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ABSTRACT: This work is devoted to the study of the physicochemical
properties of the water-soluble adduct fullerene C60-L-methionine. The adduct
was characterized using 13C solid-state NMR spectroscopy, IR spectroscopy,
elemental analysis, UV/vis spectroscopy, and HPLC. The measured phys-
icochemical properties included density, viscosity, refraction, electrical con-
ductivity, speed of sound, surface properties of aqueous solutions, nanoparticle
size distribution in water, the molecular dynamics simulation of the association of
C60-Met molecules in water and isotonic saline (0.15 M NaCl solutions), the study
of solubility in binary C60-Met−H2O and ternary C60-Met−NaCl−H2O systems,
as well as their distribution in the n-octan-1-ol−water system.

1. INTRODUCTION
Fullerenes have unique properties for application in various
fields of science and technology, such as biology, medicine,
bioanalytics, materials science, nanotechnology, etc.1,2 Full-
erenes, due to their pronounced biological activity, have great
potential for medicine, but a major obstacle is their low solubility
in aqueous solutions.3,4 Synthetic approaches developed in
recent years for obtaining water-soluble fullerene adducts
(polyhydroxylated fullerenes, carboxylated fullerenes, fullerene
adducts with amino acids and peptides) are a substantial
achievement in the chemistry of fullerenes.1,2,5−8 The potential
of these compounds is associated with a wide range of their
biological activities. Literature analysis shows that fullerene
adducts possess antitumor, antiviral, antibacterial, antioxidant,
and neuroprotective properties, as well as photodynamic and
membranotropic activity.9−11 Obviously, the physicochemical
properties of solutions of biologically active compounds form
the basis of understanding their mechanism of action, as well as
pharmacokinetics, pharmacodynamics, and metabolic stability,
which makes it possible to evaluate intermolecular interactions
in solution, hemocompatibility, permeability through tissue
barriers, etc. It is also well known that the size of nanoparticles
determines their bioavailability, toxicity, and mechanism of
action.12−27

The analysis of the literature on various water-soluble
fullerene adducts shows that, to date, the physical chemistry of

amino acid and peptide fullerene adducts has been studied, such
as the thermodynamic properties of solids, phase equilibria, and
physicochemical properties of solutions. Computer modeling
was used for investigating the mechanisms of adduct association,
the energetics of the interaction of individual fullerenes with
amino acids and peptides, as well as the properties of their
solutions. Andreeva et al.28 calculated the Gibbs free energy,
enthalpy, and entropy changes in the formation of amino
(C60Hn(NH2)n) and carboxamide (C60Hn(NH2)n(CO2)n)
derivatives of fullerene C60. It was shown that the formation of
carboxamide derivatives is determined by the enthalpy factor
and that these adducts are also prone to cluster formation in
aqueous solutions. Luzhkov et al. obtained the values of the
dissociation constants of the adduct of C60 with L-alanine, which
were pKD (−NH) = −1.44, pKD (−COOH) = 4.2, and pKD
(−CH−) = 5.8.29 Basiuk et al. calculated the energy of complex
formation of glycine and L-alanine oligopeptides with C60 using
DFT andmolecular mechanicsmethods (GGA-BLYP and LDA-
VWN functionals, and AMBER, MM+ force fields).30 The
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physicochemical properties of fullerene adduct solutions were
also investigated. The authors of references31−39 studied adducts
of light fullerenes with proteinogenic amino acids and
dipeptides. In particular, they studied the refractive index, heat
capacity, density, viscosity, electrical conductivity, size distribu-
tion of associates, and the excess thermodynamic functions of
solutions at various concentrations and temperatures. In
references35,36,39, the phase equilibria in binary systems C60-
Arg−H2O, C60−Thr−H2O, C60-Lys−H2O, and the ternary
systemC60-Lys−NaCl−H2Owere studied. The results led to the
following conclusions: (i) water-soluble adducts of fullerenes
with amino acids in dilute solutions usually have negative and
large absolute values of partial molar volumes, which indicates
the compaction and structuring of solutions; (ii) the
works33,35,40 show that water-soluble fullerene adducts are
weak electrolytes; (iii) it was established that fullerene adducts
with amino acids in aqueous solutions are strongly associ-
ated;33,41 and (iv) the synthesized fullerene adducts with amino
acids and peptides are well soluble in water and aqueous
solutions.1,33,34,40,41

This work is devoted to the study of the physicochemical
properties of the water-soluble C60-L-methionine adduct (C60-
Met, C60(C5H11NO2S)3). The adduct was characterized using
13C solid-state NMR spectroscopy, IR spectroscopy, elemental
analysis, UV/vis spectroscopy, and HPLC. Density, viscosity,
refractive index, electrical conductivity, the speed of sound,
surface properties of aqueous solutions, and nanoparticle size
distribution in water were measured. Molecular dynamics
computer simulation of C60-Met association in pure water and
isotonic saline (0.15 M NaCl) was carried out. The study of
solubility in binary C60-Met−H2O and ternary C60-Met−NaCl−
H2O systems, as well as the distribution in the n-octan-1-ol−
water system, was performed.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1. Materials. The C60-Met was purchased from “MST

Nano”, St. Petersburg; n-octan-1-ol sample was purchased from
Sigma−Aldrich. The samples were used without further
purification, and we did not perform the separation of positional
isomers of C60-Met. The characteristics of the samples are
indicated in Table 1.

Deionized water was used (electrical conductivity equal to 5.6
× 10−6 S·m−1). Purification of water was performed using a
Millipore Simplicity UV apparatus (Merck KGaA, Germany).
Aqueous solutions of C60-Met were prepared by mixing the
components in different proportions by mass using an electronic
balance with an uncertainty of ±0.0001 g. The solutions were
stored in airtight, glass-stoppered bottles to prevent contami-
nation and evaporation.
All uncertainties were estimated according to the Guide to the

Expression of Uncertainty in Measurement (GUM).42

2.2. C60-Met Characterization. To characterize the C60-
Met adduct, a group of physicochemical methods was used. A
detailed description of the equipment is given in Table S1. The
characterization of C60-Met is presented in Figures S1−S4.

2.3. Physicochemical Investigation. Density, refraction,
viscosity, electrical conductivity, speed of sound, and surface
properties of C60−Met aqueous solutions were analyzed
according to the methods descr ibed in referen-
ces32,34−36,39,41,43−49. The density measurements were carried
out using a DMA 5000 M density meter (Anton Paar, Austria).
The viscosity of the investigated samples was measured using a
Lovis 2000 M rolling-ball microviscometer (Anton Paar,
Austria). The refractive indices of the solutions were determined
using an Abbemat WR-MW automatic refractometer (Anton
Paar, Austria). Electrical conductivity was measured using an
Anion-4151 (NV-Lab, Russia). Speed of sound measurements
were carried out using a DSA 5000 (Anton Paar, Austria).
Surface properties were investigated using a Spectra apparatus
(Ntegra, Russia) and Sigma 701 (Biolin Scientific, Finland). The
size distribution of C60-Met associates in aqueous solutions and
their electrophoretic mobility were measured using a Zetasizer
apparatus (Malvern, UK).
The methodology for studying the association of C60-Met in

water and isotonic saline (0.15 M NaCl) using the Molecular
Dynamics (MD) method is described in Supporting materials.
To study the nature of the C60-Met association at the atomic-

molecular level, quantum chemistry and MD were used. The
electronic structure of C60-Met was calculated in the ORCA
program using the DFT method, CAM-B3LYP 6−31g*
functional, and atomic basis set, with full geometry optimization
and taking into account the interaction with the solvent
according to the CPCM model. The choice of the functional
and basis set was based on the successful application of this
scheme for predicting electronic absorption spectra. The
association of C60-Met in water and isotonic saline (0.15 M
NaCl) was studied by MD. The atomic charges, estimated
according to the Mulliken scheme, were used from quantum
chemical calculations. The GROMACS 2023 package was used
for molecular dynamics calculations. For calculations with
periodic boundary conditions, 20 C60-Met molecules and 1.3 ×
105 water molecules were placed in a cubic cell with sides of 16
nm; the distance between the C60-Met molecules was 30 Å, the
distance from the C60-Met molecule to the cell edge was 15 Å,
and the diameter of the C60-Met molecule was 15−20 Å. The
OPLS-AA/M force field was used for the calculations; the
simulation time was 400 ns with a step of 1 fs. Next, in the
GROMACS 2023 package, solvation, energy minimization, and
equilibration of the system were carried out in the NVT and
NPT ensembles with a thermostat and Berendsen barostat for
400 ps with a time step of 0.1 fs under the conditions T = 298.15
K and p = 101325 Pa.
The solubility in the C60-Met−H2O binary system was

studied by isothermal saturation in ampules at temperatures
ranging from 298.15 to 333.15 K, as described in ref.50. The
same procedure was used for the investigation of solubility in the
C60-Met−NaCl−H2O ternary system at 298.15 K.
The detailed methodology for determining the coefficient of

the distribution of C60-Met in the n-octan-1-ol−water system is
presented in ref.50.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Investigation of C60-Met.

3.1.1. Densities and Volume Properties of C60-Met Water
Solutions. Table 2 and Figure S5 present T−C data on solution
densities. The analysis of Figure S5 shows that the density values
rise with the increase in concentration of C60-Met.

Table 1. Characteristics of the Chemical Samples

Name Supplier Purity, kg·kg−1 Analysis method

n-octan-1-ol Sigma-Aldrich >0.985 Gas chromatography
C60-Met MST Nano >0.995 Liquid chromatography
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The average molar volumes (V) of solutions were calculated
using eq 1:

= +V V n n/( )1 2 (1)

where the summation is carried out for both components (1 is
H2O, 2 is C60−Met). V and ni are the volume and the number of

moles of the ith component in one liter of solution. The average

molar volumes are presented in Figure S6.
The calculation of the partial molar volumes of solution

components Vi was carried out according to eqs 2 and 3:

=V V x V x. ( / )T PH O C Met C Met ,2 60 60 (2)

Table 2. Temperature (T) and Concentration (C) Dependences of Density (ρ) of C60-Met Aqueous Solutions at p = 0.1 MPaa

xC60‑Met T/K
283.15 293.15 303.15 313.15 323.15 333.15

ρ/kg·m−3

1.55 × 10−7 999.78 998.30 995.75 992.32 988.12 983.27
4.64 × 10−7 999.80 998.31 995.76 992.33 988.14 983.29
7.73 × 10−7 999.81 998.34 995.79 992.34 988.17 983.32
1.55 × 10−6 999.85 998.37 995.81 992.38 988.18 983.36
4.64 × 10−6 999.99 998.51 995.95 992.53 988.33 983.49
7.73 × 10−6 1000.14 998.65 996.10 992.67 988.47 983.63
1.55 × 10−5 1000.44 998.95 996.38 992.95 988.76 983.91
4.64 × 10−5 1001.62 1000.10 997.52 994.08 989.88 985.01
7.73 × 10−5 1002.80 1001.26 998.67 995.21 991.00 986.12
1.08 × 10−4 1003.96 1002.41 999.80 996.34 992.11 987.26
1.54 × 10−4 1005.68 1004.10 1001.47 997.98 993.75 988.89

aaStandard uncertainty is u(T) = 0.01 K, u(P) = 10 kPa. Combined expanded uncertainty for ρ is Uc(ρ) = 0.01 kg·m−3 (0.95 level of confidence).

Table 3. Refraction Properties of C60-Met Aqueous Solutions in Water at T = 293.15 K. C is the Volume Concentration of C60-
Met, nD is the Refraction Index; R and R are Specific and Molar Refractions, rC Met60

and RC Met60
are Specific and Molar

Refractions of C60-Met Aqueous Solutions at λ = 589.3 nm and p = 0.1 MPaa

xC Met60 nD r/10−4·m3·kg−1 R/10−6 m3·mol−1 RC Met60
/10−4·m3·mol−1 rC Met60

/10−4·m3·kg−1

1.55 × 10−7 1.33302 2.0607 3.7092 � �
4.64 × 10−7 1.33045 2.0607 3.7093 � �
7.73 × 10−7 1.33304 2.0606 3.7094 � �
1.55 × 10−6 1.33312 2.0606 3.7096 3.1684 2.7664
4.64 × 10−6 1.33315 2.0608 3.7104 3.0677 2.6287
7.73 × 10−6 1.33328 2.0609 3.7112 2.8806 2.4685
1.55 × 10−5 1.33332 2.0610 3.7134 2.8637 2.4539
4.64 × 10−5 1.33385 2.0615 3.7216 2.7635 2.3681
7.73 × 10−5 1.33441 2.0622 3.7301 2.7721 2.3754
1.08 × 10−4 1.33492 2.0628 3.7385 2.7681 2.3721
1.54 × 10−4 1.33576 2.0635 3.7511 2.7560 2.3616

aaStandard uncertainties are u(T) = 0.03 K, u(P) = 10 kPa, and u(nD) = 0.00004 (0.95 level of confidence).

Table 4. Temperature and Concentration Dependences of Dynamic (η) and Kinematic (ηk) Viscosities of C60-Met Aqueous
Solutionsab

xC60 Met
T/K T/K

283.15 293.15 303.15 313.15 323.15 333.15 283.15 293.15 303.15 313.15
η /mPa·s ηk /mm2 ·s−1

1.55 × 10−7 1.306 1.002 0.799 0.656 0.553 0.476 1.306 1.004 0.802 0.661 0.559 0.484
4.64 × 10−7 1.307 1.003 0.799 0.657 0.553 0.476 1.308 1.005 0.803 0.662 0.560 0.484
7.73 × 10−7 1.307 1.003 0.799 0.657 0.553 0.476 1.308 1.005 0.803 0.662 0.560 0.484
1.55 × 10−6 1.307 1.003 0.800 0.657 0.553 0.476 1.307 1.005 0.803 0.662 0.560 0.484
4.64 × 10−6 1.310 1.005 0.801 0.658 0.555 0.477 1.310 1.007 0.805 0.663 0.561 0.485
7.73 × 10−6 1.312 1.006 0.802 0.659 0.555 0.478 1.311 1.008 0.805 0.664 0.561 0.486
1.55 × 10−5 1.317 1.010 0.805 0.661 0.557 0.479 1.316 1.011 0.808 0.666 0.563 0.487
4.64 × × 10−5 1.334 1.024 0.816 0.671 0.565 0.486 1.332 1.024 0.818 0.675 0.571 0.493
7.73 × 10−5 1.354 1.039 0.828 0.679 0.572 0.491 1.350 1.038 0.829 0.683 0.577 0.498
1.08 × 10−4 1.374 1.055 0.841 0.69 0.581 0.497 1.369 1.052 0.841 0.692 0.585 0.504
1.54 × 10−4 1.402 1.075 0.856 0.703 0.591 0.507 1.394 1.071 0.855 0.704 0.594 0.512
aC is the volume concentration of C60−Met in aqueous solution at p = 0.1 MPa. bStandard uncertainties are u(T) = 0.02 K, u(P) = 10 kPa, and
ur(η) = 1% (0.95 level of confidence).
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=V V x V x( / )T PC Met H O H O ,60 2 2 (3)

where xi is the mole fraction of the ith component of the
solution. The derivatives V x( / )T PC Met ,60

and V x( / )T PH O ,2

were calculated numerically. The concentration dependences of
the partial molar volumes of the solution are presented in
Figures S7 and S8. As can be seen from Figure S8, the partial
molar volumes of C60-Met in aqueous solutions at low
concentrations are characterized by negative absolute values
(from −100 to −50 cm3·mol−1). The results are consistent with
previously obtained data for other water-soluble C60 adducts

with amino acids C60-Gly,
41 C60-Arg,

35 C60-Thr,
36 C60-Lys,

32 as
well as carboxylated fullerene C60[C(COOH)2]3

51 and
polyhydroxylated fullerenes C60(OH)22−24 and C70(OH)12.

44,47

The partial molar volume of C60−Met V( )C Met60
is the

isothermal−isobaric derivative of the volume of the solution
with respect to the number of moles of C60-Met at a constant
number of moles of water. Unlike the average molar volume of
the solution, it can have an arbitrary sign, in particular, be
negative, which indicates strong compaction and structuring of
the solution (probably due to the formation of hydrogen bonds)
when adding the first portions of C60-Met (up to xC Met60

= 7.73
× 10−7). This fact indirectly indicates that the state of C60-Met
molecules in liquid solution (in first-order associates) and in
solid C60-Met differs sharply from each other. Further increases
in the concentration of C60-Met x( C Met60

= 1.55 × 10−5) lead to
the formation of third-order associates (Figure S8), and the
partial molar volume becomes positive and weakly dependent on
the concentration (≈500 cm−3·mol−1), which is consistent with
the average molar volume of solid C60-Met.

3.1.2. Refraction of Aqueous Solutions of C60−Met. Table 3
presents the refractive indexes of C60−Met aqueous solutions at
different concentrations (T = 293.15 K).
The concentration dependences of the specific (r) and molar

(R) refractions of C60-Met solutions at 293.15 K were
determined using the Lorentz−Lorenz equation:

=
+ ·

r
n

n
1

( 2)
D

D

2

2
(4)

= ·
+ ·

R
n M
n

( 1)
( 2)

D

D

2

2 (5)

= · + ·M M x M xH O H O C Met C Met2 2 60 60 (6)

The concentration dependences of r and R for aqueous
solutions are presented in Table 3. Obviously, the r and R values
of C60-Met can be calculated using the refraction of water:

= · + · ·r r r( ) (1/100)H O H O C Met C Met2 2 60 60 (7)

= · + ·R R x R xH O H O C Met C Met2 2 60 60 (8)

For the C60-Met adduct, the values of the molar R( )C Met60

and specific r( )C Met60
refractions are (3.0 ± 0.2)·10−4 m3·mol−1

and (2.6 ± 0.3)·10−4 m3·kg−1, respectively. Due to the low
accuracy of the refraction data at xC Met60

< 7.73 × 10−7 these
values were not used.
The RC Met60

values were additionally calculated using the
Eisenlohr additivity rule at different spectral lines (Hα [λ =
658.3 nm] and Hβ [λ = 436.1 nm]).

RC Met60
60RC+3· (5RC + 11RH + RN(−NH−) + RO(−C�O) +

RO(−OH) + RS(−S−) + 33R ≈ 60 × 2.418 + 3· (5 × 2.418+ 11 ×
1.10 + 2.502 + 2.211 + 1.525 + 8.0) + 33 × 1.733 ≈ 317.55 ± 5
cm3·mol−1 ≈ (3.18 ± 0.05)·10−4 m3·mol−1

The specific refractions of C60-Met were calculated according
to eq 9:

± · ·

r R M/

(2.72 0.02) 10 m kg

C Met C Met C Met

4 3 1
60 60 60

(9)

Figure 1. Temperature dependences (T) of dynamic viscosity (η) of
C60-Met aqueous solutions at different concentrations x( )C Met60

:
(orange square) 0, (blue circle) 1.55 × 10−7, (pink triangle) 4.64 ×
10−7, (brown inverted triangle) 7.73 × 10−7, (green rhombus) 1.55 ×
10−6, (blue left-tilted triangle) 4.64× 10−6, (brown right-tilted triangle)
7.73 × 10−6, (red square) 1.55×10−5, (green small circle) 4.64 × 10−5,
(blue upright triangle) 7.73 × 10−5, (dark blue downwards triangle)
1.08 × 10−4, (black rhombus) 1.54 × 10−4. Dots are experimental
values, and solid lines represent VFT equation approximation (eq 16).

Table 5. Concentration Dependencies of Specific and Molar
Electrical Conductivities, Degree of Dissociation and pKD for
C60-Met Aqueous Solutions at T = 298.15 Kab

xC Met60 κ/mS·cm−1 λ/S·m2·mol−1 α pKD

0 − 0.68 ± 0.02* 1.000 4.6 ± 0.2*
7.73 × 10−7 0.023 0.511 0.552 4.5 ± 0.2
1.55 × 10−6 0.030 0.340 0.367 4.7 ± 0.2
3.09 × 10−6 0.049 0.287 0.310 4.6 ± 0.2
7.73 × 10−6 0.114 0.266 0.287 4.3 ± 0.1
1.55 × 10−5 0.214 0.245 0.270 4.1 ± 0.1
2.32 × 10−5 0.310 0.240 0.260 3.9 ± 0.1
3.09 × 10−5 0.391 0.230 0.250 3.9 ± 0.1
3.86 × 10−5 0.481 0.224 0.242 3.8 ± 0.1

aCombined expanded uncertainty is uc(κ) = 0.01 mS·cm−1 for T =
298.15 K (0.95 level of confidence). bobtained by extrapolation.

Table 6. Values of pKD for Different C60 Fullerene Adducts
with Amino Acids at T = 298.15 K

Adduct
pKD

(adduct)
pKD (amino acid

α-COOH)

C60-Arg (C60(C6H13N4O2)8H8) 7.235 2.258

C60-Thr (C60(C4H9NO3)2) 4.736 2.158

C60-Lys (C60(C6H14N2O2)2) 3.732 2.258
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Thus, there is good agreement between the values calculated
using the Eisenlohr additivity rule and the experimental data on
the refraction indexes.

3.1.3. Viscosity of Aqueous Solutions of C60-Met. Table 4
and Figure S9 present the T−x dependences of the dynamic
viscosity of C60-Met at T = 293.15 to 333.15 K: the dynamic
viscosity η increases with the rise in C60-Met concentration.
The kinematic viscosities (ηk) were determined according to

the following equation:

= /k (10)

where η is the dynamic viscosity and ρ is the density of C60-Met
aqueous solutions.
The values of viscous flow activationΔH*, ΔS*, and ΔG* for

C60-Met aqueous solutions were calculated using Eyring
transition state theory, according to the following equations:43

* =G RT
V

hN
ln

A (11)

* =H RT
T

V
hN

ln
A

2 i
k
jjjjj

y
{
zzzzz (12)

* =
* *

S
G H

T (13)

The activation energy of viscous flow (Ea), the entropic factor
(As), and the activation temperature (TA) were determined
using eqs 14and 15 (see Table S2):

= +A
E
R T

ln ln
1

S
a

(14)

=T
E

R AlnA
S

a

(15)

Isoconcentrates of dynamic viscosity in the temperature range
T = 293.15−333.15 K (Figure 1) were determined using the
three-parameter Vogel−Fulcher−Tammann (VFT) equation
(see Table S3):

= +T A T Blg ( ) lg /( )0 (16)

where η0, A, and B are adjustable parameters.
The values of the adjustable parameters for the VFT equation,

as well as the AAD and SD values, are presented in Table S3.
3.1.4. Electrical Conductivity of Aqueous Solutions of C60−

Met. Specific (κ) and molar (λ) electrical conductivities of C60−
Met aqueous solutions at 298.15 K were calculated according to
the following equations:

Table 7. Temperature (T) and Concentration (C) Dependences of the Speed of Sound (c) of Aqueous Solutions of C60-Met at p =
0.1 MPaa

Cm/mol·kg−1

c/m·s−1

T/K

278.15 283.15 288.15 293.15 298.15 303.15 308.15 313.15 318.15 323.15
8.57 × 10−6 1427.0 1447.6 1466.1 1482.3 1496.6 1509.0 1519.7 1529.1 1536.7 1542.9
4.3 × 10−5 1427.0 1447.6 1466.1 1482.3 1496.6 1509.0 1519.8 1529.1 1536.7 1542.9
8.6 × 10−5 1427.0 1447.5 1466.1 1482.3 1496.5 1508.9 1519.7 1528.8 1536.6 1542.9
2.14 × 10−4 1427.0 1447.6 1466.1 1482.3 1496.6 1509.0 1519.7 1529.0 1536.7 1542.9
4.3 × 10−4 1427.0 1447.7 1466.1 1482.3 1496.6 1509.1 1519.8 1529.1 1536.7 1542.9
8.6 × 10−4 1426.8 1447.6 1466.2 1482.5 1496.7 1509.1 1519.8 1528.9 1536.7 1543.0
2.1 × 10−3 1427.4 1448.0 1466.5 1482.6 1496.9 1509.3 1520.0 1529.3 1536.9 1543.1
4.32 × 10−3 1428.2 1448.8 1467.2 1483.4 1497.6 1510.0 1520.7 1530.0 1537.6 1543.8
8.64 × 10−3 1429.2 1449.6 1468.0 1484.1 1498.3 1510.7 1521.4 1530.2 1538.2 1544.3

aaStandard uncertainties u(T) = 0.01 K and u(P) = 10 kPa. Combined expanded uncertainty for u is Uc(c) = 0.5 m·s−1 (0.95 level of confidence).

Figure 2. Concentration dependences x( )C Met60
of surface tension (γ)

of C60-Met aqueous solutions at T = (■) 298.15 K and (●) 303.15 K, x
is the mole fraction of C60-Met.

Figure 3. AFM microphotographs of surface films from C60-Met
solutions at xC Met60

= 7.73× 10−6 (a) and xC Met60
= 7.73 × 10−5 (b).
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= 1/ (17)

where ρ is the specific resistance,

= · C(1000 )/ M (18)

where CM is the molarity of the solution.
The data on concentration dependencies of specific andmolar

electrical conductivities at T = 298.15 K are summarized in
Table 5.
The analysis of the obtained data shows an increase in specific

electrical conductivity and a decrease in molar electrical
conductivity with the increase of C60-Met concentration.
Molar electrical conductivity in infinitely dilute solutions (λo)

was calculated by the extrapolation of λ C( )M to CM = 0
according to the Kohlrausch equation (eq 19):

= ·A CMo (19)

where A is an empirical value that depends on the nature of the
electrolyte and solvent, as well as temperature and pressure.
The degree of dissociation (α) and dissociation constant (KD)

of C60−Met in aqueous solutions were determined by eqs 20and
21 , assuming a proton dis soc ia t ion mechani sm
(C60(C4H10NSCOOH)3 ⇄ C60(C4H10NSCOOH)2
C4H10NSCOO−+H+):

= / o (20)

= ·
K

C
(1 )

M
D

2

(21)

The calculated values of α (Figure S10) and KD are presented
in Table 5 reveal that C60−Met is a weak electrolyte.
The increase of the degree of dissociation (α) upon dilution of

the solution from ≈0.242 to 1.00 is quite natural; it is observed
for all aqueous solutions of electrolytes when the characteristics
of dissociation are determined by the electrical conductivity
method. A similar tendency, in particular, is observed for all
previously studied adducts of light fullerenes with amino
acids.45,52,53 This fact is due to the electrophoretic and relaxation
effects increasing with the concentration of the electrolyte,
which limit the charge transfer and mobility of ions. In principle,
the decrease in the strength of the electrolyte with increasing
concentration in highly polar solvents (water) is a well-known
fact. It should also be noted that the obtained values of the molar
conductivity in infinitely dilute solutions (λo (C60-Met) ≈ 0.68
± 0.02 S·m2·mol−1) is in a good agreement with triple molar
conductivity of a proton in aqueous solutions (λo = 0.225 × 3 =

0.675 S·m2·mol−1).54 This fact allows us to propose that the
dissociation of C60-Met in infinitely dilute solutions is
accompanied by the release of three hydrated protons.
The thermodynamic dissociation constant (KD

therm) was
calculated by extrapolating KD values to the region of an
infinitely dilute solution:

=K KlimCD
therm

0 DM (22)

Considering those aqueous solutions of C60-Met that form
associates, the KD values are conditional. For the C60-Met
adduct, the value of pKD

therm is 4.6; for comparison, the
pKD(−COOH) inMet is equal to 2.1. Thus, attaching an amino acid
to the C60 core leads to a decrease in the acidity of the carboxyl
group. The obtained result is consistent with the fact that
fullerenes can exhibit electron-donor properties.55

The monotonic decrease in pKD (from ≈ 4.6 to 3.8) with
increasing concentration is quite difficult to explain (see Table
5). The calculation of pKD was carried out using Ostwald’s
dilution law (eq 21), without taking into account the activity
coefficients of the ion-molecular forms. Moreover, the charge
carriers in the system under study change depending on the
concentration: monomeric forms (which were not detected in
the studied concentration range) and associates of the first,
second, and third orders. The activity coefficients of the
monomers within such associates are not available, but from
general considerations, in strongly associated concentrated
solutions of electrolytes, large (sometimes extreme) positive
deviations from ideality are observed using asymmetric
normalization of excess functions. For example, in concentrated
aqueous solutions of (UO2)Cl2, the values of the average ionic
activity coefficients are γ ± ≈ 2000 − 3000 rel. units.56 Taking
into account the activity coefficients of globally associated C60-
Met should significantly reduce the values of thermodynamic
dissociation constants with increasing concentration and correct
the calculation accordingly The pKD

therm value for C60-Met is
equal to 4.6, while the pKD value of the carboxyl group in Met is
equal to 2.1.57 According to the classical Lewis acid−base
theory, electron-donating substituents reduce the strength of
acids and increase the strength of bases, and conversely,
electron-withdrawing substituents increase the strength of acids
and reduce the strength of bases. Thus, the fullerene core C60 is
an electron-donating ligand for Met. Comparing the pKD values
for C60-Met with the data obtained for C60-Arg, C60-Lys, and
C60-Thr (fullerene adducts of C60 with L-arginine, L-lysine, and L-
threonine, respectively), it can be concluded that the same

Table 8. Sizes of C60-Met Associates in Water at 298.15 Kab

xC Met60 δ0/nm δI /nm δII /nm δIII /μm N0→1 N0→2 N0→3 ζI, MB ζII, MB ζIII, MB

0 2 � � � � � � � �
1.55 × 10−5 � 30−50 � � 2 × 103−8 × 103 � � −35 �
1.54 × 10−4 � 30−50 � � 2 × 103−8 × 103 � � −33
7.72 × 10−4 � 30−50 100−400 � 2 × 103−8 × 103 6.5·104−4·2 × 106 � −30 −40
1.54 × 10−3 � � 100−400 � � 6.5 × 104−4·2 × 106 � � −37
3.85 × 10−3 � � 100−400 � � 6.5 × 104−4.2 × 106 � � −35
1.52 × 10−2 � � 100−400 1−2 � 6.5 × 104−4.2 × 106 6.5 × 107−5.2 × 108 � −33 −56
3.72 × 10−2 � � 100−400 1−2 � 6.5 × 104−4.2 × 106 6.5 × 107−5.2 × 108 � −30 −53
7.17 × 10−2 � � 100−400 1−2 � 6.5 × 104−4.2 × 106 6.5 × 107−5.2 × 108 � −27 −49

aN0→i are the Values of the Average Number of Monomeric Molecules in an i-th Order Associates*; δ0, δi are the Average Diameters of Monomeric
Molecules and Associates of the i-th Order; ζi is ζ-Potential of the i-th Order Associates. b* = ·N K( )i0

3
pack

i

0
, Kpack is the packing coefficient in

the case of “small spheres packed into a large one” or, equivalently, the packing factor of a sphere into an equidimensional cube: Kpack = π/6 ≈ 0.52.
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tendency of increasing pKD of C60 fullerene adducts was

observed (Table 6).
3.1.5. Speed of Sound in Aqueous Solutions of C60-Met.

Concentration and temperature dependencies of the speed of

sound (c) and isentropic compressibility (κS) of C60-Met

solutions are presented in Figure S11 and Table 7. κS was

determined according to the Laplace equation:

= ·cS
1 2

(23)

where ρ is the density of C60-Met aqueous solution.

Figure 4. Structure of C60-Met isomer (a) and HOMO (b) and LUMO (c) visualization.
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The values of isentropic compressibilities were used for
calculating the apparent specific isentropic compressibility
(κS,ϕ) according to eq 24:

=
+ m

m m

(1 )
S

S S
,

C Met

C Met

0

0 C Met

60

60 60 (24)

where mC Met60
is the molality of the solution, κS0 is the

isentropic compressibility of water, and ρ0 is the density of water.
The concentration dependencies of κS,ϕ in C60-Met aqueous

solutions at various temperatures are presented in Figure S12.
The negative values of κS,ϕ demonstrate that water molecules
located near the C60-Met nanoparticles have greater compres-
sion resistance than bulk molecules of water. The obtained result

Figure 5. Visualization of C60-Met molecular dynamics: the initial
arrangement of C60-Met in cells with water (a) and in isotonic saline
(b); association of C60-Met in water (c) and in isotonic saline (d) after
10 ns; association of C60-Met in water (e) and in isotonic saline ( f) after
100 ns; association of C60-Met in water (g) and in isotonic saline (h)
after 400 ns.

Figure 6. Kinetics of change in solvent-accessible surface area of C60-
Met molecule associates in water (shown in blue) and isotonic saline
(shown in green). N is the number of C60-Met.

Figure 7. The number of hydrogen bonds formed between C60-Met in
water (a) and isotonic saline (b) during simulation.
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is in agreement with the fact of condensing C60-Met aqueous
solutions at low concentrations (see Section 3.1.1). Figure S12
shows that κS,ϕ rises with increasing C60-Met concentration; at
the same time, temperature has virtually no effect on the
concentration dependence of κS,ϕ. The obtained results
correspond to the data obtained earlier for C60-Arg,

35 C60-
Thr,36 C60-Lys,

32 and C60[C(COOH)2]3.
51

3.1.6. Surface Properties of C60-Met Water Solutions. Plate
mass values based on electronic microbalance readings were
used to calculate the surface tension (eq 25):

= mk (25)

wherem is themass of the plate, and κ = γ (H2O)/m is a constant
depending on the characteristics of the plate, the value of which
was determined from calibration experiments with water. Figure
S13 presents the kinetic dependencies of γ at different
concentrations of C60-Met aqueous solutions. The obtained
data show that (i) the surface tension of C60-Met aqueous

solutions depends on concentration, (ii) the C60-Met−H2O
system needs about 20 to 500 min to reach equilibrium,
depending on the concentration of C60-Met in the solution
(Figure S13). Figure 2 presents the static surface tension
isotherms for C60-Met aqueous solution at T = 298.15 and
303.15 K. The surface tension values were obtained from the
kinetic dependences (Figure S13) after the equilibrium was
reached.
As can be seen, C60-Met reduces the γΔΔ value down to 60.6

mN·m−1 at 298.15 K and xC Met60
= 3.08 × 10−4. In our research

group, similar surface tension isotherms were obtained earlier
for binary systems containing a C70 adduct with L-threonine
(C70(C4H9NO2)2)

39�63.5 mN·m−1 at x = 5.02 × 10−5 and
carboxylated fullerene (C60[C(COOH)2]3)

43�37mN·m−1 at x
= 3.51 × 10−4. From the comparison of the presented values, it
follows that C60-Met is a less surface-active substance compared
to the surface activity of carboxylated fullerene, but more
surface-active compared to the adduct of fullerene C70 with L-
threonine, which is determined by the structural features of the
fullerene adducts. For the investigation of the surface
morphology in C60-Met−H2O binary system, the adsorption
films were obtained at xC Met60

= 7.73 × 10−6 and 7.73 × 10−5

and studied using AFM. Figure 3 shows that the surface layer is
microheterogeneous due to the adsorption of aggregates from
the bulk phase.
As can be seen from Figure 3 in the surface layer at xC Met60

=
7.73 × 10−6 associates with sizes of 30 to 50 nm are
predominantly present, and at xC Met60

= 7.73× 10−5 associates
have linear dimensions of about 100 nm. Table 8 and Figure S14
present the concentration dependence of associates’ size
distribution and ζ-potentials of C60-Met aqueous solutions.
It is clearly seen that the solutions of C60-Met are associated

(see Figure 3); the size of the associates depends on
concentration and varies from tens to thousands of nm. At the
same time, the ζ-potentials calculated using the Helmholtz−
Smoluchowski equation demonstrate aggregative stability.59

3.1.7. Molecular Dynamics Modeling. The isomer of C60-
Met with a maximally distant location of amino acid residues was
chosen for computer modeling (see Figure 4a). In this case, the
association of C60-Met in solution is possible through hydro-
phobic interactions as well as due to the formation of hydrogen
bonds between amino acid residues. The calculated HOMO and
LUMO energy values for C60-Met were −0.240304 Ha and
−0.054095Ha, respectively. The visualization of these orbitals is
presented in Figures 4b,c.
The results for C60-Met in water and isotonic saline (0.15 M

NaCl) at 10, 100, and 400 ns are presented in Figure 5.
Figure 5 shows that C60-Met nanoparticles approach each

other quite dynamically: at 10 ns, dimers of C60-Met molecules
were formed in both systems (Figure 5c,d). In contrast to
isotonic saline, a more uniform association of C60-Metmolecules
was observed in water, with the formation of groups containing
two or three C60-Met molecules. The analysis of the kinetics of
C60-Met association in water and isotonic saline shows that, in
the latter, the association is more pronounced. Figure 6 shows
the kinetics of C60-Met association in water and isotonic saline.
Literature data on modeling the association of fullerenes and

their derivatives is very limited, despite the fact that it forms the
basis for understanding the mechanism of this process. At the
moment, a number of publications are devoted to the study of
the aggregation of individual fullerenes and their derivatives, in
which the following systems were investigated: fullerenes with

Figure 8. Solubility in the binary system C60-Met−H2O system at
298.15 to 333.15 K. ω is the mass fraction of C60-Met and T is the
absolute temperature (black dots represent experimental data).

Figure 9. Solubility in the C60-Met−NaCl−H2O system at 298.15 K
(the dashed line corresponds to the crystallization of C60-Met·4H2O
and the solid line to the crystallization of NaCl; ω is the mass fraction.
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different numbers of carbon atoms (C60, C180, C240, and C540)−
water, acetone, and toluene;60 C60−water and 0.01, 0.1, and 0.4
M aqueous solutions of NaCl;61 [6,6]-phenyl-C61-butyric acid

methyl ester in toluene, indane, toluene−indane mixtures ,
chlorobenzene, o-dichlorobenzene, 1-chloronaphthalene, and
1,8-diiodooctane.62 The closest to the studied systems are the

Figure 10. T−C dependences of refraction indexes (a), viscosities (b), densities (c), electrical conductivity (d), and speed of sound (e) of C60-Met
aqueous solutions; red spheres: experimental data; surfaces: calculated data.
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systems of C60 adduct with L-arginine (C60(C6H13N4O2)8H8) in
water and in isotonic NaCl solution, in which similar patterns of
the association process were obtained,63 and it was shown that
aggregation in isotonic NaCl solution has a more pronounced
character.
The higher potential for clustering in isotonic saline is evident

from the decrease in the solvent-accessible surface during the
simulation compared to the behavior of C60-Met molecules in
water (Figure 6). As can be seen, equilibrium in C60-Met−H2O
and C60-Met−isotonic saline systems was reached at about 200
ns from the start of the simulation. Figure 7 presents the number
of hydrogen bonds formed between the C60-Met molecules
during their association in water and isotonic saline over 400 ns
of simulation.
As can be seen from Figure 7a, in the case of the water solution

of C60-Met the equilibrium in hydrogen bond formation
between C60-Met was established at 200 ns. In the case of
hydrogen bond formation between C60-Met in isotonic saline
(Figure 7b), fluctuations with higher amplitude can be seen,
which can be connected with the rearrangement of hydrogen
bonds inside the C60-Met associate.

3.1.8. Solubility of C60-Met in Water. Solubility in the binary
system C60-Met−H2O in the temperature range T = 298.15 to
333.15 K is presented in Figure 8, from which it follows that (i)
the solubility curve contains one branch, and an increase in
solubility with rising temperature is observed, (ii) the
equilibrium solid phase in the whole temperature range is the
crystal hydrate C60-Met·4H2O, (iii) C60-Met is compatible with
water, and according to Figure 8 the solubility varies from
xC Met60

= 8.34 × 10−4 to 1.14 × 10−3. Solubility values of the
following binary systems were calculated at 298.15 K: C60-Arg-
H2O ( C Arg60

= 0.020),35 C60-Thr-H2O ( C Thr60
= 0.041),36

and C60-Lys-H2O ( C Lys60
= 0.025)64 are presented.

Knowing the solubility in the ternary C60-Met−NaCl−H2O
system is important for further biomedical applications of C60-
Met. Figure 9 shows that the solubility diagram consists of two
branches corresponding to the crystallization of the crystal
hydrates of the composition C60-Met·4H2O and NaCl.
The diagram consists of one invariant point (point E), which

corresponds to saturation by C60-Met·4H2O and NaCl solid
phases.

3.1.9. Distribution of C60-Met in the N-Octanol−Water
System. The value of lgPow of C60-Met is equal to 0.186. The
obtained value indicates that C60-Met has similar affinity for the
aqueous and n-octan-1-ol phases. It is well known that, in the
case of lgPow =−1 to 2, biologically active substances are suitable
for oral administration. At a low value of lgPow < −1, the
biologically active substance is poorly absorbed, and, finally, at
lgPow > 2, the substance will be retained in the lipid bilayer.

3.1.10. Correlation Between Physicochemical Properties.
For the description of T−x dependencies of density, electrical
conductivity, speed of sound, refraction indices, and viscosity,
the following equation was applied:

= + · + ·
= =

P a b T c C
i

i
i

j
j

j

1

4

1

4

(26)

where P is a value of the physical property (density, electrical
conductivity, speed of sound, refraction indices, and viscosity),
a, bi, cj are the correlation parameters (see Table S4). The
comparisons of experimental and calculated data are presented
in Figure 10.

4. CONCLUSIONS
The conducted physicochemical study of C60-Met solutions
allows us to conclude that in the region of dilute solutions (up to
xC Met60

= 4.64× 10−7) significant compaction and structuring of
the solutions are observed. In the mole fraction range up to 7.73
× 10−5 the solutions were strongly associated, and depending on
the concentration, associates of tens, hundreds, and even
thousands of nanometers in size were observed. C60-Met
solutions are weak electrolytes. The thermodynamic dissocia-
tion constant shows that the addition of an amino acid to the C60
core leads to a decrease in the acidity of the carboxyl group. C60-
Met is a surface-active substance; thus, associates of different
sizes were adsorbed in the surface layer depending on the
concentration. The C60-Met adduct is compatible with water
and aqueous solutions. lgPow shows that C60-Met has the same
affinity for both phases. Thus, the functionalization of C60 does
not affect the membranotropic properties. In conclusion, we
believe that a comprehensive physicochemical study of fullerene
adducts is an important step toward their practical application.
Since the discovery of methods for fullerene preparation, an

urgent task has been the synthesis of watersoluble fullerene
adducts with a wide range of biological activities: antitumor,
antiviral, antimicrobial, antioxidant, neuroprotective, photo-
dynamic, and membranotropic. In addition, they can be used as
inhibitors of enzymes and apoptosis, as well as radioprotectors.
All this suggests that fullerenes and their derivatives can be the
basis for the development of new high-tech medical materials
and drugs. Further studies of C60-Met will focus on its
mechanisms of action in biological systems: biodegradation,
metabolic stability, toxicity, and pharmacokinetics.
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