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The Associative Properties of Some Amphiphilic Fullerene Derivatives
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The hydrophilic vs. hydrophobic balance for five C60 deriva-
tives (FD1–5) bearing one hydrophilic addend has been
evaluated by means of useful descriptors derived from (i) ag-
gregation measurements in aqueous/organic mixtures, (ii)
partition measurements between n-octanol and water
(log Pm/a), and (iii) retention factors in reverse-phase

Introduction

There is clear evidence from a number of recent studies
that the special geometric and electronic properties of full-
erenes[1] could find new applications in different fields such
as materials technology,[2,3] biology[4] and medicinal chemis-
try.[5–7]

However, the fact that these molecules are highly hydro-
phobic hampers their direct solubilization in water and,
more generally, in polar solvents. Functionalization with
hydrophilic addends represents a direct strategy for making
fullerenes relatively soluble in water. It has been found that
these derivatives can dissolve either in the form of mono-
mers or as supramolecular aggregates.[8]

In particular, water-soluble C60 multiple adducts prefer
to dissolve as monomers in water and aqueous organic sol-
vents,[9–11] whereas monoadducts display a strong tendency
to form clusters,[10,12–18] depending upon the particular hy-
drophilic/hydrophobic balance in their molecular structures
and the polarity[7] of the medium. The present work intends
to identify reliable descriptors of the hydrophilic/hydro-
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chromatography (log kw). Aggregates of FD1–5 have been
obtained both in water and in aqueous organic mixtures. The
dimension of the aggregates has been estimated by gel-per-
meation chromatography.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

phobic ratio for C60 derivatives functionalized with hydro-
philic addends.

Aggregation measurements in aqueous/organic mixtures,
partition measurements between n-octanol and water and
retention factors in reverse-phase chromatography refer to
definite properties of the studied substances and provide
useful reference parameters for predicting the solubility and
aggregation behaviour of amphiphilic fullerene derivatives.
Moreover, an in-depth investigation of the interactions that
drive both the autoassociation process of the FD1–5
(Scheme 1) in solution and the chromatographic retention
of FD1–4 on an apolar stationary phase is presented. The
free-energy changes associated with the aggregation of
FD1–5 and their transfer from the aggregate form in water
to the monomer form in n-octanol are also estimated.

Results and Discussion

Cluster formation from amphiphilic fullerene derivatives
was promoted by prolonged sonication and/or by the ad-
dition of small quantities of an appropriate organic modi-
fier.[11,13,14,17–19]

A general protocol has been proposed recently[12] in
which a standardized procedure for obtaining fully aqueous
solutions of AFE aggregates (Scheme 2) is described.

The dimensions[12] of the clusters of AFE were those ex-
pected for typical colloidal particles (diameter about
120 nm) characterized by fractal[20] structures.

A preliminary analysis shows that compounds FD1–5 are
relatively soluble in organic solvents of moderate polarity
(e.g. THF, CHCl3, CH2Cl2, nC8H17OH) and sparingly solu-
ble in apolar or polar solvents (e.g. nC6H14, CH3CN,
CH3OH). The same five derivatives are virtually insoluble
in water. However, aqueous solutions of aggregates of FD1–
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Scheme 1.

Scheme 2. Structure of AFE.

5 up to a concentration of 2×10–5 m can be prepared from
a stock THF solution by successive additions of water, fol-
lowed by evaporation of THF till the complete removal of
the organic solvent, according to a previously described
protocol.[12]

Colloidal solutions of FD4 and FD5 can also be obtained
by sonication of a solid sample in water. However, this
method did not give reproducible results and only low con-
centrations of aggregates could be obtained (�5×10–6 m).
The presence of aggregates in solution is demonstrated by
the analysis of the corresponding UV/Vis spectra (see, for
example, Figure 1). Clear differences emerge from the com-
parison of the spectra obtained in solution of apolar sol-
vents or in solvents of moderate polarity (e.g. nC6H14, THF,
CHCl3, nC8H17OH), where FD1–5 are present in mono-
meric form, with the spectra obtained in aqueous solutions.
In fact, the spectra of the monomers display sharp absorp-
tions at 254 and 430 nm and a shoulder at 320 nm, with
very similar ε values for the five investigated derivatives (see,
for example, Figure 1, solid line). On the other hand, the
spectra of the aggregates of the five FDs in water (or in
aqueous THF solutions with percentage (v/v) of THF � 20
for FD1–4 and � 10 for FD5) are characterized by a wide
broadening of the absorption band near 254 nm and by the
fact that the ε values decrease at lower and increase at
higher wavelengths. In addition, the weak peak at 430 nm
disappears for the aqueous aggregates (see Figure 1, broken
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and dashed lines). The formation of aggregates in aqueous
THF solutions was followed starting from a pure THF
solution of the fullerene derivative by progressively increas-
ing the amounts of water.

Figure 1. UV/Vis spectra of FD3 in 100% THF (___), in aqueous
THF solutions [60% (v/v) THF (·····), 5% (v/v) THF (----)] and in
water (-·-·-·-·); [FD3] = 5×10–5 m.

Typical sigmoidal aggregation curves are obtained for
FD1–5 by plotting ΔABS(254–430)norm

[21] against the Hildeb-
rand polarity index,[22] δH, of the solvent mixtures in aque-
ous THF solutions (see Figure 2�yigr2�) and in aqueous
CH3OH solutions. The aggregation process can be de-
scribed by Equation (1).

ΔABS(254–430)norm = 100/[1 + 10{(δH – API)/a}] (1)

The variable a is an adjustable parameter (which refers to
the gradient of variation of ΔABS as a function of δH) and
API is an Aggregation Polarity Index characteristic of each
FD derivative. The values of API obtained from a re-
gression analysis of Equation (1) are reported in Table 1.
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Table 1. API values, log Pm/a, ΔGtr and log kw for DF derivatives.

(H2O/THF) (H2O/CH3OH)
API a API a log Pcalc log Pm/a ΔGtr log kw

C18

[kcaldm–3]1/2 [kcaldm–3]1/2 [kcalmol–1]

FD1 17.67±0.19 0.020±0.002 –0.9 –0.88 1.21 4.26
FD2 18.03±0.01 0.23±0.02 –1.07 –1.10 1.50 3.96
FD3 18.56±0.02 0.22±0.04 –1.23 –1.15 1.58 3.86
FD4 19.96±0.04 0.85±0.05 18.13±0.06 0.71±0.16 1.01 –0.05 0.06 3.51
FD5 20.94±0.07 1.17±0.14 8.65 1.11 –1.52

For a given FD derivative, API represents the solvent po-
larity corresponding to a 50% variation of ΔABS.

Figure 2. Aggregation of DFs in aqueous THF solutions: plots of
ΔABS(254–430)norm

[21] against δH.

It appears that the API values depend both on the hydro-
philic/hydrophobic ratio within the molecular structure of
the particular FD and, to a lesser extent, on the organic
co-solvent used (THF or CH3OH). Indeed, the aggregation
curve of FD4 obtained in aqueous CH3OH solutions gives
an API of 18.1 (kcaldm–3)1/2 which is some 1.9 units lower
than the value of 20.0 obtained in aqueous THF solutions.
In order to use API as a physical constant of each FD de-
rivative, it is necessary to refer to a given FD concentration.
This is because, at a given solvent composition, the degree
of aggregation of the substrate increases with concentra-
tion. Measurements of APIs for FD2 and FD3 at different
concentrations clearly show that the aggregation of these
substrates is anticipated (i.e. occurs at lower δH values)
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when the concentration of the FD is increased. In other
words, the whole curve (of the type shown in Figure 2) is
shifted towards regions of lower polarity of the solvent mix-
ture at higher FD concentration. The value of API, of
course, decreases accordingly. The experimental API2 val-
ues are linearly related to the logarithm of the molar con-
centrations of FD2 and FD3 as shown in Equation (2) and
(3), respectively.

API2
FD2 = –49.4 log [FD2] + 66.6; n = 4; r2 = 0.98 (2)

API2
FD3 = –38.3 log [FD3] + 138.1; n = 7; r2 = 0.96 (3)

The intercepts are the notional API2 values of 1 m solutions
of the two substrates.

The above results suggest that the value of API at a given
concentration (5×10–6 moldm–3 in Table 1) is a reliable de-
scriptor of the tendency of the FD to form molecular aggre-
gates in a particular solvent mixture.

It should be recalled, in this context, that the polarity
index, δH, depends on the vaporization enthalpy, ΔHvap,
and the molar volume, V, of the solvent according to Equa-
tion (4).[22]

δ2
H = (ΔHvap – RT)/V (4)

Thus, δH is directly related to the energy of cohesion of
the molecules of the solvent. From an energy point of view,
higher API values point to a higher energy request for the
formation of cavities within the solvent where the aggregate
units can be hosted. By the same token, higher API values
suggest weaker solvophobic interactions among the FD
molecules in a given solvent, for example pure water. In
other words, to promote the aggregation of a relatively hy-
drophilic FD, it is necessary to increase the solvophobic
intermolecular interaction with a higher percentage of the
more-polar component of the solvent mixture. From the
API values collected in Table 1 the studied FDs can be
ranked according to the following order of increasing hy-
drophilic character.
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It is known that solvophobic interactions acting between
lipophilic species being transferred from less-polar or apo-
lar solvents, (1), into more polar solvents, (2), are mainly
entropic in origin,[23,24] and often it is these solvophobic
interactions that dominate the free-energy change of cavi-
tation. The entropy contribution prevails over the enthalpy
contribution in the transfer process when the polarity dif-
ference between the two solvents (1) and (2) is small (e.g.
negligible differences in the VdW interactions between the
solute and the two solvents).[25,26] The free-energy change
for the creation of a cavity in a solvent, ΔGcav, is taken as
the work necessary to expand the liquid surface by a quan-
tity equal to the solute molecular surface, A, against the
surface tension, γ, of the solvent. Thus, ΔGcav can be calcu-
lated[27] by Equation (5). The factor κ corrects γ for the cur-
vature of the cavity.[28,29]

ΔGcav = κ γ A (5)

In the autoassociation processes investigated, the aggrega-
tion always starts and terminates within a narrow range of
polarity of the medium. Under these conditions, it is rea-
sonable to take the cavitation free-energy change, ΔΔGcav,
as a measure of the solvophobic interactions taking place
during autoassociation.

The values of ΔΔGcav can be estimated from the aggrega-
tion curves (Figure 2) of FD1–5 as follows. In the absence
of aggregation ΔΔGcav, when the polarity of the solvent
passes from δH1 to δH2, is given by Equation (6).

ΔΔGcav = (κ2 γ2 – κ1 γ1)A (6)

The values of δH1 and δH2, at which the aggregation starts
and terminates, can be extracted graphically from the aggre-
gation plots (Figures 2 and 3�yigr3�). The corresponding
surface tensions γ1 and γ2 can be interpolated from a plot
of experimental γ values against solvent composition. The
quantity A can be calculated by molecular mechanics.

The percentage of reduction, upon association, of the
solute surface area exposed to the solvent, %ΔA, required
to minimize the free energy of the system, can be calculated
from Equation (7).
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Figure 3. Plots of ΔABS(254-430)norm for FD5 (full squares) and of
corrected γ [see Equation (5)] (full circles) against Hildebrand’s δH

values of aqueous THF mixtures.

%ΔA = |(κ1γ1/κ2γ2 – 1)|×100 (7)

The values of %ΔA and ΔΔGcav for FD1–5 are collected
in Table 2. Measurements carried out with six different sub-
strate concentrations for FD2 and FD3, in the range 8×10–5

to 5×10–6 m, show that ΔΔGcav is independent of concen-
tration (Table 2, last column). As expected from the API
values, these results point to a rapid increase in the solvo-
phobic interactions between the molecules of solute when
the hydrophilicity of FDs and the polarity of the solvent
increase. At the same time a reduction of the molecular
surface of the fullerene derivative exposed to the solvent is
observed. However, the different values of %ΔA, calculated
from Equation (7), suggest that FD1–5 form supramolec-
ular aggregates of different size and/or morphology, with
larger and more densely packed aggregates in solvents of
higher polarity. To support this point, transmission electron
microscopy pictures were taken of samples prepared using
different percentages of organic solvents. Although the
samples in the TEM investigations were prepared by al-
lowing the solvent to evaporate, the dissimilarities of the
transmission electron microscopy pictures obtained could
give additional information on the aggregation process. Fig-
ure 4 shows representative TEM pictures of aggregates gen-
erated from solutions of 5×10–5 m FD3 as a function of the
(v/v) composition of the aqueous THF solution. Aggre-
gated monodisperse clusters were observed in water and in
aqueous THF solution with 5% (v/v) THF. The sizes of the
individual cluster are 30–50 nm (see a and b in Figure 4)
and a fractal structure characterizes the cluster aggregates.
FD3 does not show well-shaped aggregates from mixtures
with δH � API (API = 17.4 at [FD3] = 5×10–5 m [see c in
Figure 4 from aqueous THF solution with 60% (v/v) THF].
Under these conditions individual clusters cannot be iden-
tified within the few observable aggregates and the image is
characterized by a high background noise.
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Table 2. Solute molecular surface (A) calculated by molecular me-
chanics, cavitation free-energy change (ΔΔGcav) and percentage of
reduction upon association of the solute surface area exposed to
the solvent (%ΔA) for FD derivatives calculated at constant FD
concentrations.

mix(H2O/THF) mix(H2O/THF)
[FD] = 5×10–6 m 8×10–5 � [FD] � 5× 10–6 m

A ΔΔGcav %ΔA ΔΔGcav

[Å2] [kcalmol–1] [kcalmol–1]

FD1 744 0.27 0.66 –
FD2 834 1.39 2.98 1.33±0.16
FD3 919 1.69 3.18 1.95±0.45
FD4 1396 12.55 13.11 –
FD5 1132 21.42 23.02 –

Figure 4. Representative TEM pictures of aggregates of FD3 in
water (a), in aqueous THF solution with 5% (v/v) THF (b) and
60% (v/v) THF (c). The UV/Vis spectra corresponding to the solu-
tions of pictures (a), (b) and (c) are reported in Figure 1 as the
broken, dashed and solid lines, respectively. The initial FD3 concen-
tration is 5×10–5 m in all cases. Scale bars are 200 nm, 500 nm and
1 μm in (a), (b) and (c), respectively.

Solutions of FD2 and FD3 in THF and in water were
also analyzed in reverse-phase HPLC experiments (RP-
HPLC) using a macroporous C4 column (pore diameter =
300 Å) and a diode-array detector. Aqueous THF mixtures
of appropriate composition (near those required for the ag-
gregation of the two derivatives) were used as eluents. After
elution, either the THF solution (where FD2 and FD3 are
present in the form of monomers) or the aqueous solution
(where they are present in the form of aggregates) display
two distinct peaks in their chromatograms which can be
attributed to the aggregate (shorter elution time) and the
monomer (longer retention time) from the known UV/Vis
spectra of the two species (Figure 5).

However, the proportion of the monomers is much
higher than that of the aggregates in THF solution, and
vice versa in aqueous solution. Apparently, aggregation oc-
curs in the column in the former case, while disaggregation
occurs in the column in the latter case. It should also be
outlined that the aggregates elute before the dead volume
in both cases. This points to their exclusion from the pores
of the stationary phase and suggests a diameter greater than
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Figure 5. Chromatograms displaying both the monomer and the
aggregate forms of FD3 and FD4.

30 nm for the aggregated FDs. HPLC results suggest that
the UV/Vis spectral changes observed in the aggregation
curves of Figure 2 depend on an increasing fraction of mo-
nomeric FD, which is progressively transformed into the
corresponding supramolecular aggregate (cluster), rather
than on a steady increase of the dimensions of the aggregate
upon addition of water to the solvent mixture.

Static light-scattering experiments, carried out on aque-
ous AFE[12] solutions (Scheme 2) afforded, for AFE aggre-
gates, an average diameter of 120 nm. Gel-permeation
HPLC experiments with aqueous solutions of FD2, FD3
and AFE, as a reference compound, indicated an average
aggregate diameter greater than 120 nm. The dimensions of
the aggregated clusters of aqueous FD3, pictured by TEM
(see Figure 4a), span from 80 to 300 nm. Neglecting the
largest aggregates, which presumably form during specimen
preparation, the medium-sized clusters (with a mean dia-
meter of about 140 nm) give a realistic idea of a typical
supramolecular fractal aggregate in solution and are in
agreement with the GP-HPLC results.

Further insight into the hydrophilic/hydrophobic ratios
of FD1–5 was obtained by measuring the n-octanol/water
partition coefficient by the shake-flask technique. The mo-
nomer/aggregate partition coefficients, Pm/a, were calcu-
lated by measuring spectrophotometrically their respective
concentration in both phases (from calibration curves ob-
tained in water and in n-octanol), after 24 h stirring and
when a conventional equilibrium had been established in all
cases. Inspection of the results collected in Table 1 shows
that the values of log Pm/a are low and quite similar for
FD1–3. The length of the oxyethylene chain linked to the
pyrrolidine nitrogen of FD1–3 scarcely affects the hydrophi-
lic surface of the corresponding aqueous aggregates, thus
leaving the fraction of the aggregates transferred from the
aqueous to the organic phase essentially unchanged.

The log Pm/a values measured for FD4 and FD5 (which
have higher API values and hence higher hydrophilic char-
acter than FD1–3) are considerably higher than the log
Pm/a values of FD1–3. It might appear surprising that the
more hydrophilic aggregates are transferred into the organic
phase at higher proportions. However, this behaviour can
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be understood by taking into account the following effects:
(i) the reduced intensity of the hydrophobic forces among
the solute molecules makes the cluster relatively unstable
in aqueous solutions; (ii) the individual FD molecules are
inefficiently hydrated due to the presence of the large C60

sphere (the FD monomers are nearly insoluble in aqueous
solutions); (iii) the same FD molecules are efficiently sol-
vated by n-octanol (the FDs are relatively soluble in this
solvent). The entropy change associated with the transfer
of the aggregate from water to its monomeric form in n-
octanol should be highly positive for all the studied deriva-
tives. Assuming that the entropy value of the monomers in
n-octanol is approximately the same for all the FDs, the
ΔStr should be essentially determined by the entropy value
of the aggregate in aqueous solution. The clusters of the
more hydrophilic FDs and their hydration shells should be
considerably more ordered (lower entropy) than those of
the less-hydrophilic FDs making the entropy contribution
to ΔGtr for the former derivatives more favourable. It is
interesting that the log Pcalc values referred to the FDs hy-
pothetically present in their monomeric forms in both
phases, calculated with a commercially available software
program (Table 1), are linearly correlated to the experimen-
tal Pm/a values according to Equation (8).

log Pcalc = 4.22 log Pm/a + 3.04 (n = 5 r2 = 0.931) (8)

The free-energy changes, ΔGtr, of transfer of the FDs
from the aggregate form in water to the monomeric form
in n-octanol can be calculated from Equation (9).

ΔGtr = –RT ln Pm/a (9)

The results are collected in Table 1. The measured API
and log Pm/a values allow us to relate the autoassociation
properties of FD1–5, in water or in aqueous organic mix-
tures, to the hydrophilic/hydrophobic ratio within their mol-
ecular structures. This ratio, though, can be more directly
studied by reverse-phase HPLC experiments as follows.

It is well known that chromatographic retention data col-
lected on non-polar stationary phases can be used to extract
quantitative information on solute hydrophobicity. Several
studies have shown the existence of a correlation between
logarithmic retention factors in reverse-phase chromatog-
raphy and logarithmic n-octanol/water partition coefficients
for a given set of solutes.[30] Retention in reverse-phase
chromatography increases with solute lipophilic character
and, for a given combination of solute and stationary
phase, with the water content of the mobile phase. When
binary organic solvent–water mixtures are used as the elu-
ent, logarithmic retention decreases linearly with concentra-
tion of the organic solvent [Equation (10)].

log k = log kw – Sφ (10)

Variable k is the observed retention factor, kw is a measure
of solute retention with pure water as the eluent, S is a
constant for a given solute and φ is the volume fraction of
the organic solvent in the eluent.

Retention of solutes FD1–4 was monitored on an octade-
cylsilylated stationary phase using aqueous THF mixtures
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where the organic modifier content (volume fraction, φ)
varied by 0.05 increments from 0.45 to 0.85. FD5 was ex-
cluded from the HPLC investigations as its elution was im-
possible with aqueous THF eluents. For each eluent com-
position a decreasing retention factor in the order FD1 �
FD2 � FD3 � FD4 for the four solutes was observed (Fig-
ure 6). This order is consistent with the decreasing lipophil-
icity of the four FDs.

Figure 6. Chromatogram of FD1–4 obtained from an octadecylsily-
lated stationary phase using aqueous THF mixture as the eluent.

Plots of logarithmic retention vs. eluent composition
gave straight lines in all cases, and extrapolation of these
lines to φ = 0 gave the log kw values for FD1–4 listed in
Table 1. However, the log kw values do not change much on
passing from FD1 to FD4. Clearly, the stepwise addition of
ethoxy units to the fulleropyrrolidine core has only a mar-
ginal (negative) effect on the solute lipophilicity. Should the
linear elongation of the polyethoxy chain have a mere sub-
tractive effect on lipophilicity, one could predict by extrapo-
lation a log kw equal to zero (equal affinity of the solute for
the two phases) when the number of ethoxy units is about
20. The reduced lipophilicity of FD4, where the ethoxy
units are distributed over three different chains, is due to
the large number of polar fragments and, to some extent,
to the overall branching of the C60 addend.

In order to establish the exact relationship between
log kw and log P data, we carried out the same chromato-
graphic analysis on four polycyclic aromatic hydrocarbons
(PAHs; anthracene, triphenylene, benzo[a]pyrene and co-
ronene) whose log P values are known.[31] Chromatographic
data show that log kw values for these PAHs are linearly
related to their log P according to Equation (11).

log P = 4.19(log kw) – 8.46 (r2 = 0.98; n = 4) (11)

The logarithmic n-octanol/water coefficients for the ful-
lerene derivatives calculated using Equation (11) are 9.39,
8.13, 7.71 and 6.25 for FD1, FD2, FD3 and FD4, respec-
tively.

These figures can be compared with the estimated value
of log P = 12.6 for pristine C60. It is seen that the introduc-
tion of the polar fragments has a sizeable effect on the hy-
drophilic/hydrophobic ratio, which is of course shifted
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towards the hydrophilic side. However, the water solubilities
of the studied fullerene derivatives are still very low and
comparable to those of medium-sized PAHs.

In addition, a linear correlation between log kw and API2

values was observed. This linearity is linked to the intrinsic
similarity of the two processes we are observing: interaction
of the fullerene derivatives with the apolar stationary phase
(log kw) and autoassociation to form the aggregates (API2).
Clearly both processes are dominated by solvophobic inter-
actions.

As previously stated, log kw and log P for several systems
are linearly related. With the present work we show that a
a similar correlation also exists [Equation (12)] between
log kw and log Pm/a for the homologous series FD1–3.

log kw = 1.47 log Pm/a + 5.56 (n = 3, r2 = 0.9987) (12)

On the other hand, the strong deviation of FD4 from the
correlation of Equation (12) suggests that the hydrophilic
appendix of FD4 is involved in specific solute–solvent inter-
actions, upon transfer between n-octanol and water, which
have no parallel counterparts in the chromatographic pro-
cess. These interactions are probably due to the hydrogen-
bonding properties of n-octanol as compared to the hydro-
carbon-like properties of the apolar stationary phase.

Conclusions

The different approaches adopted in this paper clearly
show that useful descriptors can be obtained for the hydro-
philic/hydrophobic balance for the investigated FDs. Aggre-
gation measurements in aqueous/organic mixtures, par-
tition measurements between n-octanol and water and re-
tention factors in reverse-phase chromatography are par-
ticularly convenient for describing the reversible transition
from the monomeric to the aggregated forms of the FDs
when passing progressively from organic solvents to aque-
ous solutions. Some interesting linear relationships have
been found between the investigated parameters, which re-
fer directly to the aggregation equilibria. Differences in
morphologies and in size of the aggregates have been visual-
ized in the absence of solvent by TEM measurements. The
importance of solvophobic interactions in the aggregation
process has been highlighted.

Experimental Section
Liquid Chromatography: HPLC analyses were performed with a
TSP chromatograph equipped with a P2000 pump, a UV6000 LP
diode array detector and a Reodyne 7125 injector. In RP-HPLC
experiments a Hypersil HyPURITY® C4 5 μm 250×4.0 mm ID
column or a Hypersil BDS C18 3 μm 100×4.6 mm ID column were
used. In GP-HPLC experiments TSK GEL PW 6000 column was
used and the fractionation range was tested towards blue destrane
(Sigma) and a dilute solution of FeSCN to evaluate the exclusion
and the maximum inclusion volume of the resin, respectively.
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Partition Experiments: Partition experiments between n-octanol
and water were carried out at 25.0±0.2 °C by the “shake-flask”
technique.[32] Substrate concentration in either phase was deter-
mined spectrophotometrically at the λmax of aggregated FD1–5
(260 nm) in water and at the λmax of monomeric FD1–5 (254 nm)
in n-octanol. FD1–5 solutions were centrifuged for 15 min at
3000 runs/min before the experiments and shaken for 24 h with a
tube-rotator apparatus at 33 runs/min. The water/n-octanol volume
ratio was 5:1 for FD1–5. The initial concentrations of the aqueous
solutions of FD1–5 were 5×10–6 m.

UV/Visible Determinations: UV/Vis determinations were carried
out on a Cary 1E Varian or a V550 Jasco spectrophotometer.

Transmission Electron Microscopy: Drops of a dilute solution of
FD3 (5×10–5 m) were placed onto copper grids pre-coated with car-
bon and then evaporated at room temperature. The experiments
were carried out on a FP 505 Morgagni Series 268D electron micro-
scope (Philips) operating at 60 kV, equipped with a Megaview III
digital camera and a Soft Imaging System (Germany).

Molecular Mechanics Calculations: The superficial area of the
FD1–5 molecules was calculated with the Hyperchem 6.03 program
on an optimized conformation obtained with the MMFF Force
Field as implemented in the Titan 1.0.1 package.[33]

Synthesis of FD1–FD5: The synthetic details and appropriate litera-
ture citations for the preparation and characterization of fullerop-
yrrolidines FD1–FD5 are available as Supporting Information (see
footnote on the first page of this article).
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