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Extensive full-atomistic molecular dynamics simulations are performed to study the self-organization
of C¢,-fullerene dyad molecules in water, namely phenyl-Cg, -butyric acid methyl ester and fulleropy-
rrolidines, which have two elements of ordering, the hydrophobic fullerene cage and the hy-
drophilic/ionic group. While pristine fullerene or phenyl-Cg, -butyric acid methyl ester forms spher-
ical droplets in order to minimize the surface tension, the amphiphilic nature of charged solute
molecules leads to the formation of supramolecular assemblies having cylindrical shape driven by
charge repulsion between the ionic groups located on the surface of the aggregates. We show that
formation of non-spherical micelles is the geometrical consequence if the fullerene derivatives are
considered as surfactants where the ionized groups are only hydrophilic unit. The agglomeration
behavior of fullerenes is evaluated by determining sizes of the clusters, solvent accessible surface
areas, and shape parameters. By changing the size of the counterions from chloride over iodide to
perchlorate we find a thickening of the cylinder-like structures which can be explained by stronger
condensation of larger ions and thus partial screening of the charge repulsion on the cluster sur-
face. The reason for the size dependence of counterion condensation is the formation of a stronger
hydration shell in case of small ions which in turn are repelled from the fullerene aggregates. Sim-
ulations are also in good agreement with the experimentally observed morphologies of decorated

® CrossMark
¢

Ce¢o-dyad aggregates: Self-organized structures in aqueous solutions

Cgp-nanoparticles. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896559]

. INTRODUCTION

Spheres, vesicles, needles, rods, tubules, disks, stars, and
fibers of nanometer dimensions were obtained as a result
of ordered association of fullerene derivatives, which was
promoted by solvent variations. The solubility of fullerenes,
which up to some extent could be an important factor of
aggregate geometry,"? includes two essential aspects. First
of all, these are specific molecular interactions between the
fullerene and solvent molecules, i.e., intermolecular forces.
Apart from the effect of size and nature of the forces, the sol-
ubility and/or the formation of one particular spatial aggregate
shape over another is governed by molecular geometrical fea-
tures: the molecular size (because Cg is a sub-colloidal par-
ticle with diameter ~1 nm) and the fullerene geometry — the
molecular surface area and the molecular volume.

Usually the interaction between solute and solvents
causes the conformational changes of the dissolved
molecules. The pristine fullerenes with their unique cage
structure have a rigid and well defined shape, which is not
changing upon dissolution.? The old rule “like dissolves like”
can describe a high solubility of fullerene Cg, in aromatic
hydrocarbons and their derivatives, whose structure is close
to that of the regular hexagons inherent on the Cy, surface.*>
But even in non-polar, good solvents, fullerenes can readily
form self-assembled molecular clusters, whose size and shape
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can be altered with structural modifications of Cgy-cage or by
changing the solvation process.®

In polar solvents, including water, the fullerenes are vir-
tually insoluble and tend to form colloidal systems with
nanoscale dimensions (d = 25-500 nm),”® also known
as “nano-C60.”10 The extremely high hydrophobicity of
fullerene, coupled with a tendency to form aggregates, ham-
pers its direct biomedical application.!! Moreover, in vitro
toxicity of fullerenes is correlated with its ability to un-
dergo aggregation, because the fullerene clusters may ef-
fectively bind with biomacromolecules and deactivate them
or alter their functions.'>!3 In addition, precise control
over the aggregate geometry via the compatibility tuning
is a rational strategy for tailoring bicontinuous electron
donor and fullerene-based acceptor arrays for the solution-
processable optoelectronic thin films.'* Furthermore, very re-
cently fullerene derivatives have been proposed as a new
buffer layer for inverted polymer/fullerene solar cells with im-
proved power conversion efficiency.'’

There have been several attempts to overcome the nat-
ural repulsion of fullerenes from water and to control their
aggregative behaviour.'® This problem has been solved to a
great extent by various supramolecular (1)—(3) and chemical
(4) approaches to functionalizing fullerenes:

(1) the solubilisation of fullerenes using different solubility
enhancers — surfactant micelles,'” liposomes,'® and lipid
membranes,'%?? which are of biopharmaceutical interest
for covering biocompatible surfaces or for the controlled
release of drugs;

© 2014 AIP Publishing LLC
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(2) complexes with water-soluble biomacromolecules?! and
synthetic polymers;?>23

(3) receptor-ligand (Cg,) complexes;

(4) chemical functionalization to increase the hydrophilic-
ity, for instance with amino acids, carboxylic acids,
polyhydroxyl groups, amphiphilic polymers, etc. 203
This way to functionalize the fullerene via attaching a
wide range of well-hydrated groups to the carbon core
has led to improved solubility in polar media. The hy-
drophilic décor has also become a critical element to
promote and modulate supramolecular aggregation and
to shift a paradigm from the self-assembly to com-
manded assembly of smart fullerene-based materials.*®

24,25

Hydrophilically modified fullerenes can be considered as
unusual surfactants, because in contrast to the conventional
tenside molecules, they combine a polar tail and a hydropho-
bic head. According to the presently available data, short
hydrophilic groups attached to a fullerene core benefit the
formation of spherical aggregates, while long ionic groups
favour linear (rod-like, cylinder-like) aggregates. Such water-
soluble Cg,-carrying single-chain ammonium amphiphiles are
also known as artificial fullerene lipids due to their ability
to form bilayers.’” The impact of geometrical characteristics
of the building Cg-units on the final shape and morphology
of the nanostructures resembles the aggregative behaviour of
phospholipids, that is controlled by head group size, molec-
ular volume, and solvent-exposed areas.® This simple but
very efficient approach for the prediction of packing abil-
ity of surfactant molecules in water from the curvature of
the water-lipid interface is based on the concept of critical
packing parameter (CPP), which is expressed as the ratio be-
tween the volume of the hydrophobic tail, v, and the product
of the cross-sectional lipid head area, A, and the lipid chain
length, 1.3° For typical surfactant systems in mostly aqueous
media CPP < 1/3 for spherical micelles, ranges from 1/3 to
1/2 for cylindrical micelles, from 1/2 to 1 for flexible bilay-
ers or vesicles, equals 1 for planar bilayers, and greater 1
for inverted micelles. Of course, the ratios of volumes and
surface areas of the hydrophilic/hydrophobic counterparts of
fullerene derivatives are remarkably different even from those
of double-chained phospholipids having small head groups
and therefore inverted cone geometry.

This concept has been applied for the packing behaviour
prediction of fullerene dyads on different substrates and in the
bulk.**#! In fact, considering the Cgp group as the head moi-
ety instead of the hydrophilic part in surfactants has led to the
discrepancy between theoretically predicted and experimen-
tally observed structures.*? This is due to the fact that the ag-
gregative behaviour of fullerenes is a multifaceted problem, as
mentioned above, and apart from the purely geometrical fea-
tures includes also the aspect of intermolecular interactions.
First of all, the Cy, head group is not a hydrophilic compo-
nent and causes a strong 7—m interaction, which is not equiv-
alent to the hydrophilic interactions of surfactants in aqueous
media.*” On the other hand, the tendency of substituents, e.g.,
alkyl tails, to crystallize/form an interdigitated conformation
in assemblies of the derivatives, the effects of solvents, sur-
face effects,*! electrostatic interactions including the type of
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counterion,*>* etc. may shift the observed structures from

micelles to the planar bilayers and inverted phases. There-
fore a more advanced theoretical description based on com-
puter simulation techniques is needed to rationalize the shape
of fullerene dyad aggregates including the analysis of inter-
molecular interactions and the packing motifs.

Addressing some of these fundamental questions, Mor-
tuza and Banerjee** have theoretically studied the agglomer-
ation of PCBM (phenyl-Cg, -butyric acid methyl ester) in var-
ious organic solvents and their mixtures. Extensive molecular
dynamics simulations revealed the correlation between ag-
glomeration behaviour of nanoparticles and processing tem-
perature, solute concentration, and solvent type. The role
of intermolecular donor/acceptor, m-m, and van der Waals
interactions between fullerene acceptor and electron-rich
N,N-dimethylaminoazobenzene addend has been investigated
within a joint experimental-theoretical approach by Kumar
and Patnaik.*> Several groups have reported about structural
properties of small highly hydroxylated fullerene clusters,
also named fullerol or fullerenol, in aqueous solutions.*6-47
Finally, in a series of papers published by Patnaik et al.>*%4°
the aggregative behaviour of Cg,-didodecyloxybenzene dyad
was studied by a combination of experimental and simulation
techniques. The special emphasis was placed on the mecha-
nism of agglomerate growth in binary solvent mixtures, which
goes through several stages of the self-assembly.*"

In the present article, motivated by experimental
observations,’"?2 we discuss the results of full-atomistic
molecular dynamic simulation of amphiphilic-Cy, derivatives
in water. The main scope is to provide insight into the molec-
ular interaction types responsible for the dyad aggregate self-
assembly. The focus is on phenomena that determine the
shape of the final ensemble in water.

This paper is organized as following. Section II describes
the simulation framework — the model and the methods —
used to imitate the organic molecules dispersed in aqueous
medium. In Sec. III the molecular aggregation is discussed as
a multifaceted phenomenon, which is driven by the competi-
tion between several intermolecular forces. The last part sum-
marizes the results as well as discusses the overall themes,
which pertain to self-organization motifs of the fullerene
dyads. Finally, it concludes with suggestions for future ex-
periments and computer simulations, which should fill in the
remaining gaps in the present understanding of hydrophilic
fullerene-based materials.

Il. COMPUTATIONAL MODEL AND METHODS

In this paper the term “dyad” is used to underline
two elements of ordering, the hydrophobic fullerene cage
and the hydrophilic (ionic) group. The dyad molecules are
phenyl-Cg, -butyric acid methyl ester (PCBM although is
not strictly an amphiphile, the presence of hydrophilic es-
ter group makes the molecule polar) and ionic fullerene
derivatives, fulleropyrrolidines,”> which chemical formulas
are depicted in Fig. 1. Monosubstituted fulleropyrrolidines
have the solubilizing addend in N-position, which ends with
terminal ammonium group (quaternary ammonium cation).
The counterions are chloride, iodide, or perchlorate. Their
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FIG. 1. Optimized structures of fullerene dyads: (a) PCBM, (b), (d)—(f)
fulleropyrrolidines cations, and (c) fulleropyrrolidine dication. Grey, red,
white, and blue sticks represent carbon, oxygen, hydrogen, and nitrogen
atoms, respectively; PyMOL visualization.’?

number is always equal to the number of organic cations
(Figs. 1(b) and 1(d)-1(f)) or doubled in the case of qua-
ternary ammonium dication (Fig. 1(c)). The difference be-
tween fulleropyrrolidines (b)—(f) is the addend chain length
(for fulleropyrrolidines the “attached” organic moieties are 2-
pyrrolidin-1-ylethylammonium (b), 2-(1-methyl-pyrrolidin-
1-yl)-ethylammonium (c), 4-pyrrolidin-1-ylbutylammonium
(d), 6-pyrrolidin-1-ylhexylammonium (e) and 8-pyrrolidin-1-
yloctylammonium (f), Fig. 1). Fully optimized molecular ge-
ometries (Fig. 1) are found by using density functional theory
with hybrid B3LYP functional and 6-31G(d) basis set imple-
mented in Gaussian 09 software.>*

In our MD simulations, we employed the polymer consis-
tent force field> supplemented by some additional parameters
related to fullerene nanoparticle. For Cy,, the parameters for
Lennard-Jones (LJ) potential are taken from the work of Giri-
falco (e = 0.2763 kJ/mol, o = 3.469 A).5 The recent simula-
tions have shown a very good performance of the Girifalco’s
model for the investigation of fullerene behaviour in aque-
ous and organic solvents.>’ For terminal ammonium group of
the fulleropyrrolidines, the LJ parameters are borrowed from
the OPLS-AA force field.’® The total potential energy of the
system is represented as a sum of the bond stretching, bond
angle bending, and dihedral torsion energies as well as the
van der Waals (LJ) and electrostatic (Coulomb) terms. Both
short-range van der Waals and long-range electrostatic inter-
actions between all atoms are explicitly included in the model.
LJ parameters for the cross interactions are obtained using the
Lorentz-Berthelot mixing rules.

The water molecules are modelled with modified TIP3P
potential®® and O—H bonds (k, = 1882.8 kJ/mol, b,
= 0.9572 A) and H—O—H angles (k, = 230.12 kJ/mol, 6,
= 104.52°) are treated with harmonic potentials. In some cal-
culations the solvent is simulated implicitly, i.e., as continuum
medium with dielectric constant of water. The electrostatic in-
teractions are calculated using Ewald summation method.

To obtain a many-molecule system, 32 fullerene dyads
(with the same or doubled number of counterions, if needed)
in optimized geometry are placed in a cubic box and then sol-
vated with n = 5000 or 10000 water molecules, which are
uniformly and randomly distributed over the simulation box.
To avoid both any solute pre-association and hydrogen bond
contacts between water molecules, the initial cubic simula-
tion box is at least eight times larger, than the volume cor-
responding to liquid water density (for n water molecules)
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at T=300K. All start configurations are generated using
PACKMOL software.®

At the beginning, all molecular dynamics simulations are
carried out in NPT ensemble for 2.5 ns (equilibration time for
500 ps, integration step 1 fs) or until the volume of the sys-
tem reaches an equilibrium value to obtain the correct den-
sity. Starting from this configuration, the simulations are per-
formed in NVT ensemble for 50 ns after an equilibration
run of 1 ns. For the case of continuum solvation, the ini-
tial configuration contains fullerene derivatives (and counte-
rions), which are randomly arranged in a cubic box of vol-
ume corresponding to liquid water density at 7 = 300 K. All
simulations are performed at ambient conditions (temperature
T=300K and pressure P = 1 atm) using LAMMPS simula-
tion software.®' Additional details of the simulation procedure
can be found in the Ref. 62.

lll. RESULTS AND DISCUSSION
A. Critical packing parameter of fullerene dyads

As mentioned above, the actual form assumed by an ag-
gregate depends largely on the molecular constitution of the
amphiphile and is explained by geometric considerations.?3
Although the predictions made for fullerene amphiphiles are
in agreement with a broad range of experimental results,5% %4
this primarily qualitative packing principle still has some
limitations.*> For instance, according to the Tsonchev’s
study® on the packing problem of the amphiphiles having
“hard” cone or truncated cone geometry, the spherical aggre-
gate shape is always preferred in the surfactant self-assembly
in contrast to the Israelachvili packing rule.®:3° For example,
specially designed fullerene amphiphiles bearing branched or
dendritic well-hydrated side groups, whose geometry indeed
resembles the truncated cone, behave in line with the model
by Tsonchev et al. forming small spherical aggregates.%¢-8 It
should be noted, however, that both approaches focus on the
explanation of overall cluster form and not on the local ar-
rangement of the molecules within the cluster. Moreover, as
it was outlined in the introduction, there are also other molec-
ular characteristics and experimental factors that should be
taken into account to rationalize agglomerate geometries (crit-
ical aggregation concentration, thermodynamic, and kinetic
factors,*? non-covalent forces, counterion effect, spacing be-
tween the charges and the hydrophobic part®).

As mentioned above, to predict what kind of aggregate
is to be expected, one needs to know the values of v, A, and
I. Nevertheless, a priori estimation of the critical packing pa-
rameter is a nontrivial task. The major difficulty is related to
the evaluation of the effective headgroup area occupied by
molecule at the interface which depends on the solute con-
centration. Furthermore, the theoretical predictions should be
considered as qualitative only and need to be confirmed ex-
perimentally, but such nanoscopic structural properties are
not readily accessible from experiment.”’ There have been
some attempts made*’ to estimate the nanoscopic structural
properties of fullerene amphiphiles from experiments, but the
methods used were indirect and provided a large spread of
the values. Finally, there is no universal method to calculate
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FIG. 2. The definition of dyad molecular dimensions for calculation of the
critical packing parameter CPP; (a) and CPP, (b). Grey, red, white, and blue
sticks represent carbon, oxygen, hydrogen, and nitrogen atoms, respectively;
PyMOL visualization.”?

molecular volumes and surface areas. The earliest so called
cylindrical model was formulated by Stearn and Eyring.”!
Hard sphere model (or CPK) model was proposed by Corey
and Pauling,’?> which is a structure-sensitive alternative to the
cylindrical model. However, this approach completely ignores
the effect of molecular packing (the void volume). To account
for the contribution of the void volume, Lee and Richards de-
fined the surface-accessible surface, which is usually traced
by the center of a probe sphere, representing the solvent,
rolling over the van der Waals surface of the molecule.”®
Based on electronic properties of the molecules, quantum me-
chanical models for definition of molecular boundaries by an
isodensity surfaces were also proposed, e.g., Bader model,”
molecular face theory.” To the best of our knowledge, only
CPK model has been applied for the evaluation of required
parameters v, A, and [ for the packing prediction of several
fullerene dyads.**-41-30

Fullerene dyad molecules are not conventional surfac-
tants, unless they resemble them in shape*® (Fig. 2(a)). On
the other hand, Cg,-"headgroup” is not a hydrophilic one,
and the fulleropyrrolidine dyad molecule consists of hydro-
carbon “tail” with bulky fullerene cage with a dominant in-
trinsic geometric constraint and charged ammonium “head-
group” (Fig. 2(b)). Using both the geometrical similarity
from one side (Fig. 2(a), CPP,) and the actual hydrophilic
and hydrophobic regions of the molecules from another side
(Fig. 2(b), CPP,), the packing parameters of all fullerene
dyads depicted in Fig. 1 are calculated. The definitions of
dyad molecular dimensions — the volume of the tail, v, the
head area, A, and the “lipid” chain length, [ for both ap-
proaches are illustrated in Fig. 2.

Because required parameters for given fullerene deriva-
tives v, A, and [/ cannot be found from experiment, we do
not know the real dimensions which molecules have in the
micelles. Moreover, the packing parameters are estimated for
the molecules in optimized geometries (subject to DFT calcu-
lations), i.e., without reference to hydration,70 conformation
or solute concentration. Although this methodology requires
some approximations, we believe this approach permits pre-
diction of both the type of self-organizing fullerene structures
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TABLE I. Critical packing parameters CPP, and CPP, calculated for all
dyad molecules (Fig. 1).

System CPP, CPP,
PCBM (a) 0.190 0.530
Fulleropyrrolidine cation (b) 0.130 0.905
Fulleropyrrolidine dication (c) 0.145 0.311
Fulleropyrrolidine cation (d) 0.108 0.746
Fulleropyrrolidine cation (e) 0.102 0.693
Fulleropyrrolidine cation (f) 0.100 0.679

and the tendency of phase transformations qualitatively, as it
was already demonstrated by a series of CPP calculations pro-
posed so far.>4%-41:48-30 Ty contrast to the previous studies, the
v and A values are estimated using surface accessible surface
parameter (probe sphere is water molecule of diameter 1.4 A).
The results are listed in Table 1.

The CPP, parameters for all dyad molecules predict the
formation of spherical micelles similarly to single-chain lipids
with large headgroup areas, because CPP; < 1/3.3%3% Tak-
ing into account the physical properties of the molecules, i.e.,
the hydrophilic and hydrophobic regions, CPP, values predict
different aggregate morphologies. For example, for fulleropy-
rrolidine dication CPP, is equal to 0.311, which corresponds
to cylindrical micelle. For fulleropyrrolidine cations, CPP,
implies the flexible bilayers/vesicles (CPP = 1/2--1) or planar
bilayers (~1).

To relate these parameters to the actual cluster shapes,
first it is necessarily to discuss the aggregation process stud-
ied in molecular dynamics simulations which are performed
for several dyad molecules (PCBM, fulleropyrrolidine mono-
and dication (Figs. 1(b) and 1(c)). So, we will return to this
discussion later and compare the theory predictions with sim-
ulation results and experimentally observed morphologies.

B. Aggregation in aqueous solution

MD simulations of the systems with initially dispersed
nanoparticles reveal that fullerene derivatives build aggre-
gates in aqueous solution, which are stable during the sim-
ulation time, and no fullerene is present in dissolved state.
Figure 3 gives the illustration of clusters formed by PCBM
molecules (Fig. 1(a)), fulleropyrrolidine cations with the
shortest addend length (Fig. 1(b)) and fulleropyrrolidine di-
cation (Fig. 1(c)). On the basis of visual inspection one can
conclude that these aggregates have different shapes: PCBM
molecules assemble in almost spherical agglomerate, whereas
fulleropyrrolidine cations produce an elongated architecture,
which coincides with the prediction of critical packing pa-
rameter (Table I, CPP,). Remarkably, distinct and separate re-
gions composed of the non-polar fullerene parts and the polar
parts of the addends, having minimal contact with one an-
other, can be distinguished in the case of charged derivatives
(Figs. 3(b) and 3(c)), which means that such elongated micelle
has a hydrophobic core and a hydrophilic exterior shell.

To further understand the relative assembling behaviour
in the simulated fullerene-water systems, various radial
distribution functions (RDFs) are calculated. Figure 4(a)
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FIG. 3. Snapshots of simulated aggregates of (a) PCBM, (b) fulleropyrroli-
dine monocation, (c) fulleropyrrolidine dication forming in aqueous solution
(explicit model); water molecules (a)—(c) and chloride ions (b) and (c) are
omitted for clarity. CPK grey, red, white, and blue spheres represent carbon,
oxygen, hydrogen, and nitrogen atoms, respectively; PyMOL visualization.>

depicts the fullerene-fullerene radial distribution functions
(between fullerene center-of-masses). The RDF curve appears
to be more structured with more pronounced peaks in the case
of fulleropyrrolidine derivative whereas it is liquid-like for
PCBM cluster. In both cases, the first peak appears at around
10 A which roughly corresponds to the van der Waals diame-
ter of the C¢, cage. The first peak position is coincident with
the location of the minima of the potential of mean force re-
ported by Kim et al.”® This peak is a signature of local coor-
dination due to the formation of agglomerate where the space
between the fullerene center-of-masses is the van der Waals
cage diameter.”” But for PCBM, the minimum packing dis-
tance is shorter than that of cation-Cg, derivative. This can be
the consequence of reduced hydrophobicity/higher solubility
of fulleropyrrolidines in water as compared to non-ionic dyad.

The first peak appears to be broad in the case of PCBM
and it is very sharp in the case of the ionic derivative. Also the
intensities of the RDF peaks of organic cation suggest that
the aggregated structure is non-spherical in shape and also
not a three dimensional. Figure 4(b) represents the RDF be-
tween nitrogen, hydrogen of terminal ammonium group in the
fulleropyrrolidine addend and chloride ion. The terminal ni-
trogen shows more significant peak at 4 A and also the ter-
minal hydrogen shows two pronounced peaks at around 4 A

20 5

— PCBM —— N(NH,)-CI
(a) — = Cg,-Pyrrolidine cation (b) § “) :
I 4 +=-= H(NHy)-CI
5 N i ==
1 Com - Com
1
I 3p
— [ | -
= 0 &
1 10 Iy 7t
1
1
|

rd)

FIG. 4. Radial distribution functions between (a) center-of-masses of so-
lute molecules and (b) nitrogen, hydrogen atoms of the terminal ammonium
group of the fulleropyrrolidine monocation and chloride anion and between
counterions.

J. Chem. Phys. 141, 144303 (2014)

which are separated by a distance of 1 A. These peaks in-
dicate that there is a close association between nanoparticles
and chloride counterions and in particular the counterions stay
closer to the terminal ammonium groups where most of the
charge on the addend chain is accumulated. The RDF between
the C1~ ions shows a liquid-like structure and the structural
features of this function can be seen up to 10 A, which is also
the closest distance of approach of two fullerene moieties.
Both charged NH; groups and chloride ions are associated
with water, the water molecules are preferentially oriented
around these species forming several solvation structures.®

Because the critical packing parameter (Table I, CPP,)
predicts the formation of spherical micelles for both
molecules — PCBM and fulleropyrrolidine with the short-
est addend, but in fact for both second and third derivatives
the elongated aggregates are observed, the effect of charged
groups should be taken into account, namely “the principle
of opposing forces,” which contributes to the geometry of
the resulting structures (Table I, CPP,).”®"° There are many
types of interaction that are involved in the stabilization of
fullerene derivative assemblies. Obvious one is hydrophobic
interaction between apolar patches of C, electrostatic inter-
action between oppositely and equally charged moieties, hy-
drogen bonds, structural solvation interaction. For the case of
fullerenes, however, the dominant attractive interactions seem
to arise from hydrophobic forces acting between hydrocarbon
cages. Concerning the repulsion, the pivotal role of surface
charge on a typical Cg, cage has been already demonstrated
on the fullerene cluster dissolution in water,”” where the over-
all effect of Coulomb interactions has led to the transition
from hydrophobic to hydrophilic behaviour.

In very general terms, the behaviour of Cg,-macroions in
polar medium, which represents a thermodynamically poor
solvent, resembles the effective attraction of like-charged
objects (macroions,®® polymer brushes,®' etc.). This type
of attraction can universally be observed in ion-containing
systems.82 At more abstract level, this fullerene micelle can
be considered as a droplet of a charged liquid in a surrounding
solvent, these two liquids being immiscible. The surface ten-
sion between these liquids arises from the attraction between
fullerene “monomers,” which results from the hydropho-
bicity of the fullerene and promotes the formation of the
spherical droplet (pristine Cy, or PCBM aggregate). But the
electrostatic repulsion between charged groups of fullerene
monomers (charges on the droplet surface) leads to a shape
change of the microscopic droplet (fulleropyrrolidine ag-
glomerate); for larger aggregates Rayleigh instability®” causes
a breakup of a single charged droplet into smaller-sized ob-
jects — pearl-necklace structure of the polyelectrolyte chain®
or bundles of the chains in polyelectrolyte brushes.?'! Thereby,
the cluster shape and finite size depends on the balance of
opposing forces: the strength of the LJ interaction between
monomeric units and the strength of electrostatic interactions,
counterion effects, and solvent quality. For the fulleropyrroli-
dine agglomerates the non-spherical surface generated in wa-
ter is the result of the action of these opposing forces. “Pro”
spherical aggregate formation act strong hydrophobic inter-
actions of Cg, patches (sphere has a smaller area, i.e., sur-
face energy is released), geometry of the molecules (CPP,,
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Table I) and counterion condensation — the charged colloid
agglomerates capture oppositely charged counterions, which
form a very thin shell around cluster surface, resulting in a
very strong screening affecting the aggregation process. Both
surface charge, which tries to break charged spherical clusters
or introduce the ellipsoidal deformation of the aggregate, and
the interaction between addend chains and solvent molecules
work “contra” (spherical) aggregate formation. In addition,
the entropic effects due to anisotropic solvation also cannot
be ignored because the hydrophobic character of the contact
area leads to a significant loss of solvation of the groups in-
volved if removed from the aqueous environment.

To gain quantitative insight into the shape and size of
the aggregates formed by different fullerene derivatives, both
the calculation of solvent accessible surface area (SASA) and
shape analysis are carried out. The solvent accessible sur-
face area is evaluated using VMD visualization program with
built-in measure “sasa” command.®?

In Figure 5, SASA of the agglomerate is shown as a func-
tion of time for the whole trajectory for PCBM derivative (a)
and (b) and for the ionic C4, molecules (b) and (c). The calcu-
lated distribution functions of the SASA values for the whole
trajectory are shown as an inset of the corresponding plot. In
the case of continuum solvation (Fig. 1 of the supplementary
material®* and Figs. 5(b) and 5(d)) the fullerene derivatives
aggregate in a similar way that seen in explicit water. Only
one single aggregate is formed. However, the size and the
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shape of the aggregates are different: the aggregates of PCBM
cluster are not changing significantly (neither in shape, nor in
size) as compared to the explicit solvent simulation, whereas
the fulleropyrrolidine micelle demonstrates more spherical
shape, as indicates lower mean SASA value (Fig. 5). In the
latter case, all counterions are in condensed state, i.e., the
Coulomb interactions are screened, and the aggregate shape
transforms in the spherical one (Fig. 1 of the supplementary
material®*). Therefore, a transition from anisotropic to contin-
uum (isotropic) solvation causes the condensation of counte-
rions and also does not take into account the anisotropic sol-
vation of solute molecules. Although one can only speculate
about the origin of the non-spherical shape of fulleropyrro-
lidines in aqueous solutions, such simple “experiments” with
continuum solvation suggest that long-ranged electrostatics
and anisotropic solvation can drive the aggregation of Cg,
dyads in rod-like agglomerates.

Another quantity that is useful for characterizing the
shape is so called shape descriptors: asphericity, acylindric-
ity, and relative shape anisotropy.®® These quantities that ex-
amining the aggregate’s principal radii of gyration tensors are
defined in the reference.®> At a given time, a radius of gy-
ration tensor for every aggregate is calculated; next, the ma-
trix is diagonalized to find the three eigenvalues, which then
are ordered from smallest to largest and averaged. The eigen-
vectors of the gyration tensor can be interpreted as the geo-
metrical axes of an ellipsoid that effectively approximate the
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average spatial distribution of atoms/molecules with respect
to the center of a molecule/cluster. The eigenvalues then
correspond to the squares of the length (moments) of the as-
sociated elliptic axes.®> The values of asphericity and acylin-
dricity are equal to zero for the shapes of tetrahedral or
higher symmetry and the acylindricity value is equal to zero
for the shapes of cylindrical symmetry. The overall shape
anisotropy can be calculated from the dimensionless rela-
tive shape anisotropy. The relative anisotropy reaches 1 for
an ideal linear arrangement and drops to zero in the case

of highly symmetric configurations (at least tetrahedral sym-
metry). For planar symmetric objects, anisotropy converges
to the value of 0.25. In Figure 6, the time evolution of all
the three shape parameters is collected. The time variation of
these shape factors also suggests that the aggregate morphol-
ogy is stable during the simulation. The asphericity values are
fluctuating around 0.5 in all cases except the case of PCBM
in explicit water where it fluctuates around 0.3 (average val-
ues are given in Table II). PCBM in explicit water seems to
have more symmetric morphology as compared to all other

TABLE II. Average solvent accessible surface area probed by water molecule of diameter 1.4 A and shape de-
scriptors of the clusters in aqueous solution. The averages are calculated for the whole production of the simulated

trajectory. The error bars are indicated in the parentheses.

Counterion/solvent model Surface area (A2) Asphericity Acylindricity Shape anisotropy
PCBM

... Jexplicit 8141.30(137.90) 0.273(0.011) 0.076(0.016) 0.079(0.007)
... /[implicit 8521.11(94.54) 0.453(0.043) 0.092(0.034) 0.217(0.031)
Fulleropyrrolidine monocation

Chloride/explicit 9980.88(146.77) 0.527(0.019) 0.131(0.014) 0.293(0.016)
Chloride/implicit 8702.88(155.15) 0.519(0.022) 0.156(0.007) 0.289(0.024)
Todide/explicit 9519.05(176.95) 0.507(0.015) 0.126(0.017) 0.269(0.015)
Perchlorate/explicit 9611.18(191.41) 0.503(0.013) 0.142(0.013) 0.268(0.013)
Fulleropyrrolidine dication

Chloride/explicit 12578.6(177.35) 0.410(0.045) 0.154(0.026) 0.217(0.030)
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FIG. 7. Time evolution of solvent accessible surface area (a) and (c) and the shape parameters (b) and (d) of the agglomerates of fulleropyrrolidine monocation

with iodide (a) and (b) and perchlorate (c) and (d) counterions.

cases. Both lower asphericity and shape anisotropy values for
PCBM in explicit water indicate that it is spherical in shape
than the aggregate of pyrrolidine-Cg, cation in explicit water,
which shows elongated geometry.

For ion-containing systems — surfactants, synthetic poly-
mers, or protein globules, the fractional charge of the micelle
depends upon the counterion, and this in turn influences the
size and shape of the micelle,®® which can be explained in
terms of specific ion effects near a surface of sub-colloidal
Cgo-particle/cluster similarly to the Hofmeister interaction.®’
In order to account for the counterion specificity in the for-
mation of cationic fulleropyrrolidine micelles, three anions
— chloride, iodide, and perchlorate are selected. In a row
CI” <I" < CIO; the maximal radius®® has perchlorate an-
ion, the minimal size — chloride anion, which reflects their
hydration behaviour.?=> The hydration energy of an anion,
as measure of the hydrophilicity/hydrophobicity of the ion,
is the free energy for transfer of the unsolvated gas(organic)-
phase anion to an aqueous solution. For the CI™-anion, the
hydration energy is AG, = —340kJ mol~!, for the I~-anion
—275kImol~!, and for CIO; -anion —205 kJmol~!.%3 Chlo-
ride ion is highly solvated ion with a strong affinity for hy-
drophilic surfaces and it is known to be depleted from hy-
drophobic surfaces. On the other hand, the perchlorate anion
is poorly solvated inorganic anion, which has very low hydra-
tion number and favourable free energy of transfer from water
to organic solvents.”*

In Figure 7, both the time evolution of solvent accessi-
ble surface area (a) and (c) and shape factors (b) and (d) for
the aggregates of fulleropyrrolidine cation (Fig. 1(b)) in water
with chaotropic iodide and perchlorate counterions are plot-
ted (for comparison see also the same aggregate characteris-
tics for kosmotropic chloride anion, Figs. 5(a), 5(c), 6(b), and
6(c) and Table II). The solvent accessible surface area of the
aggregate in the presence of larger counterions (iodide and
perchlorate) is smaller than for chloride ion. The decrease in
surface area indicates the effect of counterion size on the ag-
gregate geometry. In principle, the counterions act by altering
one or both of the forces which define the resulting aggregate

FIG. 8. Snapshots of fulleropyrrolidine monocation aggregates with differ-
ent counterions in explicit water: (a) chloride anions, green CPK spheres,
(b) iodide anion, purple CPK spheres, and (c) perchlorate anions,
green-red tetrahedrons; water molecules are omitted for clarity. PyMOL
visualization.>?
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form (Fig. 8): the condensation of counterions onto the mi-
celle surface can reduce repulsive head group interactions and
change the interfacial energy at the surface of the micelle.”
The mechanism behind this observation, which is tightly
bound to the ions hydration behaviour, can be interpreted
in terms of ion adsorption at the micellar interface, which
depends on the nature of the anions. Adsorption behaviour
can be viewed as a partitioning of the anions between the ag-
gregate surface and the bulk solution. Upon examining the
distribution functions between these two states (Fig. 9) as
well as snapshots from Fig. 8, the following observations can
be made. Small, charge-dense ions having large and struc-
tured hydration shells do not approach the surface of the so-
lute at short distances; they are repelled from the hydropho-
bic regions of the fulleropyrollidine molecules (Figs. 8(a)
and 9(b)). Large, charge-diffuse anions have thinner hydra-
tion shells and display increased affinity to the hydrophobic
Cyo patches of the cluster surface, they behave more like hy-
drophobic solutes.””??> For example, the significant number
of perchlorate anions, which reflects in a well-defined maxi-
mum of RDF, is present at the cluster surface forming a Stern
layer of adsorbed ions. Approaching the cylinder-like surface
at closer distances, these anions screen and weaken the elec-
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trostatic interactions (Figs. 8(b) and 8(c)) which is also seen
from the radial distribution functions (Fig. 9(a)). Such spe-
cific counterion condensation of perchlorate (to a smaller ex-
tent of iodide) ions inevitably leads to the modification of the
aggregate geometry to more spherical in shape, which is sim-
ilar to pristine Cy, or PCBM cluster (Figs. 8(c) and 9(a) and
Fig. 1 of the supplementary material®*). The iodide and espe-
cially chloride anions are found near the aggregate interface
as well as forming a diffuse layer around the cluster. It is in-
teresting to point out that the different behavior of these ions
can be attributed to differences in their hydration energies:
for the anion to be adsorbed at the aggregate surface, it needs
to undergo partial desolvation. The perchlorate anions have
relatively low solvation energy mostly because of their gen-
erally large size. Therefore, a smaller desolvation penalty is
paid compared with the chloride anions.

The shape descriptors of fulleropyrrolidines with larger
counterions show small difference from those seen in case
of chloride anion. These numbers however support the above
mentioned tendency as well — the asphericity, acylindricity,
and shape anisotropy values fluctuate around 0.5, 0.15, and
0.25, respectively, i.e., the average structure of fulleropyrroli-
dine aggregates is still elongated. Thus, the relative effects of
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the anions on the aggregate shape are well explainable by (i)
surface effects and (ii) water structure affecting abilities. The
latter aspect is clearly seen from the RDFs (Fig. 9(b)).

The simulations of fulleropyrrolidine dication (Figs. 1(c)
and 3(c)) with doubled number of chloride counterions reveal
the formation of a thin cylinder with the largest SASA surface,
as depicted in Table II. In Figure 10, both the time evolution
of solvent accessible surface area (a) and shape factors (b)
are illustrated. The SASA value is higher (12578.6 A2 vs.
9980.88 A?) and the asphericity is lower (0.5 vs. 0.4) as com-
pared to monovalent fulleropyrrolidine cation. Both higher
surface area and more elongated shape indicate increased sol-
ubility of dicationic Cg, derivatives due to repulsion of like-
charged identical addend chains. Similar mechanism of the
fullerene assembling which starts from planar ribbon with
C¢ head-to-head conformation and then transforms into bi-
layer/vesicle is found to be also electrostatic driven.>

IV. CONCLUDING REMARKS

Fullerenes being strongly hydrophobic in nature prefer to
build clusters to minimize their nonpolar surface exposed to
the polar surroundings depending on both the properties of
packing molecules and experimental conditions. The chemi-
cal modification of these objects with well-hydrated groups,
which provide the solubility in water, offers new routes for
controllable molecular self-assembly. In this study, the re-
sults of a compromise between the side chain hydrophilicity
— the charges on the atoms in the addend chain, that favour
contact with water, and the opposing drive of fullerene core
was detected for the “model systems” in molecular dynam-
ics simulation. A gentle interplay of acting forces (surface
tension/electrostatics) guides molecules of several fullerene
dyads to organize themselves into micelles in aqueous solu-
tions. The agglomeration behavior of fullerenes is evaluated
by determining sizes of the clusters, solvent accessible surface
areas, and shape parameters.

A different type of clustering phenomenon is seen
for neutral and charged Cg-derivatives. Fullerene with hy-
drophilic but neutral short ester-side group preferentially
forms spherical aggregates in water similarly to pristine Cg,
particles. Fulleropyrrolidines self-assemble in turn into elon-
gated structures because of the presence of charged groups
and counterions that help molecules to template themselves
into non-spherical structures with hydrophobic core and hy-
drophilic exterior. By changing the size of the counterions
from chloride over iodide to perchlorate we find a thick-
ening of the cylinder structures which can be explained by
stronger condensation of larger ions and thus partial screen-
ing of the charge repulsion on the cluster surface. The rea-
son for the size dependence of counterion condensation is the
formation of a stronger hydration shell in case of small ions
which in turn are repelled from the fullerene aggregates. Fur-
thermore, the presence of longer hydrophilic group introduces
the more pronounced “linear” stacking (cylindrical micelles,
flexible or planar bilayers) which becomes a dominant path-
way for fulleropyrrolidine molecules to aggregate.’'*>> Such
simple tuning of molecular geometry of fullerene molecules
and evaluation of critical packing parameters can be used for

J. Chem. Phys. 141, 144303 (2014)

elementary empirical estimation of their microstructure.
However, the rationalization of the structures only on the ba-
sis of amphiphilic packing theories is still need to be realized.

Further simulations will be focused on such factors
of self-assembly as the length of the methylene chain of
addend, the bis-substitution® of the Cgq,-cage representing
an extra element of ordering (Fig. 2 of the supplementary
material®*), solvent-based control of agglomerate shape as
well as the theoretical investigation of nanoscale amphiphilic
polymer/fullerene co-assemblies. The latter case is essential
for preparing smart nanostructured materials for the techno-
logical applications in the field of organic electronics, because
the localization of molecular components (donor and accep-
tor) having similar polarity in water offers a powerful, nondi-
rectional driving force for the self-assembly and folding of
amphiphilic systems.
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