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The creation of nanocomposite materials based on fullerene and a rare metal with unique hybrid properties is
promising for use in chemical sensors, photocatalytic devices and energy storage devices. A nanocomposite thin
film containing fullerene C_ and silver (Ag) nanoparticles was synthesized by introducing an Ag nanoparticle into
the fullerene matrix using thermal evaporation of the solution. The morphological and optical properties of both
solutions consisting of fullerene and silver and the C -Ag nanocomposite at different concentrations of the com-
ponents were studied using optical absorption, refractometry, dynamic light scattering, Raman spectroscopy and
electron microscopy. The surface plasmon resonance (SPR) band of the C_~Ag nanocomposite under different con-
ditions was determined. A significant redshift (~12 nm) of the SPR band was observed with annealing a thin film at
60°C.
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1. Introduction

Today, semiconducting carbon nanostructures of
various sizes are widely used to create nanoele-
ments for biomedicine, microelectronics, opto-
electronics, nanotechnology, solar energy, and na-
noelectromechanical devices []. In this regard,
fullerenes are becoming the main components of
nanotechnology for the creation of functional na-
nostructures [B-4]. Particularly stable fullerenes
(C,» C,,) are distinguished by their excellent elec-
tron acceptor properties, high photosensitivity and
high electron mobility [5-€]. Currently, the crea-
tion of nanocomposite materials based on fullerene
nanostructures and the study of their properties are
also continuing at a rapid pace.

As a way to expand the practical application of
fullerene-based nanomaterials, it is possible to pro-
pose, for example, finding optimal options for syn-

thesizing metal-fullerene nanocomposites. When
fullerene nanostructures are coated with various
rare metal nanoparticles, their optical, electrical and
antibacterial properties are further improved [ﬁ]. As
a result, it will be possible to create nanocomposite
materials with unique hybrid properties, promising
for use in relatively compact light sources, chemi-
cal sensors, energy collection and storage devices,
and photocatalytic devices [8-9]. Among rare met-
als, silver (Ag) is a promising metal for photocata-
lytic and energy conversion due to its stability, high
electrical conductivity, low cost and non-toxici-
ty [H]. In addition, silver nanoparticles are of inter-
est due to local plasmon resonance, which leads to
a strong absorption of light at a specific wavelength
in the visible region [@]. To achieve the multi-
functional properties of these nanocomposites, it
is necessary to control the concentration of Ag in
the composite. In this case, the concentration of Ag
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should be as small as possible, but at the same time,
the atomic concentration of the metal should be kept
high enough to form nanoparticles in the fullerene
matrix. The main issue is to keep the degradation
of fullerene properties to a minimum. The reduced
reactivity of stable fullerenes, especially C_, with
silver nanoparticles makes nanocomposites based
on them particularly interesting for plasmonic inte-
grated devices []. At the same time, fullerene
C,, is relatively inert and hydrophobic, while silver is
reactive and has antimicrobial properties, so they are
one of the most promising types of nanomaterials to
date []. One of the main problems is to control
the size and shape of silver nanoparticles that are ap-
plied to the fullerene surface. The size and shape of
nanoparticles significantly affect their properties, so
it is important to ensure their uniform distribution
and specified parameters.

In this paper, we study the synthesis of nano-
structures consisting of fullerene C_ and Ag, as
well as their optical, structural and morphological
properties. Experimental methods for controlling
the optical properties (in particular, surface plas-
mon resonance) of the synthesized supramolecular
structures are discussed.

2. Samples and techniques

In the experiments, solutions of fullerene C , and
silver with different concentrations were used. Silver
nitrate (AgNO,, ACS reagent, 299.0% purity) and
fullerene (C,)) (99.9% purity) nanoparticles were
purchased from Sigma Aldrich (USA). Analytical
grade solvents used in the experiments — orthox-
ylene (C,H, , hereinafter referred to as xylene), etha-
nol (C,HO), polyvinyl pyrrolidone ((C,H/NO) )
and ethylene glycol (C,H,O,) were purchased from
Sigma Aldrich (USA). The true solution of C_ in
20 ml of xylene was prepared by dissolving fuller-
ene to the molecular state using a magnetic stirrer at
a frequency of 2.0 Hz for 2 h. In this case, the initial
concentration of C_; in the solution was ~0.2 mg/ml.

The polyol method was used to synthesize silver
nanoparticles. First, a solution of polyvinyl pyrro-
lidone in ethylene glycol was prepared as a stabiliz-
ing agent. For this, ethylene glycol was heated to
72°C, then polyvinyl pyrrolidone was added and
stirred for 15 min using a magnetic stirrer. The pre-
pared solution was removed from the oven and
cooled to room temperature. Then, silver nitrate

(AgNO,) was added to the solution and stirred
for 0.5 h at room temperature. The solution was
placed in an oven at 135°C and kept for 10 min.
Then, the solution was removed from the oven and
cooled to room temperature. The synthesized sil-
ver nanoparticles were separated from the solution
using a centrifuge. Thus, crystalline silver powders
with particle diameters of <100 nm were obtained.
C,,/Ag/xylene/ethanol solutions with different sil-
ver concentrations were prepared by adding Ag/
ethanol solutions to C,/xylene solutions. The C_
concentration was kept constant.

Ultraviolet-visible (UV-vis) absorption spec-
tra were measured using a Shimadzu UV-vis 2700
spectrophotometer (Shimadzu, Japan).

The measurement of the precise refractive index
(n) of the C_/xylene, Ag/ethanol and C_/Ag/xylene/
ethanol system was performed at the sodium D, line
wavelength (~589.3 nm) using a high-sensitivity
digital refractometer PAL-BX/RI (ATAGO, Japan).

A portable densitometer Densito Pro (Met-
tler Toledo, Japan) was used to measure the den-
sity of the solution. The device has an accuracy of
+0.001 g/cm’ and a resolution of £0.0001 g/cm’.

The distribution characteristics of the dispersed
phase of fullerene C_ and Ag, including the aver-
age hydrodynamic size and particle concentration
in solutions, were analyzed using dynamic light
scattering (DLS) with a Zetasizer Nano ZEN3600
system (Malvern Instruments Ltd., UK).

The structure of studied samples was character-
ized by a field emission scanning electron micro-
scope (SEM) Hitachi S-4800 (Japan).

The Raman spectra of fullerene solutions were
recorded using an InVia Raman spectrometer
(Renishaw, UK). A Cobolt CW 532 nm DPSS Ila-
ser served as the excitation source, operating at
a wavelength of 532 nm.

3. Results and discussion

The refractive index of fullerene and silver solu-
tions varies with both the concentration of the sol-
utes and the solvent used. When light (~589.3 nm)
passes through the solution, interactions occur
between the photons and the shared electric and
magnetic fields created by C_-Ag-solvent mol-
ecules. The strength of the interactions depends
on the strength of the electric and magnetic fields
of solution components. The refractive index and
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density of the C_/Ag/xylene/ethanol solution at
different silver concentrations are given in Ta-
ble 1. In this case, the fixed concentration of C_ is
0.2 mg/ml. It should be noted that the measured re-
fractive index values of C_/xylene and Ag/ethanol
solutions at a solute concentration of 0.2 mg/ml are
1.5042 and 1.3639, respectively. It is evident that
(see Table 1) with increasing Ag concentration in
the solution, the refractive index value in the C_/
Ag/xylene/ethanol solution decreases unevenly.
This uneven change is particularly noticeable at
Ag concentrations of 0.08 and 0.12 mg/ml. In our
opinion, this is due to the strengthening of inter-
molecular interactions of components in the solu-
tion, and also, probably, to an increase in the size
of fullerene and Ag nanoclusters and a decrease in
their number in the solution.

Table 1. Change in the refractive index and density
in the Cy/Ag/xylene/ethanol solution depending on
the concentration of silver nanoparticles. The con-
centration of Cg, in the solution is ~0.2 mg/ml.

Silver concentration, | Refractive Density,
mg/ml index, n kg/m?
0.04 1.5022 876.0
0.08 1.4775 872.6
0.12 1.4819 872.2
0.16 1.4937 872.1
0.20 1.4914 870.6
0.24 1.4888 868.9
0.28 1.4841 867.7

During the experiments, the measured aver-
age density values of C_/xylene and Ag/ethanol
solutions (dissolved substance concentration
0.2 mg/ml) were 878.8 and 804.1 kg/m’, respec-
tively. Table 1 shows that the density of the so-
lution decreases with increasing a silver volume
fraction in the solution. However, even in this
case, it can be seen that at a silver concentration of
0.08 mg/ml, the density of C, /Ag/xylene/ethanol
change decreases more than linearly. This also cre-
ates a situation similar to the change in the refrac-
tive index values and indicates that more intermo-
lecular interactions have occurred.

The absorption spectrum of the synthesized sil-
ver nanoparticles (AgNPs) in ethanol is shown in
Fig. . The spectrum exhibits a well-defined and in-
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Fig. 1. Absorption spectra of silver nanoparticles in
ethanol at a concentration of ~0.12 mg/ml.

tense localized surface plasmon resonance (LSPR)
band centred at ~425 nm, which is characteristic
of colloidal silver nanoparticles in a size range of
roughly 10+40 nm [@]. This resonance arises from
the collective oscillation of conduction electrons
in AgNPs under optical excitation, a phenomenon
extensively reported for spherical AgNPs in di-
electric media such as alcohols and water—alcohol
mixtures []. The narrowness and symmetry
of the SPR peak suggest a relatively monodisperse
size distribution of the synthesized nanoparticles.
The full width at half maximum (FWHM) deter-
mined from the spectrum indicates a limited inho-
mogeneous broadening, implying a minimal varia-
tion in particle diameter. The literature shows that
small AgNPs (<20 nm) generally exhibit sharper
LSPR bands, whereas broader or red-shifted fea-
tures appear when polydispersity, aggregation,
or anisotropic geometries are present [].
The profile observed in Fig. EI is consistent with
a predominantly spherical and weakly aggregated
nanoparticle population.

Figure P shows the absorption spectra of C_/
xylene and C,/Ag/xylene/ethanol solutions at
different concentrations of Ag in the solution.
The absorption spectrum of C_/xylene solution
shows three bands in the visible range at ~406.4,
~531.5 and ~597.4 nm, which correspond to
the well-known electronic transitions of molecu-
lar C in weakly polar aromatic solvents [@].
These bands arise from allowed transitions be-
tween the H > T, and A > T, states in the C_|
molecular manifold and are typically observed
in the 400-620 nm region under conditions
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Fig. 2. Absorption spectra of C_/xylene and C_/Ag/
xylene/ethanol solutions with different concentra-
tions of silver nanoparticles. The concentration of C_
in the solution is 0.2 mg/ml.

where fullerene remains monomeric and well
dispersed. It can be seen that the optical absorp-
tion is enhanced compared to the C, /xylene solu-
tion at 0.04, 0.08 and 0.12 mg/ml of silver con-
centration in the solution (see Fig. ). The latter
correlates with the plasmonic contribution of
AgNPs, the LSPR of which manifests as a broad
enhancement superimposed on the C_, bands. In
addition, small red shifts in the absorption max-
ima were observed with the addition of Ag to the
C,,/xylene solution.

AgNPs can locally enhance or redistrib-
ute the electromagnetic field, leading to subtle
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modifications of semiconductor C_ absorption
structures due to plasmon-exciton interactions
and partial quenching processes [@]. A notable
feature in Fig. P is that the solution containing
0.08 mg/ml of Ag exhibits a higher absorbance
across the entire spectral range compared to
the solution containing 0.12 mg/ml of Ag, despite
the latter having a higher nominal silver content.
To understand this behaviour, Fig. H provides
DLS size distribution curves for both hybrid so-
lutions: 0.12 mg/ml (curve 1) and 0.08 mg/ml
(curve 2). It is evident from the graph that at
both silver concentrations the sizes of clusters
synthesized in the solution are polydisperse. At
a concentration of 0.12 mg/ml Ag, the disper-
sion shows relatively small hydrodynamic sizes
and narrow line widths, with dominant fuller-
ene-silver cluster sizes at 14, 23, 60, 89, 126 and
168 nm (Fig. H). These well-defined modes in-
dicate that the nanoparticles and fullerene clus-
ters remain comparatively finely dispersed, with
a weaker aggregation. Under such conditions,
the interparticle distances are sufficiently small
for plasmon coupling and mode damping to oc-
cur, and this suppresses the dipole plasmon reso-
nance and reduces the overall optical absorption.
The formation of many small clusters enhances
light scattering, which is registered by the spec-
trophotometer as a decrease in absorbance [@].

In contrast, at 0.08 mg/ml Ag, the DLS data
reveal that smaller particles aggregate into larger

150 200 250

Hydrodynamic size (nm)

Fig. 3. The size distribution spectrum of the C_/Ag/xylene/
ethanol solution with different concentrations of silver nano-
particles: 1, 0.12 mg/ml; 2, 0.08 mg/ml. The concentration of
C,, in the solution was 0.2 mg/ml.
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composite structures, producing dominant cluster
sizes at 25, 29, 61, 105, 126, 159, 197 and 228 nm
(Fig. H, curve 2). Although the hydrodynamic
sizes are significantly larger, these clusters are
looser, more fractal-like, and contain fewer close-
ly packed AgNPs per cluster. Such larger but less
compact fullerene-silver clusters preserve the di-
polar plasmon resonance of individual Ag nano-
particles more effectively than the smaller, more
compact clusters formed at 0.12 mg/ml [].
As a result, the plasmonic absorption is stronger,
the local electromagnetic field enhancement is
greater, and the fullerene transitions remain more
pronounced. This produces a higher optical den-
sity compared to that of the 0.12 mg/ml sample
(see Fig. P)).

Next, thin films based on fullerene and silver
were obtained by thermal evaporation at 45°C, and
their characteristics were studied.

Figure @ presents the SEM image of a thin film
of C_—Ag. The SEM image reveals a heterogeneous
nanostructure consisting of elongated fullerene na-
nowhiskers (C, NWs) and high-contrast Ag-con-
taining nanoclusters distributed across the film sur-
face. Rod-like crystalline structures with a length of
4 ym and a diameter of 200 nm are characteristic
of C_ NWs formed by anisotropic crystallization
under low-temperature, supersaturated conditions.
The bright quasi-spherical nanosphere domains
(with a diameter of up to 400 nm) represent silver
nanoparticles, and their spatial co-localization with

EHT =10.00 kV
WD =7.4mm

Signal A = SE2
Mag = 6.30 KX

1 pym

Fig. 4. The SEM image of a thin film of the C_-Ag na-
nocomposite formed by thermal evaporation at ~45°C.

the C_ NWs network (see Fig. @) suggests that Ag
nanoparticles act as heterogeneous nucleation sites
and promote the local ordering and growth of one-
dimensional fullerene structures.

The absorption spectra of C_-Ag thin films on
the substrate were studied at the fixed Ag concen-
tration (0.08 mg/ml). Figure E shows the absorp-
tion spectra of a thin film of fullerene C_| (curve 1),
a nanocomposite film C,,—Ag at room temperature
(curve 2), and after annealing at 60°C (curve 3).
The absorption spectrum of the pure fullerene C_
thin film shows two absorption lines in a range of
~346 and ~443 nm. It was found that at 0.08 mg/ml
Ag concentration in the C_-Ag thin film at room
temperature, an increase in absorption and the ap-
pearance of a characteristic localized surface plas-
mon resonance (LSPR) band are observed (Fig. E,
curve 2). In this case, the characteristic LSPR
band appears at ~480 nm. The clearer appearance
of the LSPR band in the film with 0.08 mg/ml Ag
compared to the C_/xylene/Ag/ethanol solution
(see Fig. ) indicates that the distribution of nano-
particles in the film and its structure have changed.
In this case, the interaction between the C_ mo-
lecular orbitals and the AgNP plasmonic field leads
to the plasmon-exciton coupling, effectively ampli-
tying the optical response and increasing the oscil-
lator strength of fullerene transitions [Pd].

To better understand the nature of the SPR
bands in the film, it was studied after annealing
at 60°C for 40 min. Thermal treatment results in
a substantial increase in the overall absorption in-
tensity, a noticeable sharpening of the absorption
features, and the LSPR is clearly visible at ~492 nm
(see Fig. E curve 3). These changes indicate an
improved structural organization of the compos-
ite film. Annealing likely induces the enhanced
crystallinity of C_ domains, the partial coales-
cence of Ag nanoparticles, and the strengthening
of interfacial Ag-C_ electronic coupling. Conse-
quently, the annealed film exhibits the highest op-
tical density among the three samples. Enhanced
absorption in both as-deposited and annealed
Ag-C,, films is the result of the combined ef-
fects of crystalline C, NWs, plasmonic Ag na-
noparticles distributed along the C_ matrix, and
the enhancement of the Ag-induced exciton field.
Thermal annealing further enhances these inter-
actions, resulting in a more optically active and
structurally superior film.
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Fig. 5. UV-visible absorption spectra of a thin film of pure C_ fullerene
(curve 1), a C —Ag thin film at room temperature (2) and after anneal-
ing of a C_-Ag thin film at 60°C (3). The concentration of C_ and Agin

the initial solution were 0.2 and 0.08 mg/ml, respectively.

The analysis of the Raman spectra of the C_|
film and the C_-Ag film allows us to determine
the charge transfer between these particles. Figure E
shows the Raman spectra of studied thin films. It
can be seen that for the C_, film, there are vibrations
at frequencies of ~1422 (Hg(7) vibrational mode),
~1464 (Ag(2)) and ~1572 cm™ (Hg(8)). The Raman
spectrum of the C_-Ag thin film has changed sig-
nificantly due to the interaction of nanoparticles
compared with that of the pure C_| film. The latter
arises as a result of the decrease in symmetry and
the weakening of the selection rule during the ad-
sorption of fullerene C on the nanocomposite.
The C_-Ag composite film shows a clear downshift
of the Ag(2) mode to lower wavenumbers together
with a pronounced broadening of the band that
manifests as an apparent splitting into two com-
ponents at ~1460 and ~1464 cm™ (Fig. H). Such
changes in the A (2) vibrational line are widely rec-
ognized as fingerprints of charge transfer between
metals and fullerene molecules [@].

The downshift of the Ag(2) band, in our opinion,
arises from the electron (charge) donation from sil-
ver nanoparticles into the LUMO of C_, partially
filling antibonding orbitals and thereby softening
the intramolecular C-C vibrations. It should be
noted that the charge transfer across the interface
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Fig. 6. Raman spectra of a thin film of C_ (down
curve) and a C_—-Ag nanocomposite (top curve) con-
taining 0.08 mg/ml Ag. The concentration of C_ in
the solution was 0.2 mg/ml.

from metal to fullerene occurs due to the difference
in the Fermi energy level of silver and the LUMO
of C o
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The stability of the structure of C_~Ag nanoma-
terials to thermal, mechanical and ion bombard-
ment effects require detailed studies. This is an ex-
cellent area for further research.

4. Conclusions

This work presents the results of research on
the synthesis of supramolecular structures based
on fullerene C_ and silver nanoparticles. The mor-
phological and optical properties of C_-Ag struc-
tures both in solutions and on the solid substrate
surfaces were studied in detail. The interactions
between fullerene and silver nanoparticles are ana-
lyzed. The obtained results emphasize the impor-
tance of interparticle interactions in controlling
the process of obtaining C_ and metal-containing
nanomaterials and open up the possibility of using
the concentration of components from low to high
as a parameter. This concept is valuable in obtain-
ing nanomaterials for biomedicine, photodynamic
therapy, pharmacology, electronics, sensors, and
other modern applications.
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