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Repulsive solvent-induced interaction between g fullerenes in water
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The role of water-fullerene interactions in the behavior g§ i@ aqueous solution was investigated utilizing
realistic Lennard-Jone$lLJ) and repulsive Weeks-Chandler-Anders§WCA) potentials. Strong water-
fullerene dispersion interactions in the LJ potential dramatically influence the hydration of the fullerene pro-
moting the formation of a high-density hydration shell of water. In contrast to the WCA potential, the water
liquid phase between fullerenes remains stable with decreasing fullerene separation, resulting in a repulsive
solvent-induced contribution to the fullerene potential of mean force.
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Various compounds incorporating fullerenes have been re- o\2 [o\8
cently developed for use in biology and medicine due to their U =4sl |~ | - T (1)

unique structures and propertigk]. For example, G, de-

rivatives have been proposed as HIV protease inhib[@}s  with occ=3.47 A andec=0.275 kJ mol* as utilized exten-
The size of Gy is such that it can be accommodated into thesively in previous simulations of §[18]. The transferable
hydrophobic cavity on the protease to block the active sitesntermolecular four-point potentidTIP4P model was em-
The main mechanism of action is supposedly produced onlployed to describe water-water interactidd]. For the in-

by hydrophobic interactions. Fullerenes have also been decteractions between & and water, a realistic LJ potential
rated to promote interactions with a target molecule, such aérco=3.19 A £c0=0.392 kI mol*) was utilized. This po-

a protein on a cell surfadg]. Applications of fullerenes in tential was systematically developed by Werdeal. to ac-
biomedical imagind4,5], as antioxidant$6], in biosensors curately recover the macroscopic contact angle of a water
[7,8], and as chemotactic agen are also being explored. droplet on a graphite she¢20]. Additionally, simulations

The biological and medical interactions and effects ofutilizing the Weeks-Chandler-Anders¢WCA) [21] form of
fullerenes and modified fullerenes are dependent upon thgis water-fullerene potential,
nature of their hydrophobic hydration and hydrophobic inter-
action in aqueous environments. Understanding of hydropho- UL +e, rsry,= 2Y%0,
bic interaction of apolar solutes in water has been elusive due Uwealr) = 0, I>ryin, (2)
to the multifaceted nature of watgtQ]. It is known that the
hydrophobic effects are related to many factors such as sowere also performed. The WCA potential has the same shape
ute size, solute shape, temperature, and strength of the wateas the LJ potential up to the minimum in the LJ potential, but
solute attractive interactiohl1-17. Much of this under- does not include the attractive dispersion tail of the LJ inter-
standing is based on the cavity solute model of Chandleaction: the WCA potential is purely repulsive. MD simula-
[15], which stresses that the hydrophobic effect has signifitions were carried out using the simulation packagere-
cant length scale dependence. The model predicts that, whiteus described elsewher22]. The SHAKE algorithm [23]
large hydrophobic surfaces have a disruptive effect on watewas employed to constrain the bond lengths. Additional
structure resulting in the tendency of water to dry extendedonds were added to keep the fullerenes rigid. The particle
hydrophobic surfaces and hence promote the aggregation afesh Ewald algorithni24] was used to treat the long-range
large solutes, the water hydrogen network is predicted tovater-water Coulomb interactions, while LJ interactions
remain intact around small solutésadii much less than were truncated at 10 A. All simulations were performed in
1 nm). Weak and slowly varying attractive interactions areperiodic cubic (one fulleren¢ or orthorhombic (two
predicted to have little influence on the water structure andullereneg cells. After equilibration of the solutions at atmo-
density around the solute and hence can be included by firspheric pressure using &PT ensemble, sampling was car-
order perturbation theory with the cavity solute as the refersied out in theNVT ensemble with an approximate running
ence. Here, we show that the dispersion interaction betwedength of 10 ngsingle fullereng or 15 ns per umbrella win-
water and G is so strong that the conventional picture of dow (two fullerenes, see belowemploying a multiple time
hydrophobic hydration and hydrophobic interaction of apolarstep reversible reference system propagator algorithm
solutes drawn from the cavity solute model is not applicable[25,26].

Molecular dynamicgMD) simulations were performed at Figure 1 shows the density of interfacial water relative to
298 K on a solution of one and twoggfullerenes in 1500 that of bulk water as a function of interface thicknegmea-
water molecules. An all-atom model was used to represergured from the surface of the fullererfer a single fullerene
Ceo- The carbon-carbon interaction was described by avith LJ and WCA water-fullerene interactions, determined
Lennard-Jone$LJ) potential from the relationship
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FIG. 1. The relative density of interfacial water as a function of ~ FIG. 2. The solvent-induced contribution to the potential of
interface thicknessrelative to the surface of agg fullereng for ~ mean force between two g fullerenes in water for the LJ and
various water-@, potentials. The arrow shows the first hydration WCA water-Gs, potentials. The inset shows the total potential of
shell. The inset shows the wateggpair distribution function as a mean force betweenggfullerenes in water and vacuum.
function of the distance between the fullerene center of mass
and the water oxygen atom. spring connecting the centers of mass of the two
fullerenes was utilized with nine windows to covegyqq
surface separations from 0 to 9 A. The PMF between typ C

’
"1/2maxt’

/ Guater-g, ()1 Zdr’ fullerenes in water for both the LJ and WCA water-fullerene

o (= "1/2max 3) potentials as well as the PMF between two fullerenes in
interfac Qamadt o . vacuum are shown in the inset of Fig. 2. The PMF was
) r'edr arbitrarily set to zero when the two fullerenes were well
f1/2max separated. Each PMF curve is characterized by a striking

wheregyqerc,, (') is the water-fullerene radial distribution minimum at a distance corresponding tg,q, contact, in-
function (RDF) as a function of distance’ between the dicating a strong tendency f_or aggregation gh @t 298 K
whether in water solvent or in vacuum.

fullerene center of mass and the water oxygen atom, . .
shown in the inset of Fig. 1. The fullerene surface is consid- Subtracting the PMF of the fullerenes in vacuum from

ered to correspond to the valuerdfwheregwater_%o(r’) has that obtained in water solvent yields the solvent-induced

reached half of its maximum value. By comparing the Water-comnbl'Itlon to the PMF

Cgo RDFs obtained from simulations usi_ng t_he LJ a_nd WCA AWirguced") = AW(r) = AW, acuunT) (5)
water-Ggy potentials and the corresponding interfacial densi-
ties, it is clear that the attractive tail of the LJ wateyzC as shown in Fig. 2. It is clear that the pronounced minimum
potential, due to dispersion interactions between the carboid the total PMF (inset to Fig. 2 is due to the direct
atoms of the fullerene and water, significantly perturbs theCeo-Ceo interaction. Once this direct interaction is subtracted,
density of water hydrating the fullerene. Indeed, while theit becomes apparent that water actually promotesitsger-
WCA water-G, interaction leads to little increase in density Sion of Cg fullerenes, indicated by a positiveepulsive
of interfacial water compared to bulk water, the LJ potentialvalue of AWiygucedr) for all r. However, when the strong
leads to a dramatic excess of interfacial water in the firsglispersion interactions between the fullerenes and water are
hydration shell. neglected, there is a strong hydrophobic interaction between
The potential of mean forcMF) [AW(r)] as a function  the fullerenes as evidenced by the increasingly attractive
of distance between the surfaces of two fullerenes in a diluténegative AWiqcedr) found for the WCA water-g, poten-

solution is given by tial with decreasing separation between fullerenes.
In order to better understand the qualitative difference in
AW(r) ==KgTIngc, c, (I +d) (4)  AWqucedr) obtained using the realistic LJ and repulsive

WCA water-G, potentials, we have further analyzed the
wheregc, ¢, (r+d) is the RDF obtained from simulations of structure of water hydrating thesg¥ullerene. In Fig. 8a) we
two fullerenes in water is the diameter of a fullerene, and show the number of water-water hydrogen bonds per oxygen
r+d is the center-of-mass separation of the two fullerenesatom, considered to form when the- GO distance is less
We determined the fullerene diameter to be 9.48 A basethan 3.4 A and the O-H---O angle is less than 30°, as a
upon the PMF of two &, fullerenes in vacuum at 298 K function of distance from the & surface obtained from
whered is the center-of-mass separation at which the PMF okimulations with a single fullerene in water. Figur@)3re-
two fullerenes in vacuum is equal to its large-separatiornveals that while there is a reduction in the extent of water-
value (defined to be zeno In our simulations, an umbrella water hydrogen bonding in the first hydration shefie ar-
sampling techniqug27] combined with a self-consistent row shows the boundary of the shedf the fullerene for the
multiple histogram method28,29 was used to sample LJ water-G, potential compared to bulk watéN,=1.75,
ngo-Ceo(Hd) accurately and obtailW(r). A harmonic this reduction is much less severe than for the WCA water-
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Cso surfaces. Figure (B) reveals that interfacial water be-

132 tween two fullerenes remains stable down to separations of
' about 3 A, corresponding to a single water layer between the
L0 1 fullerenes, for the LJ water+g interaction. The stable “lay-
% 1.65 1 ering” of water around the fullerenes with a period of 3 A
Vg % - et revealed in Figs. @) and 1 accounts for the structure in
155 1 O water.C,, (WCA) AW, qucedr) S€EN ir! Fig. 2 for the LJ waterggpotential. In
s _‘6 A vateroil droplet (L) contrast, the density of water between fuIIerenes decreases
' £ walerl droplet (WCA) rapidly for the WCA water-g, potential for separations less
145 . ; . : : o than 5 A, corresponding to the separation Wha¥,y,cedr)
becomes attractivéFig. 2). The relative stability of water
r®) between the fullerenes for the two potentials can be com-
pared by examining fluctuations in density in the cylinder for
251 representative separations, as shown in Fig\. This figure
20 1 illustrates that at large 4g separatior{10 A) the density fluc-
% tuations are almost Gaussian around the bulk water density.
= 159 A slight shift of the distribution to the larger than bulk water
2 densities for the LJ waterg interaction is consistent with
o 109 the increased water density at the fullerene surfaces observed
05 | r water-Cy (L) in Fig. 1. When the separation is reduced to 4 A, the distri-
’ . ———- water-Cy, (WCA) butions for the LJ water-§ interaction and for bulk water
0.0 SE i . . become broader but still roughly Gaussian. However, the dis-
0 2 4 6 8 10 tribution for the WCA water-G, interaction is no longer
r(R) Gaussian and the most probable density corresponds to va-
porlike values. The latter clearly illustrates the destabiliza-
=0 5 tion of the liquid water phase between two fullerenes for the
2.5 | p’q P‘Q —o— Waf"gw &%A WCA water-G, interaction.
20 | ;¢'ﬁ\\‘ il :fu:ai; ) Figures 1-3 reveal that the strong dispersion interactions

between water and & dramatically influence the hydration

of Cgq, the hydrophobic interaction betweenGullerenes,
and the stability of water between fullerenes at close separa-
tions. Indeed, despite the fact that the fullerene does not form
strong specific bondéhydrogen bondswith water, or have
strong electrostati€polar interactions with water, the dis-
persion interactions between water angl @re sufficiently
strong. This strong favorable interaction between water and
Cgo is consistent with apparently observed wettability of
graphite sheet$30-33. This also implies that traditional

LJ and WCA water-G@, potentials.(a) Number of water-water hy- C_oncept_s of hydrophobiq hydration and_ hydrophobic interac-
drogen bonds per oxygen as a function of distance from thé;'on,S m'gh,t not be applicable to. solutions OEOOD water.
fullerene surface for various potentials; the arrow indicates the firs¥Vhile Ceo is clearly not soluble in water, as evidenced by
hydration shell(b) Relative density of water in a cylinder of radius AW(r) shown in Fig. 2(insef, the aggregation of & is
3.5A between two g fullerenes as a function of separation be- driven by very strong Cg attraction and not by hydro-
tween fullerene surface&) Distribution of densities in the cylinder phobic interaction. The stronggCg attraction is a conse-
between two @, fullerenes for separations 4(filled symbolg and  quence of the high atomic density on the surface of thg C
10.0A (open symbolsfor the LJ and WCA water-§ interactions ~ which leads to strong waterggand even stronger dgCgg
as well as the density distribution in the equivalent volume in bulkdispersion interactions.
water. In order to compare the behavior of{in water with that
of a more conventional apolar species, we determined the

Ceo potential. The high density of water in the first hydration potential for interaction of water with an “oil” droplet of the
shell (Fig. 1) for the LJ water-G, potential allows water to same diameter as aggfullerene in the following way. A
maintain a high degree of hydrogen bonding despite the presimulation of a bulk melt of linear alkane,;g,, molecules
ence of the apolar & surface. A total of 1.7 water-water was conducted using an all-atom potenf&4] at 298 K and
hydrogen bonds are lost upon adding thg follerene to the  atmospheric pressure. For each trajectory snap&eted
water solution when the realistic LJ-water potential is uti-every picoseconda sphere of radius 4.25 A was placed at a
lized, compared to 5.5 with the WCA wateg Interaction.  random position in the simulation cell. All atoms inside the

In Fig. 3(b) we show the relative densiticompared to sphere were considered to constitute an “oil” droplet. A test
bulk wate) of water in a cylinder of radius 3.5 A centered on water molecule was then inserted in 1000 random locations
the line of the closest approach of twofullerenes(as in the cell and its interaction with the oil droplet atoms was
illustrated on the ins¢tas a function of separation between calculated utilizing LJ potential of an existing water-ether

Probability
&

FIG. 3. Comparison of the structure of interfacial water for the
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force field[35] and was averaged as a function of separatiorclosely resembles that found for WCA wategg@nd WCA
from the center of the oil droplet. The wategfCLJ  water-oil droplet interactions than the strongly attractive LJ
parameters were then adjustedoco=3.24 Aeco  water-fullerene interactions. A total of 3.9 water-water hy-
=0.096 kJ mot') so that the average@ver all possible ori-  drogen bonds are lost upon addition of the weakly attractive
entation$ interaction as a function of waterggcenter-of-  oil droplet compared to 5.5 for the WCA oil droplet and 1.7
mass separation was equivalent to that for the water-oil dropfor the G, fullerene with LJ water-fullerene interactions.

let determined as described above. This potential yields a |n summary, our simulations reveal that strong dispersion
minimum (most favorablg water-oil droplet energy of interactions between g fullerenes are responsible for their
—0.80 kJ mot*, compared with —2.93 kJ mdffor the water- aggregation in water. Strong dispersion interactions between
Ceo potential. This difference in attraction reflects the hlghC60 and water result in a positiveepulsive solvent-induced
dens@ty of sprface gtoms in the fu_llerene. Figure 1 shows t_h%ontribution to the potential of mean force betweeg, C
density of interfacial water obtained for the LJ water-oil fyjerenes. A consequence of these strong interactions is that
droplet and corresponding WCA potential. The density ofyagitional concepts of hydrophobic hydration and hydropho-
interfacial water for the WCA water-oil droplet potential is ¢ interactions based on the cavity model, which are appli-

essentially identical to that obtained for the WCA wateg-C caple in the presence of weak water-solute interactions, are
potential. While some increase in the density of interfacial,t applicable to water-g solutions.

water can be seen for the weakly attractive LJ water-oil drop-

let potential compared to the WCA potentials, the increase is The authors would like to acknowledge NSF support
minor compared to that observed for the LJ watgg{ibten-  through Grants No. DMRO0076306 and No. ITR-
tial. Similarly, Fig. 3a) reveals that the extent of water hy- CHE0312226. We also would like to thank R. L. Jaffe
drogen bonding near the weakly attractive oil droplet more(NASA-Ames for helpful discussions.
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