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The general requirements to the artificial photosensitive systems are the light sorption at the visible
field of spectrum, the long excitation states lifetime and the possibility to form system with separated
charges. Domnor-acceptor dyads porphyrin-fullerene are considered as promising materials possessed of
noted features. The quantum-chemical calculations? results of geometry, general and excited electronic
states of such structures with two kinds of bonds (porphyrin and fullerene are bonded covalently and
non-covalently) are presented in this work. It has been shown that formation of system with separated
charges in the first case happens more probably than in the second case, but the lifetimes of their excited

states sufficiently lower.

Keywords: systems with separated charges, photoinduced electron transfer, quantum-chemical simulation,

photovoltaic elements.

Introduction

Photovoltaic elements are devices for conversion of light energy (including sun light) to the
electric energy. Their development and creation are very perspective directions of modern science
and technique evolution. Investigations carried out at the present time are directed to obtaining
of materials with 30-60% of power conversion efficiency [1]. It is not a single way in which
investigations are performed. The second and a very interesting way for photovoltaic elements
creation is the use of polymer films from organic substances being able to become excited under
the action of light with a next electron transfer [2-10] to electrode. The advantages of their use
over inorganic materials consist in a relative cheapness of obtaining and plastic structure allowed
us to cover by them the surfaces curved for architecture compatibility of the last ones [2].

Moreover, organic semiconductor films can be used by way of good chromophores for creation
of optoelectronic devices [9]. It is caused by two reasons: the easiness of variation of their band
gap by the way of chemical modifications and a high charge carrier mobility, which makes these
substances competitive for amorphous silicon.

Experimental application of organic polymer films has begun more then 20 years ago [3].
They are placed between two electrodes on a glass surface. The general problem of their practice
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use is a low power conversion efficiency amounting to 6% at presented time [4]. Such a low value
is explained by the causes set, one of them is a small overlap of organic substances and sun
light adsorption spectrums [5]. The low intensity of the red light adsorption is a key moment
especially [6]. The solving of this problem is not only concerned with creation of new substances
having satisfactory spectral characteristics, but combination of substances known at the present
time [5-10].

Organic photovoltaic elements have to be consisted of two parts - electrons donor and accep-
tor. For the first one the groups of small heterocyclic molecules (pyrrole or pyridine type) are
used as heterocyclic macrocylces (porphyrins and phthalocyanes). It is known that the last ones
absorb the light of a visible spectrum range and are belonging to the photosensitive compounds,
such as chlorophyll. Therefore their use is quite logical. Fullerenes are taken up as electrons
acceptors due to their unique ability to accumulate electrons [11] with formation of multi-anions.
Different substances, which are potential photovoltaic elements with fullerenes and porphyrins
inside, have been already examined earlier by experimental [12-15] and theoretical [16-20] meth-
ods, and combine into dyads and triads, in general case, distinguished by a quantity of the
component parts. It has been shown that in such types of substances the photoinduced electron
crossing happens from porphyrin (P) on Cgq fullerene (F). These molecules can be linked [16-18]
or non-linked [19] covalently at that. The situation of complex compounds formation, where the
atoms of transition metals binding fullerene molecule additionally as a ligand had a place in the
center of porphyrins, has been studied either [20]. Electron transfers from the occupied molec-
ular orbitals localized on porphyrin on the unoccupied molecular orbitals localized on fullerene
are interesting in all cases. The presented works have been addressed to study of geometrical,
energetic, electron and spectral characteristics of dyads.

Photoinduced electron transfer leads to formation of a system with separated charges. And
the question about the lifetime of such system is fundamental here. It should be quite large for
effective conversion of excitation energy into electric energy with electron transfer from fullerene
on electrode without dispersion by way of heat, for example. Formation of long lifetime electron
states increases power conversion efficiency exactly. Understanding of photochemical processes,
which involves photoinduced electron transfer in the dyads, is an important moment for pur-
poseful synthesis of artificial photosystems possessing the properties of natural objects and used
for creation of molecular electronic devices. Our work and investigations mentioned above have
been directed to studying of electron structure features of donor-acceptor dyads and features of
its changing due to light effect in particular.

In this work we are presenting the quantum-chemical calculations results of adsorption spec-
trums character properties of porphyrin-fullerene dyads with two types of bonding: P and F are
bonded covalently (P-F) in one case and bonded by the attracting intermolecular forces without
covalent bonds formation (P---F) in another case.

1. Computational Details

Density functional theory (DFT) method with B3LYP [21] exchange-correlation potential and
6-31G(p,d) atomic basis set was used for calculations. In the beginning the geometry optimiza-
tion of each structure has been done, and further the excited states calculations of optimized
molecules have been performed by the Time-Dependent DFT (TDDFT) [22-24] procedure. All
calculations have been done in NWChem 5.1 software package [25,26]. Lifetime of excited states
was estimated approximately from wavelengths (A) and oscillator strengths (f) observed in the
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results of calculations by equation
gi ON?
T="=—
9 f
where C = 1.49919-107'4 nm~2.s is a constant, g; u g; are the numbers of states degenerated
on i and j energetic levels, correspondingly, between which transition had a place [27].

(1)

2. Results and Discussion

Dyads linked covalently. P-F dyads structures for two cases of P and F covalent binding have
been modeled and studied. In the first case P molecule has been linked along bond sited between
six-fold rings of F — compound 1. In the second case P molecule has been linked along bond
sited between six- and five-fold rings of F — compound 2 (1).

Binding took a place in both cases by means of two methyl groups; each of them was connected
to respective carbon atom of F by one end and to respective carbon atom of P pyrrole group
by another one. The geometry optimization of the both structures has been performed with

o

Fig. 1. Models of compounds 1 (left) and 2 (right) optimized with Cs symmetry restriction

symmetry restrictions: Cy for compounds 1 and 2, Cs, for compound 1. Molecules have been
considered in two spin states with multiplicities 1 and 3. Calculated values of total energies are
presented in Table 1.

Structures have been modeled in the way, when carbon atoms of methyl groups and P were in
one plane, before optimization procedure of them. There were no any distortions of compound 1
after optimization. Whereas compound 2 has been exposed to sufficient distortion and as a result
carbon atoms of methyl groups and P got places in the different planes (1).

Based on the results presented in the Table 1 it follows that structure with connection of P
executed along bond between six-fold rings of F, with spin multiplicity equal to 1 and symmetry
Csy is more preferable, because the total energy of the structure in this case is minimal. It
should be noted that the energy difference of compounds concerned is not very large and equals
0.019 a.u. (0.52 eV). So, the next calculations of covalently linked dyad have been done for
compound 1 which is identified as P-F for comparing with covalently non-linked dyad P---F. In
both cases Cs, symmetry restriction and spin multiplicity equal 1 have been applied. Talking
about electronic structure of P-F it should be noted that its molecular orbitals (MO) of valence
field are presented by m-orbitals of P and F (five highest occupied and five lowest unoccupied at
least) (2). Energies and general localizations of these orbitals are presented in the Table 2. Note
that HOMO is highest occupied MO, HOMO-1 is previous for the last one MO and so on, and
LUMO is lowest unoccupied MO, LUMO+1 is next after the last one MO and so on.
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Table 1. Total energies of covalently linked dyads

Structure Symmetry | Multiplicity | Energy (a.u.)
Compound 1 Cs 1 -3353.102
Compound 1 Cs 3 -3353.036
Compound 1 Csy, 1 -3353.102
Compound 1 Cyy 3 -3352.947
Compound 2 Cy 1 -3353.089
Compound 2 Cs 3 -3353.071
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Fig. 2. Highest occupied (left) and lowest unoccupied (right) MO of P-F

The results of ten electronic transfers in P-F structure are presented in the Table 3. HOMO
and LUMO symbols are changed by H and L, correspondingly, for short. Every electron transfer
is combination of one-electron excitations from occupied on unoccupied MO. Such excitations
with their weight in corresponding transfers are also presented in the Table 3 in percents. The

Table 2. Energies and general localizations of valence field MO of P-F

MO Energy,eV | Localization
HOMO-4 -5.84 F
HOMO-3 -5.82 F
HOMO-2 -5.68 F
HOMO-1 -5.35 P

HOMO -5.29 P
LUMO -3.14 F
LUMO+1 -3.01 F
LUMO-+2 -2.77 F
LUMO+3 -2.37 P
LUMO+4 -2.31 P

wavelengths of these transfers are equal 664 and 621 nm, correspondingly. So, they are in the
orange and the red diapasons of electromagnetic irradiation spectra, which is optimal for potential
photovoltaic elements in the purposes of their effective use for conversion of sun energy to electric.
Concerned transfers are formed due to one-electron excitations from HOMO on LUMO and
LUMO-+1. Since the energy of heat oscillations can be estimated approximately as kT, where
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k is Boltzman constant and T is temperature, so it is equal 0.02 eV at the usual conditions. It
means that HOMO, LUMO and LUMO+1 separately are not degenerated or pseudo-degenerated
electron states, because the difference of their energies from energies of neighboring MO is much
larger than energy of heat oscillations (Table 2). Therefore the coefficients g; and g; of equation
mentioned above are equal to one. In this case the lifetimes of the first and the forth excited
states can be estimated using this equation and are equal 330 and 1 us, correspondingly. It is
sufficiently larger than average lifetime of excited states most of atoms and molecules, therefore it
can be concluded that these two excited states are long-living. The absence of MO degeneracy is
confirmed by the fact that F structure distorts a little bit due to covalent interaction. Initially F
has icosahedron (I;) symmetry. It has been shown that the symmetry of fullerene detached from
whole structure is Cs, that is a symmetry group of whole dyad. Molecules of such symmetry
group do not have degeneracy of electron states, which has a place when structure has at least
one rotation axis of the third order. Dyads linked non-covalently. By analogy with the work

Table 3. Electron transfers in P-F

Ne | A\, nm | f, 1073 | One-electron excitations (their weights)

1 664 0.02 | H—L (100%)*

2 | 655 | 211 | H3—Lil (2%), H2—L (97%)

3 647 ~0 H-3—L (12%), H-1—L (88%)

4| 621 | 401 | H-L+1 (100%)

5 612 ~0 H-5—L (11%), H-3—L (3%), H-2—L+1 (85%)
6 | 611 ~0 | H3-L (82%), H2—L 11 (5%), O-1-L (12%)
7 603 0.01 | H-1-L+1 (98%)

8 | 602 | 0.03 | H4—L (98%)

9 562 ~0 H-5—L (82%), H-4—L+2 (6%), H-3—L (3%), H-2—L+1 (8%)
10 | 561 | 0.05 | H5-L11 (84%)

*It was noted the values, which was larger than 1%.

[19] the structure called C6C6,/90° there and P---F here has been modeled, where P and F
were not linked covalently (3). There were some possible orientations of P and F relative to
each to other there. The choice of C6C6/90° was resulting from the fact that its geometrical
characteristics obtained from DFT calculations were much closer to experimental values. The
structure of this compound can be presented by the next way. F molecule is oriented along the
axis coming perpendicular to porphyrin plane through its mass center in the way when centers
of two opposite edges are cited on this axis. Every one of noted edges has a place between two
six-fold rings at that. It has been shown [19] by DFT methods that distance from porphyrin
plane to nearest carbon atoms of F is equal 3.1A in the case when PBE exchange-correlation
potential was used with SVP basis set and equal 3.5A in the case of B3LYP exchange-correlation
potential. X-ray diffraction results show the values in the interval of 2.7-3.0A [28], but they
were obtained for a chain of porphyrin and fullerene structures taking place there one by one.
Therefore these values should be less than in the case of structure consisting of singles P and
F. Our calculations have indicated that presented distance is equal 3.3A that is allowable value,
because the difference with experimental data is negligible. Energy values and localization of
valence field MO are presented in Table 4. It is obvious that orbitals energies are differed slightly
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Fig. 3. The P---F optimized structure with symmetry Cs, (from two sides of view)

from mentioned above for P-F structure and mentioned in the work [19] (not more than 0.2 €V).
It is the same situation for MO localization, because this one is similar to P-F compound and the
same with presented early [19]. Therefore we do not produce the Mo schemes here, because they
are fully agree with published by Toivonen and co-authors. The same differences of energies can
be explained by the fact that another basis set of atomic orbitals has been used in the mentioned
work. Following the criterion mentioned above for assessment of electron states degeneracy it

Table 4. Energies (energy relative to HOMO) and localization of valence field MO of P---F

MO Energy,eV | Localization
HOMO-4 | -5.80 (-0.57) F
HOMO-3 | -5.80 (-0.57)
HOMO-2 | -5.80 (-0.56)
HOMO-1 | -5.38 (-0.15)

HOMO -5.23 (0.00)
LUMO -3.05 (2.18)
LUMO+1 | -3.04 (2.19)
LUMO+2 | -3.04 (2.20)
(2.90)

(2.92)

LUMO+3 | -2.33 (2.90
LUMO+4 | -2.31 (2.92

v Ravi et sl el RavlBavh sl les

should me noted that HOMO-4, HOMO-3 and HOMO-2 are pseudo-degenerated, taking into
account the fact that it is not possible to call them as degenerated due to the symmetry group
used. LUMO, LUMO+1 and LUMO+2 are also pseudo-degenerated and localized on fullerene.
The low energy splitting in the first and the second groups is resulting from weak interaction of
F and P, which does not follow the essential distortion of the fullerene structure. Therefore it
keeps high symmetry that has been shown by analyzing of fullerene separately. Its symmetry
agrees with tetrahedron (T') point group symmetry, and electron states of such type of symmetry
molecules can be degenerated.

This fact results from the nature of the electron transfers (Table 5). They can be separated
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by the groups, following to wavelengths values and one-electron excitations nature. All of ten
transfers are carried out on the first three LUMO as in the case of P-F. The transfers from HOMO
(1-3) are the first group; from HOMO-1 (4-6) is the second group; from much lower lying occupied
MO is the third group. It is obvious that the first and the second groups’ transfers are much
more interesting because they lead to formation of the system with separated charges taking a
place due to electron crossing from P to F. The transfers number 3 and 4 should be noted in these
two groups because they have non-zero oscillator strengths resulting to much high probability of
them, and their intensity in the spectrum must be much significant than the one of other lines.
The wavelengths of the two transfers noted are in the red field of spectrum. The third transfer

Table 5. Electron transfers in P---F

Ne | X\, nm | f, 1073 | One-electron excitations (their weights)

1] 6904 | ~0 | H-L+1(99%)"

2 | 693 | ~0 | HoL12 (99%)

3| 680 | 034 | H-L (99%)

4| 637 | 004 | H-1-L i1 (99%)

5| 636 | ~0 | H-1-L: 2 (99%)

6| 635 | ~0 | H-1-L (99%)

7| 595 | ~0 | H-hoL i1 (7%), HA—L 2 (2%), H-3—L11 (8%), H-2-L (83%)
8 | 594 | ~0 | H-6-L12 (12%), H-5—L (18%), H-3—L (63%), H-2—L11 (5%)
9 | 593 | 003 | H6-L+1(29%), H-4—L (37%), H-2—L+2 (33%)

10| 591 | ~0 | H6-L12 (3%), H-5—L (20%), H-2—L+1 (76%)

*It was noted the values, which was larger than 1 %.

has the maximal intensity, but it is lower that in the case of P-F structure. Apparently, it results
from the absence of connecting elements between P and F of P---F along which the electron
transfer must happen with much higher probability than in the case of porphyrin and fullerene
m-orbitals overlap only. And, as a result, it is also can be explained by lower polarizability of the
structure, that leads to lower value of dipole momentum which is equal 1.49 D.

Since three LUMO are pseudo-degenerated, it follows that g;=3 for both electron transfers.
HOMO and HOMO-1 do not have degeneracy therefore g;=1 for both transfers. So, the lifetime
in the third and the fourth excited states are equal, correspondingly, 63 and 456 us. It is a little
higher than in the case of excitation of P-F structure.

The values of transfers wavelengths at the converting their to energy units, the order of
transfers and one-electron excitation included in these transfers are different from those obtained
earlier in [19]. It results from the use of different atomic orbitals basis set in the calculations,
because it is known that TDDFT method is sensible to the basis set chose [29].

3. Conclusion
Through photoinduced excitation it should be observed the formation of presented objects

with separated charges taking a place due to electron transfer from porphyrin to fullerene. The
lifetime of excited states is quite large and equal to microseconds. The wavelengths of transfer
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induced irradiation are in the red field of spectrum. The presented spectral features in general
are satisfied for potential use of studied compounds in the way of photovoltaic elements.

It should be noted that covalent binding of P with F distorts a little the structure of the
last one. It leads to the F symmetry decreasing, which is accompanied by the degeneracy
losing of molecular orbitals localized on it. Excited state lifetime of the whole dyad decreases
as a result. Therefore the dyad chains non-bonded covalently are appropriate to use as the
photovoltaic elements. The negative moment of P- - -F relatively to P-F is sufficient low intensity
of electromagnetic radiation sorption of the wavelengths mentioned above.
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Bo30y:kaeHHbIe 3/IeKTPOHHBIE COCTOAHUS AT
nopdupuH-dyJiepeH ¢ pasIndIHbIM TUIOM CBA3bIBAHIS

ITaBen O. KpacHoB
IOaua M. Muaroruaa

OchosHbimu MPpeboBAHUAMYU K UCKYCCMBEHHIM HOMOUYECTNEUMEALHBIM CUCTNEMAM ABAFOMCIA NO2A0-
wenue ceema 6 6uduMol 0baacmU CNEKMPA, B03MOHCHOCMb 006PA306vI6aMb J0A20dICUSYULUE 8036YIHC-
dennple INEKMPOHHLE COCTNOAHUA U CUCTNEMD, C pa3deseHHbMU 3apadamu. B kawecmee momenyuans-
HHLT MAMEPUAN0E, 004a0AI0UWUT YKAZAHHDMY CEOTUCMEAMY, PACCMATMPUBGIOMCA 00HOPHO-GKUENTODHDLE
Juadv, noppupun-pyanrepen. B pabome npedcmasierv, pEYALMAMBL KEAHMOBO-TUMUNECKUL DACHEMOE
MeMOOOM Meopul, PYHKUUOHANAG TAOMHOCTIU 2E0MEMPUL, OCHOBHVBIL U GO30YIHCOEHHVIT INCKMPOHHHLLT
€cocmoAHUl 0aHHbIT 00BEKMO6 ¢ 08YMA MUNAMU CEA3BIBAHUA: NOPHUPUH U PYALEDEH CEAZAHDL KOBANEHI-
HO U KOBANEHTIHO HeE CEA3ANDL, G 63AUMOIETUCTNEYIOM NOCPEICTNEBOM MEACMOACKYAAPHOLT cua. Tokasano,
WMo 8 MEPBOM CAYUae 00PA308aHUE CUCTEM C DA3OEAEHHBIMU 3GPAIAMU NPOUCTOOUM boaee 8ePOAMHO,

"YeM 60 68MOPOM, HO NPU IMOM BPEMA HCUSHU 6036y9f€(96?ﬂﬂ)bx COCMOAHUL 3HAYUMENOBHO MEHBULE.

Karouesvie crosa: nopduput-@pyarepen, 6030YyrcoenHoe coCmoarue, 00HOPHO-AKUENMOPHAA Juadad.
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