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Structure and self-assembly of fullerene-containing

molecular systems
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Hydroxylated fullerenes Gd@Cs2(OH)x (x ~ 20) with Gd atoms inside carbon cages have been studied by small-angle
neutron scattering in light water by the variation of pH = 4-7 via salts’ addition in order to understand the characters of
structural transitions and the ways of fullerenols’ supramolecular structures control and regulation. As it was found, the
globular (droplet-like, diameter ~ 50 nm) clusters of fullerenols in pure water (pH = 4-5) become instable when the salts
introduced into solutions (pH = 7) cause the formation of fullerenols’ chain-like aggregates (correlation radius ~ 20 nm) the

structure of which is dependent on the type of salt.
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1. Introduction

Synthesis of endohedral metallofullerenes, following
separation and purification [1-5] makes possible their
advanced applications in biology and medicine to produce
new effective contrasting agents (MRI-diagnostics),
radioactive isotopic tracers, pharmaceutical preparations
[6-10].

These prospects are closely related to the problem of
transfer of insoluble fullerenes into aqueous (physiological)
media. This problem can be solved by the development of
the methods (hydroxylation, grafting water-soluble
oligomers, polymers) for producing the hydrophilic
derivatives of fullerenes [2-4,8,9,11,12].

However, the water-soluble fullerenes demonstrate
various assembly phenomena under the influence of
numerous factors (concentrations of fullerenes, additives,
pH, temperature) [13-15]. The related features of
fullerrenols’ ordering in solutions remain not yet studied
systematically. Meanwhile, the examination of fullerenols’
behavior in solutions is of fundamental and practical
interest assuming the opportunities of fine regulation of
their functional properties (e.g. MRI-contrast via
enhancement of surrounding protons’ spin relaxation rate)
being strongly dependent on fullerenols’ arrangement in
molecular clusters possessing a lot of parameters (size,
mass, anisotropy and porosity).

The aggregates of fullerenols (water-soluble
derivatives) in solutions have been observed by light, X-ray
and neutron scattering in the range 10° - 10° nm [13,15-17].
Since the molecular mechanisms of self-assembly are still
not decoded, the extended study seems to be necessary.
The aim of work is the research of molecular ordering of
fullerenols Gd@Cs,(OH)x (x ~ 20) in light water as
determined by the chemical type and content of additives in
solutions.

2. Experimental

Small-angle neutron scattering experiments (SANS) on
the solutions of fullerenols have been carried out
(diffractometer “Yellow submarine”, wavelengths A =
0.751; 0.386 nm, RISSPO, Budapest) in the range of
momentum transfer ¢ = 0.08-4.5 nm™ to observe the
molecular structures at scales R ~ 2m/g ~10°-10% nm. In
aqueous (H,O) solutions the concentration of fullerenols
was kept constant, C = 0.3 g/dl. The series of the samples
1-3 has included the binary solution of Gd@Cs,(OH)x (x ~
20) (scheme below) and ternary systems prepared by the
addition of sodium citrate or phosphate (Table 1).

3. Results and discussion

3.1 Small-angle Neutron Scattering

The neutron scattering intensities Is(q) for the samples
(25°C, layer thickness ds = 1 mm) have been normalized to
the data Iy(g) for light water (layer thickness dy = 1 mm)
at the same conditions measured. The differential cross
sections of solutions (per unit solid angle Q, and cm®) are
evaluated in absolute units, do/dQ = (Is/Iw)(dw/ds)dow/dQ.
Here doyw/dQ is the cross section of H,O (per cm’) served
as a standard [18]. The samples are chosen relatively thin
(ds = 1 mm) to prevent a multiple coherent scattering.
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Their transmissions 7r ~ 0.5-0.6 indicate mainly the
extinction due to the incoherent scattering from light water,
while the coherent one contributes only ~ 1 %.

The cross sections of solutions (notation o(g) = do/dQ)
demonstrate the increase at low ¢ < 1 nm™ from the level of
incoherent background B ~ 0.8 cm™ (Fig.1). It reflects a

substantial clustering of fullerenols at scales R ~ 2n/g
being much larger than molecular diameter ~1 nm.
Table 1. Composition of the samples, pH values
N | Fullerenes | Salt Concentration, pH
Content, g/dl
g/dl Cintrate Phosphate
1 103 - - 4-5
2 103 14 - 7
3 103 - 0.44 7
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Fig. 1. Cross section of fullerenols’ in H,O: 1 — data for
binary solution of Gd@Cs,(OH)x, 2, 3 — data for ternary
solutions with citrates and phosphates.

It is clear (Fig.1), the addition of salts leads to the
weakening of scattering by an order in magnitude at g < 1
nm'. The salts stimulate the dissolution of visible
molecular clusters. At the same time, the transmission
becomes smaller, i.e. the scattering outside the central cell
of detector is enhanced and/or concentrated at very low g <
Gmin = 0.08 nm’. The transmission deficit for citrate
solution, ATr ~ -1 %, is much smaller than that in system
with phosphate, ATr ~ -10 %. This indicates a strong action
of phosphate as a structuring agent.

The transformation of solutions’ structure includes not
only the changes of clusters’ amount and dimensions, but
also a change of their geometry. This is evident from the
data analysis at relatively high q = 0.2-4.5 nm™ when the
cross sections obey the function

o(q)= JIig"" + B. (1)

Here J is the coefficient characterizing the scattering ability
of observed objects. The parameter Dy describes their
geometry (fractal dimension) (Tab.2). The data
approximation with the function (1) allowed separate

incoherent background and extract the coherent part X(q)
=[o(g)-B] described by the function J/qDf (Fig.2). In the
binary solution of fullerenols the exponent 3 < Dy < 4
indicates the globular particles with imperfect borders.
has the

Their surface fractal dimension

Dg=6-D;f =23>2,

Fig.2. Data approximation with the function (1), the
coherent cross section is presented.

Table 2. Parameters of function (1): coefficient J, fractal
dimension of clusters Dy, incoherent background B.

N | J,10% Dy B,

cm'nm™® cm’!
1 0.44 +0.03 3.63 £0.05 0.770 £0.001
2 4.62 £0.30 1.39 +0.05 0.762 +£0.002
3 5.55+0.28 1.63 £0.05 0.763 +£0.002

On the other hand, in salt solutions the fullerenols
create chain-like structures of low density. The addition of
citrate makes the parameter D; = 1.4 < Dp = 5/3 even
smaller than Flory exponent Df for flexible polymers with
excluded volume in good solution. In chain aggregates, the
units repulse each other, and resulting stretching of chains
is evident from low D¢ = 1.4. However, in systems with
phosphate where Dy = Dy, the chains take conformation like
this one for polymer coil with excluded volume in good
solvent.

3.2 Molecular correlations

The dependence (1) testifies the observed clusters as
the sequences of stiff fragments (rod-like units, length Lp,
cross section area S;) the mutual correlations of which are
defined by the exponent Dy If the origin of coordinates
(R=0) is fixed at a unit, the chain fragment captured inside
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the sphere (radius R) has the volume Vg = (2LpS)(R/Lp)"".
In the spherical layer (radius R, thickness dR) the occupied
volume dVy = (dVg/dR)dR = (2DS/L,"THRPMdR is
proportional to the probability to find a chain unit at the
distance R from the centre. Thus, the pair correlation
function of units is expressed by
Yo(R) = (DSy/2nLp° RP™, The Fourier-transform of y,(R)
gives the scattering cross section [19, 20] for such fractal
objects’ ensemble

o(q)=4n(AKY ¢lyo(R)[sin(qR)/(qR)IR*dR = J/q"", (2)
J(Lp) = 2S(AK)?Dyd(Dy)/Lp>" " .

Here AK is the contrast factor for chains, ¢ is their volume
fraction in solution. The coefficient J(Lp) as a function of
length Lp includes also known parameters AK, Dy, the
integral ®(Dy) = [X"%sinXdX ~ 1 in the limits (0,00). The
chain cross section area S; was found from the data
modified by the factor ¢° (Fig.3).

Df -1 -Df
q -c,cm nm

oy 1%. (a)
0,1+
0,0+
0 2 4 4
Df -1 -Df
g -c,cm nm g, nm
0,21

(b)

Fig. 3. Modified cross sections q”o(q) for solutions with
citrate and phosphate (a,b). Lines are spline-functions.

The modified cross sections ¢°'o(g) exhibit the peaks
(Fig.3). Their maxima positions ¢ = 2.75 nm, ¢* = 2.63
nm™' (samples 2, 3) results from the interference of neutron
waves scattered from the chains in contact at minimal
distance dy = 7.725/q* (chain diameter). Here the value of
g* corresponds to the maximum of Debye function
sin(qdy)/(qdy). The following chain diameters dy = 2.8
+0.1 nm, dy = 2.9 0.1 nm are still bigger by the factor ~

2.5 than Gd@Csg, diameter dr = 1.12 nm [1]. Hence, the
observed structures are the bunches of elementary
filaments of fullerenols (diameter ~ dg). For the samples 2
and 3, the numbers of filaments

nc=4.0+03, nc=44+03

were evaluated from chains’ cross sections S, = and>/4
taking into account the part of area o =~ 0.9 (dense package
of cylinders) occupied by fullerenols. Each molecule
Gd@Cs(OH)x has the cross section area Sy = ndg /4
where fullerenol’s diameter dgr= 2rgr = 1.33 nm is defined
by its effective radius rgr = 0.667 nm increased due to
attached OH-groups as compared to known fullerene radius
rg = dp/2 = 0.56 nm. Finally, it gives the cross section area
Sgr = g = 1.40 nm® and the volume of fullerenol
Ver = 1.24 nm’>. At last, the length of unit is estimated, Lp
=5.2+1.4nm and Lp = 3.1 £0.4 nm for the samples 2, 3.

The transition from citrate to phosphate solution
(keeping pH = 7) makes the local flexibility of chains
higher, and reduce their persistence length ~ Lp = 5.2 nm
— 3.1 nm almost to the diameter of chain Ly ~ dy.
Moreover, the correlations of units are weakened also. So
the stretched chains undergo a transformation into the coils
being similar to polymer chain with excluded volume in
good solvent. In salt solutions an aggregate of fullerenols
looks like a cylindrical micelle of surfactant. This reflects a
common nature of hydrophobic and hydrophilic
interactions governing molecular self-assembly, although
the difference in behaviors of fullerenols and ordinary
surfactants in solutions arises from a quasi-spherical shape
of fullerenoles with hydrophobic nuclei and hydrophilic
shells in contrast to rod-like surfactant molecules. A quasi-
spherical fullerenol may be considered as an analog of
spherical micelle of surfactant. However, in micelles a
nano-phase separation is a result of molecular stacking,
while in the case of fullerenols it is preset chemically. The
chain-like formations of fullerenols represent a higher level
of structuring where fullerenols play a role of effective
micelles associated in solution. Presently, any other similar
cylindrical assemblies of micelles are not found.

The specific geometry defines the dimensions of

fullerenols’  structures evaluated from the data
transformation into the spectra G(R) = R*y(R) where
Y(R) = (AKV1)* < An(0)An(R) > =
= (1/2m)* [o(g)[sin(qR)/(qR)14nq’dq (3)

The correlation function p(R) includes the volume of a
molecule V| and the deviations An(0), An(R) of molecular
concentrations from the average level in the points
separated by distance R. The isotropic correlations in
spherical layers are described by the functions G(R)
(Fig.4). The quality of description of the data by the spectra
G(R) is evident from the fit of cross sections with the
related scattering functions (Fig. 5).
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Fig. 4. Correlation functions G(R) vs. radius R for pure
fullerenol solution (a), systems with citrate (b) and
phosphate (c). Lines (a, ¢) are fitting functions (4,5).

The behavior of G(R) in the range R = 0-50 nm
undergoes a qualitative altering due to salts’ addition. For
binary system (Fig.4a), the profile of G(R) is quite
symmetric regarding to maximum position. In the first
approximation it is described by the function for sphere

G(R) = As-R[1 — 3/4)(RIRs) + (1/16)(R/Rs))]  (4)

The parameter As= (1.04 £ 0.1)-10” cm™'nm™ reflects
the scattering ability of molecular aggregates having in
average the radius Rg = 23.0 = 0.1 nm. The spread of their
size from the Rg leads to a deviation of spectrum from the
function (4) at R > 30 nm.

On the other hand, the profile G(R) for system with
phosphate (Fig.4c) is asymmetric and adheres the function

G(R) = AcR-exp(-R/R¢) 5)

for gaussian polymer coil (fractal dimension Dy = 2) with
correlation radius R¢. The coefficient A¢ = (2.76 = 0.03)-10°
* em'nm™ depends on contrast factor, fullerenols’ content,
clusters’ masses. Since the magnitude of the exponent
obtained above Dy < 2, the gaussian model is applied in the
first approximation only.
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Fig. 5. Cross sections of fullerenols’ solution (a), and

ternary systems containing citrate (b)or phosphate (c).

Lines are the scattering functions corresponding to G(R)
(Fig.4).

In frames of this model the Rc = 13.2 + 0.1 nm gives
the estimate of chain gyration radius Rg = V3 Rc = 22.9 +
0.2 nm. It is greater by ~ 30 % than the size of spherical
cluster of pure fullerenols, Rgr = RS(S/S)”2 =178 £ 0.1
nm. Hence, the binary solution is ordered more compactly
than the ternary system with phosphate.

As compared to the system with phosphate, in solution
with citrate the profile of G(R) looks like a plateau with
hump (Fig.4b). Such correlations, G(R) = const in a wide
spatial range, testify some objects like thin rods. In the
interval 0 < R < 50 nm the behavior of G(R) (Fig.4b)
confirms a stretched geometry of fullerenols’ chains (radius
R~20-30 nm) composed of units of length Lp ~5 nm. The
correlations within a unit are revealed as a peak in the
interval R = 0-5 nm where maximum at R* ~ 3 nm ~ Lp/2
corresponds to a half of unit’s length.

More precisely clusters’ dimensions and aggregation
numbers were found from the integrals over spectra G(R).
The forward Cross section of solution
6(g—0) = 6, = 4nS; = (AK)*¢V¢ is defined by the integral
S, = [G(R)dR. 1ts evaluation gives the dry volume of
cluster Ve = o./(AK)’¢ and the aggregation number
Nc = Vc/Ver (Tab.3). From the integrals the gyration radii
were obtained also (Tab.3)
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Table 3. Cross sections of solution o,, aggregation
numbers N¢, gyration radii of clusters Rg

N O, CM! Ne107 Rg, HM

1 59.9 +£0.2 11.1 +0.1 19.1 0.1
2 4.66 £0.08 0.87 £0.02 19.3 £0.3
3 5.24 +£0.04 1.21 +0.01 16.4+0.2

The obtained parameters (Tab.3) testify an intense
aggregation in binary system, Nc ~ 10*. While the salt
addition depresses it, and the number of molecules in
cluster N¢ ~10° becomes lower by an order in magnitude.
Although the radius of cluster Rg remains still unchanged
in the presence of citrate, the addition of phosphate causes
the decrease of cluster dimension by ~ 10 %. As a result, in
salt solutions the clusters are rarefied by factor ~ 10.

The concentrations of fullerenols inside clusters differ
strongly from each other: N,, = No/(41/3)Rg’ =~ 4:10%° cm™,
3-10" ¢cm™ and 7-10" em™ for binary and ternary solutions
(citrate, phosphate). Such local densities surpass by 1-2
orders in magnitude the average molecular concentration
1.25:10" cm™ in the samples. In binary system the
fullerenols fill ~ 50 % of the volume of aggregates like
droplets with diameter ~ 2R5(5/3)"? ~50 nm. However, in
salt solutions fullerenols occupy only ~4% or ~8 % of the
volume of aggregates rarefied. These entities are ~10 times
more numerous than dense formations in binary solution.

These results give the detailed information on the
behaviors of fullerenols in solutions and subtle features of
their clustering. The latter should be discussed as compared
to fullerenes Cg, solutions treated theoretically [21] as a
specific “cluster state” of matter. Usually the clustering of
Cso can be observed in aromatic solvents, e.g. in benzene,
by dynamic light scattering [22]. SANS-studies of Cg in
toluene [23] carried out for saturated solutions in quasi-
equilibrium state (20°C, stored during one year) detected
some large-scale structures (> 10° nm, fractal dimension Dy
~ 2.9) composed of droplet-like clusters (correlation radius
Rc ~ 3 nm, aggregation number ~ 50) predicted by
thermodynamic theory [21]. Also in other solvent (CS,)
the small-sized Cg clusters (aggregation numbers < 10)
have been found by SANS [24,25].

During the last decade, the fundamental and practical
efforts are attracted to the problem of transfer of fullerenes
Cso into aqueous media. For example, it can be done by a
change of solvent (ultrasonic treatment of mixtures of
water and fullerene solution in benzene, toluene). Aromatic
solvent evaporation gives the stable dispersions of
fullerenes in water via formation of globular clusters
(droplet-like, size ~ 100 nm, smooth surface) studied by
SANS [26].

The water-soluble endohedral fullerenes derivatives,
Gd@CGO[C(COOH)z] and Gd@CGO(OH)X, have been
synthesized and examined in solutions as potential MRI
contrast agents being sensitive to the aggregation
modifying their functional properties [27]. In aqueous
medium these molecules showed an association into
clusters (~30-90 nm) [27]. In following study [28]
fullerenols Gd@Ce(OH)x were investigated as pH-

responsive MRI contrast agents: at low pH the Gd-
containing molecular clusters become larger and provide a
high relaxivity.

In our recent work [17], the fullerenols Cg¢(OH)x in
aqueous solutions (25°C, pH = 5-8) have been studied by
SANS. The system with Cgo(OH)x (X ~ 20, content Cg =
0.5 mg/ml, pH = 5) displayed a stronger short range order
by the increase of pH — 8 due to Na-citrates’ addition. At
the same time, the Na-phosphates have induced the
formation of two-level structures: tiny particles (size ~ 6
nm) packed into large clusters (gyration radius ~ 30 nm).
These peculiarities of fullerenols’ association concerned
only globular clusters. Any other structures (chain-like,
branched) are not detected. The previous SANS-study [16]
of hydroxylated fullerenes Gd@Cg,(OH)x in water showed
also molecular clustering at scale ~20-30 nm. At pH
increasing from 4-5 to 7-8 it was detected a transition from
dense branched structures (fractal dimension D ~ 2.5) to
rare coil-like objects (D ~ 1.6). These data together with
the obtained above results clarify the nature of fullerenols’
association into different structures.

4. Conclusion

The observed enhancement of fullerenols’ solubility
and transition from globular to chain-like structures by
salts’ addition can be treated as a result of formation of
hydrogen bonds between fullerenols and acid groups
creating a shell around fullerenols by hydration. The shells
stabilize stretched conformations of chain-like structures
via fastening rigidity, increasing persistence length.
Together with hydrogen bonds the dipole interactions
(electric, magnetic) between fullerenols in chain structures
and dipole forces between them and associated acid groups
are considered as responsible for chain-like structures
formation.

The study of structural transformation in fullerenols’
solutions enabled us to establish the crucial features of their
association. Except of fundamental importance, this is
useful in order to find some effective ways to form a
desirable morphology of hydroxylated
endometallofullerenes in aqueous media for biomedical and
technical applications.
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