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The intermolecular interaction influence on non-linear optical properties
in COANP —carbon nanoparticles system
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The main results of non-linear optical, spectral and current-voltage characteristics research of pyridine organic
conjugated molecule-carbon nanoparticles combined system have been presented. The perspective of these materials
further study in global trends of modern search of materials for optical limiting has been demonstrated also in the

present paper.
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In view of the ever-present need for protection of eyesight
(e.g., for pilots of aircraft, etc.) and technical instruments
from intense laser irradiation, the search for materials for
optical limiting (OL) of laser radiation currently remains
relevant. The topicality of this issue is reinforced by the
constant expansion of the area of application of laser tech-
nology (medicine, education, science, residential use, urban
environments). The development of materials engineering
technologies for the production of new nanostructures and
the modification of already known matrices of nonlinear
optics and organic electronics also facilitates the search for
new laser protection solutions.

Different organic and inorganic structures and their com-
binations are presently regarded as candidate media for OL
of radiation [1-5]: phthalocyanines, poly(methyl methacry-
late), polyimide, dyes, chromophores, biomolecules (ex-
emplified by DNA molecules), and various nanopar-
ticles (specifically, graphene (graphene oxide and re-
duced graphene oxide), fullerenes (Cgp, C70, and higher
fullerenes), carbon nanotubes (single-walled and multi-
walled), quantum dots, nanoparticles of metals and metal
oxides, and semiconductor nanoparticles).

Two-photon absorption, scattering induced by the thermal
reaction of a medium to laser radiation, free-carrier ab-
sorption, saturation backscattering, diffraction-grating scat-
tering due to the photorefractive effect, and several other
mechanisms may induce OL. The type of a mechanism
manifested in a certain medium depends on the properties
of incident laser radiation (its duration, power, operation
mode (pulsed or continuous), wavelength) and the medium
itself (carbon nanoparticles, metallic nanostructures, organic
materials). For example, two-photon absorption [6], the in-
duced photorefractive effect, and the Forster mechanism [7]
are likely to be manifested in media irradiated with short
(on the order of 100fs) laser pulses; thermal scattering
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centers form in liquid media interacting with a long and
high-power laser pulse; saturation backscattering is observed
when carbon-containing matrices are irradiated with low-
energy nanosecond laser pulses; and two-photon absorption
manifests itself in such matrices irradiated with more intense
laser pulses [8]. Free-carrier absorption is typical of media
with metallic nanoparticles [9]. Note that natural media
have several mechanisms competing with each other, and
their combined action induces nonlinear optical limiting. In
view of this, organic sensitized materials with intramolecular
complexing are of interest.

Pyridine organic media (2-cyclooctylamino-5-
nitropyridine, COANP) sensitized with carbon nanoparticles
(fullerenes Cgp and Cy and reduced graphene oxide) and
polyimide materials with added Cgp and C;¢ have been
examined in several studies [10]. Continuing the research
into the COANP—fullerene system in the present study,
we examine solutions of COANP in tetrachloroethane
with sensitizer C79 (42601, Fullerene powder 98% Cyy,
Alfa Aesar Company) concentrations ranging from 0.5
to 20 wt.% with respect to a dry COANP matrix. Figure 1
presents the values of limiting coefficient k =W,/ Woy
of laser radiation for different COANP concentrations at
an incident energy density of ~ 0.35J/cm?. The model
diagram illustrating the principle of optical limiting is
shown in the inset.

Graphene oxide (Graphene oxides RefGO.Z.10-1.23,
Nanoinnova Technologies) was investigated with the pur-
pose of expanding the range of carbon nanomaterials that
could be used as efficient sensitizers for organic molecules.
Graphene features unique physical (high carrier mobility,
durability, thermal conductivity) and linear and nonlinear
optical properties that make it a viable material for nonlinear
optics. The COANP-—graphene system was examined in
our experiments in the form of thin films (3—4um). The
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following photorefractive parameters of the medium were
calculated: light-induced refraction coefficient An, nonlin-
ear refraction np, and nonlinear third-order susceptibility
%) (based on the measurement of the first-order diffraction
efficiency). Recording was performed at a spatial frequency
of 90—100mm~!. The following values were determined
as a result: An=0.95-10"2, n, = 4.84 - 1019 cm?/W, and
x® =1.6-10"8 cm’/erg.

The presence of third-order nonlinear parameters in me-
dia affects self-action processes (self-focusing, defocusing,
etc.) and photorefraction, which is understood as the
formation of an amplitude-phase diffraction grating shifted
in space relative to the interference bands of incident laser
radiation. The latter effect may be used to record diffraction
gratings, fabricate memory elements, and establish optical
limiting, since incident radiation is scattered additionally at
diffraction orders.

The formation of an intermolecular charge-transfer com-
plex (CTC) needs to be considered when the mechanisms of
optical limiting for systems based on organic molecules sen-
sitized with carbon nanoparticles are analyzed. A COANP
molecule consists of donor (NH) and acceptor (NO;)
groups and is an intramolecular CTC. The electron affinity
energy for NO, is 0.45 eV. Fullerene has an electron affinity
energy of 2.67—2.68 eV, which allows it to accumulate the
charge from the donor part of a donor-acceptor COANP
molecule interacting with it and form an intermolecular
CTC. The theoretical possibility of CTC formation in the
COANP—fullerene system was analyzed in [11]. The
Hartree—Fock method was used to demonstrate the CTC
formation in systems with both Cgy and C;9. The CTC
formation was verified experimentally in [12,13] through
the use of spectrometric and DSC analysis. The obtained
spectra demonstrated a bathochromic shift and deepening
of color of the studied media. This is attributable to an
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Figure 1. Limiting coefficient k in a 1% COANP solution
in tetrachloroethane with concentrations of 0.5, 1.0, 10.0, and
20.0 wt.% of added fullerene C7. The model diagram illustrating
the reduction in intensity of visible laser radiation propagating
through the studied solution is shown in the inset.
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Figure 2. Current-voltage characteristics: / — COANP + 5 wt.%
C7o under irradiation; 2 — COANP + 5wt.% Cy9, dark regime;
3 — clean COANP matrix.

electron-density shift induced by the CTC formation. The
results of DSC analysis reveal shifts of phase transitions to-
ward higher temperatures occurring when the concentration
of C7p molecules increases. The measured current-voltage
characteristics for COANP and COANP—C7 also provide
indirect evidence of the CTC formation. The current-voltage
characteristics after sensitization with fullerene are nonlinear
(curves 1,2 in Fig. 2). The obtained results suggest that the
carrier mobility and the conductivity increase; this increase
is accompanied by effective transition of electrons from the
generation region to the unirradiated region with subsequent
carrier trapping in the dark region.

Intermolecular CTCs form not only in COANP—fullerene
systems, but also in other organic conjugated matrices
sensitized with nanostructures with higher electron affinity
energies than those corresponding to the case of an
intramolecular CTC [14].

Having analyzed the results of recent studies performed
around the world for the purpose of discovery of new OL
materials, one may conclude that the examined systems are
relevant and promising candidates. s-Conjugated organic
molecules (COANP) sensitized with carbon nanoparticles
(fullerenes, carbon nanotubes, reduced graphene oxide)
may be considered as potential materials for nonlinear
optics.
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