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Fullerenols C60(OH)X and C70(OH)X (X _ 30) have been studied in aqueous solutions at the 
concentrations 0.05–22wt% by X-ray and neutron scattering and using modeling hydroxyls’ 
arrangements on carbon cages to explain the molecular assembly defined by hydrophobic 
and hydrophilic interactions of molecules. In the case of C60 quantum chemical calculations 
minimizing molecular energy for different configurations of OH-groups on the carbon cages 
showed their preferred localization at C60 spheroids’ equatorial zone and at the opposite 
poles. However, less symmetric hydroxyls’ localization on C70 molecules was found since 
hydroxyls do not create closed chains on them. As a result, the molecules C60(OH)X are 
associated into primary chain-like aggregates (_20 units, few nanometers in size) more likely 
in water than the fullerenols C70(OH)X forming similar groups of lower aggregation degree. 
For C60(OH)X and C70(OH)X the peculiarities in hydroxyls’ grafting affected a coordination of 
primary groups integrated into secondary and tertiary structures at the distances R _ 5 nm 
and R _ 30nm at the concentrations C>5wt% and C>10wt%, respectively. The discovered 
mechanism of fullerenols’ assembly in water will facilitate their use in chemistry and 
biomedicine. 
 



1. Introduction 
 

Much research of physico-chemical and biological properties of fullerene C60 water-soluble 
derivatives was carried out during last decades. The studies of antioxidant and neuroprotective 
properties [1–3], photodynamic activity [4], cytotoxicity [5,6] should be mentioned in this respect. In 
certain in vitro and in vivo experiments it was established that in biological systems a hydroxylated 
derivative, C60(OH)24 (fullerenol), may serve as an effective antioxidant agent and free radical acceptor 
[7]. Fullerenols also possess protective properties both against toxic chemicals (pesticides) [8] and in 
the case of radiation-induced toxicity [9]. 

In fact, the implementation of fullerenes’ water-soluble derivatives in medical practices is nearly 
impossible without a fundamental understanding of their behavior in different media, and, primarily, in 
water. To date, organic solutions and aqueous dispersions of C60 and C70 are the most studied systems 
due to their availability and relative simplicity of preparation [10–12]. A characteristic feature of such 
systems is clusters formation and growth. The sizes of clusters are in the range of 1-1000 nm, measured 
using light, X-rays and neutrons scattering, optical absorption [13–16] and other methods. In turn, 
functionalized fullerenes in aqueous media containing biological molecules form large clusters also due 
to binding with DNA, surfactants and lipids [17]. Thereby, types and numbers of functional groups 
have a significant impact on fullerenes and endofullerenes’ derivatives behavior in solutions and their 
tendencies to aggregation [18]. 

Meanwhile, experimental and theoretical studies of hydroxylated fullerenes are often non-
systematic and not detailed. A few quantitative parameters, such as aggregation number and its 
correlation with composition or pH factor, are usually reported. The problem of consistent study of 
structure and behavior of fullerenes’ derivatives in aqueous media still remains very important. 
Moreover, this study may produce some advancement in biomedical applications. The present work is 
devoted to the investigation of the structure and interaction mechanisms of hydroxylated 
chromatographically pure fullerenes C60 and C70 in aqueous solutions by small-angle neutron, X-ray 
and dynamic light scattering in connection with subtle features of these entities’ chemical structure 
evaluated by quantum chemical modeling. 

 
2. Materials and methods 

 
Hydroxylated derivatives of fullerenes, C60(OH)30 and C70(OH)30 fullerenols, were synthesized 

by the method [19] developed at the Laboratory of Neutron Physicochemical Researches (NRC 
«Kurchatov Institute» – PNPI). The synthesis included two-phase reaction in aqueous solution of 
ammonia, C60 and C70 in ortho-xylene with a TBAH interfacial catalyst (tetrabutylammonium 
hydroxide). The chemical purity of the initial fullerenes C60 (≥ 99.5%) and C70 (≥ 99.5%) was 
estimated by the means of the Shimadzu LC-20 chromatograph. At the first stage of synthesis 
fullerenols with a low degree of hydroxylation were obtained. Further, at the second stage, they were 
additionally treated using hydrogen peroxide to produce highly hydroxylated fullerenols. Detailed 
information about the synthesis of fullerenols can be found in Suppl. 1. 

Fullerenols hydroxylation was confirmed via IR-spectroscopy. The FTIR-spectra have been 
measured on powder samples in the KBr matrix using the Fourier-transform IR-spectrometer FSM 12-
01 (FTIR). The spectra of the initial C60 (C70) fullerenes have characteristic peaks at 527, 576, 1182, 
1428 cm-1 (533, 641, 672, 1086, 1132, 1427 cm-1). After hydroxylation additional peaks at 1081, 1387, 
1626, 1721 cm-1 and 1063, 1380, 1642, 1721, 3423 cm-1 have appeared in the FTIR-spectra of the 
hydroxylated fullerenes C60 and C70, respectively. The bands at 3423 cm-1 and 1385 cm-1 are 
characteristic for νO-H and δO-H oscillations. The band at 1620 cm-1 corresponds to νС=О bonding 



vibrations, and the band at 1078 cm-1 - for νC-O oscillations. The number of hydroxyl groups was 
estimated by measuring thermal elimination of substituents [20]. The results allowed to identify the 
samples as highly hydroxylated substances C60(OH)x and C70(OH)x with x = 30 ± 2. 

Calculations of the structures and energies of various isomers of C60(OH)2,4,6,20,30 and C70(OH)30 
fullerenols have been carried out using Gaussian-16 software [21] in the Resource Park of the St. 
Petersburg State University "Computing Center of St. Petersburg State University". After constructing 
the initial configuration of each isomer in the Jmol program [22], the geometry of isomer was 
optimized by the Hartree-Fock RHF method with the 6-31G basis set [23]. For accounting the 
correlation energy the B3LYP functional [24,25] was added. After these two steps, the isomers with the 
lowest energy (not exceeding the minimum energy of 0.1 Hartree or 250 kJ/mol) were selected. Finally, 
a calculation was performed for them at the level of B3LYP/6-31G++(d). The error in the energy value 
for all isomers in their optimal geometry was of 1·10-3 kJ/mol. 

During computing the account of a certain number of local energy minima for each isomer there 
has to be taken care of. To do this, the orientation of the OH-groups must be considered. If for the 
given isomer all OH-groups form hydrogen bonds, and no pairs of oxygen atoms with overlapping 
electron densities (electronic sp3-clouds) exist, then the configuration most probably corresponds to the 
absolute energy minimum. Therefore, when constructing the initial geometry, all OH-groups were 
oriented this way. Link? 

The structural state of fullerenols C60(OH)30 and C70(OH)30 in aqueous solutions of different 
concentrations where studied by small-angle neutron and X-Rays scattering (SANS, SAXS) and 
dynamic-light scattering (DLS) methods. The solutions were prepared by adding fullerene component 
to the water, its content was restricted by the limits of solubility, 15.3 % for C60(OH)30 and 22.4 % for 
C70(OH)30. With concentration growth, the pH of solutions has decreased to a constant value of ~2.5, 
that indicated a dissociation of OH-groups on fullerenes: Ful(OH)x⇆Ful(O)-x + H+ (Fig.S1). 

Self-assembly of fullerenols in aqueous solutions (concentrations C = 0.8-8 % wt.) and gel-like 
systems (C = 10-22% wt.) has been studied by SANS, carried out on the “Membrana-2” diffractometer, 
at Petersburg Nuclear Physics Institute, NRC Kurchatov Institute. The range of momentum transfer 
(scattering vector) q = (4π/λ)sin(θ/2) was 0.04 – 0.8 nm–1 (θ - the scattering angle, λ = 0.3 nm - the 
wavelength, Δλ/λ = 0.25 - the spectral width). The neutron scattering intensities curves were measured 
for the 1 mm thick samples, and corrected for the background (solvent) and direct (not scattered) beam. 
The data were further normalized to the transmissions of the samples for neutrons (~70 %). The 
transmissions for the aqueous buffer and the samples have differed not more than 1% even for high 
concentrations. This pointed to a predominantly single scattering on fullerenols in solutions. Beam 
attenuation in the sample was primarily determined by incoherent scattering on protons in water and in 
hydroxyls of fullerenols. Normalizing the intensities on the similar values found for the standard (1-
mm-thick layer of H2O), we evaluated the scattering cross-sections of the samples in absolute units 
(cm–1) per 1 cm3 of volume in unit solid angle (Ω). A contribution of aqueous buffer was subtracted 
from the resulting values. Finally, we analyzed the momentum transfer dependencies of the coherent 
cross-sections dΣ(q)/dΩ. 

The low concentrated fullerenols solutions (C = 0.05 - 1 % wt.) were measured by SAXS at the 
P12 BioSAXS Beamline at PETRA III ring, EMBL/DESY using the 100 (V) μm × 200 (H) μm X-ray 
beam, energy 10 keV. The sample-to-detector distance, 3.1 m, provided the q-range of 0.07-4.6 nm-1 

calibrated with silver behenate [26]. Scattering patterns were registered by the Pilatus 2M pixel 
detector. The solutions (approximately 20 µL) were injected into the sample capillary using an 
automated liquid handling sample changer. In order to reduce the risk of radiation damage, the samples 
were moved slightly during the exposure. Twenty consecutive frames (each 0.05 s) comprising the 
measurement of the sample and buffer were performed. To check if artifacts have occurred as a result 



of radiation damage, all scattering curves of a recorded dataset were compared to a reference 
measurement (typically the first exposure) and verified data were finally integrated by automated 
acquisition program [27]. Before and after each SAXS measurement of the sample, a signal from pure 
buffer was measured and used for background subtraction. The data were normalized to transmitted 
beam. 

The SANS and SAXS data processing has been carried out using the ATSAS software package 
[28]. Further, the earlier developed approach [29] was used to visualize in detail the structural features 
of aggregates in solutions. 

The monotonously decreasing scattering, obtained in the experiments, can be generally 
described by the following model function: 
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The forward cross-section I0 = Iq→0 results from the data extrapolation in the limit q→0. The 
observed structures with a correlation radius RC are described by еру squared form-factor F2(q) = 1/[1 
+ (RCq)2]D/2 having an asymptotic form ~1/qD at q >> 1/RC. The exponent D characterizes molecular 
packing in the structures of size ~ RC (fractal clusters). The parameter B represents an incoherent 
background mainly due to the scattering on protons. 

The respective correlation functions γ(R), and the normalized pair-distribution functions, 
PN(R)=P(R)/C=γ(R)R2/C, were obtained and analyzed using ATSAS software. The fitting of the 
corresponding functions requires three exponentials for both neutron and X-rays scattering 
experiments. At higher concentrations (C ≥ 1.9 % wt., SANS data), the following expression was used 
for the γ(R) function: 
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The model function (2) consists of a contributions of small molecular groups (correlation radius 
R1, first term), which form larger structures (radius R2, second term) coordinated at characteristic 
distance L with dispersion R3 (third term). 

Fit of the experimental data using Eq. (2) gives the amplitudes gi, radii Ri (i=1,2,3) and further the 
corresponding aggregation and coordination numbers, mi. For both fullerenols, the aggregation numbers 
m1 were calculated using partial scattering cross-sections of the solutions: 
  2
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in the q→0 limit. The parameter ΔKF in (3) is the contrast factor of fullerenol molecule (with the 
volume vF) relative to the solvent, φ is the volume fraction of fullerenols in solution. The value σ01 = 
4π∫γ1(R)R2dR is the integral of the respective correlation function, γ1(R) = g1exp(-R/R1). Similar 
integrals σ02 and σ03 were found using the functions γ2(R) and γ3(R) being the second and the third terms 
in (2). The values of m2 and m3 are calculated as m2=σ02/σ01 and m3=σ03/σ01. 

For lower concentrations, (C ≤ 1 % wt., SAXS data) the fitting of PN(R) was performed using the 
following expression: 
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In (4), the components with the amplitudes g1, g2, g3 describe various molecular correlations at 
different scales (RC1, LA, RC2, RC3). The first term characterizes primary objects (molecules, tiny 
groups) having inner correlation radius RC1. At very low concentrations (C = 0.05; 0.1%) the second 
term (positive amplitude g2, parameter LA = 0) serves to model an attraction between a primary object 
and similar surrounding units at the radii R ≤ RC2. Along with it, the third term (positive amplitude g3) 
describes more extended association trends of primary objects at R ≤ RC3. 

Связь между Ri и RCi??? Связь между L и LA?! Почему в (2) – второе слагаемое особого 
вида, а в (3) – третье?! Формула (2) – для описания С=0.05-1.0%, формула (3) – для C>1.9%! 
Нужно еще раз сюда вернуться и поработать! Какой смысл, если это разные диапазоны, 
использовать разные функции – только путаем всё. 

DLS has been performed on C70(OH)30 fullerenols diluted systems (C = 0.1 wt. %) on the original 
spectrometer (PNPI, NRC Kurchatov Institute). The laser wavelength was 633 nm. Different scattering 
angles of 20̊, 30̊, 45̊, 60̊ in low-frequency (1, 2, and 4 kHz) and high-frequency (16, 32 and 64 kHz) 
spectral bands were used in order to detect large aggregates and also to resolve the fine fractions 
[30,31]. The spectrum analyzer was IBM compatible multifunction ADC/DAC module on USB1.1 bus 
with ADSP2185M signal processor ("Analog Devices, Inc"), developed by ZAO "L-CARD" (Russia). 
Data processing based on the regularization method [31,32] allowed restoring the distributions of 
hydrodynamic radii of different fractions of particles in solutions. 

 
3. Results 

 
DFT calculations. Analysis shows that in case of two OH-groups’ addition to C60 the most 

probable structure is OH connection to C-atoms pairing two hexagons. The groups’ addition to remote 
or bound carbon atoms along the conjugation of 6- and 5-membered rings turns out to be less probable. 
Further, we considered increase of OH-groups number from two to four, and further up to six. In this 
case, the most favorable is the formation of the elongated chain of OH-groups along the double bonds. 
The chain is not closed around one C6 ring and all hydrogen atoms have to form hydrogen bonds with 
the neighboring oxygen atom. In C60 fullerene, the longest chain satisfying these requirements has a 
length of 20 atoms located along the molecule’s “equator” (Fig. 1a). A similar structure was obtained 
and described in Ref. [33]. The isomer C60(OH)30 with the lowest energy also has this 20-atoms chain. 
Three additional chains are present, two of which are composed of four OH-groups and are localized at 
the “poles”, and another one is composed of two OH-groups (Fig. 1b). 

 
Fig. 1. Schematic presentation of fullerenol isomers (obtained by DFT method): a) C60(OH)20 isomer; 

b) C60 (OH)30 isomer. Grey spheres – C atoms, red – O, white – H. 



 
In C70 molecule some double bonds are located along the conjugation of the C6 and C5 rings 

(Fig. 2b). In C70(OH)n, the disjoint chain situated along the double bonds consists of 26 OH-groups and 
is not closed. To construct C70(OH)30 it is necessary to add the second chain of four hydroxyls (Fig. 2, 
isomer 1). This isomer has the lowest energy among all the six calculated models. Fig. 2 also shows 
two additional isomers (2, 3), with closest energies to the first one. 

 
Fig. 2. Isomers of the C70(OH)30 molecule with the lowest relative energies, obtained by the DFT 

method. 
 

Not uniform distribution of hydroxyls on the cages of C60 and C70 results in the presence of 
hydrophobic and hydrophilic areas and obviously may have a significant effect on the behavior of 
fullerenols in aqueous medium. The molecular stacking via hydrophobic fragments on fullerenols' 
surface and the formation of various supramolecular structures (chain-like, branched globular) in 
solutions is possible. The SANS, SAXS and DLS experiments were performed to recognize the 
mechanisms of C60(OH)30 and C70(OH)30 self-assembly. 

SANS measurements. SANS spectra of C60(OH)30 and C70(OH)30 solutions are presented on Fig. 
3 (a, b). The cross sections decrease proving existence of molecular correlations at the distances 
R~2π/q≥101 nm greatly exceeding the fullerenols size ~1.3 nm. Moreover, the data (Fig.3) roughly 
obey the power-law, dΣ(q)/dΩ ~ qD, where the exponent D of power-law, characterizing the molecular 
packing of clusters, is in the D = 1-5/3 (а в русском тексте – 5/3-2!) interval, that corresponds to 
scattering on rod-like particles (D~1) or Flory exponent for statistically coiled chains with excluded 
volume (D~5/3). 



 
Fig. 3. The scattering cross sections vs. momentum transfer q for the solutions of fullerenols 

C60(OH)30 (a) and C70(OH)30 (b) at the concentrations C = 0.8; 1.9; 3.5; 5.2; 7.2; 10.5; 15.3; 22.4 wt. %. 
(1-8). Lines present respective fits using Eq. (1). Нужно раскрасить?! В русской версии – цветные 
рисунки! 

The scattering curves in Fig. 3 for C60(OH)30 are relatively higher than those for similar 
concentrations of C70(OH)30. This is an indication of a stronger aggregation of C60(OH)30. Qualitatively 
the behavior of cross sections is similar for both fullerenols and does not undergo any crucial changes 
when their concentration in solution is increased. Thus, a relative stability of fullerenols assemblies is 
observed. The growth of forward cross section with increase of concentration denotes the formation of 
larger amounts of aggregates. At the same time, the index D increases from 1 to 1.7 reflecting the 
altering from straightened to curved chains, while their correlation radii RC decrease: for C60(OH)30 
from 33 to 13 nm and for C70(OH)30 - from 37 to 17 nm, i.e. the structures become more compact. Где 
эти данные по зависимости от конценрации?! Я бы вообще графики построил! 

A more detailed analysis of the structural features of fullerenols at different concentrations in 
solutions was performed for the normalized pair-distribution functions PN(R) (Figs. 4,5). The peak 
observed in the interval R = 0 – 5 nm indicates the coordination of molecules with the nearest 
environment. This primary structural level is characterized by small formations with the sizes below 5 
nm. The further decrease (and even negative values) of PN(R) in the ~10-25 nm range characterizes 
repulsion between these compact aggregates. Such small particles interact to each other weakly due to 
the repulsive forces. Outside this repulsion region (R>20-25 nm), the particles are distributed at 
characteristic distances R ~ 30 nm corresponding to the maximum of the peak in PN(R). 

For the lowest concentration (C = 1.9 wt. %) the spectra are plotted separately (Fig. 4) to 
display a discrete nature of correlations particularly manifested in the dilute systems.  



 
Fig. 4. Normalized pair-distribution functions PN(R) for the C60(OH)30 (a) and C70(OH)30 (b) 

aqueous solutions at the concentration C = 1.9 % wt. (1). 

 
Fig. 5. Normalized pair-distribution functions PN(R) for the C60(OH)30 (a) and C70(OH)30 (b) 

aqueous solutions at different concentrations C = 3.5; 5.2; 7.2; 10.5; 15.3; 22.4 (2-7) wt. %.  
 

SAXS measurements. At the lowest concentration the spectral features for both systems with 
С60(ОН)30 and С70(ОН)30 are quite similar. However, the excluded volume effects are more pronounced 
for С70(ОН)30. The increasing of fullerenols’ concentrations up to ~7 wt. % (for С60(ОН)30) and to ~10 
wt. % (for С70(ОН)30) does not qualitatively change the PN(R) spectra (Fig.5). Thus, as the 
concentration of solution increases, the new structures similar to the existing ones are formed. The 
overlapping and compaction of structures is noticeable at the concentrations ~ 10-15 wt. % for 
С60(ОН)30 and 10-20 wt. % for С70(ОН)30, as follows from the broadening and shifting of characteristic 
PN(R) peaks, and increasing of their amplitudes (Fig. 5 a, b).  



 
Fig.6. Correlation functions γ(R) for aqueous solutions of fullerenols C60(OH)30 (a) and 

C70(OH)30 (b). Concentrations:  C = 1.9; 3.5; 5.2; 7.2; 10.5; 15.3; 22.4 wt. %. (1-7). Curves are fitting 
functions,Eq. (2). 

 
The parameters of fullerenols structural organization were obtained through the approximation 

of the correlation functions γ(R) via Eq. (2). The aggregation numbers of particles, mi, for the clusters 
of each structural level were obtained using Eq. (3). This analysis allowed describing the ordering of 
C60(OH)30 and C70(OH)30 in solutions, where the macromolecules become stronger correlated at 
different structural levels (scales R1, R2, L) as the concentration increases, C = 2 → 20 wt. %. We 
obtain, that both fullerenols in solutions at the concentrations С = 2-20 wt. % are grouped within the 
first sphere (radius R1 ~ 1.0-1.4 nm), where m1 ~ 10-20 molecules are localized (Fig.S2). In turn, such a 
primary group is coordinated with m2 ~ 1-10 neighboring groups within the sphere, characterized by 
the correlation radius R2 ~ 4-7 nm. The gyration radius of these regions of correlations is RG2 = 61/2·R2 
~ 10-17 nm. Thus diameter ~ 2RG2 ~ 20-30 nm defines the spacing between the groups, L ~ 30 nm, in 
the case of contacts. Hence, the environment of a secondary unit is detected at distances R ~ L ~ 30 nm 
where similar aggregates are localized. They total number of coordinated primary (or secondary?) 
groups is m3 ~ 2-8. For both fullerenols, the degree of association in primary groups, m1 ~ 10-20, 
remains nearly constant, but the integration strengthens at the second and the third structural levels, 
thus the corresponding coordination numbers increase by one order in magnitude as the concentration 
increases (Fig.S2). 

Certain differences in fullerenols behavior were observed. In C60(OH)30 solutions of low or 
moderate content (C ≤ 5 wt.%) a primary group is coordinated barely with m2 ~ 1-2 groups. But at 
higher concentrations (C > 5 wt.%) the integration becomes stronger at the second and third levels, m2 
~ m3 ~ 10 (R ~ 5-30 nm). In the case of C70(OH)30, the local molecular ordering is somewhat different. 
At C ≤ 10 wt.% the primary groups do not trend to join, m2 ~ 0.2-0.3, at the scale R ~ 4-7 nm. Although 
repulsive forces between primary groups dominate at short radii, at larger distances R ~ L ~ 30 nm 
molecular attraction is stronger and stimulates gathering, m3 ~ 2-3. At higher C70(OH)30 concentrations, 
C > 10 wt. %, the aggregation is strengthened at the second level, m2 ~ 5-10 (similar to C60(OH)30 
solutions), as well as at the third structural level but less intensively, m3/m2 ~ 0.5. Thus, in highly 
concentrated systems of C70 (OH)30 and C60(OH)30 the assembly is similar. 



The SAXS experiments were aimed at evaluating the limits of multilevel structuring in diluted 
systems. In synchrotron experiments several low concentrated aqueous solutions (light water) of 
C70(OH)30 (C = 0.05 -1.0 wt. %) were examined.  

At low concentrations a qualitative change in scattering patterns was observed (Fig. 7a). In very 
diluted systems (C = 0.05 - 0.1 wt. %) the intensity increases and reaches a plateau at 0.1 nm-1 ≤ q ≤ 0.5 
nm-1. This is an indication of some molecular assemblies (~10 nm) in solutions. Moreover, at lower q ≤ 
0.1 nm-1 further intensity increase testifies an association of these structures into larger formations ~ 
101 nm. At a certain concentration, C* = 0.2 wt. %, the scattering pattern is qualitatively different (Fig. 
7a, data 3). The q-dependence of cross sections is non-monotonous. The observed intensity decrease at 
lower edge of the q-range is characteristic for dense systems of particles with mutual repulsion. Это не 
глюк? In other words, some excluded volume effects are revealed at a critical concentration, C = C*. 
Further enrichment of the system, C> C*, reinforces a long-range aggregation inducing intense 
scattering at lower edge of the q-range (Fig.7a, data 4, 5). 

The structural peculiarities are more evident in the P(R) function obtained from the SAXS data 
(Fig. 7b, Fig. S3). In the concentration range C=0.05-1.0 wt.%  the P(R) profiles exhibit a peak at low 
radii, 0 ≤ R ≤ 5 nm, with a constant position of the maximum (RM ~ 2 nm). The growth of its amplitude 
with concentration reflects the progressive formation of molecular structures with diameter of ~ 2RM. 
In very diluted systems (C = 0.05; 0.1 wt.%), at the radii R ~ 10-60 nm, larger than the diameter of 
these structures, the P(R) functions demonstrate a broad peak, indicating an attraction of the structures, 
probably forming amorphous “clouds”. 

However, for the increased concentration (at the critical level С * = 0.2 wt.%) the function P(R) 
is negative or near zero in the interval 6 < R ≤ 60 nm, characteristic for the repulsion of structures.  
Similar excluded volume effects, P(R) < 0 exist at higher concentrations C = 0.5-1.0 wt.% in a narrow 
range, R ~ 5-15 nm. At longer distances (R ~ 20-60 nm), the functions P(R) are positive (Fig.S3), a 
plateau corresponding to structures attraction exists.  

Further, the P(R) functions were approximated by the model function (4). Opposite to very 
diluted systems, more concentrated solutions (C = 0.2; 0.5; 1.0 wt.%) demonstrate substantial excluded 
volume effects (negative amplitudes g2), i.e. a low probability of primary units localization in the 
vicinity of a given object (spacing R ~ LA with dispersion RC2) (Table S3). Moreover, at a critical 
concentration (С* = 0.2 wt.%) the amplitude of the third term (g3) is negative also, and a repulsion is 
intensive even at long distances R ≤ RC3. However, in more concentrated systems (C = 0.5; 1.0 wt.%) 
the amplitude g3 is positive and the attraction of primary objects dominates at R ≤ RC3. 

It should be mentioned that in the diluted C70(OH)30
 systems (C = 0.05; 0.1%) the objects 

observed with R ≤ 1 nm correspond to single macromolecules or associates of few fullerenols. In 
spherical approximation, the radius of these objects corresponds to single fullerenols, RS = (3/4)RC1 ≈ 
0.45 nm. Using Eq. (3) an estimate of the number m2 ~ 1-2 of coordinated particles near a given object 
within a sphere of radius RC2 ~ 3 nm was obtained. Ordering at the radii R ≤ RC3 ~ 30 nm is 
characterized by a number of coordinated primary objects m3 ~ 60 (Fig.S4). Fullerenols grouping at 
three levels in aquatic environment is inherent to diluted systems, further enrichment alters molecular 
interactions and correlations qualitatively. 

At the critical point (С* = 0.2 % wt.) the hydrophobic interactions become stronger, stimulating 
molecules forming the compact groups with correlation radius RC1 ~ 0.9 nm and diameter (4/3)2RC1 ~ 
2.4 nm in spherical approximation. The groups are composed of m1 ~ 2 molecules and mutually repell. 
This is pronounced especially at the distances R ~ LA ~ 11 nm (Table S3, Fig.S4) with effect decreasing 
at longer distances (Fig.7b). As a result, at C* the system can be considered as a solution of repelling 
molecular pairs. In more concentrated systems (C > 0.2%), the size of primary objects RC1 ~ 0.9 nm 
and the aggregation degree m1 ~ 2 are preserved, but their repulsion weakens and the size of excluded 



volume is reduced, LA ~ 9 nm. Attraction between the objects exists at a large scale R ~ RC3 ~ 30 nm, 
although the coordination numbers m3 ~ 10 are much lower than in the highly diluted systems. Thus, 
the ordering of C70(OH)30 fullerenols’ in dilute solutions, as revealed by SAXS, is basically in 
agreement with the SANS data (Fig. 6b), showing formation of small molecular groups (1.1-1.3 nm), 
combined into structures with a radius of ~ 4-7 nm correlating at scales of ~ 30 nm. 

 
Fig.7. X-ray scattering data for C70(OH)30 aqueous solutions: a) concentrations C = 0.05; 0.1; 

0.2; 0.5; 1.0 wt. %. (1-5, respectively); b) P(R) functions, concentrations C = 0.05; 0.1; 0.2 wt.%. (1-3), 
curves correspond to fitting using Eq. (4). 

Сделать еще цветом различие 



DLS measurements. Complementary/independent/additional? information on C70(OH)30 
fullerenols assembly in aqueous solutions, was obtained using the DLS experiments on diluted systems 
(C = 0.1 wt. %) (Fig. 8a). Higher concentrations were not measured because of a high absorption at the 
laser wavelength, 633 nm. The measurements give more information on fullerenols’ ordering in 
aqueous solutions, especially at submicron scales, inaccessible to small-angle scattering. The obtained 
hydrodynamic radii of the particles cannot be quantitatively compared with neutron and X-ray data. 
Still, the light scattering experiments confirm the formation of primary groups of fullerenols as well as 
the presence of more extended molecular correlations at the distances of >10 nm, and at last, the 
existence of submicron structures.  

 



 
Fig. 8. a) Size distribution of С70(ОН)30 aggregates in water (pH = 5.6), obtained via DLS in the 

band of the 16 kHz. b) Schematic representation of self-assembly in the C70(OH)30 fullerenols aqueous 
solutions at the critical concentration C* = 0.2 wt. %. Fig8b – отдельная картинка, или убрать, к 

ДСР не имеет отношения. 

 
4. Discussion 



 Some general words about fullerenols? 

 General words on aggregation state on aggregation state of fullerenes, and trends 

 Accessible concentration range – an important property? 

 Discussion again about multilevel structural organization 

 Final words about possible control of aggregation state? 

 Perspectives? 

Aqueous solutions of fullerenes and their derivatives are a regular object of investigations. The 
points of interest span from methods of preparation and solubility, to biological properties and toxicity, 
and also investigations of the cluster state. In this work we report preparation of two types of 
fullerenols, C60(OH)30 and C70(OH)30 and structural investigations of their solutions. Such high number 
of hydroxyl groups was achieved at the second stage of preparation. Characterization of the obtained 
derivatives via FTIR allowed to reliably estimate the number of OH-groups to be x=30±2. 
Hydroxylation indeed varies solubility properties of fullerenes, with the derivatives achieving good 
solubility in water. A wide range of concentrations of aqueous solutions for produced fullerenols was 
obtained. 

FTIR results were the basis for DFT analysis of the fullerenols structure. The non-uniform 
covering of the nanoparticles surface by the OH-group seems to be a general feature for different 
number of hydroxyls, x, in the complex. At high x=30 we obtained the formation of OH-groups chains 
around the fullerene molecules. The excess hydroxyls form short chains at the molecules “poles”. 
Comparison or discussion of other DFT results? 

Small-angle scattering investigations allowed evaluating the structural state of fullerenols in the 
solutions. The qualitative fits using Eq. (1) were first performed, allowing to evaluate the sizes of 
agglomerates in the system and their fractal dimensions. Further indirect Fourier transform treatment 
produces correlation functions for the system, showing specifics of cluster state at different 
concentrations. Generally, a three-level organization of similar character for C60(OH)30 and C70(OH)30) 
is observed. SAXS data was available specifically for C70(OH)30 system, yet similar results are 
expected for the other system. Further, we describe the behavior for C70(OH)30 aqueous solution in the 
whole concentration range of C = 0.05-22 wt.%. 

In highly dilute systems (0.05 ≤ C ≤ 0.1 wt. %), separate fullerenols are mostly observed, 
together with their sparse aggregates (correlation radius ~ 3 nm) joint into large-scale structures (~30 
nm). At a specific concentration, C* = 0.2 wt. %, condensation of fullerenols into tiny groups (~ 1 nm 
in size) is observed. In solution, between the groups repulsion dominates at the distances by an order in 
magnitude greater their size. Further increase in fullerenols’ content up to 1.0% and higher (2-22 wt. 
%) induces primary groups assembly at the scale R ~ 20-50 nm.  

A structural evolution in solutions in the concentration range of C=0.05-1.0 % wt. may be 
attributed to a consequence of the competition of hydrophobic and electrostatic molecular interactions. 
As noted above (Fig. S1), in the interval C = 0.05-0.2 wt.% a strong dropping of the hydrogen index 
(from pH ~ 5 to pH ~ 3) takes place, i.e. the systems acquire pronounced acidic properties by 
dissociation of fullerenols’ hydroxyls. Thus, the increased molecular repulsion induces remarkable 



structural changes. In turn, hydrophobic interactions are caused, mainly, by not uniform distribution of 
OH-groups on fullerenes' surfaces (Fig. 2). Therefore, we may expect that fullerenols in solutions 
group in a way to contact via their hydrophobic areas. Hence, a formation of chain or branched 
structures could be probable. The general picture obtained from our investigations is envisaged in the 
graphical abstract for the article. It should be also noted, that aggregation is a general trend for plain 
fullerene solutions and their derivatives both in water and other liquid media [34]. 

Generally, our DLS data are in agreement with previous studies reporting cluster formation with 
dimensions ~ 1-1000 nm detected by light, X-rays and neutron scattering, optical absorption [13–16] 
when a type and number of functional groups mostly defined the solubility and aggregation of 
derivatives of fullerenes and endofullerenes in solutions [18]. However, certain subtle features of 
functional groups arrangement on the surfaces of fullerenes still are often neglected. Presented 
quantum-chemical calculations have specified not uniform arrangement of hydroxyls at the surface of 
carbon cages. Especially, a formation of polar spots of OH-groups and carbon stripes at the equator 
(Fig.2) stimulates an effective aggregation, which is really observed for fullerenols forced to be glued 
via hydrophobic surface fragments. A competition of hydrophobic interactions and electrostatic 
repelling potentials of partially charged fullerenols defines their ordering analyzed above in detail by 
neutron and X-ray scattering for diluted, moderately and highly concentrated systems. Eventually, 
peculiar effects of excluded volume were discovered as the factors defining a multi-level ordering of 
fullerenols. 

5. Conclusions 

A comparative analysis of the aqueous solutions of С60(ОН)30 and С70(ОН)30 by neutron, X-ray 
and light scattering has revealed a common type of multi-level molecular organization for both kinds of 
fullerenols. A three-level self-assembly at the scales up to 100 nm is a characteristic feature of 
fullerenols dissolved in water. The extended molecular order is successively formed by small molecular 
groups (correlation radius ~ 1 nm) integrated into medium aggregates (radius ~ 3-5 nm), which are 
organized into large structures of ~ 30 nm in size. No crucial difference in their behaviors even in a 
wide range of concentrations (0.05-22 wt.%), e.g. at transition from very dilute to dense (gel-like) 
systems, was revealed.  

The concentration dependencies of the structural parameters (sizes, aggregation numbers) of 
these two systems was obtained. It was shown, that at a primary level the size of molecular groups and 
the aggregation degree vary insignificantly with C, while at the second and third levels the structural 
parameters increase by an order of magnitude. The molecular coordination inside primary groups, their 
arrangement within secondary aggregates and, accordingly, aggregates incorporated into large 
structures was determined for diluted and highly concentrated systems in connection with the results of 
quantum chemical modeling of hydroxyls distribution on carbon cages. 

The obtained results on molecular organization of fullerenols in aqueous media along with 
fundamental value have a direct practical importance due to the perspectives of biomedical applications 
of water soluble derivatives of fullerenes. 
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