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Abstract 

The changes in the cluster state of fullerene C70 dissolved in N-methyl-2-pyrrolidone/toluene 

mixture after toluene addition have been studied. In order to measure the wide range of particle 

sizes, including sub-single-molecule region and respectively large clusters, the Small-Angle X-ray 

Scattering, Dynamic Light Scattering and UV-Vis spectroscopy were used. The main task was to 

find out correlation between the fullerene clusterization state and a volume concentration of the 

second nonpolar solvent. It was observed a common dependence of the structure state of fullerene 

C70 on the polarity of the liquid medium; an increase in toluene content led to further dissolution 

of existing large agglomerates.  The obtained data were analyzed in comparison with the previous 

results on the inverse colloidal system, C70 / toluene / N-methyl-2-pyrrolidone, and also with our 

semi-empirical calculations and experimental measurements on similar solutions based on 

fullerene C60. 

Keywords: Fullerenes, Clusterization, Small-Angle X-Ray Scattering, Dynamic Light 

Scattering, UV -Vis spectroscopy. 

 

1. Introduction 

After discovery of a new allotropic form of carbon - fullerenes, much attention is paid to 

possibilities of their applications in various fields, including medicine, photoelectronics and optics 
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[1-5]. In spite of a wide application of fullerene solutions, the processes of their aggregation are 

still unclear in both weakly polar solvents and their mixtures with polar solvents [6-9]. This 

problem significantly limits the production of fullerene solutions, including aqueous, with the 

specified characteristics for the mentioned tasks [10, 11]. It is well-known, that the solubility of 

fullerenes decreases with increasing polarity of the solvent, and the arising clusterization process 

is critical and reversible [12]. An exception to this rule is the fullerene solutions in nitrogen-

containing solvents, like pyridine or N-methyl-2-pyrrolidone (NMP). Such systems are 

characterized by a high-rate solubility and formation of large aggregates (~ 100 nm) with time, 

which is accompanied by a change in the UV-Vis spectrum [13]. This atypical solubility could be 

a result (or a manifestation) of the formation of donor-acceptor complexes between the fullerenes 

and NMP molecules [14, 15]. However, the interaction between C70 and nitrogen-containing 

liquids in pure solutions and, in particular, in their mixtures is complicated and still not clear. 

In the present work, the processes of fullerene C70 cluster formation in the mixture of polar 

and nonpolar solvents, N-methyl-2-pyrrolidone (dielectric constant ε = 32) and toluene (ε = 2.37), 

is considered by means of three complementary methods, small-angle X-ray scattering (SAXS), 

dynamic light scattering (DLS) and UV-Vis spectroscopy. To investigate the influence of the 

nonpolar solvent on the cluster reorganization processes, toluene was gradually added to the initial 

system, C70/NMP, in the following proportions: 20 %, 40 %, 60 %, 70 %, 80 % and 90 % by 

toluene volume. Previous studies on analogous systems based on fullerene C60 have shown the 

critical character of cluster formation, structural changes were observed clearly and sharply when 

40 % threshold of toluene volume fraction was exceeded. The critical character of aggregation 

process is supposedly due to the specific interaction of fullerene with solvent’s molecules: the 

forming charge transfer complexes (CTCs) can serve as stabilizers of the clusters, forming a 

solvation shell [15-18]. Additionally, we have performed the semi-empirical calculations to clarify 

the formation of CTCs in the solution and test the influence of low-polar toluene molecules on 

complexes stability. 

2. Materials and Methods  

С70 fullerene (“Fullerene technologies”, purity > 99.5%), toluene and N-methyl-pyrrolidine-

2-one (all purchased from “Merck”, purity > 99.5%) were used for samples preparation. 

The initial C70 / NMP solution was intensively stirred for 15 min at the room temperature 

and further stored for 4 weeks. Initial concentrations were selected individually for each method 

to comply with the experimental conditions. Further, toluene was added directly to this solution, 

thus the ternary С70 / NMP / toluene systems were obtained. Measurements were performed at 

different volume fractions of the third component: 0, 20, 40, 60, 70, and 80 % of toluene. 
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Small-Angle X-ray Scattering experiments were performed at the P12 BioSAXS Beamline 

at PETRA III ring (EMBL/DESY) in Germany [19]. The sample-to-detector distance, 3.1 m, gave 

the q-range of 0.04 – 4.6 nm−1 calibrated using silver behenate [20]. Scattering patterns were 

obtained by a Pilatus 2M pixel detector. The samples were placed into the glass capillary (1 mm 

of diameter). The temperature was 20±0.1 °C. Twenty consecutive frames (each 0.05 s) 

comprising the measurement of the sample and buffer were performed. In order to verify that no 

artifacts as a result of radiation damage occurred, all scattering curves of a recorded dataset were 

compared to a reference measurement (typically the first exposure) and finally integrated by 

automated acquisition program [21]. The measurements were carried out immediately after 

preparation. The sample with 80 % volume fraction of toluene was tested once again in 2 weeks 

after preparation. The initial concentration 0.61 mg/ml was used. Before and after each sample, a 

signal from pure buffer was recorded and used for background subtraction. The data were 

normalized to transmitted beam. 

The hydrodynamic size distribution measurements of fullerene aggregates via DLS method 

were made using the Photocor Compact-Z instrument (Photocor Ltd.). The samples were prepared 

with the fullerene concentration 0.060±0.001 mg/ml. The solutions were filtered an hour later after 

mixing and further measured on the instrument. Standard glass vials were used for measurements. 

The temperature was kept 20±0.05 0C. Laser with wavelength of 654 nm was used as a light 

source. The scattered light was collected at the 90° angle. An autocorrelation function of the 

scattered light intensity was analyzed using the DynaLS software (Alango, Israel). The intensity 

average (Z-average) hydrodynamic diameter was calculated from the measured diffusivities using 

the Stokes-Einstein equation [22]. Each measurement was repeated 10 times and the average value 

is given. 

The UV-Vis measurements were carried out immediately after preparation and repeated after 

10 days (initial concentration was 0.39 mg/ml). The C70 / NMP and С70 / NMP / toluene solutions 

were investigated using the Nanophotometer-P330 UV–Vis spectrophotometer (wavelength range 

of 200–950 nm). Quartz cells (Hellma Analytics) with optical path of 2 mm were used. 

The semi-empirical calculations were performed using the PM6 method [23]. The 

geometrical structure of several different molecular compositions was thus optimized to reveal the 

preferential orientations of NMP/toluene molecules in vicinity of fullerene C70 surface. 

3. Results and discussions 

A structural characterization was conducted using the small-angle X-ray scattering method for the 

initial system С70 / NMP and the systems after addition of different fractions of toluene. 

Experimental data are given on Fig.1. All experimental curves have the typical for polydisperse 
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systems shape. The series of patterns can be conditionally divided in two groups: systems with a 

clearly manifested two-level structure (solution without toluene and with 20, 40, and 60 vol. % of 

toluene, Fig.1a) and systems, which have a large plateau (Fig.1b), a so-called “Guinier region”, 

responsible for scattering on comparatively large С70 clusters, with characteristic sizes above 30 

nm. This plateau could be a result of superposition of scattering from several clusters of similar 

sizes. Scattering contributions from the large aggregates with a fractal structure and relatively 

small objects were taken into account in the following expression [24, 25]: 

 
 

2 2 2 2 2 2
1 2 2

3

1

 exp( ) exp( ) exp( )
( / 63 3 3)

p

g g g

g

q R q R q Rq
I q A B C Bkg

erf qR


 
            
  

, (1) 

where q is the scattering vector; A and C are the forward scattered intensities; B is the 

constant; р is an exponent; Bkg is the residual incoherent scattering after subtraction of the solvent 

scattering; Rg1 and Rg2 are the radii of gyration of the larger and smaller objects in the system, 

respectively. Each term in (1) reflects the contribution of the corresponding organization level to 

an overall diffraction signal, one can see their partial contributions on the example SAXS curve 

for the pure С70 / NMP solution on Fig.1a. The structural parameters were estimated by computing 

the experimental curves from Fig.1 with a help of eq.(1), they are gathered into a Table.1. 

Table 1. Structural parameters of the mixtures with fullerene C70 obtained due to approximation 

by eq. (1).   

Toluene content in the 

mixture, % by volume 

Parameters  

Large sizes Small sizes 

Rg1, nm p Rg2, nm 

0 (the initial solution) 44.0 ± 0.5 4.2 ± 0.1 1.35 ± 0.05 

20 – 3.2 ± 0.1 1.45 ± 0.05 

40 – 3.4 ± 0.1 1.5 ± 0.1 

60 – 4.8 ± 0.2 1.5 ± 0.1 

70 30.8 ± 0.5 4.7 ± 0.1 1.9 ± 0.5 

80 28.5 ± 0.5 4.8 ± 0.1 – 

80 (2 weeks old) 31.5 ± 0.5 4.9 ± 0.1 – 

For the first group of curves (20 – 60 % toluene addition), from the well-observed two 

distinct areas on the SAXS spectra (Fig.1a), we report the coexistence of significant number of 

small objects together with large agglomerates. The first kind of objects has a characteristic size 

of Rg2 = 1.5 ± 0.1 nm. The real size can be estimated using approximation of homogeneous 
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monodisperse spheres, as Rg
2 = (3/5) R2, resulting in R ~ 1.9 ± 0.1 nm. Considering the size of the 

molecule С70 from ref. [26], Rg = 0.7 nm, one can attribute the SAXS signal in the range of 

q = 0.5 – 3 nm-1 to the scattering on an ensemble of particles, including the single С70 molecules, 

their dimers, trimers and others. Strictly speaking, the plateau is associated with respectively small 

polydisperse objects, with their size distribution implying possibility to find С70 monomers, dimers 

etc. It should be noted that analogous Rg value for the initial solution was estimated as Rg2 = 1.35 

± 0.05 nm. This fact indicates the appearance of slightly larger aggregates among objects of small 

dimensions after admixing of toluene. 

The initial section of the SAXS curves, up to q = 0.1 nm-1, is characterized by a power-law 

behavior, which could indicate a fractal structure of large clusters with sizes extending beyond the 

typical sensitivity of the method of small-angle scattering. Experimentally obtained exponents for 

the mixtures with 20, 40 vol. % of toluene are p = 3.2 ± 0.1, p = 3.4 ± 0.1 respectively, thus a 

structure with the surface fractal behavior is revealed. Their fractal dimensions, DSURF = 6 – p, are 

2.8 and 2.6. The other type of fractal structure is realized when 60 vol. % of toluene was added to 

the initial solution. The power-law exponent is p = 4.8 ± 0.2 (see Fig.1a inset). This fact indicates 

the formation of diffusive surface of large and dense clusters [27]. Comparing the spectra of the 

С70 / NMP and С70 / NMP/toluene solutions on Fig.1a, we can conclude that dense clusters with 

sizes large than 44 nm (Rg1 for the initial solution) are partially destroyed (mostly on the surface) 

thus enriching a sub-molecular fullerene fraction. Still, the big clusters are too large to be revealed 

by SAXS. The final cluster structure correlates with the amount of toluene added to initial solution. 

The appearance of the Guinier region for mixtures with toluene content exceeding 70  vol. 

% may be an indication of the decrease in the sizes of large aggregates. Such a signal can appear 

as a result of the overlapping of signals from two or more close range of sizes. In this case, the 

registration of scattering from small aggregates becomes more complicated. Estimation of sizes of 

large aggregates (Rg1) provides the following values: 30.8 ± 0.5 nm, 28.5 ± 0.5 nm, for 70, 80 vol. 

% of toluene added, and 31.5 ± 0.5 nm for the aged solution 80 vol. %, respectively. Again, the 

obtained values should be considered only as a lower limit of aggregate sizes because their Guinier 

regions do not completely appear in the lowest q-range of SAXS curves. Analyzing the changes 

in power-law intervals for the solutions after addition of toluene, one can notice formation of 

cluster’s structure that is characterized by a higher value of exponent p (see the inset to Fig.1b). 

Aggregates in the initial solution С70 / NMP are described by the exponent, p = 4.2 ± 0.1, typical 

for objects with diffusive surface [25, 28]. But when toluene is added and its amount in solution 

and exceeds 70 % concentration the clusters have a structure with a more diffusive surface [27, 
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28]. Toluene addition leads to a surface dissolving rather than through a volume of large dense 

aggregates.  

 

Fig. 1. Experimental SAXS data for the С70/NMP: a) ʘ – pure solution (0 % of toluene), ● – with 20 

vol. % of toluene, ◄ – 40 vol. % of toluene, ▼ – 60 vol. % of toluene; b) ʘ – pure solution, ▲ – 70 vol. % 

of toluene, ■ – 80 vol. % of toluene, ◊ –80 vol.% of toluene in two weeks after preparation. Red lines are 

approximations of I(q) using (1). The insets demonstrate the changes in power-law dependencies for certain 

q-intervals when volume fraction of toluene is different. Dashed lines illustrate the contributions of different 

terms from eq. (1). 

The reduction in the size of large aggregates, when toluene fraction reaches and exceeds 

70 vol. %, is confirmed by the DLS measurements (Fig.2). All the size-distributions are 

significantly broad. The results of the treatment show the presence of large aggregates with an 

average size of about 90 nm in the C70 / NMP initial system and reveal some increasing in the 

cluster’s characteristic size when toluene fraction goes up to 60 %. A tendency to destruction of 

the large aggregates when exceeding 70 % of toluene volume fraction is also observed by DLS. 

Very small particles, e.g. dimers and trimers, presumably can’t be detected by the DLS instrument 

due to the dominant contribution to quasielastic light scattering of the signal from very large 

clusters. Two similar groups of aggregates by size (20 and 60 nm) are observed in the system when 

a volume fraction of toluene reaches a threshold value of 70 %. This probably leads to the 

observable corresponding plateau at small q-values (up to 0.5 nm-1) in the SAXS spectra on Fig.1 b 

and to suppression of the SAXS signal from small objects at high q-values (1-2 nm-1).  
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Fig.2. The hydrodynamic size distribution by mass from DLS measurements obtained for 

С70 / NMP / toluene system with different volume fractions of toluene: ● – 0 vol. % (initial solution); 

● – 20 vol. %; ● – 40 vol. %; ● – 60 vol. %; ● – 70 vol. %; ● – 80 vol. %; ● – 90 vol. %.. Inset: an average 

size of the aggregates versus volume fraction of toluene. The dark section outlines an instrumental 

limits of SAXS to cover a size experimentally. 

The UV-Vis spectra of the С70 / NMP solution and the ternary system С70 / NMP / toluene 

are given in Fig.3. It can be seen that the intensity decreases for the system with 20 % of toluene. 

Further increase in the amount of toluene leads to a hyperchromic effect. The change in the 

extinction coefficient is given in the inset to the Fig.3. The UV-Vis data do not reveal any critical 

behavior at 70 % of toluene volume fraction. The smoothed absorption spectrum of the system in 

10 days after preparation indicates a significant presence of NMP molecules in the shell of C70 

aggregates even with a small fraction of NMP (~ 20%) in the mixture, because such smoothed 

spectrum is characteristic for the pure fullerene solution in NMP [29, 30]. 
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Fig. 3. UV-Vis spectra of the С70 NMP solution with various ratio of toluene: ▬ – initial solution; 

▬ – 20%; ▬ – 40%; ▬ – 60%; ▬ – 70%; ▬ – 80%; ▬ – 90%; - - – 80% in 10 days. The inset demonstrates 

dependence of the extinction coefficient at two different wavelengths of 334 nm (●) and 383 nm (▲) versus 

the toluene volume fraction in the mixture. The spectra are scaled to the unit fullerene concentration. 

Some notion on the mechanism of interaction between fullerene C70 and solvent molecules 

(NMP, toluene), and the changes on dissolution of C70 / NMP mixture by toluene can be obtained 

from ab initio calculations. The geometrical structure of the following molecular systems: C70-

NMP, C70-toluene, C70-2toluene C70-2NMP, C70-2NMP/toluene was optimized using the PM6 

method. The obtained structures are presented on Fig.4. For single or two NMP molecules (C70-

NMP, C70-2NMP) we obtain the formation of C70-NMP CTCs, with the NMP molecule as the 

donor of electron and C70 as acceptor. As in the case of C60-NMP CTC [31], NMP orients its 

oxygen atom towards the middle of the plane of the aromatic hexagon of the C70 molecule. The 

distance between oxygen and plane is 2.99 Å. Addition of the second NMP molecule (C70-2NMP 

on Fig.4) does not qualitatively change the situation. The second NMP molecule is negligibly 

farther from the C70 molecule (3.03 Å). In a similar, but less pronounced way, toluene is interacting 

with C70 (Fig.4). The aromatic hexagon rings of C70 and toluene are parallel, the plane-to-lane 

distance is 3.7 Å.  
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Fig.4. Optimized geometrical structures of the molecular complexes composed of a single 

C70 with NMP/toluene molecules. The C70-NMP, C70-2toluene, C70-2NMP/toluene complexes are 

demonstrated. The highlighted hexagons on fullerene surface correspond to the closest to 

respective molecule plane. 

Further, the calculations show, that addition of toluene molecule to the C70-2NMP system 

does not significantly change the respective orientations and distances between nitrogen-

containing molecules and fullerene. The hydrogen of methyl group of toluene approaches oxygen 

atom of the NMP molecule with the hydrogen bonding [32] length of 2.09 Å. We attribute the 

results of these calculations as an additional confirmation of the fact, that only excessive amounts 

of toluene are capable of unbinding the C70-NMP CTCs that were formed in the pure C70/NMP 

solution. 

4. Conclusions 

Using the methods of small-angle X-ray scattering and dynamic light scattering we report 

the big aggregates with a size ~ 90 nm in all systems studied. The presence of small aggregates in 

the C70 / NMP / toluene system with sizes of about 30 nm for volume fraction of toluene above 

70 % was detected. At the same time, the spectra obtained via UV-Vis spectroscopy methods do 

not exhibit criticality in the given range. This fact indicates that the changes in the absorption 

spectra with a change of solvent polarity in the composition of the mixture are first of all due to 

the solvation effects of fullerene C70 by toluene. 
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In spite of the fact that toluene solvation processes are already observed at small fractions of 

the nonpolar component, aggregate destruction occurs only when the toluene fraction is more than 

70%. Thus, the effect of selective solvation is observed in the mixture, when the ratio of solvents 

in the shell around the fullerene shifts in favor of NMP and does not coincide with the ratio of 

solvents in the volume of the system. This is also supported by the semi-empirical calculations that 

show the tendency of C70-NMP CTCs formation and their stability in presence of the toluene 

molecule. For the same reason effect of smoothing in the UV-Vis spectra with time is observed. 

As a result, the reorganization of clusters is observed when the ratio of solvents is shifted towards 

the lower polarity. The presence of NMP molecules in the solvate shell does not allow further 

reorganization of the fullerene clusters in the mixture even with a high proportion of toluene (80%) 

and, according to the SAXS data, the system remains stable for at least a month. 
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