than the properties of
unsubstituted anthracene anion.

Despite the similarity of the molecules and structures in which they
crystallize, there is a significant difference in the value of the energy gap Eg
between anthrone, anthraquinone and anthracene.

The obtained results indicate other areas of possible applications of
anthraquinone and anthrone in organic electronics.

The high value of the forbidden gap can be beneficial for the use of both
materials for the production of active layers in solar cells, where high resistance
is required due to the need to separate generated charges.
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POLARYZACJA CZASTECZKI AROMATYCZNEJ
W STANIE ANIONU I KATIONU

Streszczenie

Wyniki obliczen jednoznacznie wskazuja na duza stabilno$¢ kationow
antrachinonu i antronu. Realizacja przewodnictwa dziur jest w tej sytuacji
mozliwa dla obu materialdow. Wysoka dodatnia warto§¢ pozioméw LUMO
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i LUMO+1 dla antrachinonu powyzej 1,8 eV nie pozwala na uzyskanie
stabilnego przewodzenia elektronéw w fazie stalej antrachinonu. Jednak ujemna
warto$¢ poziomu HOMO dla anionu pozwala na przejscie czasteczki w fazie
statej do podstawowego poziomu anionu w stanie jonizacji +1. Pozwala to na
wykorzystanie antrachinonu w postaci fazy stalej dla potrzeb technologii
wykorzystujacej $rodowisko elektrochemiczne. Wysoka warto$¢ dodatnia
pozioméw HOMO oraz LUMO i LUMO +1 dla anionu antronu utrudnia
uzyskanie efektywnego przewodzenia elektronéw dla zastosowan w technologii
elektroniki organicznej. Jednak dzigki posiadaniu podstawnika, wlasnosci
anionu antronu s3 korzystniejsze dla zastosowan niz wlasnos$ci anionu
niepodstawionego antracenu. Pomimo podobienstwa czgsteczek 1 struktur,
wjakich krystalizuja, wystepuje znaczaca rdéznica w wartosci przerwy
energetycznej Eyg pomigdzy antronem i antrachinonem. Uzyskane wyniki
wskazuja na inne obszary mozliwych zastosowan antrachinonu i antronu
w elektronice organicznej. Wysoka warto$¢ energii przerwy zabronionej moze
by¢ korzystna dla zastosowan obu materialdéw do wytwarzania warstw aktywnych
w komorkach stonecznych, gdzie wymagana jest wysoka rezystywnos¢ ze wzgledu
na konieczno$¢ rozdziatu generowanych tadunkow.





