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ABSTRACT: Buckyballs exhibit two seemingly opposing characters. On one hand, they
are known to be insoluble in water with all potential chemical properties of being
hydrophobic. On the other hand, their pairwise effective interaction in water includes a
repulsive solvent-induced contribution. We perform molecular dynamics simulations of
the association process of two C60 fullerenes in water at different temperatures in order
to reconcile these contradicting observations. For comparison, the simulations were also
performed in a nonpolar solvent, and the results were further contrasted with those
obtained previously for the association of graphene sheets. Considering the association in
water, we find small magnitudes for the enthalpy and entropy changes with small positive
slopes as a function of temperature, implying an almost negligible change in the heat
capacity at constant pressure. These findings sharply contradict the behavior of typical hydrophobic interactions. The reason for
these abnormalities, as well as for the repulsive nature of the solvent-induced interactions, is the shape of the contact state that
supports the existence of a distinct type of interfacial waters located between two convex surfaces of two buckyballs. These
interfacial waters are characterized by smaller entropy and lower density and form a smaller number of hydrogen bonds with
surrounding waters compared with those of the interfacial waters around the dissociated solutes. Thus, upon bringing the C60
fullerenes into contact, the changes associated with the liberation of the latter to bulk waters are opposed by the concomitant
conversion of the latter also to the distinct waters between the two spherical solutes. We argue that although the effective pair
interaction is not hydrophobic, the solvation properties are hydrophobic. In the hydration free energy of a single solute, there is
no contact state. Furthermore, in the solubility at the macroscopic scale, the relative number of these distinct waters around a
large aggregate is smaller, and hence, they are not predicted to influence much the solvation properties. Therefore, buckyballs can
serve as an example in which hydrophobic interaction cannot be deducted from hydrophobic solvation.

■ INTRODUCTION
The solubility of C60 fullerene in water is very low, whereas it is
much higher in nonpolar solvents, especially those that include
aromatic rings.1,2 In order to increase the solubility in water,
derivatives with polar group substituents have been intro-
duced.3 These observations and the nonpolar character of its
sole component, the carbon atom, emphatically suggest that
C60 fullerene is hydrophobic. This inference would not have
been granted a second thought without the report by Li et al.
on the repulsive contribution of the solvent to the effective
interaction between two C60 fullerenes (hereafter referred to as
C60’s, fullerenes, or buckyballs) in water.4,5 The finding of their
computational study, which was later reproduced independ-
ently,6 means that the water molecules push two fullerenes
away from each other. It clearly contradicts our perception of
pairwise hydrophobic interactions in which there is a strong
tendency of the surrounding waters to minimize the solvent-
exposed surface area of the hydrophobes by pushing them
toward each other. How should we then think about
buckyballs? Can they be hydrophobic and at the same time
attracted to waters more than the waters are attracted to
themselves?
The driving force for the association of hydrophobes in

aqueous solution depends on their size.7 Length-scale depend-

ence arises from the fact that around small solutes, small
distortions of the acceptor−hydrogen−donor angle allow the
number of hydrogen bonds per water molecule to be similar to
that in the bulk.8 However, the water layer next to an extended
hydrophobic surface cannot maintain its hydrogen bond
network, and there is a decrease in the interaction energy
between these interfacial waters.7 Consequently, the association
of two small hydrophobes is driven only by entropy, whereas
that of large hydrophobes is driven also by enthalpy.9,10 The
crossover length between small- and large-scale hydrophobic
solvation is about 1 nm. This size is on the order of the
diameter of C60, and it has been argued that fullerenes cannot
be treated as small or large classical hydrophobic solutes.6 It
should be emphasized though, that attractive solvent-induced
interaction of the potential of mean force (PMF) between two
typical hydrophobes is observed, both at the small- and large-
scale regimes.
Low solubility is a necessary but not sufficient condition for

hydrophobic solvation. How do we then define hydrophobic
interaction? There are two thermodynamic signatures that are
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unique for the interactions between hydrophobes.11 The first is
the large positive unitary entropy (the measured entropy minus
the mixing entropy) change, ΔSu,

12−18 due to restrictions in the
orientations of waters19 and rearrangements of the water−water
hydrogen bonds next to the hydrophobes.10 With increasing
temperatures, ΔSu decreases rapidly and approaches zero at
high temperatures.20 The observed negative slope is because at
higher temperatures, the entropy of the interfacial waters
becomes similar to that of bulk waters. Nonetheless, at the
temperature at which ΔSu vanishes, the interfacial waters are
still distinct; they are characterizd by a substantial orientational
ordering relative to the bulk; however, there is a compensating
contribution of translational entropy. The second characteristic
of hydrophobic association is the large and negative heat
capacity change, ΔCp, accompanying the process.15,21−25 This
indicates that also the change in enthalpy is a strong function of
temperature with a negative slope. For small solute association,
the enthalpy change is positive but changes sign with a
temperature increase.26 However, for two large and flat
hydrophobic plates, ΔH is negative for all temperatures and
strongly and linearly decreases (i.e, increases in magnitude)
with T.25 The Gibbs (free) energy for hydrophobic association,
ΔG, is characterized by a large and negative value, and despite
the strong dependence of the enthalpy and entropy on
temperature, it is very weakly temperature-dependent.15,25−30

This indicates an almost complete enthalpy−entropy cancella-
tion of their changes with temperature.
What is the molecular picture behind the large and negative

ΔCp characterizing hydrophobic association? On the basis of
the observation that (in addition to ΔSu) the heat capacity
change is linearly proportional to the surface area eliminated in
the association process, the following view has been
suggested.22,27,31−34 At low temperature, the ordered water
molecules around the solute populate low-energy and low-
entropy states. With increasing temperature, the waters
surrounding the solute, which form the most fragile hydrogen
bonds, increasingly populate higher-energy and higher-entropy
states. Thus, at high temperatures, the ordered water structure
at the interface “melts”. These two energetic states provide an
energy storage mechanism, and as a result, the capacity of the
solution to absorb heat is large.
One of the qualitative differences between small- and large-

scale hydrophobicity is the occurrence of a drying tran-
sition.18,35,36 For interplate distances smaller than a critical
value, the confined water is thermodynamically unstable in its
liquid phase and evaporates. This transition is observed only in
superhydrophobic systems but not, for example, in graphene
sheets because of the relatively strong solute−water inter-
actions.10,37 Although they differ by shape, but are nevertheless
chemically similar, C60’s do not exhibit the drying transition.38

However, shape does matter, as evidenced, for example, by the
attractive solvent-induced interaction between graphene
sheets.10 Wallqvist and Berne were the first to argue that the
curvature of the hydrophobic solute influences its solvation free
energy.39 This put into question the ill-practice of blindly
multiplying the solvent-accessible surface area by a constant
(representing free energy per unit area) to estimate the free
energy of hydrophobic hydration. More specifically, they found
that a hydrophobic oblate ellipsoid will be more soluble in
water than a hydrophobic sphere of the same surface area. If we
apply these results obtained from hydrophobic solvation to
hydrophobic interaction for buckyballs and graphene sheets, we
will arrive at the conclusion that because graphene sheets are

predicted to be more soluble (because they are more oblate
than spherical), their pairwise effective attraction should be
weaker. In addition, the water-induced interactions between
two fullerenes should have a stronger contribution for driving
them into contact. This is clearly not the case, and it is one of
the purposes of this work to demonstrate that hydrophobic
solvation and hydrophobic interaction are not always the
reciprocal of each other. What is missing in the picture of
solvation are the properties of the dimeric state that in some
cases cannot be extrapolated from that of the monomeric state.
In this paper, we perform molecular dynamics (MD)

simulations to investigate the pairwise effective interactions
between two C60 molecules in water. For comparison with the
behavior in nonpolar solvents, we also repeat the simulations in
n-hexane. In addition, we also contrast the results found in
water with that of the association of graphene sheets with
different sizes.10 Our results confirm the repulsive nature of the
solvent-induced interaction between fullerenes in water. We
find that the changes in enthalpy and entropy, as well as their
temperature dependence, exhibit abnormal behavior relative to
those observed for typical hydrophobic interactions. In
particular, the change in the heat capacity at constant pressure
is predicted to be very small. The reasons for these peculiarities
are the properties of the associated state of two buckyballs. In
this dimeric state, a new type of interfacial waters, located
between two convex surfaces of the two fullerenes, is
introduced. These waters are characterized by a smaller number
of water−water hydrogen bonds and a smaller entropy
compared with those of the interfacial waters around the
monomeric state. We argue that despite this unusual behavior
in the pairwise effective interaction between two C60’s, the
macroscopic behavior, in which large aggregates are in
equilibrium with individually solvated species, might not be
too different from that of classical hydrophobic solvation
because the spaces between two convex surfaces in the interior
of the aggregates will be dry.

■ METHODS

We performed MD simulations to study the nature of the
pairwise effective interaction between two Buckminsterfuller-
enes in water. The computational details are similar to those
applied in our previous work studying the hydrophobic
interactions between graphene sheets at different length
scales.10 In particular, the carbon−water interactions and the
water model are the same, permitting direct comparison
between the two studies. The carbon−water Lennard-Jones
(LJ) parameters, σCO = 0.319 nm and ϵCO = 0.392 kJ/mol, were
taken from parametrization of the contact angle of water on
graphite.40 These values were also used to extract the LJ
parameters (using the geometric combination rule) between
two carbon atoms. During simulations, the positions of the
buckyball’s atoms were held fixed, and the interactions between
atoms on the same fullerene were excluded. The two buckyballs
approached each other via their pentagon rings orientated in
parallel and out of registry. We used the MD package
GROMACS version 4.0.541 to perform all of the computer
simulations with a time step of 0.002 ps. The electrostatic
forces were evaluated by the Particle-Mesh Ewald method42

(with a real-space cutoff of 1.0 nm, grid spacing of 0.12 nm, and
quadratic interpolation) and the LJ forces by a cutoff of 1.0 nm
(with long-range dispersion corrections for the energy and
pressure). The system was maintained at a constant temper-
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ature by the velocity rescaling thermostat43 and at a pressure of
1.0 bar by the Berendsen thermostat.44

The buckyballs were placed in a rectangular box in which the
box lengths along the x and y axes were equal to and smaller
than that along the z-axis. The simulation box was filled by
1282 water molecules described by the TIP4P-Ew model45 (see
Figure S1 in the Supporting Information for snapshots). Their
bond distances and angle were constrained using the SETTLE
algorithm.46 In a separate set of simulations, we dissolved the
buckyballs in a nonpolar solvent. To this end, we used 195 n-
hexane molecules described by an improved GROMOS96
(43A2) model.47 In this case, the bonds between the carbon
atoms of n-hexane were constrained using the LINCS
algorithm.48

We performed simulations at five temperatures, T = 280,
300, 320, 340, and 360 K. For each temperature and for each
solvent, we calculated the PMF from the average force exerted
on each of the C60’s.

49 Then, the average force acting between
the two buckyballs along their axis of separation was integrated
as a function of the distance between their centers of mass, dcom,
to yield the Gibbs energy profile. The reaction coordinate,
which was parallel to the z-axis, included 68 simulations with
different values of dcom, ranging from 2.428 down to 0.908 nm.
At each distance, the system was equilibrated for 2.0 ns, and
subsequently, data were collected for an additional 12.0 ns.
Because the PMF represents only relative values, it was shifted
such that the Gibbs energy of the state at the largest separation
corresponded to zero.
In order to achieve accurate analyses of the system (for both

solvents at all temperatures) at the associated and dissociated

states, we performed additional simulations at each of these
points for 240.0 ns. This was necessary because the change in
enthalpy, which is approximated by the change in the potential
energy of the system (justified by the negligible change in the
volume of the system), is obtained by subtracting a large
number from a similar large number. Because the positions of
the solutes in our system were fixed, the entropy change of the
system that we calculate equaled the unitary entropy, ΔSu. Two
water molecules were considered to be hydrogen-bonded if
their oxygen−oxygen distance was smaller than 0.33 nm (the
first minimum in the corresponding bulk RDF) and the
donor−hydrogen−acceptor connectivity angle was larger than
150°.

■ RESULTS AND DISCUSSION

In Figure 1a, we display the change in Gibbs (free) energy for
bringing two buckyballs from far apart into contact. As
expected, the attractions (negative values of ΔG) are stronger
in water than those in n-hexane. The magnitude of the
attraction in water, −17 < ΔG < −14 kJ/mol, is on the order of
that between two benzene rings,10 and it increases with
temperature. Previous studies of various hydrophobes in
aqueous solution reported a minimum in the value of ΔG as
a function of temperature25,28,29 and, in some cases, at much
higher temperatures than those studied here. These Gibbs
energies are decomposed into enthalpic and entropic parts in
Figure 1b and c, respectively. Here, the behavior of the
thermodynamic functions behaves completely different from
those of other typical hydrophobic solutes. More specifically, in
the association of two hydrophobic flat plates, ΔH is negative

Figure 1. (a) The total free energy change, ΔG, for the association of two fullerenes in water and in hexane as a function of temperature. (b,c)
Decomposition of ΔG to its changes in (total) enthalpy and entropy, respectively. (d,e) The solvent-induced PMF between the two fullerenes as a
function of the distance between their centers of mass in water and in hexane, respectively.
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for all temperatures and strongly and linearly decreases (i.e,
increases in magnitude) with T.25 This results in a large
negative slope, indicating a large constant negative value of the
heat capacity change at constant pressure, ΔCp, which is
characteristic of the hydrophobic interactions.11 However, in
the case of buckyball association, we find that ΔH is not
strongly dependent on temperature (for T > 320, it is almost
independent), implying a very small value for ΔCp upon
association. The curve of ΔH has a positive slope; the values
are not all negative and change sign at around room
temperature. The behavior of TΔS is, correspondingly, also
not a strong function of temperature. It is characterized by
positive values with a positive slope, whereas in standard
hydrophobic association in the large-scale regime, the values are
also positive, however with a negative slope approaching zero at
high temperature.20,25 Note that the values of TΔS are larger
than ΔH, and above room temperature, the entropy change is
the only driving force for association. Not surprisingly, in
hexane, both ΔH and TΔS are even weaker functions of
temperature, and also here, the attraction is driven only by
entropy.
The induced PMFs in water at all temperatures, as a function

of the distance between the centers of mass of the two
buckyballs, dcom, are shown in Figure 1d. The equilibrium
contact states occur at dcom = 0.97 nm (see Figure S2
(Supporting Information) for the location of the minima in the
total PMF), and relative to the associated states at the largest
distance, dcom = 2.43 nm, the induced contributions of the water
molecules are repulsive (positive). Thus, the water molecules
tend to push the two fullerenes apart. This solvent-induced
repulsion decreases with temperature and almost vanishes at T
= 360 K. In fact, the behavior at higher temperatures resembles
more that of typical hydrophobic interactions in which there is
a sharp decrease in the solvent-induced PMF for distances
smaller than the last desolvation barrier, pushing the two
solutes into contact. Nevertheless, even at the highest
temperature, the value of the solvent-induced PMF of fullerenes
is very large compared with that of graphene with a size of a
benzene molecule.10 For the simulations in hexane, the
contribution of the solvent-induced interactions to form the
contact state is also only repulsive at all temperatures (Figure
1e).
Obviously, the direct interactions between the fullerenes

allow the total PMF at contact to be negative despite the
positive contribution from the solvent-induced interactions.
The magnitude of this direct interaction between two C60’s at
contact is −18.5 kJ/mol, a value that is not large and can be
even considered small when taking into account the number of
carbon atoms involved. For example, the corresponding value
for a graphene sheet with 28 carbons is −52.8 kJ/mol. Clearly,
it is only the shape of the buckyballs that prevents stronger
direct interactions (because in the contact state, there are only
five carbon atoms from each fullerene that touch other carbons,
whereas the other interatomic distances are larger). Thus, in
contrast to previous reports in the literature, we argue that the
negative values of ΔG for fullerene association in water arises
despite the relatively weak, and not because of the strong, direct
solute−solute interactions. In addition, it is the solvent-induced
interaction between two fullerenes that accounts for their
peculiar thermodynamic behavior. These interactions are
composed of water−water and water−solute, and in order to
investigate the role played by each one of them, we turn back to
the change in enthalpy. In Figure 2, we decompose the change

in ΔH (ΔE) into the solvent−solvent (solvent reorganization)
and solvent−solute contributions. For the latter, we also added
the solute−solute term. Nevertheless, even with that addition,
the value of the sum of both terms is positive for all
temperatures, which means that it opposes association. This
means that the solute−solvent interactions lost upon
dimerization are not compensated for by the direct solute−
solute interactions. Results from scaled particle theory argue
that this energetic term is responsible for the repulsive solvent-
induced interaction50). As for the solvent reorganization part, in
both aqueous and nonpolar solvents, this energy term favors
association. However, for water, the magnitude of this energy is
small compared with that for two graphene sheets (in the large-
scale regime), in which case the corresponding value is about
−30 kJ/mol per 1 nm2 buried surface area.10 It is worth
mentioning that from this point of view, the buckyballs should
be considered more as large-scale solutes because it seems that
the waters around them cannot maintain the bulk hydrogen
bond network (see also the inset of Figure 5).
Why is the solvent reorganization energy for C60, having a

diameter of about 1.1 nm, significantly smaller compared with
that of a 28-atom graphene sheet with an exposed area of about
0.5 nm2? In order to answer this question, we plot in Figure 3
the normalized density profile of the water molecules along the
z-axis that reside inside of a cylinder with a cutoff radius, in the
xy-plane, of 0.62 nm (centered along the line defined by the
centers of mass of the two fullerenes). This was performed for
the associated and dissociated states for three temperatures. On
the basis of the behavior of these profiles, the waters are divided
into bulk and interfacial (I1) waters. For the associated state,
the latter is further divided into interfacial waters located at the
surface farther away from the second fullerene (I1) and those
that reside in between the two C60’s (I2). In Figure 3, we define
these different waters, in which I1 interfacial waters include the
first two water layers from each of the fullerenes (see Figure 4
for snapshots depicting these waters). In the association
process, some of the I1 interfacial waters are converted into
I2 interfacial waters. The properties of the water molecules of

Figure 2. (a,b) Decomposition of the (total) change in enthalpy to the
solvent−solvent (solvent reorganization) energy and to the sum of the
solute−solute and solute−solvent energies for the simulations in water
and hexane, respectively.
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the latter are distinct; they are trapped between two convex
surfaces of the solutes and hence form a smaller number of
hydrogen bonds with neighboring waters, compared with that
formed by I1 waters, and as a consequence occupy a larger
volume (smaller density).
The formation of interfacial waters I2 in the associated state,

which are not present in the dissociated state, has several
important consequences. In standard hydrophobic hydration,
the interfacial waters (similar to I1 here) occupy a larger
volume than bulk waters. Thus, when two hydrophobes come

into contact, there is a small reduction in the volume of the
system (ΔV is negative), and this reduction increases in
magnitude with temperature (i.e., exhibiting a negative slope).25

However, in the case of buckyballs, ΔV is positive and exhibits a
positive slope with temperature, as shown in Figure S3
(Supporting Information). The reason that ΔV is positive is
due to the larger volume occupied by (i.e., the lower density of)
interfacial waters I2 in the contact state relative to I1 and bulk
waters. This lower density of I2 waters is observed despite their
higher local density shown in Figure 3b. Furthermore, because
the I2 waters are the most fragile waters in the system (they are
engaged with the fewer number of hydrogen bonds), an
increase in temperature will destabilize these waters the most,
and eventually, they will transfer to the bulk phase (it is likely
that I2 waters experience enhanced density fluctuations51).
Thus, with a temperature increase, their number decreases, as
seen in Figure 3b and computed explicitly in Figure S4
(Supporting Information), and as a consequence of this partial
drying (or a decrease in the density of water), ΔV increases.
In Figure 5, we calculate the number of hydrogen bonds, per

water molecule, for the three different waters in the associated

state as a function of temperature. As expected, bulk waters
form the largest number of hydrogen bonds. Next are the
interfacial waters I1, which, in contrast to hydrophobic
solvation at the small scale, display a smaller number of
hydrogen bonds than bulk waters, confirming the assumption
that buckyballs should not be viewed as small hydrophobic
solutes. When considering only the first layer of waters away
from the solutes, the linear line shifts down; thus, they form an
even smaller number of hydrogen bonds. Interfacial waters I2
form the smallest number of hydrogen bonds, and the linear
line is significantly smaller than that of I1 waters, independent
of the number of layers defining the interface. In general, the
differences in the number of hydrogen bonds formed by these
different waters increase with temperature.

Figure 3. (a) The distribution of the water molecules (determined by
the positions of the oxygen atoms) along the axis of approach of the
two fullerenes (z-axis) for the dissociated state (dcom = 2.428 nm) at
three different temperatures. The plots consider only waters inside of a
cylinder with a radius, in the xy-plane, of 0.62 nm and centered along
the line defined by the centers of mass of the two buckyballs. The two
thick brown vertical lines mark the center of mass location of the two
fullerenes, whereas the two dashed black lines, located 1.082 nm away
from the fullerenes’ centers of mass, distinguish bulk waters from
interfacial waters (I1) with a thickness of two water layers. (b) Same as
(a) but for the associated state (dcom = 0.968 nm). In this associated
state, the waters residing between the two buckyballs introduce
another type of interfacial waters (I2).

Figure 4. Cylindrical cuts around the buckyballs of the systems shown
in the snapshots of Figure S1 (Supporting Information) (d = dcom).
The three types of water molecules, using the same cutoff values
defined in Figure 3, are shown in different colors, bulk in green, I1 in
beige, and I2 in orange. Note that the process of bringing the two C60’s
from far apart into contact is accompanied by the transformation of
some interfacial I1 waters into bulk waters and interfacial I2 waters.

Figure 5. Average number of hydrogen bonds that a water molecule
forms with its (water molecules) neighbors. The graph exhibits this
number for the three different types of water molecules defined in
Figure 3b for the contact state. The dashed red line is calculated for
interfacial waters I1 when, alternatively, considering only the first layer
away from the fullerene, thus using a cutoff distance of 0.736 nm from
their center of mass. (Inset) The change of the total number of
hydrogen bonds in the system for the association process calculated by
eq 1.
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In Figure 1, we reported several abnormalities in the
thermodynamics of fullerence association compared with that
of typical hydrophobes. These can be understood by the
conversion of some of the interfacial waters I1 to I2 waters
upon dimerization. When two hydrophobic plates get into
contact, there is a conversion of some of the interfacial waters
to bulk waters; therefore, the total number of hydrogen bonds
increases. However, here it is not clear that it would increase
because the conversion of interfacial waters I1 also to I2 waters,
and this particular conversion decreases the number of
hydrogen bonds. Taking into account only the waters inside
of the cylinder defined in Figure 3 and shown in Figure 4
(which is a very good assumption for calculating changes in the
association process), we can estimate the change in the total
number of hydrogen bonds in the system by

Δ = −

= + − −

N

N N N N N N N
1
2

[ ( ) ]

HB HB
associated

HB
dissociated

HB
I2

I2 HB
bulk

I1 I2 HB
I1

I1 (1)

where in the expression after the last equality, NX is the number
of X waters in the associated state and NHB

X is the number of
hydrogen bonds per water molecule formed by X waters. The
division by a factor of 2 is introduced to prevent double
counting. The value of ΔNHB as a function of temperature is
plotted in the inset of Figure 5. It indicates a relatively small
negative value for the total change in the number of hydrogen
bonds that vanishes at the highest temperature. This explains
the small enthalpy observed for the water reorganization energy
in Figure 2a. In addition, the decrease in the density of I2
waters with temperature (partial drying) reduces the full-
erence−water attraction energy at contact, yielding the positive
slope shown for this curve in Figure 2a. Thus, with the sum of
both terms, the small magnitude (that above room temperature
has a positive value) and the positive slope of ΔH shown in
Figure 1b can be understood.
In regard to the entropy change, the abnormal behavior is its

small magnitude (for example, for a 28-atom graphene sheet,
TΔS = 51.8 kJ/mol at room temperature) and its positive slope
(in contrast to a negative one for typical hydrophobes). Figure
6 displays the normalized distributions of the orientations of
the three different waters defined in Figure 3b for the two most
extreme temperatures studied. The angle plotted is defined as
the angle between the water dipole moment vector and the
vector from the oxygen atom of the water to the center of mass
of the closest buckyball. It is evident that I2 waters are more
structured than I1 waters, whereas bulk waters are randomly
oriented. The reduced sampling of the orientational space for
the interfacial waters increases for lower temperatures. The
smaller entropy of the I2 waters offsets the entropy gained from
liberating to the bulk some of the I1 waters (as is normally the
case with hydrophobe association) and, hence, the small
magnitude of the net entropy change. Furthermore, the positive
slope is also explained in this case by the decrease in the
number of I2 waters with temperature (see Figure S4,Support-
ing Information), which decreases their negative contribution
to the total entropy change.
Considering the association of two C60’s in water, the

repulsive solvent-induced interactions as well as the thermody-
namic functions and their temperature dependence are in
contrast to those observed for typical hydrophobes. We identify
the presence of I2 interfacial waters in the dimeric state as the
factor responsible for these peculiarities. The existence of the I2

waters is solely a result of the spherical shape of the buckyball
and its size relative to that of a water molecule. For much
smaller spherical solutes (e.g., methane molecules), the space
between the two convex surfaces formed at contact is too small
to accommodate water molecules; thus, I2 waters do not exist.
Going back to the question asked at the title: are buckyballs

hydrophobic? It is clear that buckyballs do not display
hydrophobic pairwise interaction; however, as far as solvation
properties are concerned, they are hydrophobic. The latter
includes both the hydration free energy of a single solute as well
as solubility at the macroscopic scale. In the case of solvating a
single C60, no I2 interafacial waters exist, and we conjecture that
the abnormalities due to the contact state will not be observed.
On the macroscopic scale, the large aggregated state of the
solute includes many pair interactions; nevertheless, the I2
waters will be stable only in the spaces between the C60’s
located at the interface with the water phase. The number of
these I2 waters relative to the number of I1 waters liberated to
the bulk will be too small to affect the macroscopic solvation
properties. Thus, at the interior of the large C60 aggregate, the
vacancies between the solute spheres will be dry and contribute
to the hydrophobic nature of the buckyballs. As support for this
argument, we note that differential calorimetric measurements
reported a large negative value for the change in the heat
capacity at constant pressure upon aggregation of fullerene
derivatives of alanine and serine in aqueous solution.52

Therefore, it seems that buckyballs are one example in which

Figure 6. Normalized distributions of the orientations of the three
different types of water molecules defined in Figure 3b at T = 280 (top
panel) and 360 K (lower panel). The angle θ is defined as the angle
between the dipole moment vector of a water molecule and the vector
from the oxygen of this water to the center of mass of the closest
fullerene. The intensity observed for θ is normalized by the cone angle
sin θ.
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the effective pair interaction exhibits different qualitative
behavior than the solubility. The origin of this difference is
the character of the contact state that introduces qualitatively
different interfacial waters in addition to the interfacial waters
present in the dissociated state.

■ CONCLUSIONS
In this paper, we conducted MD simulations to address the
observation that water molecules tend to push apart two
buckyballs. Considering that these solutes are nonpolar and
exhibit low solubility in water, this observation contradicts our
concept of hydrophobicity in which waters push hydrophobic
solutes toward each other. In addition to these repulsive
solvent-induced interactions, we find that the associated
changes in enthalpy and entropy and their temperature
dependence contradict the behavior typical for hydrophobic
interaction. The reason for this abnormal behavior is
demonstrated to be the existence of waters in the space
between the two convex surfaces of C60 fullerenes at contact (I2
interfacial waters). These waters are more orientated (i.e.,
smaller entropy), occupy a larger volume, and form a smaller
number of hydrogen bonds compared with interfacial waters
(I1) around the individually solvated fullerenes. We argue that
despite the absence of hydrophobic character for the effective
pair interaction, the solvation properties are hydrophobic. This
is obvious for the hydration of a single C60 because only I1
interfacial waters exist. For the macroscopic case, the relative
number of I2 waters (compared with the number of I1 waters
liberated to the bulk) is small, which is likely to diminish their
effect significantly. Thus, pairwise effective interactions are not
always a mirror for solvation properties. More specifically, one
cannot always assume pairwise hydrophobic interactions for
solutes that exhibit hydrophobic solvation. However, it is
possible to conclude on the nature of the pair interaction from
solvation for cases in which the contact state can be
extrapolated from the dissociated state. Comparing these
results with those obtained for graphene sheets for which the
solvent-induced interaction in water is attractive, we refute the
argument that repulsive water-induced interactions are
characteristic for all carbon nanoparticles.53

Are the results presented in this work relevant for other
solutes? As far as we can say, they are relevant to any
hydrophobe forming a contact state with clefts that can host
water molecules. It is likely that these waters will be
characterized by a smaller number of hydrogen bonds
compared with that of the interfacial waters around the
individually hydrated solutes. As a consequence, similar
abnormal behavior in the effective pair interaction is expected.
For example, in the association of two carbon nanotubes along
the line perpendicular to their long axes, the water-induced
contribution was calculated to be repulsive.54,55
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