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Abstract

A solution of fullerene Cg in N-methylpyrrolidone (NMP) presents a suitable system for
obtaining fullerene’s clusters with the tunable size. However, a mechanism of interaction of a
polar NMP solvent with the fullerene molecules is still elusive. Herein, we present the laser
desorption/ionization mass spectra (LDI MS) of the precipitates produced from Cgo/NMP
solutions of different age in comparison with the typical spectra of Cg crystallized from toluene
and benzene. The distinctive characteristics of the Cs/NMP mass spectra were identified and
carefully examined. The number of characteristic peaks and their relative intensities in the
spectra strongly depends on the age of the initial C¢o/NMP solutions. This effect was attributed
to the specific C¢-NMP interactions in the solution, namely to the formation of the charge-
transfer complexes of Cgp with NMP molecules followed by the fullerene cluster formation. The
results of additional measurements carried out by means of Small-angle X-ray scattering
(SAXS), Nuclear magnetic resonance (NMR), UV-Vis adsorption spectroscopy together with the

Density functional theory (DFT) calculations were in accord with the proposed hypothesis.
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Introduction

Fullerene Cgp is widely used recently in a number of fields including molecular
electronics and optics, development of pharmaceuticals and diseases treatment . The medical
use of fullerenes is quite challenging due to their insolubility in water. To overcome this
obstacle, special approaches for transferring of the fullerene into aqueous media were developed.
At present, the most common of them are modification of fullerene surface with functional
groups (such as hydroxyl and carboxyl groups) > ¢, solvent-exchange procedure ’, solubilization
with surfactants or polymers ® ° and direct dispersing in water. Recently, a new method was
developed, which requires mixing of the fullerene solution in NMP with water followed by
exhaustive dialysis against water '°. The main advantages of NMP solvent are: (i) it is practically
low-toxic to the biological tissue, and thus, is widely used in pharmaceutics as a cosolvent for
dissolving various drugs '', (ii) NMP dissolves fullerene molecules well and (iii) NMP mixes
with water in all proportions. Thus, this approach allows obtaining, basing on NMP, a suitable
for medical purposes Cgo/water solution. The solution is proved to be non-toxic for the
mammalian fibroblasts of Chinese hamster at concentrations of fullerene below to 0.05 pg-ml™
"2 Thus, Chinese hamster is likeable to become a perfect candidate for pharmaceutical tests in
the future.

At present, there is almost no information on the interactions of Cgy with NMP at the
molecular level. Particularly, these interactions are responsible for the relative stability of the
resulting colloidal water based Cg( solution, as shown below.

Dissolution and equilibration of fullerenes in polar solvents is a complex kinetic process
1315, Particularly for C¢o/NMP solution, recent studies revealed formation of Cgy - NMP donor-
acceptor complexes '* 2%, At the initial stage of fullerenes dissolution in NMP they appear as
separate species. The process of aggregation starts within a few hours and lasts for the next 6
months. While there are indications of the final aggregates to be as big as 500 nm in diameter
(16), the average size testified is about 100 nm or less ' ?"*??, The time-dependent aggregation is

a result of charge-transfer interactions of amide carbonyl (~C=0) groups of NMP molecules with
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the fullerene cages. This effect was confirmed by theoretical calculations **, as well as by
infrared 2%, absorption, fluorescent, and electrooptical spectroscopy °. These methods proved,
though indirectly, that formation of charge-transfer complexes of Cgy with NMP occurred within
several hours after dissolution of fullerenes. Herein, we study C¢c—NMP complexes using mass
spectrometry. The influence of Cgp - NMP interactions on the formation of mass spectra has been
confirmed additionally by the supplementary methods applied. Mass spectrometry (MS) was
chosen due to its wide application for identification of various molecular complexes and for

monitoring of the dynamics of their assembly > °.

EXPERIMENTAL DETAILS

Saturated solutions of the fullerene Cg (Fullerene Technologies, Russia, purity > 99.5%)
in NMP, toluene (TL) and benzene (BZ) (all from Merck, purity > 99.5%) were prepared by
stirring of the vial for one hour at room temperature. The concentrations of solutions were
measured using UV-Vis spectroscopy, being 0.8 mg/ml for C¢o/NMP, 2.0 mg/ml for C4o/TL and
1.4 mg/ml for Cgo/BZ. All solutions were of mauve color after the preparation.

While the color of non-polar fullerene solutions stays mauve, the color of Cgy/NMP
changes with time and finally becomes yellow-brownish (within less than one day). UV-Vis
spectra of solutions (fresh, 7 days and one month) were in good agreement with the previous data
15,18,27-29.

All solutions were stored under normal atmospheric conditions in the dark to avoid
photo-polymerization. The use of saturated solutions was motivated by the necessity to obtain
statistically good signals in mass spectra over as wide mass interval as possible.

UV-Vis light absorption spectra were recorded using a Hitachi U-2000 spectrometer in
transmission geometry at normal incidence within the wavelength range A = 200 — 1000 nm.
Quartz cells with 1 mm path length were used.

SAXS measurements were performed at the P12 BioSAXS Beamline at PETRA III ring
(EMBL/DESY) in Germany. The sample-to-detector distance, 3.1 m, gave the g-range of 0.07-
4.6 nm™ calibrated using silver behenate *°. Scattering patterns were obtained with a Pilatus 2M
pixel detector. The samples (of approximately 20 uL. vol.) were injected into the sample
capillary. In order to reduce the risk of the radiation damage, the samples were moved slightly
during the exposure. The temperature of solutions was ~20 °C. Twenty consecutive frames (each

0.05s) comprising the measurement of samples and buffer were performed. All scattering curves



of a recorded dataset were compared to a reference measurement (typically the first exposure)
and finally integrated by automated acquisition program *'. This approach allowed us to verify
the absence of artifacts due to radiation damage. A signal from pure buffer was measured before
and after each SAXS measurement. This signal was subtracted from a corresponding sample
curve. The resulting data was normalized to the transmitted beam.

'H NMR spectra were recorded with a Bruker AVANCE 400 at a frequency of 400.13
MHz, a specimen rotation rate of 20 Hz, and with the use of a one-pulse sequence (a pulse length
of 12us and a delay of 2s between pulses) in a signal accumulation regime.

All solutions of fullerene C¢yp in NMP and NMP in deuterated chloroform (SigmaAldrich,
purity > 99.8%) were prepared directly before NMR measurements. Two samples were
analyzed: NMP in CDCl; (5:1, v:v) and Co/NMP/CDCIl; (1 mg/1 ml /6 ml). The concentration
of Cgp in the second solution was five times less than the one used for UV-Vis spectroscopy
study. This, and the immediate NMR measurement, made it possible to eliminate the influence of
strong aggregation of Ce in NMP on the formation of "H NMR spectra. The positions of signals
in the spectra were determined with respect to the reference solution of tetramethylsilane
(Merck, purity > 99,7%).

The quantum chemical calculations were performed using the DFT method with hybrid
exchange-correlation long-range separated functional using the Coulomb-attenuating method
CAM-B3LYP as implemented in ORCA 4.0.1 package ** **. All the geometric configurations
were fully optimized at the CAM-B3LYP/6-31G (d) level 3 for all atoms involved, and without
imposing any symmetry constraints in the gas state. For reasonable and accurate determination
of interaction energy for the donor-acceptor systems single point energies calculation using
double-hybrid perturbation functional B2PLYP > *® with Grimme dispersion B3Dj 7 **
corrections and relaxed mp2 density were performed. To reduce the time and memory
consumptions the RIJCS RI-B2PLYP ** approaches were used.

A laser desorption/ionization time-of-flight mass spectrometry (LDI MS) was performed
on a Bruker Daltonics Autoflex II instrument (10 shots per 3-ns pulse; laser fluence — 40-
110 mj/cmz; extraction field — 20 keV; N, laser wavelength — 337 nm; linear and reflection
detection modes). The delayed extraction time was equal to 100 ns allowing getting the highest
ion yield and the signal-to-noise ratio. Both positive and negative ion extraction modes were
analyzed. LDI MS experiments were performed for samples obtained by drying fresh (right after

the preparation), intermediate (after one week) and aged (one month after the preparation)



solutions. All fullerene solutions (in amount of 4 pl) were deposited onto a standard steel target
and then dried for 20 min under the ambient atmospheric conditions and kept in vacuum of the
instrument chamber for 5 min before measurements.

All mass spectra discussed below were obtained using one set of MS parameters, including
laser fluence, thus revealing a specific structure of C/NMP precipitates as compared to those

produced from organic non-polar solutions.

RESULTS

UV-Vis spectroscopy. The absorption spectra of Cq/NMP solutions (Fig.1 inset) show
characteristic changes with time. Such changes, attributed as the temporal solvatochromic effect
1 were observed earlier . This effect might be associated either with the transition from
monomer to cluster state of the fullerene, likewise in the mixture of solvents 42, or with the

154 To differentiate these

formation of complexes between Cgp and solvent molecules
processes, a series of SAXS experiments were additionally performed (Fig.1).

SAXS measurements. The scattering curves in Fig.1 correspond to the C¢/NMP solution
at different times after preparation. To estimate the size of fullerene clusters, experimental curves
were processed using indirect Fourier transformation (IFT) approach, developed by Glatter **,
using the GNOM program *°. The mean radius of gyration of the particles cross sections, Rg, was
thus obtained. Under assumption of quasi-spherical shape of particles in solution, the radius of
the corresponding spheres, R, can be estimated using the well-known relation Rg2=0.6R2. The
SAXS curve of the freshly prepared C0/NMP solution corresponds to a polydisperse distribution
of particles with characteristic size of about 7.2+0.2 nm (R=2.8+0.1 nm). UV-Vis spectrum of
the fresh Cg/NMP solution reveals characteristic Cgp absorption band at 330 nm, which should
be assigned to 1'Ag —3'Ty,, allowed transition *° (inset Fig.1). The subsequent growth of cluster
sizes up to 10.0+0.2 nm and smearing of absorbance spectrum are observed during the first week

after preparation. The fully smoothed absorbance spectrum corresponds to the three week-old

solution, where fullerene cluster size of about 16.8+0.2 nm was observed via SAXS.
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Fig.1. Experimental scattered intensity curves (points) for the Cgo/NMP solution at
different times after preparation. The black solid line corresponds to the model curves obtained
with the IFT procedure. Inset on top is an evolution of UV-Vis absorption spectrum of Cso/NMP
(0.8 mg'ml™) with time. For the smeared spectrum (3 week-old solution) no further changes
were observed.

One may assume that these effects are related. In Ref. *” a decrease of absorbance peak at
330 nm and increase of light absorption in the range of A=400—600 nm were attributed to the
formation of Ce clusters. Yet, it was shown *® that the absorption spectrum of Ce clusters being
superimposed on the spectrum of the individual molecules changes the half-width of the bands
without influencing the position of the peaks associated with fullerene’s Cg electronic states.
Thus, in contrast to our observation, the fine structure of the UV-Vis spectrum of fullerene
clusters should preserve if only clusters formation was taking place.

46, 4830 " reporting aggregation of Cgo fullerene in non-polar

Considering recent works
solvents, the SAXS from Cgp/toluene solution with time-stable absorbance spectrum was also
measured (Fig. 2, inset). This allowed us to determine more clearly the contribution of the effect
of clusters formation to the UV-Vis spectrum. It was suggested earlier that non-equilibrium
conditions of solutions preparation were the possible reasons for the cluster formation in non-
polar solvents '*°'. The SAXS curve (Fig. 2) clearly reveals two scattering levels of power-law
type. This means that there are small-sized (about one nanometer) particles in the solution, which

are mainly combined into developed clusters with the fractal dimension D=2.8. These two

structural levels (particles and clusters) are characterized by high polydispersity, which smears



fringes in the scattering curve. The SAXS curve was fitted by the expression that accounts for

the two levels of the scattering **:

I I
](q) — par + clust > + bkg , (1)

e(are )| (e (ar )]

where ¢ is the scattering vector; parameters with indexes ‘part’ and ‘clust’ correspond to the
particle and cluster levels, respectively; Rg‘”’ and R;”S’ are the radii of gyration; bkg — is the

residual incoherent scattering after subtraction of the solvent scattering; /., and I.us are some

coefficients, which are related as:

2
Ipart _ npart <Vpart>

> 5
Iclust nc'lust <I/clust >

where ny,,; and n.uy are the number concentrations of the particles for each level, V. and Ve

are the respective mean volumes of particles.
The fit of experimental curves using Eq. (1) gives the average sizes of ~1.3+0.1 nm and

~16.8+0.2 nm for small-sized particles and clusters, respectively.
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Fig. 2. The experimental X-ray scattered intensity curve (points) from the Cg/toluene
solution. The black solid line corresponds to the fit by two-level model approximation (1). The
red dashed lines display the contributions of two (particle and cluster) scattering levels to 1(q). A



specific power-law type scattering regime q>* is also denoted by solid line. Inset shows the UV-
Vis spectrum of Cgp/toluene solution.

NMR measurements of freshly prepared solutions reveal the presence of chemical shift
for all protons of NMP molecules mixed with Cg compared to pure NMP in CDCIl; (Fig.S1
NMR in Supp.Data). The downfield NMR shift is observed for protons o, y and o’ whereas
upfield shift was discovered for f protons (Table 1). The magnitudes of NMR shift for all
protons are different, revealing different strength of their interaction with Cep cage as mentioned

below in details.

Table 1. Values of chemical shifts (ppm) of protons of NMP molecules in Cg/NMP mixture

Sample, shift o Aa S Ap y Ay o' Aa’
NMP | CDCl; 2.3797 2.0352 3.3877 2.8518
0.0089 -0.0052 0.0063 0.0042
Ces /INMP | CDCI; | 2.3886 2.0300 3.3940 2.8560

DFT calculations. The NMP molecule in optimized Cs-NMP complex has the preferred
orientation in which oxygen atom of the molecule is located directly over the center of Ceg
hexagon fragment (Fig.la-c). The distance from the plane of the hexagon to the oxygen atom is
equal to 2.79 A, with the distance from oxygen to each carbon of the ring being 3.1 A. The
resulted Cg-NMP complex possesses stationary dipole moment equal to 5.59D or 5.33D,
depending on the optimization approach (see previous section). The other favorable orientation
of NMP, with the plane of pyridine ring parallel to fullerene’s hexagon ring was also considered

(Fig.1d-f). In this case, the optimum distance between oxygen and the ring increases to 3.3 A.

o g

b Engomo = —691eV ¢ Epymo = —1,989 eV




Fig. 3. The structures of Cg-NMP optimized by DFT method. a - Oxygen of NMP under of
the middle of pentagon’s plane (the red arrow shows the distance between oxygen and closest
Carbon of fullerene); b,c - the frontier orbital of a equilibrium geometry. d - The plane of
pyridine ring parallel to hexagon ring of fullerene; e,f - the frontier orbital of d geometry. a,d -
chemical schemes visualized by Biovia Draw 2018. b,c,e,f frontier orbitals of NMP-Cg
complex were visualized using Avogadro > >*.

Table 2. Parameters of C¢-NMP complex calculated using DFT method. Here AH, -AG are the
enthalpy and free energy of interaction; -Ej,; — the interaction energy of fullerene and NMP, u —
dipole moment; BSSE — basis set superposition error.

AH, -AG, BSSE, u, D u, D
kJ/mol kJ/mol kJ/mol
T-shape | 6.09 20.73 23.62 5.59 23.62 5.34
Parallel 3.93 26.25 15.75 105 3.18 31 3.27

In Table 2 a summary of calculated parameters of the two considered configurations of the
complex is given. The interaction energy and dipole moments were calculated both using CAM-
B3LYP/6-31 G(D) level with counterpoise correction and RIJK RI B2PLYP with dispersion
correction. The dipole moment of the Cg-NMP complex is not zero as compared to single
fullerene molecule. Accounting for the additional dispersion interactions between complexes in
the solution, one might expect the resulting van der Waals forces to be enough for aggregation

processes to take place.

Mass spectrometry. LDI MS revealed no principal difference between positive and
negative ion extraction modes, while the positive mode shows a statistically better signal. The
obtained mass spectra under the highest available laser fluence for samples prepared from fresh
Cso/NMP and Cgo/TL solutions are compared on Fig.4a,b. Following a very strong peak of
[Ceo]” (m/z = 720.6 Da), the series of additional spectral lines arranged in groups with higher
masses are detected in both cases. The fine structure of these groups (see insets to Fig.4a,b) is
represented by a set of peaks shifted by 24 Da. Similar sets of peaks are usually associated with
1onized clusters of (Cgo)ny appearing as the result of a coalescence of Cgy under laser irradiation in

LDI MS >>°,
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Figure 4. Mass spectra obtained at 110 mJ-cm™ laser fluence for precipitates from (a) fresh
Ceo/NMP solution and (b) Ceo/TL solution. The insets provide a higher resolution view of the
mass range covering the distribution of ionized fragments of (Cgp), and (Cep); clusters: a fine
structure of peaks reflects polymerization (a) and coalescence (b) under laser irradiation in the
MS experiment.

The number of resolved groups in mass spectra decreases when the laser irradiation
fluence is reduced. This results is in agreement with the previously observed LDI mass spectra of

>, No traces of solvent molecules or nitrogen heterofullerenes * have been

fullerene films
detected for both samples. The spectrum of Cg/BZ is identical to that of Ceo/TL (data are not
presented), including the absence of nitrogen containing species and therefore was used as an
additional reference solvent. A significant difference between two spectra given in Fig.4a and
Fit. 4b must be emphasized. First, more groups of lines (Cg)y have been found for Ceo/NMP
precipitate with N = 2-6, (see Fig.4a), as compared to Ceo/TL precipitate, i.e. (Cgo)y With N =2,
(see Fig.4b). Second, the relative intensity of lines within the groups with the same N (Fig.4a,b)
is different. This difference means that the yield of the corresponding ions is different,
suggesting that different desorption/ionization processes occur for precipitated Cgo from TL and
NMP solutions. The group N=2 in both mass spectra can be described with the general formula
[C120-2k]+- The k-range is wider for NMP (k= 0,1,2,...12) than for TL and BZ (k= 1,2,...9). This
difference demonstrates that the ion plume contains Cg fragments with lower masses after LDI
of Ceo//NMP compared to Ceo/TL (BZ). Consequently, coalescence of these small fragments may
give rise to additional spectral lines [C, 204" with k=10,11,12. However, this hypothesis doesn’t
explain why LDI of Cg/NMP leads to the formation of smaller fragments. Instead, the

distribution of the intensities within the group for C¢o/NMP is more symmetric in shape, and its
10



maximum is effectively shifted to the =4 line (corresponding to the most abundant ion, [C;12]").
The most intensive peak in the same group with N=2 for C¢y/TL and Cgp/BZ corresponds to ion
[C115]" (k=1). This ion is the result of a convenient coalescence reaction of the most widespread
Cgo and Csg species in the ion plume ®'. The probability of the coalescence of smaller species
(Cse, Csa....) decreases proportionally to probability of their formation (Fig.4b).

The arguments above suggest that the processes of LDI for C4/NMP and Cgo/TL (BZ)
have very different nature, reflecting the influence of the solvent in use on precipitation. The
mass spectrum of Ceo/TL (BZ) is formed as the result of coalescence reaction in the ion plume.
In the case of C¢o/NMP the polymerization of Cgy occurs under laser light leading to formation of
the mass spectra with fine structure, intensity of which depends on the laser fluence. Similar fine
structure of the mass spectra was reported earlier in Ref.”. However, these authors induced
photopolymerization of Cg film prior to LDI MS measurements.

The mass spectra of Ceo/TL and Cg¢/BZ systems are stable in time while for the C¢/NMP
precipitates the mass spectrum varies with the age of the initial solution, i.e. depends on the time
interval between the fullerene dissolution and drying of the solution (see Fig. 5a,b). While the
fine structure of the peaks remains the same, the number of the resolved groups in mass spectra
increases from N=4 up to N = 10 for the samples dried a week after the preparation of the initial
solution (Fig. 5a). The number of the groups with higher masses observed was equal to N = 15.

Further ageing of the initial C4o/NMP solution results in drastic changes in the character
of the mass spectrum for the dried samples (Fig.5b). The spectral groups observed earlier (Fig.

Sa) are no longer present for the sample precipitated from one-month-old Ce/NMP solution.
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Fig. 5. The mass spectra obtained at 110 mJ-cm™ laser fluence for precipitates from Ceo/NMP
solution within (a) one week and (b) one month after its preparation. The inset on (a) provides a
higher resolution view of the mass range covering the distribution of ionized fragments of (Cg)s4
and (Cgp)s clusters.

Instead, the unresolved wide mass distribution with a fitted maximum corresponding to
915 Da is detected. An accompanying decrease in the relative intensity of the [Cqo]™ cation
radical was also observed, giving evidence of some structural reorganization in the precipitated
system, which leads to different pathways of desorption/ionization processes. Further ageing of

Cs0/NMP solutions does not radically change the mass spectra of the precipitates.

Discussion

'H NMR spectra of the freshly prepared solution revealed formation of Cgo-NMP
complexes, as confirmed by chemical shifts in the corresponding spectrum. These results are
consistent with the earlier observations for single-walled carbon nanotubes (SWCNT) dissolved
in NMP ®2. It was supposed that -C=0 group in NMP is oriented toward the surface of SWCNT
inducing different magnitude of NMR shifts. This suggests that fullerene Cgo, being freshly
dissolved in NMP, may form charge-transfer complexes with the similar orientation of NMP
molecules toward the Cgy molecular surface. This hypothesis is supported by our DFT
calculations (Fig.3).

The results of modeling clarify the observed changes in optical spectra (Fig.1 inset) of
the Cs0/NMP solution with time, namely the characteristic smearing of the initial UV-Vis spectra

of the C¢/NMP solution. This kinetic process takes place simultaneously with the slow cluster

12



formation of Cg, the final state being the colloidal solution with huge stable fullerene clusters 13,
63.64 1 comparison with the Cg/TL and Cgo/BZ solutions, where cluster formation takes place
as well, the main difference to be noted is the formation of complexes with solvent polar
molecules. These complexes, as we expect, precipitate from the solution and are the main factor,
qualitatively affecting the behavior of samples on the target in the LDI experiment. In particular,
Ces0-NMP complexes may be responsible for the change of laser absorbance efficiency and, thus,
energy dissipation in precipitate during the formation of corresponding mass spectra, as
explained further.

The fine structure of the LDI MS spectrum obtained for the Cg/NMP samples of different
ages (Fig.4a and Fig.5a) can be compared with that produced by a Cg fullerene film after
irradiation with an Ar" laser reported in >°, where the MS spectrum was interpreted as a result of
strong branched polymerization (through C=C double covalent links). In our case, we do not
expect polymerization of Cg to occur as the result of interaction with NMP molecules neither in
solution nor after its precipitation. The polymerization concerns the state of the molecules in the
sample under laser irradiation. The final and registered states of the ionized molecule fragments
in the laser plume can be considered in terms of desorption/ionization of ‘giant’ fullerenes > .
In conclusion, polymerization of the samples has an effect on these states, based on the results of
Refs, *%763% 9967 T4 be precise, the growth in the number of the covalent bonds in the samples
strongly correlates with the deepening of the fragmentation. In contrast to the use of Ar’ laser,
the irradiation by N, or Hg lasers in Ref. > provides the structure of the MS spectra, strictly
corresponding to the linear polymerization. However, it should be emphasized that in Ref. °® the
irradiation with an Ar' laser was applied prior to the LDI MS experiment, so the mass spectra of
the already polymerized films were taken. In our experiments, there was no preliminary
polymerization and it occurred in the time-frame of the laser pulse, in the mass spectrometer
simultaneously with desorption/ionization. The direct influence of the laser wavelength on the
polymerization during the LDI MS experiments with Cg films, as well as other fullerene forms
was reported previously in *” %

The observed character of the spectrum for the C¢o/NMP sample is indicative of the fact
that the optical properties of the precipitates influence the absorption, and hence, the kinetics of
laser excitation spreading. In fact, the change in the irradiation spectra explains the difference in

the depth of photo-polymerization when different lasers are used *°. Also, the direct effects of the

solvent and the wavelength of UV irradiation on photo-polymerization of Cey in a number of its
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solutions were shown in * . The UV pulsed laser irradiation of a few tenths of mJ-cm™ was
found to be enough to induce observable polymerization effect ”', which is significantly less than
the maximum value of 110 mJ-cm™ used in the present study. The MS spectrum for the sample
from the intermediate system (Fig. Sa) shows stronger cluster formation. It is related indirectly to
the clusters size-distribution in the initial solution. Since they are weak dispersive (or van der
Waals) associates rather than polymers with chemically bound Cg spheres, this relation cannot
be direct. This is indicated by the destruction of clusters in Cgo/NMP solution with the addition
of water or toluene ** 7. The dissolution itself never causes polymerization of Cg 73, and
polymers in solutions are produced as a result of photochemical reactions ® ™. Nevertheless, the
cluster state in the initial C4/NMP solution affects the UV-Vis absorption together with the

1473 Wwhich results in the partial smearing of the spectrum in Fig.1. We

complex development
believe that parts of the medium-sized aggregates in the solution are effectively photo-
polymerized by LDI in experiment. These clusters are responsible for the formation of the

unique feature of the spectra in Figs.4a, 5a .

Conclusions

To summarize, the specific state of Cg fullerene in NMP solutions is characterized by
the formation of the charge-transfer complexes Cso—NMP and by the slow cluster formation.
UV-Vis, SAXS and MS revealed that these two processes are interconnected. Therefore, we
suggest that NMP molecules, that surround single fullerenes, are involved in C¢o/NMP exchange
processes affecting the clusterization of Cg. One may assume that NMP molecules surrounding
the cluster form the same type of Cgo-NMP complexes with the external Cgy cages and in this
way save even huge clusters from precipitation. The attempts to identify the clusters using LDI
MS revealed the unexpected effect of their polymerization. We found that degree of such LDI
polymerization of Cg, precipitated from Cgo/NMP solution, correlates with the age of the
solution, therefore consequently correlates with the degree of Cg cluster formation in NMP. The
bigger is the cluster precipitated from NMP solution, the higher is the degree of LDI MS
polymerization. The Cg clusters precipitated from polar solvents (NMP, H,O) could be useful
precursors for producing of the Cgp polymers.

The evolution of the mass spectrum with time prior to precipitation of the Cg/NMP
samples correlates well with the temporal solvatochromism in the liquid state. The ion-associates

with NMP were not detected in MS.

14



The obtained mass-spectrometric information obtained may prove valuable for detection
of fullerene clusters in complex biological mixtures containing molecules with similar to NMP

amide carbonyl groups, i.e. various proteins widely used in pharmaceutical tests.
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