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Abstract. This paper presents the study of the photoluminescent properties of molecular
compositions consisting of melanin and an electron-acceptor material — fullerene derivative,
[6,6]-phenyl C61 butyric acid methyl ester (PCBM). These molecular compositions have
not been studied well and are promising for molecular electronics of natural materials, in
particular, for organic solar cells. The novelty of this work relates to the study of
photoluminescence spectra obtained for these molecular compositions and nanocomposites
in various solvents (chloroform, acetonitrile, and toluene) as well as in a polystyrene
matrix; these studies were carried out at various, in particular, liquid helium (4.2 K),
temperatures. The obtained results allowed us to ascertain mechanisms of the state of
aggregation and donor-acceptor interaction between melanin and PCBM.
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1. Introduction
1.1. Optical properties of fullerenes

To a first approximation, the UV and visible absorption
spectra of fullerenes retain the characteristic features of
molecules in the gas phase or solution. In this sense,
fullerenes are typical molecular crystals. But decrease in
symmetry and the presence of a crystal field in fullerene
affects the selection rules and the energies of
intermolecular excitations (shift and splitting of
degenerate electronic levels). Fullerene optics is equally
dependent on both intramolecular and intermolecular
electronic processes. The first process leads to the
appearance of Frenkel excitons, while the second one is
attributed to charge transfer excitons (CT-excitons). The
electronic level diagram of Cgo in the solid and molecular
states is given in [1, 2]. Optical transitions between the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) zones are
forbidden by symmetry. Two lower transitions:
(hy — tu) — are forbidden, (hy — tig) — are allowed.
Inside the HOMO-LUMO Cgo band, there are symmetry-
forbidden Frenkel excitons and CT-excitons with the
energies 1.55, 1.87, 2.2, 2.4 eV [3]. The first allowed
exciton has the energy close to 3.6 eV.

1.2. Photoluminescence of PCBM fullerene

monomeric molecules and their aggregates

PCBM is a fullerene derivative consisting of a Ceo
molecule with a donor fragment attached to it, the name
of which is included in the molecule abbreviation: [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) (Fig. 1).
The chemical formula of the PCBM molecule is
written as follows: 1-(3-methoxycarbonyl)-propyl-1-
phenyl-(6,6). Due to the presence of a donor tail, PCBM
has better solubility than pure Cgo molecules. The study
of fullerene molecules in various solutions provides
information on the electronic structure of the molecules,
their interaction with the environment, and potential
energy transfer in the interaction process. Taking into
account the prospects of using fullerene films obtained
from solutions, as well as the fact that the
photoluminescence (PL) spectra of PCBM in solutions
have not been researched comprehensively, we studied
absorption and PL spectra of PCBM molecules in
polystyrene films and organic solvents (chloroform,
toluene, acetonitrile, N-methylpyrrolidone — NMP) of
various concentrations. For Ce molecules, a weak
photoluminescence peak was observed, which is
attributed to forbidden hy — ti, transitions [1, 2].
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Fig. 1. PCBM molecular structure.

As mentioned above, these transitions turn out to be
partially allowed due to the symmetry breaking of the
vibrational mode or structural order [2, 4-6]. This peak is
stronger in solutions with PCBM. This phenomenon can
be explained by the fact that Cgo molecule transforms into
a dipole by the donor polymer fragment. And for
molecules with a dipole moment, there is no strictly
defined symmetry, i.e., the ground state is neither
symmetric nor antisymmetric [4-6]. In other words, we
can say that the h, state goes into the h, 4 state. Of course,
now the transition is partially allowed, and we can
observe it experimentally.

2. Experimental

We studied acetonitrile solutions of natural melanin of
plant origin obtained by an extraction [7-10]. PCBM
molecules (Sigma-Aldrich) in polystyrene films and
organic solvents (chloroform, toluene, acetonitrile, N-
methylpyrrolidone — NMP) were studied at various
concentrations 103, 10% and 5-10° wt% (mass of
solute vs the total mass of solution). Mixtures of PCBM
with melanin in equal mass proportions (1:1; 103, 5-1074,
and 5-107° wt.%) in acetonitrile were studied for fresh
mixtures and aged for 24 hours ones, where melanin-
PCBM precipitate has formed. The spectral features of
the precipitated material have been studied as well.
PCBM films on a silica substrate obtained from a toluene
solution of PCBM have been studied for comparative
analysis. To remove residual toluene, the as-deposited
PCBM films were heated to the temperature 200 °C,
resulting in the solvation shell of toluene being removed
from the fullerene fragments.

PL spectra were studied within the range 650-
850 nm at the temperatures 296, 77 and 4.2 K. PL
excitation spectra were measured with a Hitachi MPF-4
spectrophotometer. Steady-state and time-resolved PL
spectra were recorded with an SPM-2 monochromator
equipped with a photoelectric attachment. The spectral
slit width was 0.2-0.4 nm. PL was excited using a 337.1-
nm pulsed nitrogen laser with the pulse repetition rate
100 Hz, pulse duration 10 ns, and pulse power close to
5 kW [11]. To record the kinetics and time-resolved PL
spectra, we used a stroboscopic system with a “time
window” of 0.1 ns [11]. The system allowed recording
the PL spectra with different nanosecond time delays ts
relatively to the laser pulse. PL was also excited using

the pulsed nitrogen laser at the excitation wavelength
(Aex) 337.1 nm. Besides, PL spectra and kinetics of PL
were recorded using the LifeSpec Il spectrofluorometer
with the wavelengths Aex = 255, 385, 405 nm.

3. Results and discussion

3.1. Absorption and photoluminescence of PCBM in
polystyrene

Fig. 2 shows the absorption spectra of PCBM in
polystyrene (curve 1) at 4.2 K. The concentration of
PCBM in polystyrene for these measurements was
C=10*wt.%. In the absorption spectrum of a film
prepared from the solid solution of PCBM in polystyrene
at 4.2 K, the molecular absorption band of PCBM with
the maximum at 695 nm can be distinguished. At the
temperature rising from 4.2 up to 296 K, the absorption
curve broadens and the band features become less
evident. In the absorption spectra of Cso, the pronounced
band structure is absent, which can be associated with the
symmetry-forbidden transition h, — t, [1]. In the PL
spectra, this transition is allowed due to the odd
vibrational mode [2-6]. For PCBM, the presence of a
donor fragment transforms the molecule into a dipole.
For polar molecules, the ground state has no strictly
defined symmetry. We can say that the ground state has a
mixed (symmetric and antisymmetric) symmetry hyg.
For this reason, the transition to the lowest excited state
hug — tu becomes partially allowed and can be observed
in the absorption spectra.

PL of PCBM in polystyrene was studied for the
concentrations C = 1075 (Fig. 2) and 10~ wt.% (Fig. 3) at
296 and 4.2 K. For low concentrations (Fig. 2), in the PL
spectrum of PCBM at 296 K (curve 3), a band with a
maximum at 705 nm is attributed to monomeric radiation
from the t, state. Due to the temperature decrease down
to 4.2 K, this band narrows (Fig. 2, curve 2), but its
position doesn’t change.

An increase in PCBM concentration in a
polystyrene solution to 10~ wt.% (Fig. 3) leads to non-
comventional behavior of the PL spectra, when the tem-
perature changes. At the temperature 296 K, the position
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Fig. 2. Spectra of absorption (1) and PL (2, 3) for PCBM solid
solutions in polystyrene at 4.2 (1, 2) and 296 (3) K;
hex = 337.1 nm; C =10*(1) and 105 (2, 3) wt.%.

Kostetskyi A.O., Piryatinski Yu.P., Verbitsky A.B. et al. Photoluminescence of melanin-based nanocomposites ...

050



SPQEO, 2022. V. 25, N 1. P. 049-057.

706 nm 712 nm

04 F

02

PL Intensity, a.u.

00 1 1 1 1
650 700 750 800 850

Fig. 3. PL spectra for PCBM solid solutions in polystyrene at
296 (1) and 4.2 (2) K; Aex = 337.1 nm; C = 104 wt.%.

of the PL band maximum (Fig. 3, curve 1) is observed at
712 nm, and with the temperature decrease to 4.2 K
(Fig. 3, curve 2), the maximum shifts to 706 nm. It can
be assumed that the fullerene molecules in the film are
arranged irregularly, and some of them are in pre-dimeric
states. It leads to the observation of excimer radiation at
high temperatures. Lowering the temperature down to
4.2 K leads to dimensional limitations, and formation of
excimers practically does not occur. In the PL spectra at
low temperatures, monomeric radiation is mainly
observed. Excimers have features of optical absorption
corresponding to monomers, but observed in the
fluorescence spectra are broad structureless bands
characteristic for the complexes, such as physical dimers.
These are dimers that only exist in an excited state. The
ground state of such a pair is unstable.

3.2. Photoluminescence of PCBM solution in

chloroform

Fig. 4 shows the PL spectra for PCBM solutions in
chloroform. These studies were carried out for the
concentrations C = 10-° (1, 3) and 102 (2, 4) wt.% at 296
(1, 2) and 77 (3, 4) K. For the low concentration (C =
10°wt.%), a band with a maximum at 702 nm is
observed at 296 K (Fig. 4, curve 1), which can be
associated with monomeric radiation from the t, state.

(V)4
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06
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Fig. 4. PL spectra for PCBM solutions in chloroform at 296
(1, 2) and 77 (3, 4) K; Xex = 337.1nm; C= 10"° (1, 3) and
103 (2, 4) wt.%.

When the temperature decreases down to 77 K, this band
(Fig. 4, curve 3) narrows, but its position does not change
significantly. An increase in the PCBM concentration in
solution up to 10°wt% leads to unconventional
behavior of the PL spectra (Fig. 4, curves 2, 4). For
296 K, the position of the PL band (Fig. 4, curves 1, 2) is
the same regardless of concentration, and at 77 K the
band shifts to higher wavelengths, and its maximum
appears at 720 nm (Fig. 4, curve 4). This behavior of PL
for PCBM solutions at high concentrations can be
associated with the processes of molecular aggregation.
Taking into account the mentioned above, we conclude
that the shift of the PL spectra for solutions of PCBM in
chloroform at high concentrations to higher wavelengths
with decreasing the temperature is mainly associated
with appearance of aggregates of the physical dimer type.
The physical dimer consists of two identical molecules
located in the space closer to each other than to other
molecules, and oriented in a certain way. The molecules
in the physical dimer do not form a chemical bond with
each other.

The difference in the emission spectra for PCBM
molecules in chloroform and polystyrene can be
attributed to different interactions of PCBM molecules
with the matrix. When the polystyrene films are dried,
pores are formed, and the PCBM molecules get into the
pores and can be in the pre-dimeric states. At room
temperature, PCBM molecules in the pores at optical
excitation can get closer to the van der Waals radius and
generate excimer irradiation. If the pore diameter is so
small that only one PCBM molecule can fit inside, then
regardless of temperature, we will observe monomeric
radiation.

3.3. Photoluminescence for PCBM molecular solution
in various organic solvents

Fig. 5 shows the PL spectra for PCBM molecular
solutions in various organic solvents at the low
concentration C = 10°wt.% at 296 K for different
excitation wavelengths. Table 1 shows different positions
of the PL bands maxima for the PCBM in various
organic solvents. It was also found that for a PCBM
solution in acetonitrile, the position of PL maximum
strongly depends on the wavelength of the exciting light
(Aex). At dex = 405 nm, the maximum of the PL band
inherent to PCBM in acetonitrile is located at 673 nm,
and at Aex = 255 nm, the PL band of PCBM has its
maximum at 690-700 nm.

Table 1. The positions of maxima related to the PL bands (Amax)
for the PCBM in various organic solvents at 296 K,
C =107 wt.%.

Solvent Aex, NM Amax, NM
acetonitrile 405 673
acetonitrile 255 690-700
toluene 405 704-707
NMP 405 711
chloroform 337 702
polystyrene 337 700-709
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Fig. 5. PL spectra for solutions of PCBM (14, 6) and Ceo (5)
in acetonitrile (1, 6), chloroform (2), toluene (3, 5), NMP (4)
at 296 (14, 6) and 4.2 (5) K at dex = 255 (6), 337.1 (2, 5) and
405 nm (1, 3, 4); C = 105 wt.%.

727 nm

10| 723nm i1 731 nm

0,8
06

0,4

PL Intensity, a.u.

0,2

0,0
650

700

750
A, M

800 850

Fig. 6. PL spectra of PCBM films at 296 (1), 77 (2), and
4.2 (3) K; Xex=337.1 nm.

Also Fig. 5 shows the PL spectrum of Cg in toluene
for C=10°wt.% at 4.2 K (curve 5). In this spectrum, PL
bands appear featuring both molecular (668, 700 nm) and
aggregated forms (737-nm band) of Cg. From a
comparative analysis of the PL spectra inherent to PCBM
and Cgo, it can be concluded that the 673-nm band for
PCBM has the same nature as the 668-nm band for Ceo.

Although the PCBM itself has donor-acceptor
properties, depending on the solvent, the molecule can be
neutral or polar. For the polar form of PCBM, a charge
from the non-fullerene donor fragment can be transferred
to the fullerene part. The PL spectrum of the polar form
of PCBM can be close to the ionic form of Ceo and has
emission in the region of band peaking at 700 nm [12].
The electronic structure of the neutral form of PCBM is
close to that of Cep, SO the PL band at 673 nm should
correspond to this form.

800

3.4. Photoluminescence of PCBM molecules in a film
from a toluene solution

Fig. 6 shows the PL spectra of PCBM films obtained
from a toluene solution. As the temperature was lowered
from 296 down to 4.2 K, the PL spectra were shifted to
longer wavelengths and bands narrowed (Fig. 6). The
maxima of PL bands, depending on the temperature (296,
77, and 4.2 K), were at 723, 731, and 727 nm, respective-
ly. For PCBM solutions in toluene, the maximum of PL
band is located at 707 nm (Fig. 5, curve 3). The observed
long-wave shift of the maxima of PL bands in PCBM
films can be associated with formation of various types
of aggregates, structurally similar to physical dimers.
3.5. Photoluminescence of fullerene molecules in
melanin

The molecular structure of studied melanin is close to
that of synthetic melanin, which is based on the 5,6-
indolequinone monomer [13-16]. 5,6-indolequinone
molecules are chemically bound with each other and
form polymers or planar two-dimensional molecular
oligomers [7, 8-10, 17-19] in the form of macro-
molecular disks, in which chromophores with different
lengths n—m conjugation can be distinguished. Further-
more, one-dimensional stacked aggregates (nanoclusters)
can be formed from the two-dimensional oligomers.

Fig. 7 shows the PL spectra of acetonitrile solutions
of neat melanin (curve 1) and melanin with PCBM (curves
2-4) in equal proportions at 296 K (curves 1-3) and
4.2 K (curve 4). The PL spectra of the melanin solution
at room temperature have a broad band with a maximum
located near 470 nm. Due to the weak interaction
between stacked melanin oligomers in the ground state,
they form pre-dimeric structures. Furthermore, due to
weak intermolecular interaction in the ground state, both
molecular and excimer (470 nm band — Fig. 7, curve 1)
melanin emission can be observed in the PL spectra of
solutions. Depending on the size of oligomers, the

PL intensity, a.u.
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Fig. 7. PL spectra of acetonitrile solutions of neat melanin (1)
and mixtures of melanin with PCBM at the concentrations
5-10° wt.% (2, 4) and 5-10* wt.% (3) at 296 K (3) and
42K (4).
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Fig. 8. PL spectra of melanin~PCBM mixtures in acetonitrile
with the concentration C = 5-107° wt% directly after prepara-
tion (1), and after 24 hours (2), precipitate melanin-PCBM (3)
in acetonitrile for the concentration C = 103 wt%; melanin—
PCBM films formed from precipitate (4); T= 296K,
Aex = 385 (1), 337.1 (2, 4), 405 (3) nm.

degree of n—m conjugation of monomers in oligomers,
and the degree of overlapping of stacked melanin
fragments in the excited state, the PL band maximum
fluctuate between 460 and 480 nm. Monomer radiation
has a shorter lifetime than excimer radiation and is
shifted to shorter wavelengths with respect to the eximer
peak and dominates in PL spectra at low temperatures. At
these temperatures, due to structural obstacles, formation
of excimer states between two melanin oligomers is
difficult, and in the PL spectra of solutions, monomeric
emission of individual chromophores in oligomers is
mainly observed. Since melanin consists of indole
derivatives, the low-temperature (4.2 K) PL spectra of
melanin solutions with the emission band at 400 nm
(Fig. 7, curve4) can be attributed to monomeric
radiation.

When mixing solutions of PCBM and melanin in
equal mass proportions, in the PL spectra of the as-
prepared solution (Fig.7, curves 2-4), along with
monomeric radiation of melanin, PL of PCBM is
observed, both in molecular (bands 700-706 nm) and
aggregated forms (band 727 nm). It can be seen from
Fig. 7 that at room temperature the molecular radiation of
PCBM is observed. The emission band of PCBM
molecules in acetonitrile has a maximum near 673 or
690 nm, depending on the excitation wavelength
(Table 2). Due to the interaction of PCBM with melanin,
these bands disappear, and in the PL spectra, a band at
705 is observed, which can be associated with emission
of weak CT complexes of melanin—-PCBM. Weak
complex formation leads to quenching of the excimer
luminescence of melanin, an increase in monomeric
radiation and the emergence of a new 416-nm PL band
(Fig. 7, curve 3). For melanin-PCBM solutions cooled to
4.2 K, in the PL spectra, along with molecular radiation
of PCBM (band at 700 nm), emission of molecular
aggregates of PCBM (band at 725 nm) is observed.

In the mixture of melanin and PCBM in solution,
strong interaction of suspended melanin nanoclusters
with PCBM molecules occurs. As a result of this
interaction, PCBM molecules aggregate on the surface of
melanin nanoclusters, the latter become heavier and form
precipitates. Fig. 8 shows the dynamics of the changes in
the PL spectra, depending on the preparation time and
state of aggregation. Curve 1 in Fig. 8 reflects the PL
spectra of freshly prepared melanin-PCBM in
acetonitrile. In the PL spectra, one can distinguish the
emission band of melanin nanoclusters (494 nm) and PL
emission for the PCBM (bands at 672 and 725 nm). For
the neat solution of PCBM in acetonitrile, PL bands have
a maximum at 673 or 690 nm depending on Aex.

Melanin nanoclusters promote aggregation of
PCBM molecules on them and enhance PL due to the
transfer of energy from melanin nanoclusters to PCBM.
In addition, the differences in PL spectra of PCBM
aggregates in organic solvents versus melanin can be
associated with additional interactions between PCBM
and melanin molecules. As can be seen from Fig. 8
(curve 1), a new band at 431 nm appears in the PL
spectrum of the melanin—-PCBM mixture solution, which
can be associated with formation of donor-acceptor (D-A)
complexes between melanin and PCBM molecules. The
measurements carried out in 24 hours after preparation of
the melanin—-PCBM mixture showed that the PL spectra
(Fig. 8, curve 2) changed significantly. A significant drop
in the excimer radiation of melanin nanoclusters and an
increase of PL in the region of 413 nm are observed.
According to our previous studies, for solutions of
melanin with the electron acceptor TNF, D-A emission
of melanin—TNF complexes was observed in this spectral
region [7]. Therefore, it can be also assumed that for
melanin-PCBM  solutions, the D-A emission of
melanin—PCBM complexes is observed. In the long-wave
region of the PL spectrum of melanin—-PCBM solutions, a
decrease in the intensity of 672-nm band, and an increase
in the 725-nm band are observed, which indicates a
further increase in aggregation of PCBM molecules.

An increase in the concentration of PCBM up to
C = 10% wt.% in these mixtures leads to precipitation of
molecular complexes of melanin—-PCBM, formed as a
result of aggregation of PCBM molecules on the surface
of melanin nanoclusters and an increase in their mass.
Fig. 8 (curve 3) shows the PL spectra of solutions
(precipitate) of melanin-PCBM in acetonitrile with an
increase in PCBM concentration up to 1073 wt.%. In the
PL spectrum of the melanin-PCBM precipitate in
acetonitrile, there is a significant increase in the intensity
of the band (737 nm) associated with the emission of
PCBM nanoaggregates on the surface of melanin nano-
clusters. With formation of the crystalline PCBM nano-
aggregates on the surface of melanin nanoclusters, a
significant growth of the PL band peaking at 737 nm and
quenching of the melanin PL in the short-wave region are
observed. The results can be explained by the presence of
photoinduced transfer of the melanin exciton energy to
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Fig. 9. PL kinetics of acetonitrile solutions of the melanin—
PCBM precipitate (2-4) and neat melanin (5) at 296 K for
various radiation wavelengths — 500 (4, 5), 720 (2) and 750 nm
(3). The Instrument Response Function (1); Aex = 405 nm.

the adsorbed PCBM molecules. The process of fullerene
sensitization by charge transfer between it and its
environment was observed earlier [20]. The high
efficiency of electron trapping by a fullerene molecule is
also defined by the fact that fullerene is an effective
oxidant (acceptor).

Our results show that this process is efficient near
the surface of melanin nanoclusters and PCBM. Fig. 8
(curve 4) shows also the PL spectra of the film obtained
from the melanin-PCBM precipitate in acetonitrile when
heating up to 200 °C. In addition to the 737-nm band, a
broad structureless band with a maximum at 575 nm is
observed in the PL spectra of the melanin-PCBM film.

Fig. 9 shows the PL Kinetics of solutions
(precipitate) of the composite for melanin-PCBM (2—4)
and melanin (5) in acetonitrile at 296 K for different
radiation  wavelengths. For the melanin~PCBM
composite (precipitate), the PL kinetics was measured in
the emission regions of melanin (500 nm) and PCBM
(720 and 750 nm). In addition, the PL Kkinetics of melanin
in acetonitrile (500 nm) was measured. The PL kinetic
curves are well described by a one- or three-exponential
function:

728;

PL intensity, a.u.

700 750 800 850 900
A, m

Fig. 10. PL spectra of the melanin-PCBM film (1) and the
precipitate in melanin-PCBM in acetonitrile solution (2) at
42K, Aex = 337.1 nm.

with PL lifetimes within the picosecond and nanosecond
ranges. Table 2 shows the calculated PL lifetimes for
solutions of melanin—PCBM (precipitate) and melanin in
acetonitrile. The kinetics of PL decay in the region of
melanin contains fast and slow radiation components. It
has been assumed [10, 13] that the fast PL component is
associated with the monomeric radiation of melanin
nanoclusters, and the slow one is associated with the
excimer radiation of these nanoclusters. Aggregation of
PCBM molecules on the surface of melanin
nanoaggregates leads to quenching of the excimer PL of
melanin and a decrease in the lifetime of the excimer
radiation. For neat melanin, the slow component of
radiation (Ap. = 500 nm) is 4517 ps, and after interaction
with PCBM, this component of time decreases down to
4013 ps (Table 2).

The PL lifetimes of neat PCBM molecules
(C = 5-10°wt.%, Aex = 405nm) in various organic
solvents have been evaluated. The lifetime values are
1170 ps (. = 670nm) in acetonitrile, 1607 ps
(ApL = 700 nm) in toluene and 149 ps (Ap. = 700 Nm) in
solid matrix of polystyrene.

Fig. 10 shows the low-temperature (4.2 K) PL
spectra of the melanin-PCBM precipitate in acetonitrile
(curve 2) and the melanin—-PCBM film (1) obtained from

Table 2. PL lifetimes of melanin—-PCBM solutions (precipitates) and melanin in acetonitrile at 296 K for different PL radiation

wavelengths. Aex = 405 nm.

XeL, NM 1, PS % T2, PS % 3, PS % a
melanin— 500 145 4 1066 18 4013 78 1.100
PCBM 720 1550 1.020
750 1489 1.022
melanin 500 124 8 1057 25 4517 67 1.065
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this precipitate. The measured low-temperature spectra
are structured and, in many respects, similar to the PL
spectra of Cg nanoclusters. The PL spectra have an
intense emission from crystalline clusters of the PCBM
as well. It is much more intense than the radiation from
neat PCBM films. The band maximum of this radiation at
296 K is located near 737 nm (Fig. 8). It can be assumed
that the intense PL of fullerene moiety at room
temperature is largely caused by the efficient transfer of
energy from melanin to PCBM molecules. With a
decrease in temperature down to 4.2 K, the position of
PL maximum inherent to fullerene moiety can change
and shift to the short-wave side depending on the delay
time during measurements. These changes are more
clearly pronounced in the low-temperature PL spectra of
the melanin-PCBM systems (Fig. 7). The observed
structuring of the PL peaks of fullerene nanoclusters at
low temperatures and their shift to shorter wavelengths
can be associated with the spectral manifestation of the
size quantization effect. As shown in [12], formation of
nanocrystallites that are monodisperse in size can lead to
a quantum-size effect in optical spectra. To understand
the behavior of melanin PCBM aggregation as well as
potential aggregation of PCBM itself, the low-
temperature PL spectra of Ceo at various concentrations
have been studied.

3.6. Low-temperature PL spectra of Ceo

Fig. 11 shows the low-temperature (T = 4.2 K) PL
spectra of solutions of Ceo in toluene for the different
fullerene concentrations 5-10° wt.% (curve 1) and
103 wt.% (curve 2). The PL spectra are a superposition
of the emission of molecular (bands at 668 and 700 nm)
and aggregated (737, 748 and 820 nm) forms of Ceo.
With an increase in the concentration of Cg in solution,
the PL intensity of the molecular luminescence
decreases, while the emission of nanoaggregated forms
of Ceo increases. With an increase in the concentration of
Ceo, the PL spectrum also shifts to higher wavelengths.
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; . {748
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650 700 750 800 850 900
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Fig. 11. Low-temperature PL spectra of Ceo in toluene for the
various concentrations: 5-10°wt.% (1) and 1072 wt.% (2),
Aex =337.1nm, T =4.2 K.

It indicates that with an increase in the concentration of
Ceo molecules in toluene, the nanoaggregates in a
suspended state grow in their sizes.

In the emission spectrum (Fig. 11, curve 2) of
fullerene nanoaggregates, an intense band at 748 nm and
its less intense vibronic iteration at 820 nm can be
distinguished. The PL spectra of fullerene film deposited
on the silica substrate after evaporation of toluene had a
similar shape to low-temperature PL spectra of Cgo in
toluene at 103 wt.% (Fig. 11, curve 2). The PL lifetime
of the studied fullerene film at 4.2 K is 1.7 ns featuring
the lifetime of nanoaggregarted form of Cgo. Currently,
there are several explanations on PL origin for fullerene
in the condensed state. It is assumed that PL is related
with defects (grain boundary surfaces), leading to local
symmetry distortion of the fullerene molecule and an
increase in the probability of the radiative tiy—hy
transition, which is forbidden by parity in the dipole
approximation [21]. According to [22], PL arises due to
localization of electronic excitations (exciton-polaron
complexes) on the quasi-two-dimensional spherical
fullerene surface. Alternatively, one can give preference
to the mechanism of radiative recombination through
self-trapped Frenkel excitons on the Ceo cluster. The
possibility of localization can be provided by the
presence of relatively weak m-bonds included in the
composition of double bonds between carbon atoms. On
the short-wave side of the 743-nm band, the bands at 704
and 684 nm can be distinguished. Emission in this region
is due to local structural imperfections in the
environment of Ce molecules, and as a result of the
distortion of molecular orbitals affecting the electronic
states of Cso molecules (X-trap states) [22]. Additionally,
our data indicate that excitons with charge transfer
localized on neighboring molecules can also be excited at
the sites of defects in Cgo nanocrystals [23].

4. Conclusions

The PL spectra of PCBM dissolved in chloroform,
toluene, and polystyrene at the temperatures 4.2, 77 and
296 K have been studied. Depending on the solvent and
the wavelength of the exciting light, PL bands are
observed with the maxima at 670 and 705 nm. Although
these transitions are forbidden in the Cgo molecule, for
PCBM, due to symmetry breaking, they become partially
allowed. The observed PL band at 670 nm can be
associated with the neutral form of the PCBM, and the
705-nm band is attributed to the ionic form of molecule.

As a result of our studies, the possibility to change
PL properties of melanin nanoclusters due to the physical
and chemical adsorption of PCBM molecules on their
surface has been shown. The effect of PL intensity
amplification in PCBM due to their interaction with
melanin has been found. The effect is caused by the
photoinduced transfer of excitation energy from melanin
to PCBM molecules adsorbed on the surface of melanin
nanoclusters, is followed by radiative recombination in
PCBM. The possibility of sensitizing PL of PCBM
molecules by melanin has been shown.
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The experimental data on the PL spectra for

solutions of the natural melanin with an electron acceptor
PCBM in acetonitrile indicate formation of weak CT-
complexes between melanin and PCBM molecules. In
particular, the nature of the 705-nm band in solutions of
melanin with PCBM can be associated with formation of
CT complexes between melanin and PCBM molecules.
Furthermore, the emergence of intense PL 400-430 nm
bands in two-component systems of melanin with PCBM
and the quenching of the excimer melanin band at 460-
480 nm can be associated with formation of weak CT-
complexes between monomeric constituents of the
melanin oligomer and PCBM.
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DoTo.II0MiHECHEeHIIisi HAHOKOMIIO3UTIB HA OCHOBI MeJIaHiHY Ta NMOXiIHOTO (y/epeHy
A.O. Kocreusknid, FO.I1. Mupsitunceknii, A.b. Bepounskmnii, [I.M. Jlynuk, A.I'. Poxun

AHoTauis. Y uiit poGOTi MpeACTaBIeHO AOCTIHKEHHS (POTOIOMIHECHEHTHUX BJIACTHBOCTEH MOJIEKYJISIPHUX KOMIIO3UTIB, IO
CKJIAIAlOThCS 3 MEJIaHIHY Ta eJeKTPOHHO-aKIENTOPHOTO MaTepiany — MOXiAHOTO (ynepeHy, MeTuiaoBoro edipy [6,6]-pemin-
C61l-macnsHoi kucinoru (PCBM). Taki MOJNEKyISIpHI KOMIIO3UTH HEJOCTATHHO BHBYCHI 1 € MEPCHEKTHBHUMH LIS
MOJICKYJISIPHOT €IEKTPOHIKY TPUPOIHUX MaTepiajiB, 30KpeMa Ui OpraHiuHUX COHSYHMX elieMeHTiB. HoBu3Ha aHOi poboTH
MOJIATAE Yy JOCIHIKEHHI CIIEKTPIiB (OTONOMIHECHEHIIT LOUX MOJEKYJSIPHUX CyMilleil i HaHOKOMIIO3UTIB Yy pi3HHX
pO3UMHHUKAX (XJI0Opo(opMi, alleTOHITPUII, TOIYOJi), & TAKOXK y MOJICTUPONBHIN Marpuui. [li mochimkeHHs NpOBOAMIHCS
IIpU pi3HUX TEMIEpATypax, 30KpeMa IpH TeMieparypi piakoro remito (4,2 K). OTpuMani pe3yabTaTy A03BOJIMIN JETallbHilIe
PO3IIISIHYTH MEXaHi3MH arperaiii Ta TJOHOPHO-aKIeNTOPHOT B3aeMo/1ii mesaniny Ta PCBM.

KiouoBi cjioBa: QoToirOMiHECHEHIs, MenaHiH, cTaH nepeHeceHHs 3apsay, PCBM, Cg, crnektp BHNpOMiHIOBaHHS 3
YaCOBUM PO3JLICHHSM, JOHOPHO-aKIETITOPHUH KOMILICKC.

Kostetskyi A.O., Piryatinski Yu.P., Verbitsky A.B. et al. Photoluminescence of melanin-based nanocomposites ...

057


https://www.tandfonline.com/doi/abs/10.1080/10587259808047127
https://www.tandfonline.com/doi/abs/10.1080/10587259808047127
https://www.tandfonline.com/doi/abs/10.1080/10587259808047127
https://doi.org/10.1080/10587259808047127
https://orcid.org/0000-0003-4298-9972
https://orcid.org/0000-0003-4298-9972
https://orcid.org/0000-0003-4298-9972
https://orcid.org/0000-0003-4298-9972
https://orcid.org/0000-0003-4298-9972

