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Abstract: Excitation-emission matrix (EEM) fluorescence spectroscopy of unmodified (pristine)
fullerenes Cgp and Cyg in benzene, toluene, and n-hexane at room temperature was used for their
quantification by their solvent-dependent EEM bands specific to each fullerene. The intensity and
parameters of fluorescence depend on both the fullerene and solvent and provide the conditions for
the quantification of both fullerenes in their mixtures without separation. The detection limits for Cgg
in n-hexane and Cy( in benzene under the selected conditions are 7 and 2 nmol/L, respectively. The
approach was tested for model and real mixtures of fullerenes Cgy and Cyg.

Keywords: fullerene Cgp; fullerene Cyy; fullerene fluorescence; excitation-emission matrix
fluorescence spectroscopy; organic solvents; fullerene mixtures

1. Introduction

Fullerenes have been studied intensively over several decades owing to their physico-
chemical properties and biological activity [1] which allow for their use in various fields,
including materials science [2], photovoltaics [3], electrochemistry, and biomedicine [4].
Development of novel fullerene-based nano-structured materials and the demand for the
purification of fullerenes and fullerene soot call for the methods for composition control.
Though fullerenes find a wide variety of applications, large-scale synthesis and separation
is still a significant challenge. Regardless of the fullerene required, the goal is to produce
and isolate macroscopic quantities of purified and pristine materials. The most efficient
methods for fullerene separation that have industrial potential are selective complexation,
chromatography, and fractional crystallization. Advanced chromatographic techniques,
e.g., involving metal-organic frameworks as stationary phases, are cost-effective and effi-
cient enough to achieve large-scale pure fullerene production [5].

Current applications of fullerenes and their mixtures demand the determination of
low concentrations, which limits the selection of analytical methods. For the detection of
fullerenes, either molecular spectroscopy or mass spectrometry (MS) have been used due
to excellent response times [6]. UV-vis detection is also commonly used with capillary
electrophoresis techniques. Mathematical algorithms for spectrophotometric quantification
make it possible to reduce the quantification uncertainty [7]. Since it is generally required
to analyze the composition of product mixtures in situ or with minimal sample preparation,
methods for the assessment of solid mixtures are being developed, e.g., near-IR spectropho-
tometry [8] or Raman spectroscopy [9] for mixtures of fullerenes Cgy and Cyg. Nevertheless,
MS with various mass analyzers (time-of-flight, quadrupole, etc.) provides better selectivity,
differentiates fullerenes by their molecular weight, and provides structural information,
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e.g., on the presence of functional groups or addends [10-13]. However, these techniques
often require special sample preparation, expensive equipment, etc. They also may require
a screening procedure. Thus, alternative techniques for rapid and simple but sensitive
quantification of fullerenes are demanded.

Such a quantification/screening technique could be based on luminescence spec-
troscopy of organic fullerene solutions, especially for solvents with high fullerene solubil-
ities. As a highly sensitive spectrochemical method, luminescence spectroscopy is used
for the monitoring and characterization of fullerene derivatives, along with liquid chro-
matography (LC) MS, MALDI, NMR, etc. [14,15]. In fact, the majority of papers deal with
approaches to elucidating the physicochemical or photophysical parameters of specific
fullerene solutions, and the studies are focused on their luminescence properties at different
conditions, especially at the low temperatures (in frozen matrices) that are required for
revealing fullerene-solvent structures [15-24]. The most studied fullerene is Cgp; lumi-
nescence in various organic solvents is used for its properties determination in different
conditions and states [16-19]. Additionally, the fluorescence spectra of Cyy solutions in
n-hexane, benzene, and dichloromethane demonstrate the quenching properties of this
fullerene due to the formation of stable charge-transfer complexes with electron-donating
compounds (e.g., porphyrin rings, etc.) [15]. The aggregation of fullerenes in solution was
studied for Cgy and Cyj [20,21]. In addition, the luminescence of Cgy and C7; in thin films
was studied. Fullerenes exhibit thermally-activated delayed fluorescence (TADF), which
can be used to assess some photophysical parameters [22,23]. This effect also allows for the
use of fullerenes as optical sensors of temperature or oxygen under extreme conditions [24].
Thus, the studies of luminescence properties are rather extended and provide information
on the differences in the luminescence spectra of fullerenes, though comparison studies of
fullerenes are not common [15-24].

However, the conditions for the analytical determination of fullerenes in organic sol-
vents by fluorescence at room conditions have not been established yet, and there is no
estimation of the limits of detection (LOD or cyy;n) of fullerenes under these conditions.
Moreover, state-of-the-art techniques of fluorescence spectroscopy, especially excitation—
emission matrix fluorescence spectroscopy (EEM), have not been used for unmodified
(pristine) fullerene quantification at room temperature; the existing data are for fluores-
cence/phosphorescence at low temperatures [16-19]. However, this method is well suited
for the rapid and accurate assessment of fullerenes, and EEM advantages for the analysis
and assessment of independent fluorescent components in a mixture have been described
in detail [25,26].

Thus, this paper is focused on evaluating the possibilities of EEM fluorescence spec-
troscopy at room temperature with minimum sample preparation for the quantitative
determination of fullerenes Cgp and Cyp and their mixtures in organic solutions.

2. Results and Discussion

The optical properties of fullerenes have been investigated in various solvents, includ-
ing toluene, dichlorobenzene, CS,, acetonitrile, hexane, cyclohexane, methylcyclohexane,
and other alkanes [27]. In this study, toluene, benzene, and n-hexane were selected due to
their different chemical structures, polarity, and proper solubility of both fullerenes and due
to the previously reported intense fullerene luminescence in these solvents. The solvents
individual dipole moments (y, D) are 0.375 D, 0 D, and 0.09 D and dielectric constants (¢)
of 2.38,2.28, and 1.89 for toluene, benzene, and n-hexane, respectively [28,29].

To obtain reproducible fullerene EEM fluorescence spectra in the concentration range
for test fullerenes, 0.03-50 puM, the necessary sizes of the emission and excitation slits to
obtain stable, reproducible, and intense fluorescence signals were 20 nm. To increase the
sensitivity, the detector voltage was set to at least 800 V.

EEM for neat solvents were obtained to find the background picture under the selected
conditions (Figure 1). In all the solvents, there is a relatively low-intensive and broad
emission region at 360-550 nm with a maximum at ca. 400 nm corresponding to 300-350 nm
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excitation. We also observed solvent-specific spectral regions. EEM reveals the region below
the isoenergetic line: in benzene, excitation of 250-290 nm and emission of 550750 nm and,
in toluene, excitation of 280-330 nm and emission of 600-800 nm. Similar EEM results were
previously observed in these solvents for other solutes [18,30]. In n-hexane, there is a broad
area, excitation of 270-280 nm, and emission of 600-750 nm.
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Figure 1. Excitation-emission fluorescence maps of solvents: (a) benzene, (b) toluene, and (c)
n-hexane. Excitation/emission slits, 10/10; 20/20; and 20/20 nm, respectively; detector voltage, 860,
930, and 850 V, respectively; scanning pitch, 15 nm. Y-axis is excitation, X-axis is emission. The lines
corresponding to 1st-, 2nd-, and 3rd-order Rayleigh and 1st- and 2nd-order Stokes Raman scattering
are diagonal swaths in the maps.
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The absorption spectra of fullerenes are presented in Figure 2. They show higher
absorptivities for Cyg in the whole region as expected [31] and show characteristic maxima
for Cg in n-hexane at 256, 326, 375, 387, 392, 404, 541, 593, 615, 660, and 728 nm; and for
Cyp in benzene at 361, 379, 469, 546, 596, 613, 639, 660, and 687 nm, which are in a good
agreement with the recently reported data [32].
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Figure 2. Log-scale molar absorptivity spectra: (solid red line) Cg in n-hexane, 63.6 uM; (solid blue
line) Cy in benzene, 47.6 uM.

2.1. EEM Features of Cg

EEM of Cg in all three solvents show the same characteristic features, hereafter
referred to as Regions A, B, and C (Figure 3). The intensities of all the regions depend on
the concentration of Cy (Figure 4a,b).

Region A at excitation wavelengths of 470-600 nm is a set of weak red-emission peaks
at 650-760 nm, which can both be attributed to prompting fluorescence and TADF [23].
This band is the strongest in benzene (Figure 3a), much less intense in toluene (Figure 3b),
and nearly absent in n-hexane (Figure 3c). The data for Cg in toluene are in accordance
with the emission peak positions at 77 K [33,34]. Maxima at 690 (ca. 14,500 cm™1), 710
(ca. 14,000 cm™1), and, weaker, 740 nm (ca. 13,700 cm™1), correspond to S; — Sp [27,35].
The whole emission region is broader than that reported elsewhere [33,34] and somewhat
blue-shifted (wavenumbers of 32,500-32,700 cm 1), which can be attributed to solvent
relaxation at room temperature compared to frozen matrices at 77 K [33]. As expected, the
bands are less pronounced compared to the low temperatures reported by Sibley et al. and
Palewska et al. [33,36], but are distinct enough to make quantitative estimations under the
selected excitation and detection conditions.

Region B is located at 650-770 nm emission and 270-320 nm excitation, corresponding
to the absorption bands of 1'Ag transitions [37], mainly below the 2nd-order Rayleigh
and 2nd-order Stokes Raman scattering of solvents (Figure 4) and is usually assigned to
TADF [22,23]. It is broader than Region A. In all three solvents, Region B demonstrates
higher intensities than Region A due to the excitation by the primary absorption band of C4g
(330 nm; 3! T, « 1'A8 transition, Figure 2) [32,37]. A more detailed picture of this region
using lower slit widths shows two neighboring EEM bands at 730 and 620 nm (13,700 and
16,100 cm !, Figure 5). The former corresponds to S; — Sy transition components. Benzene
and toluene solutions of Cgy show a red shift in emission maxima at 715 nm compared
to n-hexane by approximately 20 nm as expected from different solvent dipole moments
and complexation [38]. The band at 620 nm is the 0-0 transition [18], and its position only
slightly depends on the solvent.
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Figure 3. Excitation-emission fluorescence maps of Cg in (a) benzene, (b) toluene, and (c) n-hexane,
50.0 uM. Excitation/emission slits, 20,/20 nm; detector voltage, 870 V; Scanning pitch, 15 nm. Y-axis
is excitation, X-axis is emission. Regions of fluorescence A, B, and C are marked by white circles.
Lines of scattering are denoted by diagonal white lines: 1st-, 2nd-, and 3rd-order Rayleigh (dotted)
and 1st and 2nd Stokes Raman (dashed).
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Figure 4. Excitation—emission fluorescence maps for different concentrations of fullerenes: Cgp in
n-hexane, (a) 3.00 and (b) 10.0 uM; Cyq in benzene, (c) 30.0 and (d) 100 uM. Excitation/emission slits,
20/20 nm; detector voltage, 870 V; scanning pitch, 15 nm. Y-axis is excitation, X-axis is emission.
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Figure 5. Excitation-emission fluorescence map (wavenumbers scale) for fullerene Cgy, 50.0 uM in
n-hexane, Region B. Excitation/emission slits, 2.5/2.5 nm; detector voltage, 700 V. Scanning pitch,
15 nm. Y-axis is excitation, X-axis is emission.

A relatively low-intensive region (region C) at 460-550 nm with a maximum of 400 nm
corresponding to 300-350 nm excitation (Figure 4) is revealed in all the solvents. It lies in
the range that can be attributed to the solvent (Figure 1) [39]; however, under the same
conditions, the intensities in this region are much higher than for the pure solvents. Most
probably, the increase in the band intensity is due to the formation of fullerene—solvent
complexes [38], which manifest themselves both in fullerene and solvent fluorescence
enhancement [27], but this subject was out of the scope of this study.

It is noteworthy that the presence of a fullerene also increases the intensity of the Stokes
Raman bands of the solvent, and this effect becomes more pronounced with increasing
fullerene concentration (see Figures 1 and 4). The intensity in this region is well pronounced
in toluene and n-hexane and less pronounced in benzene.
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2.2. EEM Features of Cyg

EEM for Cyg (Figure 6) show the same Regions A, B, and C, though they are more
similar from solvent to solvent compared to Cgj. The intensities in all the regions depend
on the concentration of Cyy (Figure 4).
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Figure 6. Excitation-emission fluorescence maps of Cy in (a) benzene, (b) toluene, and (c) n-hexane,
16.3 uM. Excitation/emission slits, 20/20 nm; detector voltage, 870 V; scanning pitch, 15 nm. Y-axis is
excitation, X-axis is emission. Regions of fluorescence A, B, and C are marked by white circles. Lines
of scattering are denoted by diagonal white lines: 1st-, 2nd-, and 3rd-order Rayleigh (dotted) and 1st
and 2nd Stokes Raman (dashed).
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Compared to Cgp, a much broader Region A at 14,000-15,000 cm! corresponding
to S; — Sy, is observed with two maxima: at 640-740 nm at excitation wavelengths of
450-550 nm (ca. 18,000-22,000 cm~1!). The intensity of this region is much higher than
for Cgp (compare Figures 3 and 6) due to much more pronounced TADF of Cyy due to its
different symmetry [22,23]. This area can be seen in all the three solvents, although is much
less intense in n-hexane. The latter is due to much lower ground-state complexation in
non-aromatic solvents [40]. Another maximum in Region A, somewhat less pronounced
and overlapping with the 1st-order Stokes Raman line of the solvent, has the emission
range of 660-680 nm, while agrees with longer excitation wavelengths of 520-540 nm; this
maximum is clearly visible in aromatic solvents, and is much less pronounced in n-hexane.
This maximum agrees with EEM maps of Cg, though for Cyy it is shifted to the shorter
emission wavelengths. The strongest emission peak corresponding to S; — Sy transition is
ca. 680 nm [33]. It shifts to 670 nm (ca. 14,900 cm 1) and 680 nm (ca. 14,500 cm ™) in benzene
and toluene and to 650 nm (ca. 15,400 cm 1) in n-hexane in accordance with the existing
low-temperature data. Other maxima corresponding to S; — Sy transition components
are at 706 and 740 nm in aromatic solvents, which are 690 and 730 nm (ca. 13,700 cm 1)
in n-hexane. As for Cg, the whole area is broader than reported elsewhere in [33,34] and
shifted toward shorter excitation wavelengths, which can be attributed to the effect of
solvent relaxation compared to frozen matrices at 77 K.

As in the case of Cgp, Region B is more intense than Region A due to the high ab-
sorptivity of absorption (excitation) bands in this region (Figure 2) and has the primary
emission maximum at 660-680 nm (S; — Sy transition). Compared to C¢), Region B shows
much higher intensities, as was shown previously [22,23], and a more pronounced double
structure than Cgp; however, it overlaps much more with the 2nd-order Rayleigh scattering
and 2nd-order Stokes Raman lines. Its highest intensity is observed in toluene, is lower in
benzene, and much lower in n-hexane.

In Region C at the short wavelength range (350450 nm emission at 290-310 nm
excitation in toluene and benzene), fluorescence intensity is higher in benzene compared
to toluene (see Figure 6a,b). The position of this area shifts, broadens, and is much more
intense in n-hexane: it corresponds to an emission range of 340—470 nm, as for Cg.

Over Region C, there is another fluorescence region (emission at 400-540 nm, excitation
at 340-400 nm), where the fluorescence intensity for the benzene or toluene solutions is
low, while quite high for n-hexane solutions (Figure 6). For this region, the position and
the intensity of the absorption band (~400 nm) are sensitive to the environment [31]. This
region is not detectable for Cgg due to its very low absorptivity in this range (Figure 2).

It is noteworthy that most intense peaks for both Cgy and Cy, corresponding to short-
wave excitation (290-350 nm, Regions B and C), show higher intensity in n-hexane. While
long-wave excitation areas (430-560 nm, Region A) have significantly lower intensities in
n-hexane compared to aromatic solvents. This fact is partially attributed to the differences
in the deformation of fullerene molecules in various solvents [33]. The differences are
more pronounced compared to these features at low temperatures (5-77 K) [33,34,36].
Such dependences may be caused by the differences of fullerene structures or different
stacking interactions between fullerenes and solvents [17,41] and, due to changes in the
incorporation of the solvent into fullerenes structures [27] and complex formation [42], this
subject was out of the scope of this study.

2.3. Performance Parameters

The comparison of fullerenes Cgy and Cyy (Figures 3 and 6) shows that they are
characterized by three EEM regions with distinct maxima with higher intensities at long-
wave excitation, although band structures in Regions A and B are different for Cgg and Cy.
The total fluorescence intensity of Cyg is the highest in toluene and the lowest in n-hexane.
On the contrary, the intensity in Region B for Cg is the highest in #n-hexane and the lowest
in benzene. These effects can be used for fullerene quantification in mixtures. Thus, the
determination of Cy7y was made in benzene and Cg in n-hexane (Figures 2 and 4, Table 1).
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Table 1. Performance parameters of EEM fluorescence quantification of fullerenes (p = 0.95); experi-
mental parameters: emission/excitation slits, 20/20 nm, detector voltage, 1000 V.

Fullerene/Solvent EEM Excitation/Emission LOD Regression Equation and Concentration Range

Region Wavelength, nm (cmin), NM (in Parentheses)

I=(41+1.0) x 10® x ¢+ (70 & 10), n = 4, r = 0.9990
. A 490/660 2 (0.03 = 0.10 uM)

Cyo in benzene I=(52+0.8) x 108 x ¢ + (60 = 10), 1 = 5, r = 0.9985
(0.10 = 0.35 uM)

I=(2.040.1) x 107 x ¢ + (300 & 100), n = 7, r = 0.9984
. B (sum) 310/740 7 (10.0 = 50.0 uM)
60 in n-hexane _ 8 _ _
C 310/420 1 I=(1.34+0.1) x 10° x ¢+ (40 £10), n =7, r = 0.9980

(0.03 = 1.00 uM)

I is signal intensity and c is fullerene molar concentration.

Thus, we selected long-wave excitation conditions for Cyp, while retaining shortwave
excitation conditions for Cgy. The conditions selected for quantification and performance
parameters for individual fullerenes are summed up in Table 1. Fluorescence features of
solvents (Figure 1) do not have a significant impact on the fullerene quantification as they
mainly show responses in other regions compared to fullerenes. The intensities of these
areas do not change depending on the fullerene and its concentration.

Fluorescence emission and excitation spectra of Cq for the selected conditions (single-
wavelength excitation) are shown in Figure 7, a. Fluorescence excitation spectra show
bands with main maxima at 310 (3T, + 11Ag) and 370 nm 2Ty, + 11Ag) as well as
at 405 nm (shoulder), corresponding to Hy — 1Ty, [27]. The bands at 570 nm, 590 nm,
and 620 nm (shoulder) correspond to Sp — S; absorption components (Figures 2 and 7);
probable weak T-T absorption components contribute to the absorption at the wavelengths
above 800 nm. Weak maxima at 745 and 760 nm, which can be revealed by the analysis of
the second-derivatives of the spectra, may be attributed to the fullerene aggregates [32].
In fluorescence spectra at short-wave excitation, the main overlapped bands of Region B
lay at 600-800 nm as previously reported for room and low temperatures [15-19,33,36,43].
In fluorescence spectra at a long-wave excitation of 490 nm, the structure and positions of
these bands do not change, but a band at 620 nm, hidden by 2nd-order Rayleigh scattering
at short-wave excitation, is revealed.

Intenisty (arb. units)

10’

<

<

)

=

>

2

S 10*

2

S .3

210 c=47.6uM

= 2. 300
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(@ (b)

Figure 7. Log-scale fluorescence emission (excitation wavelengths, 310 nm, magenta line and symbols
and 490 nm, green line and symbols) and fluorescence excitation spectra (emission wavelength,
700 nm, black line and symbols): (a) Cg in n-hexane, 63.6 uM; (b) Cyj in benzene, 47.6 uM. Bands
marked R1 and R2 are 1st and 2nd-order Rayleigh scattering; bands marked SR1 are 1st-order Stokes
Raman scattering. Excitation/emission slits, 14/14 nm; detector voltage, 950 V; accumulation time
0.5 s per point.
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Fluorescence emission and excitation spectra of Cyy under selected conditions are
shown in Figure 7b. Excitation spectra are similar to Cgy. As for Cgy, major fluorescence
bands are in the same areas (at 600-800 nm with the maximum at 688 and 707 nm, and
a weak at 747 nm). Thus, under the selected conditions, the largest difference is in the
position of the main maximum of the S — Sy band—662 nm for Cyy and 688 nm for
Cgo. Fluorescence intensity in n-hexane is much lower than that in benzene and toluene.
Compared to Cg, the same red shift for aromatic solvents is observed for the long-wave
maxima due to ground state complexation [40].

Thus, the spectra show that, in all the studied range, Cgp fluorescence is always
accompanied by the fluorescence of Cyy, while in the range 580-800 nm, around the
S1 — Sy transition, the fluorescence of C7( exceeds the fluorescence of Cgy by more than an
order, which agrees well with calculated oscillator strengths [33]. Therefore, we selected
the wavelength of 660 nm under the long-wave excitation for the quantification of Cyy as,
at this wavelength, the contribution from Cgy is less than 2% (Figure 8).

4 T T T
——310 nm
——490 nm
40 + -
(2]
9
.“;:‘
2
£
=
o
Sa20f | \ 4
o |
1
0 ?"'}‘—-v—k I r
500 600 700 800 900

Wavelength (nm)

Figure 8. Ratio of fluorescence emission intensities of Cy in benzene and Cgg in n-hexane (47.6 pM)
under the same excitation conditions (310 and 490 nm). See Figure 6 for conditions.

Model mixtures with similar concentrations of fullerenes show characteristic EEM
ranges for both fullerenes, and shortwave excitation areas overlap (Figures 4 and 7). For
short-wave excitation (310 nm), the wavelength of 740 nm was selected as, at this wave-
length, Cg9 shows high sensitivity, while the contribution from Cyg is 50%. Thus, Cgp
can be found as the difference between the sum at 740 nm and the value for C7y. As the
contributions from both fullerenes are the same, the calibration can be made by Cg.

Linear ranges for fullerenes Cgy and Cyy determined at the same detection conditions
are different in different solvents. For complex molecules such as fullerenes, which contain
a substantial system of double bonds, quenching [44] may occur by way of a wide range of
mechanisms, for instance, concentration quenching or self-quenching. Therefore, for Cyy,
we divided the calibration curve into linear ranges 0.03 + 0.10 and 0.10 <+ 0.35 uM for trace
and medium concentrations (Table 1).

LODs for both fullerenes are several nM (Table 1), which is 10* times lower in compar-
ison with the spectrophotometry, 10-30 uM [45,46]. LC techniques (all for C¢ in toluene)
provide limits of detection of fullerenes at the nanomolar level: LC-ESI-MS, 0.03 nM [11];
LC-APCI-MS, 4 nM [12], LC-UV, 700 nM [13]. Thus, the proposed approach shows lower
sensitivity compared to LC-MS but better LODs compared to other detection techniques.
However, the proposed approach shows much rapidity—about 5 min for measuring two
solutions in toluene and n-hexane. This exceeds the performance of chromatography
techniques and can be considered a basis for screening for LC-MS analysis.

Although Region C cannot be unambiguously attributed to fullerene fluorescence,
or probably to the fluorescence amplification of the solvent, the intensity in this region is
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proportional to the fullerene concentration (Figure 3 and Table 1); thus, it was also tested
for fullerene quantification. Under the same excitation power as above (300 nm excitation,
slit widths, 20/20 nm), the calibration linearity is good and the LOD, 1 nM, is better than
that of the spectrophotometry, which is 30 uM [45].

2.4. Real Sample Analysis

Based on different fluorescence properties of C¢y and Cyg in benzene and n-hexane,
and the suitable quantification sensitivity (Table 1), we analyzed mixtures of fullerenes
without their separation (Figure 9). As model samples, we used mixtures Cgp and Cyp from
1:1 to 5:1 prepared from individual fullerenes; the error for both components under the
selected conditions did not exceed 10%.
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Figure 9. Excitation-emission maps of mixtures of Cgy and Cyy (a) technological and (b) model
in benzene; (c) technological and (d) model in toluene; (e) technological and (f) 3:1 wt. model
in n-hexane. The technological mixture is 67 uM. In the model mixture, the concentration of Cgg
is 50.0 uM and of Cyy it is 16.3 uM. Excitation/emission slits, 20/20 nm; detector voltage, 870 V;
scanning pitch, 15 nm. Y-axis is excitation, X-axis is emission.
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A real sample with certified values for Cgy and Cyg was an unseparated (raw) techno-
logical mixture produced by fullerene soot production in a direct current arc plasma in a
helium atmosphere at a pressure of 13.3 kPa; the method has remained the most effective
until recently [47].

The comparison of the EEM spectra of a real technological mixture and a mixture
reveals considerable differences. In benzene, in the range of excitation wavelengths of
450-500 nm and emission wavelengths of 650-700 nm, in Region A—which is more intense
for Czp—the intensity of the technological mixture is lower (Figure 9). Spectra of these
mixtures in n-hexane showed that the fluorescence intensity at emission wavelengths of
600-750 nm with excitation at 280-320 nm is higher in Region B of the technological mixture
(Figure 9).

The analysis of the technological mixture under the conditions denoted in Table 1
results in 92 £ 3% wt. of Cgp and 8 £ 2% wt. of Cyg (n = 3, p = 0.95), which provides a
value of the Cgy/Cyg ratio of 11.5 £ 1.2. The mean values differ insignificantly from the
estimated values (90 & 5% wt. and 10 & 5% wt., respectively) provided by the manufacturer.
The precision of measurements using the proposed approach is higher than that of the
results provided by the manufacturer. The accuracy estimation was conducted using spike
additions of standard reference materials of Cgy and Cyy.

The consistency of the results obtained using the developed fluorimetry procedure
have been checked according to Vierordt’s spectrophotometric method (Appendix A),
which is used for simultaneous estimation of Cgy and Cyp in their binary mixture in
toluene [48]. For the tested technological mixture, UV /vis measurements, according
to Vierordt’s approach, provided a mass ratio of 10.5 = 1.1 for the molar concentrations
in the solution cc,; =18.2 + 1.2 uM and cc,, = 1.49 & 0.16 uM (1 = 3, p = 0.95). Thus, the
Cg0/Crp mass ratio agrees well with the fluorescence data despite the high components
ratio value.

3. Materials and Methods

High-pure fullerene Cgp, 99.5% and fullerene Cyg, 99% (both, LLC Neo Tech Product,
St. Petersburg, Russia), and an unseparated extract (a technological mixture, lot PD-1)
of fullerenes Cgy (90 + 5%, estimated value) and Cyy (10 4+ 5%, estimated value) from
Fullerene Technology Company (St. Petersburg, Russia) were used. Chemically pure
toluene, benzene, and n-hexane (LLC Reakhim, Moscow, Russia) were used throughout.
For the preparation of solutions and sampling, Biohit Proline Plus mechanical automatic
dispensers (Biohit Group Sartorius, Helsinki, Finland) were used. All solutions were
prepared in Class A glass volumetric flasks with volumes of 25.00 and 50.00 mL (LLC
Labtekh, Moscow, Russia). For sampling, 15 mL polypropylene test tubes were used
(Axygen, Mexico). To improve the dissolution of fullerenes, a GRAD 180-35 ultrasonic bath
(LLC Grad-Technology, Moscow, Russia) was used.

Samples of pristine fullerenes or the technological mixture were transferred into volu-
metric flasks. Next, up to 15 mL of the appropriate solvent (toluene, benzene, or n-hexane)
was added. The flasks were placed into an ultrasonic bath for complete dissolution of
fullerenes. After sonication, the solvent was added to the mark. Sonication was performed
at an electrical power of 300 W for 15 min for benzene and toluene, and for 30 min for
n-hexane. Concentrations of all the stock solutions (benzene: Cg, 0.72 mM, Cyg, 0.83 mM,;
toluene: Cgp, 1.10 mM, Cyg, 1.30 mM; and n-hexane: Cgp, 0.05 mM, Cyy, 0.10 mM) were at
approximately half-solubility for both fullerenes in the solvents [28,29]. The measurements
were performed under ambient atmosphere. All solutions including neat solvents were
deoxygenated using an ultrasonic bath for 10 min according to [49].

Registration of the emission, excitation, and excitation—emission matrix fluorescence
was performed using a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Mulgrave,
Australia). The wavelength range was 190-1100 nm for the zero-order emission, and
excitation was used. The angle between excitation and emission slits was 90°. The de-
tector voltage was manually selectable from 400 to 1000 V with an increment of 1 V. Slit
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widths for the excitation and emission were selectable from 1 to 20 nm. Due to low fluo-
rescence intensity, spectra were recorded at wide slit widths (>5 nm) and at high detector
voltages (700-1000 V). The EEM pitch for both the emission and excitation wavelengths
was 15 nm. Quartz cells with an optical path length of 10 mm (Laborkomplekt, Moscow,
Russia) were used. Cary Eclipse Scan Application software, version 1.2 (147), was used
(Agilent Technologies, Mulgrave, Australia). Fluorescence EEM maps of the samples show
the wavelength of emission at the abscissa axis and the wavelength of excitation at the
ordinate axis.

The limits of detection (30) were calculated using a standard protocol. The measure-
ment results are presented in accordance with the requirements of ISO/IEC 17025:2019.

4. Conclusions

EEM fluorescence spectroscopy was used for the quantification of fullerenes Cg and
Cy0, and a quantitative analysis of an unseparated (raw) Cgp/Cyp mixture in terms of
fluorescence regions that differ distinctly for fullerene and the solvent was performed. Such
selectivity of fullerene luminescence provided selective quantification of fullerenes in a
mixture without pre-separation of its components. Other advantages of this approach are
simple sample preparation, good sensitivity, and analysis rapidity. Apart from analytical
applications, the data and approach can be of use in studies of fullerene solutions and for the
verification of the purity of fullerene samples. EEM can also help with the multicomponent
analysis of a more complex fullerene mixture (Cg, C79, Cs4, and endohedral fullerenes,
etc.). Furthermore, the sensitivity can be enhanced using high-power excitation sources
(e.g., laser-induced fluorescence).
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Appendix A Spectrophotometric Quantification of Cgp and Cy

A quantitative simultaneous spectrophotometric analysis of two-component mixtures
is possible if Beer’s law, as well as the principle of additivity of absorbances for both com-
ponents, is obeyed. Vierordt’s method can be applied if both components can be prepared
individually and the molar absorptivities (¢) are known. Apparent molar absorptivities of
fullerenes in the selected organic solvents are reliably established [45]; the light scattering
factor is negligible from the viewpoint of absorptivity estimation [50].

An essential point for Vierordt’s method is the choice of analytical wavelengths.
Absorption spectra of toluene solutions of individual fullerenes in the range of 300-850 nm
was acquired for high-purity pristine fullerenes Cgp and Cyp; then, the dependence

A.A Aq.A
eCleo n/gclm "=fA)
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was plotted. It is characterized by maxima at 355 and 407 nm and minima at 320 and
337 nm, which provide the maximum possible difference between the ratios of the apparent
molar absorptivity, which can be estimated as
/0y — ey /2,

An analysis of the fullerene mixture by Vierordt’s method at 355, 407 nm and 320,
337 nm shows a relative error of determination (8¢, %) from the calculated concentration in
the mixture of no more than 15%.

The absorption maxima of a mixture of fullerenes in toluene at A; = 337 nm and
Ay =407 nm, providing the maximum difference in absorptivities, were selected for spec-
trophotometric analysis for fluorescence procedure verification. Under these conditions,
the relative error of determination (¢, %) of the concentration is no more than 10%.
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