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Effect of Centrifugal Field upon Hydrodynamic
Characteristics of Fullerene C60 and

Poly(N-vinylpyrrolidone) Complex
in Aqueous Solutions

Elena Tarabukina, Illia Krasnov, Olga Ratnikova,

Elena Melenevskaya, and Alexander Filippov
Institute of Macromolecular Compounds, Russian Academy of Sciences,

St. Petersburg, Russia

Abstract: Velocity ultracentrifugation method was employed to study aqueous
solutions of fullerene C60 and poly(N-vinylpyrrolidone) complex (PVP-C60).
Strong dependence of sedimentation coefficient S0 on ultracentrifuge rotor speed
n was found. The S0 value increases as the value of n decreases from that corre-
sponding to isolated PVP-C60 macromolecules to the value that the clusters of
PVP-C60 (registered by the light-scattering method) would have at n!0. This
dependence indicates that molar mass and size of clusters change depending on
the centrifugal field applied.

Keywords: Fullerene-polymer complex; Self-assembly; Analytical ultracentrifugation

INTRODUCTION

High biological and antiviral activity of fullerene[1,2] has stimulated many
studies of fullerene-containing aqueous solutions. One way to introduce
hydrophobic fullerene molecules into water is to prepare complexes of
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fullerene with water-soluble polymers. The advantage of such complexes
is that the unique electron structure of fullerene is not distorted, since
fullerene molecules are combined with the polymer not by covalent but
by donor-acceptor bonds.[3–5]

Investigation of fullerene C60 and C70 complexes with poly(N-
vinylpyrrolidone) (PVP) by static (LS) and dynamic (DLS) light-
scattering methods revealed that large, relatively stable intermolecular
structures, which are referred to as clusters or domains, are formed in
their dilute solutions, which can be detected even at very small dilu-
tions.[5–11] Molar masses Mw of clusters obtained by the light-scattering
method are one to two orders of magnitude greater than those of matrix
polymers used for complex preparation. Cluster molar mass (MM) and
size depend on the polymer and solvent nature, fullerene content, fuller-
ene type, and the MM of the polymer. DLS study in dilute regime showed
the presence of a slow mode attributed to low-range concentration
fluctuations. Intermolecular interactions responsible for this mode were
confirmed by its concentration and angular dependence.[7]

Despite the formation of clusters in PVP and C60 complex (PVP-C60)
solutions having been discovered some time ago, their nature is not
completely clear so far. The assumption was put forward that these inter-
molecular interactions are governed by the balance of the attractive
forces of fullerenes and repulsive forces of an entropic nature between
PVP chains.[7]

Investigation of the same solutions of PVP-fullerene complexes by
the methods of molecular hydrodynamics gave substantially different
results. In particular, molar masses MSD obtained by sedimentation
and diffusion analysis were close to MSD of the matrix polymer.[6,10,11]

Intrinsic viscosity values [g] for the complex and the matrix polymer coin-
cided, and sometimes the same dependencies of the specific viscosity on
concentration were obtained.[5,6] In addition, the isothermal translational
diffusion coefficient values for polymer-fullerene complexes were close to
those for the matrix polymer.[5,12]

DLS as well as LS methods normally imply that during experiments
the solution maintains static state, i.e., it is not subjected to external
forces. In these terms both LS and DLS methods can be regarded
as ‘‘static’’ methods. In contrast, methods of molecular hydrodynamics
deal with solutions in motion (during the transport of matter). The
different results obtained by static and transport methods suggest that
intermolecular interactions between macromolecules of the complex
inside clusters are quite weak, and clusters seem to be destroyed in hydro-
dynamic fields. Translational diffusion experiments carried out at very
small osmotic gradients confirm this point of view in qualitative
terms. Under these conditions, the presence of clusters in polymer-fullerene
complex solutions was identified, which became apparent as the
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diffusion boundary dispersion declined from the straight line at high time
values.[9–11]

No detailed investigations of the effect of external forces on the clus-
ter organization of fullerene-containing polymer solutions were carried
out. However, a study of this kind may be useful in order to understand
the nature of intermolecular interactions responsible for polymer-
fullerene cluster formation. We think that analytical ultracentrifugation
is one of the experimental methods that could be helpful in the study
of this problem. The centrifugal force affecting clusters can be changed
by varying the rotor speed. In fact, in the course of ultracentrifugation,
the centrifugal force affects the dissolved species, thus moving them apart
from the rotation center. The rate of particle movement in the centrifugal
field is characterized by sedimentation coefficient S. The S value is pro-
portional to molar mass M and inversely proportional to translational
friction coefficient f:

S � 1

x2X

dX

dt
¼M

ð1� �vvq0Þ
Naf

ð1Þ

where x ¼ 2pn=60 is the rotor angular velocity in radians per second (n
being the rotor speed in revolutions per minute, rpm), X is the particle
coordinate relative to the rotation center, t is the sedimentation time, �vv
is the partial specific volume of the solute, q0 is the solvent density,
and Na is Avogadro’s number. Since the centrifugal field is radially non-
uniform, the points of the sedimenting particle differently distanced from
the rotation axis are exposed to unequal centrifugal forces, which can
result in particle rotation as well as deformation. Singer[13] calculated
these two effects for Gaussian coils and proved theoretically that the
resulting small S changes are, as a rule, mutually compensated. However,
it was shown later[14–16] that for very large chain molecules possessing
high equilibrium rigidity, the effect of the nonuniform centrifugal force
can be important in high centrifugal fields.

Whenever it is not a single macromolecule that is of concern, the
super-molecular structure sediments. The action of these forces can result
in destruction of the super-molecular structure, provided the interactions
between the macromolecules are weak enough. For instance, a destruc-
tion of this kind was observed for super-molecular structures based on
poly(phenylene) derivatives.[17] Apparently, a similar phenomenon can
occur for clusters formed in the steady state of a fullerene-polymer
complex solution.

A ‘‘standard’’ velocity sedimentation experiment for synthetic poly-
mer study is carried out, as a rule, at the rotor speed n� 40000 rpm. As
mentioned above, at such high speeds, the centrifugal force is strong
enough to completely destroy the cluster structure of PVP-C60 solutions.
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The decrease of n value leads to a decrease of the centrifugal force
affecting the sedimenting species, i.e., to a decrease of the deforming
and=or destroying action of the centrifugal field. We can expect that at
lower n, the clusters will be partly destroyed depending on the centrifugal
force. The frictional characteristics and MM are different for clusters at
different extents of destruction, hence the S(n) dependence.

The objective of this study was to analyze the rotor speed effect upon
hydrodynamic properties and molar mass of PVP and fullerene C60 com-
plex in aqueous solutions. Cluster destruction in the solutions was studied
using the velocity sedimentation method at different ultracentrifuge rotor
speeds, i.e., exposing the cluster to different centrifugal forces. The results
obtained in this way were compared with those obtained by the light-
scattering method.

MATERIALS AND METHODS

The PVP-C60 complex was prepared by the solid-state method[9] by
dispersing the crystalline C60 and amorphous PVP with the aid of a
magnetic stirrer in vacuum (10�6 mm Hg). For this purpose, we used full-
erene C60 (Fullerene Technologies, Ltd., 99.5% grade) and PVP synthe-
sized in the Institute of Macromolecular Compounds, Russian
Academy of Sciences (RAS). To extract water-soluble fraction, the pro-
duct was dissolved in water, and the filtered solution was liophilized.
The complex formation was confirmed by the widening of fullerene signal
in the nuclear magnetic resonance (NMR) spectrum. The fullerene con-
tent in water-soluble fraction was estimated by UV spectroscopy in
chloroform solutions of the product, using the extinction of fullerene
(wavelength k ¼ 258 nm, extinction coefficient k ¼ 19000). UV spectra
were measured using a Specord M 40 spectrophotometer (Carl Zeiss
Jena, Germany). The fullerene content determined by the spectrophot-
ometer was 0.7% mass of the complex. As mentioned above, the complex
formation takes place due to the donor-acceptor interaction between car-
bonyl groups of PVP and fullerene.[5,9] The PVP-C60 complex obtained
was studied in distilled water (Vecton, Russia), which had the following
characteristics at 20.0�C: density q0 ¼ 0.998 g=cm3, viscosity
g0 ¼ 1.005� 10�2 poise, and refractive index n0 ¼ 1.333.

Intrinsic viscosity was measured in an Ostvald viscometer with a flow
time of water of 73.5 s at 21.0�C. Intrinsic viscosity value [g] and Huggins
constant k0 were calculated according to the Huggins equation.

Velocity sedimentation analysis was carried out in a MOM 3180
analytical ultracentrifuge (MOM Hungarian Optical Works, Budapest,
Hungary) provided with a refractometric optical system at the rotor tem-
perature of 21.0�C. Sedimentation boundary was formed artificially,
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stratifying the solvent onto the solution. The solutions studied were in the
concentration range of (0.06–1.0)� 10�2 g=cm3. Sedimentation diagrams
were unimodal and symmetric. The position of the sedimentation peak
was taken as the maximum of the sedimentation diagram. Sedimentation
coefficients were calculated as S ¼ DðlnXmaxÞ=ðx2DtÞ; Xmax being the
radial coordinate of the sedimentation peak maximum. To discuss
the hydrodynamic properties of PVP-C60, the S values obtained were

adjusted to 20.0�C using the formula S20 ¼ ST
ð1��vvq0Þ20

ð1��vvq0ÞT

� �
g0;T

g0;20

� �
, where

values for water at 20.0�C and at the experimental temperature
are denoted by subscripts 20 and T, respectively. The specific partial vol-
ume �vv was measured at 21.0�C in a picnometer with the volume 2.036 cm3.
The buoyancy ð1� �vvq0Þ within the temperature interval of 1� is
mainly defined by q0, which was measured in a picnometer
(q0, 21 ¼ 0.998 g=cm3). The viscosity of water at 21.0�C was controlled
by means of the viscometer (g0, 21 ¼ 0.984� 10�2 poise).

Translational diffusion coefficient D was measured in a Tsvetkov
optical device based on the Lebedev polarizing interferometer (Institute
of Macromolecular Compounds, RAS, Russia).[15,16] The D value was
calculated from the dependence slope of the diffusion boundary disper-
sion on time. The diffusion boundary dispersion was calculated by the
area and maximal ordinate method. The measurements were carried
out at solution concentration c ¼ 0.06� 10�2 g=cm3. The D value
obtained was taken as equal to the diffusion coefficient at infinite dilution
D0. It was assumed that at such small c, the concentration effects can be
neglected as those usually obtained for solutions of flexible polymers in
the vicinity of zero concentration.[18,19] It should be stressed that the
absence of concentration effect at small concentrations had been shown
for PVP-fullerene complexes.[11]

MM of the complex was determined in accordance with Svedberg
equation:[20]

MSD ¼
S0

D0
� RT

1� �nnq0

ð2Þ

T being the absolute temperature, R being the universal gas constant, and
S0 being the sedimentation constant.

Static light scattering was carried out with a Sofica photo goniodif-
fusiometer (France). Dust was removed from the solution and solvent
through Millex (polyvinylidenefluoride (PVDF)) filters with a pore diam-
eter of 0.45 mm. The wavelength of polarized incident light was 546 nm.
The instrument was calibrated relative to benzene; the benzene scattered
intensity was taken as RV ¼ 2.32� 10�5 cm�1. Exceeding intensity of
scattered light I was registered depending on its concentration within
the scattering angle range of 45–135�. The results were processed in
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accordance with the Zimm method.[18] Weight-average molar mass Mw as
well as the radius of gyration Rg for the PVP-C60 complex were obtained.
The refractive index increment dn=dc ¼ 0.17 cm3=g was measured in an
IRF-23 refractometer (LOMO, Russia).

RESULTS AND DISCUSSION

The complex of PVP-C60 under study was characterized by intrinsic vis-
cosity, diffusion and sedimentation coefficients, hydrodynamic MSD and
weight-average Mw molar masses, and the radius of gyration. Intrinsic
viscosity and the Huggins constants were [g] ¼ 0.46� 10�2 cm3=g and
k0 ¼ 0.5, respectively. The translational diffusion coefficient was
D ¼ 2.7� 10�7 cm2=s. Velocity sedimentation was studied at a rotor
speed n ¼ 40000 rpm. Figure 1 demonstrates the plot of the dependence
of DlnXmax on the experiment time Dt characterizing the movement of
the sedimentation boundary, for different concentrations of the PVP-
C60 solution. Figure 2 (line 2) shows the dependence of the reciprocal
sedimentation coefficient on concentration. Linear plots of the same kind
are typical of dilute polymer solutions. The sedimentation coefficient at
infinite dilution S0 ¼ 2.3� 10�13 s and the sedimentation concentration
coefficient ks ¼ 60 cm3=g were calculated using the equation 1=S ¼
1=S0ð1=þ kscÞ.

Figure 1. Dependence of DlnXmax on Dt obtained at 40000 rpm for PVP-C60

aqueous solutions with concentrations of (1) 0.99, (2) 0.47, (3) 0.36, (4) 0.17,
(5) 0.1, and (6) 0.07� 102 g=cm3.
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The [g], D, and S0 values obtained are typical of synthetic polymers.
The magnitude of �vv ¼ 0.80 cm3=g obtained for PVP-C60 is close to that
for aqueous PVP solutions.[22] MSD value for the complex was found
to be 94000 g=mol. Note that the values of the hydrodynamic invariant

A0 ¼ g0

D0

T

� �2=3 ½g�S0R

100ð1� �vvqÞ

� �1=3

ð3Þ

and the sedimentation parameter

bS ¼ NA R�2 D0g0

T

� �2
S0g0

1� �vvq
ks

" #1=3

ð4Þ

obtained for the complex studied, A0 ¼ 3.17� 10�10 erg=grad�mol1=3 and
bs ¼ 1.24� 107 mol�1=3, correspond to the values for flexible chain poly-
mers[19,23,24]; PVP belongs to this class of polymers.[25] The A0 and the bs

values were calculated using molecular hydrodynamics data.
On the other hand, the MM of the complex under study obtained by

means of the light-scattering method Mw ¼ 1100000 g=mol is an order of
magnitude higher than MSD. Thus, the molecular characteristics obtained
in the static state (by the light-scattering method) and in the disturbed
state (under the exposure to centrifugal field, viscometer shear flow gradi-
ent, and osmotic gradient) are substantially different, as well as those
found for the fullerene-polymer complex solutions studied pre-
viously.[9,11] Therefore, we confirmed once more cluster formation in

Figure 2. Concentration dependences of reciprocal sedimentation coefficient
S�1 for aqueous PVP-C60 solutions obtained at rotor speeds 55000 (1), 40000
(2), 18000 (3), and 10000 rpm (4).
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PVP-C60 water solutions and also registered their destruction in the
ultracentrifuge at high rotor speed.

In order to specify the conditions under which intermediate clusters
appear between their static and completely destroyed states, the sedimen-
tation of PVP-C60 aqueous solutions at different rotor speeds within the
interval from n ¼ 10000 to 55000 rpm was investigated. Thus, the cen-
trifugal acceleration at the same distance from the axis of rotation, and
therefore the force affecting the sedimenting species, increases 30 times.

Figure 3 demonstrates a semilogarithmic dependence of the sedimen-
tation boundary displacement for the PVP-C60 solution at c ¼ 0.1�
102 g=cm3 on the product x2t for rotor speeds n ¼ 55, 40, 30, 18, and
10� 103 rpm. Experimental points fit straight lines well, the slopes corre-
sponding exactly to the sedimentation coefficient S (Equation (1)). It can
be observed that S values differ noticeably, increasing with a decrease of
the x value. Figure 4 shows the dependence of DlnXmax on the experiment
time Dt at a small rotor speed n ¼ 18000 rpm for PVP-C60 solutions of
different concentrations. The dependence of S on the concentration
obtained from these plots is given in Figure 2 (line 3). Similar to
the S�1(c) dependence obtained under ‘‘standard’’ conditions
(n ¼ 40000 rpm), the dependencies found at different n are well approxi-
mated by straight lines (Figure 2). Sedimentation coefficients at infinite
dilution S0 and concentration sedimentation coefficients ks for different
n are given in Table I.

Figure 3. Dependence of DlnXmax on x2Dt for PVP-C60 solution
(c ¼ 0.1� 10�2 g=cm3) at rotor speeds 55000 (1), 40000 (2), 30000 (3), 18000
(4), and 10000 rpm (5).
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It can clearly be seen from Table I as well as in Figure 5, where the
dependence of S0 on n is shown, that with a decrease in rotor speed, the
sedimentation coefficient value increases monotonically. The change in
S0 is rather high, the S0 value increasing more than three times with n
changing from 40000 and 55000 rpm to 10000 rpm.

It is worth it to mention that the S dependence on n may be due to
different reasons, the first of which is the high hydrostatic pressure in the
sedimentation cell, and hence, the change of solvent properties. This
effect is usually taken into account by means of the corresponding correc-
tions or by extrapolating the S values to a meniscus position where the
hydrostatic pressure is close to 0.[18,20,26,27] Although water is a low com-
pressible liquid compared to organic solvents, the pressure may notice-
ably affect the value of S,[28] and it would be useful to extrapolate the
S values obtained at high n to the meniscus position. However, the extra-
polation was unreliable, since the artificial sedimentation boundary was
formed far from the meniscus, and the extrapolation range was much lar-
ger than the sedimentation peak displacement. Therefore, the comparison
was made of the complex under study with pure PVP sedimentation.
No S(n) dependence for pure PVP aqueous solutions was found.
For example, the values of S ¼ 2.4� 10�13 s at n ¼ 55000 rpm and
S ¼ 2.5� 10�13 s at n ¼ 18000 rpm were obtained for the PVP sample
with MSD ¼ 180000 g=mol at solution concentration c ¼ 0.07� 102 g=cm3.
This suggests that the change of hydrostatic pressure in the sedimentation

Figure 4. Dependence of DlnXmax on Dt obtained at 18000 rpm for PVP-C60

aqueous solutions with concentrations of (1) 0.47, (2) 0.36, (3) 0.18, (4) 0.1,
and (5) 0.07� 102 g=cm3.
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cell does not directly influence the sedimentation coefficient of the
PVP-C60 aqueous solution.

The S(n) dependence not related to the hydrodynamic pressure was
observed for different ‘‘polymer-solvent’’ systems close to h-point.[29]

In this case, S value decreased as n magnitude increased. The effect dis-
appeared when the thermodynamic quality of the solvent improved
(temperature was changed). Water is thermodynamically a good solvent
for PVP-C60 complex, since the second virial coefficient A2 is positive at
the temperature of the measurements, and all experiments were carried
out at temperatures remote from h. Far away from h-point, the change
of the thermodynamic quality of the solvent due to pressure in the
sedimentation cell may lead to dependence of the concentration
coefficient ks upon n.[30] Note that in both cases cited,[29,30] the
concentration dependence of S weakened (ks values decreased) if n
decreased.

As mentioned above, the S(n) dependence may occur also for very
large macromolecules. The effects were observed experimentally by many
authors.[16,31,32] However, as a rule, the change in S with centrifugal field
described in the cited papers did not exceed 20–50% within the n range
from 10000 to 55000 rpm. The effect observed in the current work was
much higher. The explanation of the S(n) dependence observed may
be as follows. At rest, PVP-C60 macromolecules are self-organized in

Figure 5. Experimental dependence of sedimentation coefficient S0 upon rotor
speed for PVP-C60 aqueous solution (solid points); S0 value at n ¼ 0 (open point)
was obtained from the equation S0 ¼ 8.81� 10�16�M0.5 [37] using the Mw value.
Line is provided to guide the eye.
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clusters, which are destroyed in the nonuniform centrifugal field; the
higher the rotor speed, the higher the degree of cluster destruction. Thus,
the sedimenting species, that is, clusters of PVP-C60, are different at dif-
ferent n values; they have different MM and size (therefore different
friction coefficients), hence the different S0 (see Equation (1)). We suggest
that the S(n) dependence reflects different extents of cluster destruction
in the centrifugal field.

Let us analyze this point of view by comparing the results obtained
with the data for sedimentation of PVP solutions available in the litera-
ture. Examine the ks values obtained for the studied solutions in relation
to S0; ks is known to be a function of specific volume V of the sediment-
ing particle ks ¼ KNa=MV, parameter K being dependent on the model
that is used to describe the particle hydrodynamic and thermodynamic
properties.[33,34] If the Mark-Kuhn-Houwink-Sakurada equation

S0 ¼ KM1� b ð5Þ

is valid for the homological set, then ks may be described as[35]

ks ¼ csS
ð3b� 1Þ=ð1� bÞ
0 ð6Þ

where cs is a parameter depending on the thermodynamic and hydrody-
namic interactions in the ‘‘polymer-solvent’’ system. The superscript
1� b of Equation (5) is determined by the conformation of the macro-
molecule, its size, and the thermodynamic quality of the solvent.[19] Table
I shows simultaneous increase of ks and S0 values for the PVP-C60

complex solutions with a decrease of the n value. In other words, the
ks behavior differs from the cited dependences of ks(S0) caused by the
change of the solvent thermodynamic quality.[29,30] The experimental
points obtained for PVP-C60 at different n are in surprising agreement
with the data obtained by different authors for homological sets of
PVP in aqueous solutions (Figure 6).[25,36,37] The superscript (3b� 1)=
(1� b) of Equation (6) for the PVP-C60 complex becomes 1.1–1.5 accord-
ing to our estimation. Supposing that Equations (5) and (6) are both
true for PVP-C60, we can estimate superscript 1� b ¼ (0.45–0.50) for
Equation (5). Such an order of 1� b magnitudes is characteristic of flex-
ible chain polymers [18], hence hydrodynamic properties of the PVP-C60

complex in clusters are similar to those of flexible chain macromolecules
in good solvents.

On this basis, it was possible to evaluate the MM of the PVP-C60

complex at different rotor speeds by taking the equations that are true
for PVP homologues obtained by various researchers.[25,36,37] The
equations used for the calculations are given in Table II, which also
shows the intervals of MM and sedimentation constant S0. It is
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significant that all the mentioned relations were obtained for rather wide
MM and, correspondingly, S0 ranges.

In addition, molar masses of the PVP-C60 complex Mks were
calculated with use of the equation combining experimental values of
S0 and concentration coefficient ks

[24,38–40]:

Mks ¼ ðNa=bsÞ3=2½S0g0=ð1� �vvq0Þ�3=2k1=2
s ð7Þ

The expression (7) contains parameter bs, which is invariant for different
‘‘polymer-solvent’’ systems with respect to MM and the structure of the
repeated unit. It was mentioned above that the value of parameter bs

obtained for the PVP-C60 complex aqueous solutions at high rotor speed
is in agreement with the average bs value for flexible chain polymers in
thermodynamically good solvents. The Mks magnitudes of the PVP-C60

complex corresponding to different n were calculated assuming bs that
value does not change at different rotor speeds.

MM of clusters (M[1], M[2], M[3]) calculated by means of different
equations from Table II and Mks found for different n are given in
Table I. In spite of some differences in their values calculated in different
ways, they show a certain conformity, and also the tendency for MM to
increase with rotor deceleration up to Mw value measured by light-scat-
tering method at the static state of the solution (i.e., at n!0).

In Table II, an equation is given that describes the ks(S0) dependence
obtained for PVP-C60 aqueous solution shown in Figure 5. The obtained

Figure 6. Logarithmic dependence of concentration coefficient ks vs. sedimen-
tation coefficient at infinite dilution S0 for PVP-C60 and PVP[25,36,37] aqueous
solutions.
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expression seems to fit best the equation from Tarabukina[36] where the
subscript 1� b ¼ 0.5. That is why the formula of the type (3) from
Tarabukina[36] was taken into account to estimate the S0 value a cluster
would have at zero rotor speed (n!0). In this case, Mw value for PVP-C60

complex was used.
The S0(n!0) value is shown in Figure 5. It can be seen that the sedi-

mentation coefficient decreases four times from S0 ¼ 9, 2� 10�13 s to
S0 ¼ (2, 1� 0, 1)� 10�13 s while the rotor speed increases from 0 to
55000 rpm. Its value becomes practically constant at n > 30000 rpm.
Thus, the S0 value decreases from the value that would be expected for
a cluster (at n!0) to the value corresponding to the sedimentation of
an isolated PVP-C60complex macromolecule (at high n).

The radius of an equivalent hydrodynamic sphere rh for the PVP-C60

complex can be estimated using the obtained data. The friction coefficient
of a spherical particle is described by the Stokes formula f ¼ 6pg0rh. Tak-
ing into account Equation (1), we get:

rh ¼
Mð1� �vvq0Þ
6pg0S0Na

ð8Þ

rh values were calculated using different types of MM shown in Table I.
For high n, the values of MSD were used, and for n!0 the rg value was
obtained from the light-scattering data. It can be seen from Table I that
rh values for the PVP-C60 complex calculated with different formulas are
in good agreement for the same n. On the other hand, rh increases to
approach rg value for the unperturbed condition of clusters at n!0. Dif-
ferent rh values for the PVP-C60 complex are assumed to correspond to
different degrees of destruction of the PVP-C60 clusters.

CONCLUSION

PVP-C60 complex aqueous solutions were studied by the methods of
molecular hydrodynamics. The dependence of sedimentation velocity of
these solutions on the ultracentrifuge rotor speed was found. It was
shown that sedimentation velocity of PVP-C60 reflects different extents
of macromolecular self-assembly into clusters, depending on the effect
of the centrifugal force.

The results show that the super-molecular structure of fullerene-
polymer complexes in solutions can be observed and investigated using
the sedimentation velocity method. The experimental data obtained by
this method are in agreement with light-scattering results. The study of
fullerene-polymer complex behavior under external force effect makes
it possible to analyze the change in cluster structure of PVP-C60 complex
solutions.
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