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The self-organization of water-soluble endometallofullerenes (fullerenols) in solutions has been studied by neu-
tron scattering in connection with their applications (Magneto-Resonance Imaging, X-Ray Tomography). Their
functional characteristics depend strongly on molecular self-assembly which may be altered by chemical additives,
concentration increase or the magnetic field applied. Polarized neutrons have been used to search paramagnetic
fullerenols’ organization into supramolecular structures influenced by the fullerenol concentration and their inten-
sified interactions in a magnetic field.
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1. Introduction

The application of paramagnetic endometallofullerenes (EMF) [1] such as Gd@Csg, and
similar structures in biomedicine (contrasting agents for magnetic resonance imaging (MRI),
X-Ray tomography, tracers being the isotopes encapsulated in carbon cages etc.) [2,3] is closely
related to the study of various water-soluble EMF derivatives in aqueous solutions to understand
mechanisms of molecular assembly altered by the functional properties of these substances [4,5].

For example, there is a remarkable well known acceleration of the spin relaxation for
protons in the vicinity of paramagnetic EMF molecules in aqueous solutions or biological tissues
(e.g. fullerenols Gd@Cg2(OH)x) [6]. This effect is enhanced by the association of EMFs and
is dependent upon the size and forms of EMF clusters [7]. This proton relaxivity enhancement
effect is induced by dissolved EMF molecules and is of great importance to achieve higher
resolution in MRI-diagnostics while simultaneously avoiding toxicity issues associated with
heavy metals (e.g. Gd), since their atoms are encapsulated in carbon cages and well-protected
against chemical interaction with the surrounding media in living organisms. Along with this, a
gain in relaxivity can be expected when one uses paramagnetic EMFs mixed with diamagnetic
(empty) EMFs, since their labile m-electrons may be polarized by a neighboring paramagnetic
molecule. Thus, one can expect an amplification of fluctuating local fields due to additional
effects of proton relaxivity acceleration. However, these inductive effects between paramagnetic
and diamagnetic molecules are not yet studied. Additionally, there is only a poor knowledge of
the mechanisms for the local ordering of paramagnetic fullerenols in solutions, especially under
the influence of applied magnetic fields which can be relatively strong (few Tesla in MRI-tests).

It should be noted that a set of effective experimental methods and instruments to
comprehensively analyze the self-organization of water-soluble EMFs in aqueous media still
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remains restricted, especially regarding the study of both supramolecular and magnetic ordering
in EMF solutions in magnetic fields and by altering other parameters (e.g. concentration of
paramagnetic EMFs, pH-factor, temperature).

Among these structural methods (e.g. X-ray or light scattering), only the polarized
neutron reflectometer is a powerful enough instrument to obtain detailed information on the
molecular and magnetic ordering and subtle effects of their interference over a wide range
of spatial scales (10° — 10> nm). It is of principal importance that the polarized neutron
beam does not disturb the sample and gives information on the size and forms of molecular
arrangements, as well as the possible magnetic ordering of EMFs under the applied magnetic
field. The polarization of scattered neutrons is very sensitive to fine magnetic correlations in
the ensembles of paramagnetic objects [8].

The aim of our experiments on aqueous mixtures of paramagnetic and diamagnetic
fullerenols is to study the behavior of these systems under magnetic field to discover original
and field-induced mechanisms for the self-assembly of fullerenols by varying their concentration
and magnetic induction.

2. Experimental
2.1. Samples and measurements

The samples were synthesized at PNPI for neutron experiments. Mixtures of
Gd@Cs2(OH)x (X = 24 — 30) and Cgo(OH)x were prepared keeping a constant level of
paramagnetic component (30 wt%). These mixtures were dissolved in light water to obtain
solutions with concentrations C' = 0.044, 0.056, 1.04 and 2.0 wt% (Samples 1-4) where the
upper limit is close the threshold for fullerenol solubility (Ciax = 2.3 wt%).

Polarized small-angle neutron scattering experiments (PSANS) have been carried out
at ambient temperature on the Diffractometer “Vector” (PNPI) [8] over a range of momentum
transfer ¢ = (47/)\)sin(6/2) = 0.03 — 0.45 nm™" where neutron wavelength A = 0.92 nm
(AX/X = 0.25), scattering angles 0 < # < 3°. The g-interval corresponded to the scales of the
fullerenols structures R ~ 2w/q ~ 10" — 10% nm. In the detector plane (X,Y’), the scattering
was registered with g-resolution dqy, dgy ~ 4.5-107% nm™".

For the Samples 14 (solutions layers, thickness dg = 1 mm) an isotropic scattering
was observed in the external field B = 0.01, 0.6, 1.0 T applied along the vertical axis Y
(incident beam along Z-axis). In scattering measurements, the direction of vertical polarization
of the beam (P, = 0.94) was periodically reversed (£Pg) to detect the intensities /= (q) which
were used to calculate the sums [, = I + I~ and the differences Al = It — I~ sensitive to
interference effects of the scattering on molecules (atomic nuclei) and the magnetic moments
of Gd atoms. A measure of such nuclear magnetic interference is the effective polarization
P.; = AI/I;. The measured intensities (/;) were used to determine the scattering intensities
(Is) and the related cross sections, taking into account the neutron transmissions for the samples,
the background level and the contribution of the beam that passed through the samples without
scattering. Finally, the differential cross sections per unit solid angle () and cm® of sample
volume were computed in absolute units, do(q)/dQ2 = (Is/Iw)(dw/ds)(dow(q)/dSY), where
Iy is the intensity measured for H,O-standard (layer, thickness dy = 1 mm) at the same
experimental conditions. Here, the cross section of water doy (¢)/d2 = 1.089 cm™!/cm?® is
used [9]. In following treatment the notation o(q) = do(q)/dS2 is accepted.
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2.2. Discussion

In the experiments, the magnetic field was varied from minimum magnitude B; = 0.01 T
(guide field to keep beam polarization) up to intermediate and maximum magnitudes, By =
0.6 T, By = 1.0 T. At these induction values, the measurement was organized in such a way
that periodically the induction was switched on and after few hours of data collection it was
switched off for the measurement at minimum field B;. These weakly magnetic substances
did not reveal any significant hysteresis and demonstrated a reversible behavior detected in the
scattering. In Fig. 1, the cross sections of the solutions with concentrations C' = 0.044—2.0 wt%
are shown as dependent on momentum transfer for minimum and maximum fields.
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F1G. 1. Scattering cross sections of the solutions with different contents of

fullerenols (0.044, 0.056, 1.04 and 2.0 wt%) studied in weak and strong fields
(By, Bs) (data 1-4 and 5-8, respectively). Lines are fitting functions (1)

The application of a magnetic field caused a remarkable increase in the scattering without
qualitatively altering the cross section’s g-dependence, which is clearly visible at concentrations
C = 0.056, 1.04 and 2.0 wt%. In the most dilute solution (C' = 0.044 wt%), an opposite
situation is observed when the intensity slightly decreases with field application (Fig. 2).

In Fig. 2 the differences of cross section, Ao (q, B) = o(q, B) — 0(q, By), are presented
for the dilute system showing a negative effect. Although, in the experimental g-range, the
application of moderate and strong fields (B,, B3) does not lead to more intensive scattering,
but at the same time, the deficit in cross section means that the scattering redistribution favors
lower momentum transfers if the field stimulates aggregation. Indeed, this trend is observed in
more concentrated solutions (Fig. 3), where the positive differences of cross sections become
greater in the strong field Bs.

This qualitative analysis has been supplemented by a detailed description of structuring
when we used the scattering function :
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solution (C' = 0.044 wt%) measured in moderate and strong fields (Bs, Bs) (a,
b) as compared to the data obtained in weak field B;. Line (b) shows a spline-
function
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where 0y = o(q — 0) is forward cross section, R is the radius of molecular correlations, the
parameter Bg denotes a contribution of incoherent background to the total cross section. The
formalism in (1) satisfactorily fits the experimental data for all concentrations and magnetic
field strengths.

The parameters 0o(C'), Rc(C) showed how the behaviors were modified by the external
applied magnetic field (Fig. 4). The forward cross sections demonstrate quite linear growth
(Fig. 4a) disturbed by quadratic terms, 0o(C) = (a;C + ayC?) where ay, ay are the fitting
parameters. Conversely, the parameter oo = (AK)?p(mVy) is proportional to the aggregation
number (m). This also includes the contrast factor of fullerelols in water (AK = 4.8-10'° cm™2),
their total volume fraction ¢ = (CN4/Mp)Vr which depends on Avogadro’s constant (/NV4),
molecular weight (M) and the volume (V) of fullerenol molecule. Obviously, at a constant
aggregation number (m), there should be linear behavior oy ~ ¢ ~ C. This means an increase
in the numbers of clusters with the enrichment of solutions. Additionally, the term (a,C?) arises
due to clusters’ pair interactions. The increase in the relative rate of aggregation is given by
(1/m)dm/dC = ay/ay. This ratio rises more than twice from as/a; ~ 9 to = 19 cm®/g due to
the induction enhancement from the minimum to the maximum magnetic field strength. Hence,
magnetic field stimulates more dense integration of fullerenols when the size of clusters (R¢)
remains fairly constant (Fig. 4b).

At magnetic fields ranging from B = 0.01 — 1.0 T the correlation radius takes the value
Re ~ 18 — 19 nm for the concentrations C' = 0.056, 1.04 and 2.0 wt% (Fig. 4b). However, in
weak and moderate fields, at the lowest fullerenol content, (0.044 wt%) the correlation lengths



26 V.T. Lebedev, Yu. V. Kulvelis, V. V. Runov, A. A. Szhogina, M. V. Suyasova

=1 -1 -1
Ac, €M Ao, CM Ac, CmM
50 - 100 - 200

(b)
—e—2

251 50 |- 100 -
0 0 0+

0,1 A1 0,1 a1 0,1 A1

g, nm g, nm g, nm

F1G. 3. Field induced gain in cross sections of solutions, Ao (q, B) = o(q, B) —
o(q, B1), with fullerenols concentrations C' = 0.056, 1.04 and 2.0 wt% (a, b, c).
Data 1, 2 are related to the experiments at moderate and strong fields (B, B3)

are shorter, Rc ~ 15 nm, while a strong field amplifies the correlations, the radius of which
becomes larger, Rc ~ 18 nm (Fig. 4b). Thus, under the strong field (B3 = 1.0 T), clusters
achieve the size Rc ~ 18 — 19 nm practically not influenced by fullerenols concentrations.
Along with this, the aggregation numbers m(C') found from the forward cross sections grow
intensively with the concentration, especially in the strong field B3 (Fig. 5).

The number of molecules m ~ (2—5)-10* (Fig. 5) occupies a relatively extended region
with gyration radius R = v/6- Re ~ 40 nm. For instance, a spherical region with such gyration
radius has the geometric radius Rg = (5/3)2Rg ~ 60 nm. In a spherical approximation, one
can estimate the average share of occupied volume, ® ~ 3 —7 %. Alternatively, a characteristic
volume of molecular correlations Vi = 87Rg, ~ 2 - 10° nm® is smaller, and in this region, the
occupied volume is of 15 — 35 %. This figure increases with the fullerenol concentration and
becomes higher in a strong field, which stimulates the integration of fullerenols into clustered
structures.

The analysis performed above concerned the cross sections corresponding to the sum
of scattering intensities I*(g), I~ (q) obtained by reversing beam polarization (£F) in vertical
guide-field. In general, each intensity [8]:

I* = I(q) + In(q)  Inr(q), )
includes the contributions of nuclear and magnetic scattering, I,,(q) ~ a%, Ln(q) ~ [bas-sin(a)]?,
with the amplitudes ax(q) and by/(¢)sin(a) where « is the angle between induction B and
scattering vector q. In addition, it presents the interference part I;y7(q) ~ 2Pyan(q)bar(gar), in
our experiments P || B(g). This part was extracted as the difference:

Alq) = I(q, P*) = I(q, P7) = I"(q) — I (q) = 2Lin7(q)- A3)
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F1G. 4. Concentration and field dependence of the fullerenols clusters parame-
ters: forward cross section oo(C') and correlation radius of clusters Ro(C') (a, b)
at external fields B, B,, Bs (data 1-3)
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F1G. 5. Aggregation number vs. concentration when magnetic fields By, Bs, B3
are applied (data 1-3)

The relative contribution of interference to the total scattering intensity is given by
the effective polarization P,y = (I" —I7)/(I" + I7). In solutions having weakly magnetic
properties, a search of nuclear-magnetic interference has shown low effects averaged over g-
range, (P.r) = (0.07 = 0.05) %, even at the maximum concentration C' = 2.0 wt% (Fig. 6).
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FIG. 6. Effective polarization P,¢(¢) vs. momentum transfer in fullerenol so-
lutions (concentration C' = 2.0 wt%). Inset shows the behavior of effective
polarization at low g-values

This can be explained as a result of low concentration of paramagnetic Gd atoms in
these systems, Ngg = 2- 10" ecm™ at C' = 2.0 wt%. The applied field Bs = 1.0 T did not
align the magnetic moments of Gd. For complete magnetization, higher induction is needed
(by two orders in magnitude). This would appear to be in contradiction with the observed
substantial amplification of the molecular ordering under magnetic field Bs = 1.0 T. Meanwhile,
such a discrepancy is eliminated if we consider the induced diamagnetic moments in massive
clusters interacting in solutions that stimulates ordering in molecular solutions even at the low
diamagnetic susceptibilities of carbon structures (y ~ 5- 107" for Cg fullerite [10]). Indeed,
some large-scale effects in effective polarization are visible in the inset shown in Fig. 6 where
two maxima are present at ¢* ~ 0.025 nm~' and ¢** ~ 0.05 nm~'. One might suspect that
the nuclear-magnetic interference is detected at large scale R ~ 27/q" ~ 300 nm for the
superstructures of weakly magnetized clusters.

3. Conclusions

The first scattering experiments with polarized neutrons on the mixtures of paramagnetic
and diamagnetic fullerenols have revealed unexpected features in fullerenols behavior. A strong
applied magnetic field was shown to stabilize the size of molecular aggregates (R ~ 20 nm)
when the concentrations were varied by two orders of magnitude, i.e. the system concentration
was changed from very dilute to concentrated (close to the threshold of fullerenol solubility).

The influence of magnetic field does not only involve direct alignment of the param-
agnetic atoms’ moments. A substantial enhancement of the aggregation numbers was detected
under a strong applied magnetic field. In addition, the scattering of polarized neutrons gave
specific indications for the correlated spatial organization of molecular and magnetic subsystems
at large (submicron) scales where the magnetic domains are visible.
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The fundamental importance of the performed experiments is combined with the practical
benefits of the possible application of these substances as effective contrast agents in MRI. As a
result of these studies, structural stability has been confirmed for EMF aggregates over a broad
range of concentrations in solutions under strong applied magnetic fields.
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