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Abstract

Aqueous solutions of poly(vinyl pyrrolidone)—fullerene complexes, PVP/C5y, have been studied using static and dynamic light scattering.
Two diffusive processes were observed. The slow diffusion describes the motion of large PVP/C5 clusters, whereas the fast diffusion is asso-
ciated with the presence of single PVP molecules or small individual PVP/C;, complexes of the order of a single PVP chain. The molar mass and
the size of the PVP/C5 clusters increase upon increasing the fullerene content. However, when the fullerene content is kept constant, an increase
in the molar mass of the matrix PVP does not influence the mass and the size of the clusters. Dilution of the PVP/C5, solutions has no effect on
the clusters either. In PVP/C5 there is a specific molar ratio of Cy( per repeating units of PVP that is same for all the samples studied.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their unique shape and distribution of the 7t-
electrons, fullerenes have recently found their application in
various areas of engineering, chemistry, medicine and biology
[1,2]. However, the hydrophobicity of fullerenes limits their
application. Intermolecular complexes formed between fuller-
enes and water-soluble polymers provide a solution for this
problem. As has recently been revealed, the complexes of
poly(N-vinyl pyrrolidone), PVP, with fullerene Cgq are formed
via the donor—acceptor mechanism of binding between the
fullerene and the carbonyl groups of the polymer [3—5].
Such a complex consisting of one PVP molecule and fullerene
is named as an individual complex. In the fullerene containing
complexes the initial structure of fullerene is almost intact [5].
PVP/Cgy complex exhibits an antiviral activity and may be
used in medicine [6].
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Properties of aqueous solutions of the PVP/Cg, complexes
have been investigated by means of NMR, UV, static, SLS,
and dynamic, DLS, light scattering, sedimentation—diffusion
analysis and viscometry [2—9]. As has been shown, the hydro-
phobic association of the fullerenes competes with the hydro-
philic repulsion between the polymer molecules and results in
strong intermolecular interactions [7—9]. Aqueous solutions of
pure PVP as a matrix polymer and its complexes with fuller-
ene C;9 were also studied [10,11]. However, the structure
and dynamics of the PVP—fullerene complexes based on the
fullerene C7 have not been enough investigated.

Static light scattering experiments on aqueous solutions of
PVP/C;, and PVP/C¢y demonstrated that the reciprocal re-
duced intensity of scattered light, cK/Iy — ooo, does not exhibit
a usual linear dependence in the range of polymer concentra-
tions, where the solutions are expected to be dilute. Thus,
above a certain critical concentration of the PVP—fullerene
solution, ¢, = 1.8—2.3 mg/ml, the scattering intensity, Iy, is
independent of concentration at least until the highest mea-
sured concentration of 4—5 mg/ml, i.e. cK/ly — 9o = const X ¢
and the measuring of a true molar mass is not possible. On the
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other hand, when ¢ < ¢, the extrapolation to zero concentra-
tion provides well defined values of the molar mass. Values
of MZPP obtained for the PVP/fullerene complexes were 1—2
orders of magnitude higher than those for the pure matrix
PVP. It has been suggested that the multi-molecular associates,
clusters, exist in dilute solutions of PVP/fullerene complexes
below c. and that the clusters form a loose transient network
above c.. This implies that for the PVP/fullerene complexes
the crossover concentration, c*, is actually as low as ¢, =
1.8—2.3 mg/ml, which is significantly lower than one can
expect for single PVP molecules of the molar mass studied
(c* ~ 50 mg/ml and higher).

In our earlier publications [7—11] the SLS and DLS experi-
ments on PVP/C;, complexes have been mainly performed at
90° scattering angle, although the solutions dissymmetry of
the scattered light, zg = Iy/I 50> _4, has been studied as well.
Taking into account the existing angular dependence of the
scattered light intensity, one may expect that the actual molar
masses obtained at 0° are even higher than the apparent values
obtained at 90°. Moreover, the presence of the fast diffusive
process in PVP/C;q solution perturbs the obtained values of
molar masses and sizes of the clusters. Indeed, the molar
mass obtained using SLS is a weight-average value and thus
equals M, wr + M, W, where the subscripts “f”” and ““s” de-
note to the lower (fast diffusion) and higher (slow diffusion)
molar mass scatterers, respectively; wy=cgc and wy=cy/c
are the relative weight fractions, and wy + wg = 1. As a result,
the crossover concentration c* of clusters is misleading if es-
timated using the measured average M,,. The internal organi-
zation of the polymer/fullerene clusters and the difference in
associating properties of Cgo and C; have not been elucidated
in our previous research [10,11].

Therefore, the main aim of the present study is to find out
the actual molecular parameters, mass, size, shape and the in-
ternal organization of the PVP/fullerene C;, clusters in aque-
ous solutions using simultaneous static and dynamic light
scattering measurements. To estimate the cluster parameters,
the relative contributions from the two observed scattering
species (fast and slow diffusion) to the total intensity of scat-
tered light should be evaluated and analyzed separately. These
contributions can be obtained from the DLS data, in particular
from the intensity weighted distributions of the hydrodynamic

Table 1
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radius. Since the solutions of the PVP/C;, complexes have
already been proven to consist of two well-defined scattering
species, these PVP/fullerene complexes were chosen for the
detailed quantitative analysis.

2. Experimental
2.1. Materials

The PVP—fullerene complexes were prepared from poly-
(vinyl pyrrolidone), PVP, of M, =10x10° 25 x 10°,
40 x 10°, 46 x 10° g/mol with M./M, = 1.1—1.3 (Merck)
and the fullerene C; of 98% purity (Fullerene Technologies,
Russia) using the method described in Ref. [12]. In this
method benzene solutions of pure polymer and fullerene are
mixed together, and the solvent is evaporated. All polymer
samples were characterized by static light scattering in aque-
ous solutions before the mixing. The PVP/C;y complexes
were prepared with various relative C;o content, ¢, ranging
from 0.28 to 0.63 wt% with respect to the mass of pure PVP
in the mixture. Fullerene content in the complexes was deter-
mined from the UV absorption spectra of the aqueous solutions
of the samples. Table 1 represents the compositions and the
molecular parameters of the investigated samples.

Aqueous solutions were prepared from dry PVP/Cy in
deionized water. Water was purified and deionized with an
ELGASTAT UHQ-PS device. The solutions were purified of
dust using filter units of 0.45 um pore size (Millex, PVDF fil-
ter). To verify that the concentration of solutions does not
change after filtration we conducted the following procedure.
We weighed the filter before and after filtration of solution (fil-
ter was dried from solvent). As expected, the mass loss
amounts only about 1—2% from initial value as a consequence
of filtering.

2.2. Instrumentation

Light scattering experiments were performed using a Broo-
khaven Instrument BIC-200 SM goniometer and BIC-9000 AT
digital correlator. An argon laser (LEXEL 85, 1 W) operating
with A =514.5 nm wavelength was the light source. Correla-
tion functions were collected with the shortest sample time

Static and dynamic light scattering results for aqueous solutions of PVP/C;, complex obtained at 0° scattering angle

No. Matrix polymer ¢, Wt% Data before deconvolution Fast mode (weighted data) Slow mode (weighted data)
Mpyp X Ry, nm My o X Ry, nm Ry, nm My, ¢ X Ry ¢, nm M, s x Ry, nm Ry, nm
1073, g/mol 107>, g/mol 1073, g/mol 1076, g/mol
1 10 0.28 2.8 86 65 15 2.3 4.2 94 53
2 10 3.0 0.40 6.8 107 104 8 2.2 49 103 73
3 10 0.63 51 215 150 11 3.8 62 242 130
4 25 0.40 2.5 98 97 21 5.6 4.8 106 74
5 25 52 0.62 110 254 136 24.5 5.6 71 250 114
20" 45" 75" 260" 110
6 40 7.0 0.40 6.0 94 98 34 6.4 5.1 96 71
7 40 0.63 97 162 134 40 6.0 70 230 127
8 46 0.55 85 242 130 40 6.0 75 260 118

* Data obtained using the modified method that takes into account the shape of the distributions of relaxation times, see Eq. (12).
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0.1—2.0 ps, whereas the last delay was 8—10 ms. Data was
analyzed with Brookhaven Instruments software (6KDLSW,
Beta version 1.30). The BIC device was calibrated using tolu-
ene. Scattered light was collected between 45° and 150° scat-
tering angles in both static and dynamic light scattering
experiments. Five to seven correlation curves with various
accumulation times were collected for every sample to get
proper average values and to verify the mathematical solu-
tion obtained with an inverse Laplace transform program
CONTIN. The average error of the CONTIN residuals was
less than 5 x 1072, The difference between the calculated
and measured baselines of the correlation functions collected
was less than 0.5%. Refractive index increment dn/dc was
measured with an IRF 23 refractometer. The dn/dc values
for solutions of PVP/C;y complexes with varying fullerene
content were dn/dc=0.171 £0.002 ml/g. For pure PVP
dn/dc was 0.167 £0.002 ml/g. The experiments were per-
formed at 20 °C £ 0.1 °C.

2.3. Methods

In static light scattering experiments, the time-averaged in-
tensity of scattered light was collected as a function of sample
concentration ¢ and scattering angle . When extrapolated to
zero scattering angle and zero concentration, such measure-
ments yield the weight-averaged molar mass, M,, the radius
of gyration, R,, and the second osmotic virial coefficient, A,,
of the scattering objects [13].
cK 1

— =— 245 1
I, P, TR (1)

where K is the optical constant given by

4122 2
kAT no(dn4/d0) 2)
NAR:

In Egs. (1) and (2), I, is the excess intensity of light scattered
at the angle 0 represented as the Rayleigh ratio; cK/l, is the
reciprocal of reduced scattering intensity; P(f) is the particle
scattering factor representing angular dependence of scattered
light; N4 is the Avogadro number; A is the wavelength of the
incident laser light source; ng is the refractive index of the
solvent.

In dynamic light scattering experiments, the autocorrelation
function of scattered light intensity G,(¢) = <I(0)I(t)> was
collected and then converted into an autocorrelation function
of the scattered electric field g,(#) using the Siegert’s relation-
ship [14]

_ o)\ 1/2
|g1<t>|6”2{(—G2(%2<§2)( )) } 3)

where G,() is the experimentally determined baseline, § is
the coherence factor determined by the geometry of the detec-
tion. Time correlation functions were analyzed with program
CONTIN by fitting correlation curves as

©

a1(1) :/A(T)C_I/T dr (4)

0

where A(7) is a distribution function of decay times.

Translation diffusion coefficients were calculated as
D = (1/7)q 2, where g is the scattering vector determined as
q = 4mny/Agsin /2. The hydrodynamic radius was obtained
from the diffusion coefficient D via the Stokes—FEinstein
equation

kT
Rh ==
67Tn,D

(5)

where k is the Boltzmann constant, T is the absolute tempera-
ture, and 7 is the solvent viscosity. Mean average values of
the hydrodynamic radius distributions were used for the esti-
mation of the average radius, Ry,

PVP/C;, samples were investigated using static, SLS, and
dynamic, DLS, light scattering for 10 scattering angles, g,
ranging from 45° to 150° and 4—6 solution concentrations in
the range of concentration below the critical concentration c..
The autocorrelation functions of scattered light intensity
Go(g,t) = <l(q,t=0)I(q,t)> were recorded simultaneously
with the integral scattering intensities /(g) (the total absolute ex-
cess intensities of scattered light). The angular and concentra-
tion dependences of intensity, /(¢), and the distributions of the
hydrodynamic radius, Ry, were analyzed.

3. Results and discussion

To avoid problems with semi-dilute solutions, dilute PVP/
C;o complexes were investigated below the critical concentra-
tion of ¢, = ¢* =2.3 mg/ml. As has previously been suggested
[11], an external hydrodynamic field can easily destroy the
clusters and viscosity of PVP/C;y may coincide with that of
the pure matrix PVP. Thus the overlap concentration c* esti-
mated using the intrinsic viscosity of the PVP/C;, complexes
c* =1/[n] (shear stress of 100—1000 sfl) is in the range of
50—100 mg/ml, which is 1 order of magnitude higher than
the critical concentration c.. Therefore, PVP/C;, solutions
are certainly expected to be dilute below c.. According to
the static light scattering results, when ¢ < ¢, the power & in
Iy ~ ¢* equals 1 for the PVP/Cy solutions and the application
of the classical light scattering theory is valid for calculation
of the molar mass and size of the clusters.

Two well-separated peaks in the distribution of the relaxa-
tion times of the correlation functions have been detected for
all the samples studied at all the scattering angles. For each
peak the mean peak values of 7¢ and 7, were calculated. De-
pendence of the decay rate of correlation functions I'=1/
7= Dg’ vs. scattering vector ¢ for either of the peaks is linear
and passes through the center of coordinates thus representing
a true diffusive process. Consequently, two dynamic modes
can be analyzed individually and the corresponding diffusion
coefficients and the relative amplitudes can be calculated.
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Each scattering species of the radius Ry, ; is represented in
the intensity weighted size distribution by its relative contribu-
tion, i.e. by the amplitude A;(7;), to the total intensity of the
scattered light. The relative amplitudes of the slow and fast re-
laxation processes have been estimated using the procedure
outlined in works [15,16] as

A=) Ai(r) and A, =1 — Ay (6)

fast

Then we converted the relative amplitudes of the diffusive
modes into the intensities of the light scattered by the particles
of each type. The time-average intensities I{(g) and I|(q) asso-
ciated with the concentration fluctuations with respect to the
short and long relaxation processes were obtained as

1r(q) = Ac(9)I(q) and I(q) = As(¢)(¢)[0, 1] (7)

As is well known, the large particles (clusters) scatter more
light than the small particles (PVP). Even small quantities of
the large particles may dominate the overall scattering. There-
fore, amplitudes A; of the size distribution can be weighted fur-
ther to obtain a mass weighted size distribution. The mass
weighted distribution is calculated directly from the intensity
distribution via Rayleigh equation. Thus, the scattering inten-
sity of ith particle, I;, is proportional to the molar mass, M;, and
the mass concentration, c;, of the particle

I[NM,'CI' (8)

In its turn, M; ~R;, where R; is the size of the ith particle, x is
a shape parameter that equals 2 for ideal coils and 3 for
spheres. Eq. (8) can be rewritten as

I[NR}‘-C,' or C,NI,/RI\ (9)
Knowing the total concentration c¢ of the PVP/C5 solution, the

concentration of the individual molecules, ¢y, and clusters, ¢,
in solutions can be estimated, assuming coil-like conformation
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of both scattering species. The relative weight content of the
ith particle is then defined as
I;/R}

X I/R

In our previous work [10] we have already estimated the
R,/Ry, ratio for one of the PVP/C;, complexes that had rela-
tively high C;o content. That sample showed no fast mode
within the whole range of the scattering angles studied. R,/
Ry, ratio was 1.7, which is typical for moderately polydisperse
ideal coils [17]. Besides, the experimental scattering function
P(q)=1g)I; (¢q=0) was typical for a coil-like structure.
Taking that into account, we applied the coil model to the
PVP/C5 clusters (as well as for the PVP molecules) and input
x=2 to Eq. (10) to estimate the concentrations of scattering
species

(10)

Wi

s

Ct fast hi Cs
wfz—Zﬁande:—zl—wf (11)
¢ YEtXe ¢
fast M slow S

The example of such conversion from the original intensity
weighted size distribution to the mass weighted size distribu-
tion is shown in Fig. 1 for the sample 3.

From the mass weighted size distribution (Fig. 1b) the
mean values of the apparent Ry,; and w; (i={ or s) for both
modes were determined. Herein, the term apparent means
that the parameters were measured at certain scattering vector
q and solution concentration c. The absolute values of the hy-
drodynamic radius, Ry, ¢ and Ry, 5, and concentrations, cf and c,
of the scatterers were obtained by extrapolating these values to
¢>— 0and c — 0.

The relative contributions of the scatterers of both types, A¢
and A, into the total intensity of scattered light were estimated
from the original, intensity weighted size distributions
(Fig. la). After this, the absolute intensities of the scattered
light, I; and I, were calculated using Eq. (7). As soon as the
concentrations ¢; and c¢g and the absolute excess scattering

AIR?
(=]
W
I

0.0 !

Rh, nm

Fig. 1. Calculation of the mass weighted size distribution (b) from the intensity weighted size distribution (a) obtained at 90° scattering angle for sample 3 with the

total concentration of 2.0 mg/ml.
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intensities /; and I of each mode are defined, it is possible to
calculate the values of molar masses for each mode, M,, ¢ and
M., and the radius of gyration for the slow mode, R, .

All the samples were analyzed with above described proce-
dure and outlined in Egs. (6)—(11). My, R,, R, and ¢ were
obtained and listed in Table 1. In this table the experimentally
obtained weight-average values of M, and R,, Ry, calculated
(before deconvolution) by standard techniques described in
Section 2 are also present.

No angular dependencies of the absolute intensity of scat-
tered light, /;, and hydrodynamic radius R, s was observed
for the fast mode owing to the small, in respect to the wave-
length, size of the scatterers. For that reason, the radius of gy-
ration for the fast mode could not be estimated. The obtained
molar masses, M, s, and Ry are in a good agreement with
those of the matrix PVP, see Table 1. However, the fast
mode may also represent individual PVP/C;, complexes con-
sisting of a single PVP molecule bound to a single (or to just
a few) C;o molecule. To estimate the effect of a C;o molecule
on the translation diffusion coefficient of the matrix PVP, the
diffusion coefficient of C;, was estimated using Stokes—
Einstein equation and assuming a hard sphere with a radius
of 0.35nm (for fullerene) [18]. The diffusion coefficient
equals 0.6 x 1077 cm?/s and it is 1 order of magnitude lower
than that of a single PVP molecule. Therefore, if there are ful-
lerene molecules bound to the single PVP molecule, we can
hardly detect them. At this stage, we can only conclude that
the fast diffusive process most likely describes either the mo-
tion of a single PVP chain or that of a single chain, into which
one or few fullerenes are bound.

In contrast to the fast mode, Ry, ; corresponding to the slow
diffusion is a linear function of angle ¢>. As ¢ — 0, Ry s =50—
130 nm (see Table 1), which is significantly larger than R}, of
the PVP. The fact that Ry, ¢ increases with decreasing g sug-
gests that the clusters are loose flexible structures. However,
polydispersity of the clusters has to be considered as well.

In the above-presented procedure for estimation of the rel-
ative contributions of each of the scattering species into the
total intensity (Eqgs. (7) and (8)), the shape of the peaks was
considered. Another modified procedure taking the shape of
the peaks into account was applied for sample 5 as an exam-
ple. In this case, the relative contributions were calculated as
follows:

ZAiRhAi
Af __ fast

> Ru;

fast

DA =1—A (12)

As is seen from Table 1, the molar mass and size of the
scatterers of both types obtained by the modified procedure
and marked in Table 1 with an asterisk sign, *, only slightly
differ from the values calculated using Egs. (6)—(11). How-
ever, the values of M,, for the fast mode obtained using Egs.
(6)—(11) are more close to the molar mass of the matrix
PVP, Mpyp. For this reason all SLS and DLS data were further
processed by Egs. (6)—(11).

The weight-average molar mass, M, consisting of
f- and s-type scatterers was calculated and compared with

the experimentally measured value, M . By its definition
My or equals to the sum My we+ My, sws, where M, ¢ and
M, are the molar masses of particles and wy, wy are their
relative weights. From the combination of the SLS and DLS
data we estimated the values of wy and M, for individual
PVP and w, and M, for clusters and MU was calculated.

w,tot
The obtained values of M coincide with experimentally

w,tot
measured molar mass Mw,to{ within the experimental error of
10% for all the samples. It can serve as a checkpoint showing
that the estimated molar masses and concentrations of the
f- and s-type scatterers are correct.

The relative weights, wy and wg, provide information about
the stability of the clusters against dilution. It is observed that
the wy and wy do not depend on 4%, as expected. However, wy
and wy also are independent of concentrations c, see Fig. 2.
This fact points out that the clusters do not disintegrate upon
dilution. Another evidence of stability of the clusters against
dilution is that the hydrodynamic radius of the clusters, Ry,
for all the samples studied is independent of concentration,
see inset in Fig. 2. This finding is consistent with the results
of the SLS experiments. Indeed, dissymmetry of the scattered
light, zy, related to the size and shape of the particles remains
invariable with decreasing the solution concentration. It means
that the sizes of the clusters and their relative contributions
into the total intensity of the scattered light do not change
upon dilution.

The w; and w, averaged over all angles and concentrations
are independent of Mpyp when fullerene content is kept con-
stant. On the other hand, they show a slight dependence
with changing the fullerene content in the complex, ¢. As
can be seen from Fig. 3, w; somewhat decreases upon increas-
ing the fullerene content whereas w; increases. It may mean
that an increase in ¢ causes a decrease in the number of free
PVP molecules, not bound into the cluster. As a result the
relative mass content of the clusters in solution increases.

200

E St L —Ro ¢
L4 - % 100 © © °n
& O—AQ—E&TQA—EF 3
12} %o 01 02
- , mg/ml
£
1.0 -
O O O
] | = = = 7 2
0.1 |- la) A ]
I @) O O
0.0 s s s - -
0 1 2 3

¢, mg/ml

Fig. 2. Concentration dependences of the slow w (1) and of the fast we (2)
modes for sample 4. Inset shows the concentration dependence of the hydro-
dynamic radius Ry, ; for the samples 1—7. Fullerene content in the complex is
0.4 wt% (3) and 0.6 wt% (4). Molar masses of the matrix PVP are 10 x 10>
(triangle), 25 x 10® (diamond), and 40 x 10° (square) g/mol. Data obtained
at 0° scattering angle.
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Fig. 3. The dependence of w; (where i is either the fast (1) or the slow (2)
mode) on the fullerene content ¢ in the complex formed by PVP of
10 x 10° (diamond), 25 x 10° (square), 40 x 10> (triangle), and 46 x 10° (cir-
cle) g/mol.

It can also lead to an increase in size and the molar mass of
the clusters. Indeed, the molar mass of the clusters M, and
their size (both Ry, and R, ) increase with increasing the ful-
lerene content ¢ as is seen from Fig. 4. In contrast, Fig. 5
reveals that an increase in Mpyp does not influence any param-
eters of the cluster, i.e. My, Ry and Ry .

Now when the molar mass and size of the clusters have
been estimated, the crossover concentration c¢* of the clusters
in solutions can be easily calculated via equation ¢* =
3M,,/ (47tRZNA) [17]. The obtained values for c* =1.6—
2.3 mg/ml coincide with the values of critical concentrations
¢, = 1.8—2.3 mg/ml, detected in SLS experiments. Thus, we
can suppose that c* is a crossover concentration of the clusters
in solution. Our measurements were mainly done at concentra-
tion ¢ < ¢, and thus below c*. Single PVP molecules can ac-
tually decrease the crossover concentration c*. However,
linearity of all the concentration dependences studied below
c. suggests that this effect is minor.

Our calculations have been based on the assumption that
the PVP/C5, clusters have a coil-like conformation (x =2 in

150

100 [

Ry, s, nm

50 -

0
0.2 0.4 0.6
@, wt%

Fig. 4. The dependences of the molar mass M, (1; log-normal scale) and the
hydrodynamic radius Ry, ; (2) of the PVP/C5 clusters on the fullerene content ¢.
The molar mass of the matrix PVP is 10 x 10°> (diamond), 25 x 10°
(square), 40 x 10° (triangle), and 46 x 10° (circle) g/mol.

400
300 |
1 ] L‘
g 0 = []
£ 200
=
2
100 F
% 2 20

Mpyp x1073, g/mol

Fig. 5. The radius of gyration, Ry, (1) and the hydrodynamic radius, Ry,
(2) plotted versus the molar mass of the matrix PVP, Mpyp, for the PVP/Cy,
clusters with ¢ = 0.6 wt%.

Eq. (9)). Now we will test the assumption. Firstly, the M,,
vs. Ry plot passing through the center of coordinates is
best fitted when x = 2.2 (not shown herein). This fact mani-
fests the swollen, solvent-draining structure of PVP/Cy clus-
ters; clusters have fractal dimension of x=2.2, which
represents slightly higher spatial packing of polymer material
than for ideal coil with x = 2. This may seem to be in disagree-
ment with the R /Ry, ratio. However, the distribution of the re-
peating units within a cluster may differ from that within
a coil. Thus density of a coil is the highest in the center of
mass. More even density distribution within a solvent-draining
structure may result in increasing R,.

Secondly, Fig. 6 shows the dependence of R, on M,, (in
log—log scale) for PVP in water obtained using SLS and
DLS and in aqueous 0.1 M sodium acetate obtained using dif-
fusion—sedimentation analysis (data taken from Ref. [19]).
The data for the PVP/C5 clusters in water are plotted on the
same figure and fits the dependence M,, vs. Ry, obtained for
the PVP coil having similar molar masses as the clusters. It
signifies that the clusters are not dense aggregates; otherwise
the data for clusters would fall below the straight line.

102 Il 1 L
10° 10! 10

R, nm

Fig. 6. The plots of My, versus Ry, for PVP. Squares: data taken from Ref. [19];
open triangles: matrix PVP studied herein; closed triangles: PVP/Cy clusters
in water obtained from deconvolution of SLS and DLS data.
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Thirdly, some information concerning the architecture of
clusters can also be taken from the so-called Kratky plot
[20]. In this plot the particle scattering factor P(q)=I1(0)/I
(60 =0) is multiplied by (ng)2 and plotted versus the parame-
ter gR,. Differences in architecture of particles become detect-
able only in the far g-region where gR, > 2. The advantage of
the Kratky presentation is that the asymptotic part at large R,
is strongly amplified and this makes differences easily discer-
nible. Fig. 7 shows the Kratky plot for several clusters. The
scattering curves from the different clusters coincide with
each other and with the theoretical curve obtained for coil-
like macromolecules. As has been discussed in Ref. [21], the
deviation of the experimental data from the theoretical curve
at large ¢ (their asymptotic increase) can originate from an
excluded-volume interaction or/and from chain stiffness. Since
water is one of the best solvents for flexible PVP chains, the
excluded volume interaction is effective.

We tested the fractal dimension x = 2.2 of the clusters using
Eq. (10) to estimate relative weights w; (i = f or s) for sample 6
as an example. We found that in this case My ¢, Ry ¢, Ry s and we
differ by 1—3% from the data obtained using x = 2. The value
of M,, s decreased by 15%. Consequently, dependences shown
in Figs. 1—6 were not affected.

From our data we reckon out the ratio of the number of the
C;o molecules per number of PVP chains, Ng,/Npyp involved
in a cluster. The ratio Ny, /Npyp can provide insight into the in-
ternal organization of the cluster. After deconvolution of the
total light scattering intensity, the concentration of clusters,
cs, was estimated and the average number of clusters in solu-
tion was calculated. Knowing the fullerene concentration we
calculated the total number of fullerene molecules in solution.
Assuming that all the fullerenes take part in formation of the
clusters, we calculated the average number of fullerenes in-
volved in a cluster, Ng,. The average number of PVP

(gR,)’P(q)

Fig. 7. Kratky plot (ng)zP(q) vs. gR, of the experimental scattering function
from clusters. The fullerene content in the complex ¢ = 0.4 wt%. The molar
mass of the matrix PVP is 10 x 10 (diamond), 25 x 10° (square), 40 x 103
(triangle) g/mol. For comparison, the theoretical curves for rods (1), coils
(2) and hard spheres (3) are added.

0 O | |

0 20 40
Mpyp x10°3, g/mol

Fig. 8. The dependence of the Ng,/Npyp ratio on the molar mass of the matrix
PVP, Mpyp, obtained for the PVP/C, clusters. The fullerene content is 0.28
(triangle), 0.4 (circle), and 0.6 (square) wt%.

molecules in cluster, Npyp, was calculated as M., /Mpvyp.
Hence, the ratio of Np,/Npyp can be easily defined.

Fig. 8 demonstrates the dependence of Ng,/Npyp ratio on
molar mass of PVP. As is seen, Nq,/Npyp ratio increases line-
arly with increasing Mpyp. Such linear dependence suggests
the existence of certain ratio of repeating units of PVP per
C;0 molecule. Fig. 9 shows the dependence of the (repeating
units of PVP)/C;q ratio on Mpyp, which confirms our sugges-
tion: there is a specific (PVP units)/C;, ratio (=200) which is
same for all PVP/C;, complexes and independent of Mpyp,
molar mass of clusters M,,, and fullerene content ¢. One
can also see from Table 1 that M, of the clusters with the
same fullerene content ¢ = 0.62—0.63 is the same. The fact
that fullerene can bind only a certain number of PVP mole-
cules has been also shown recently using the Kerr electro-optic
effect in Ref. [22]. Owing to the existence of specific (PVP
units)/Cq ratio it becomes evident why any cluster parameters
do not depend on Mpyp An increasing number of fullerenes
binds more PVP molecules into a cluster with respect to this
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S
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Fig. 9. The dependence of the (PVP repeating units)/C70 ratio on the molar
mass of the matrix PVP, Mpyp, for the PVP/C70 clusters. Inset demonstrates
the dependence of the (PVP units)/C70 ratio on the molar masses of the clus-
ters, M,, 5. The fullerene content in the clusters is 0.28 (triangle), 0.4 (circle),
and 0.6 (square) wt%.
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ratio. Along with it, the cluster size increases with the fuller-
ene content.

This ratio, perhaps, may be not a universal parameter, a con-
stant for all types of polymer—fullerene complexes. It may
depend on the chemical structure of used matrix polymer,
the way of preparation of complexes, or the fullerene type.

4. Conclusions

Using a combination of DLS and SLS we deconvoluted the
total intensity of light scattered by the aqueous solutions of the
PVP/C;¢ complexes and thus found the true conformation of
large PVP/C7q clusters. The value of M for the clusters is
higher than those for matrix polymer PVP by 1—2 orders of
magnitude.

Clusters have large dimensions (~ 100 nm in average) that
do not allow a star-like conformation with a fullerene core. It
is more probable that the PVP/C5, cluster has a loose network-
like structure where fullerenes serve as junction points for two
or more PVP molecules. The R, (/R}, s ratio for clusters is 1.8
in average, which is typical for swollen, solvent-draining
structures.

The PVP/C;, clusters are stable and do not disintegrate
upon dilution. For all the samples studied no concentration de-
pendence of the hydrodynamic radiuses R, was observed.
Along with it, the mass fractions of the scatterers, w; (i = fast
or slow), and dissymmetry of the scattered light intensity are
independent of the solution concentration showing that the
ratio of single PVP molecules and clusters in solution is
constant.

The size and the molar mass of the clusters increase upon
increasing the fullerene content ¢ in the complex. However,
if the fullerene content is kept constant, any of the parameters
of the cluster are not affected by increasing the molar mass of
matrix PVP.

Obtained results reveal the existence of a certain ratio of
polymer repeating units per fullerene molecules (PVP units/
C70). This ratio (=200) does not depend on either the molar
mass of the matrix PVP or the fullerene content. Probably,
this ratio cannot be exceeded otherwise free fullerene mole-
cules appear, which are not bound to PVP; PVP chains become
saturated with fullerene and the fullerene molecules are no

longer soluble in water. With lower fullerene concentration,
free PVP molecules may exist in solutions.
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