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ABSTRACT

We examine the electronic properties of the hydrated C 60 fullerene under ambient conditions using a sequential Monte Carlo/density functional
theory scheme. In this procedure, the average electronic properties of the first hydration shell of C 60 equilibrate for ca. 40 uncorrelated
configurations of the fullerene aqueous solution. We obtain a systematic red-shift of 0.8 eV in the band gap of the hydrated system, which
is mainly attributed to the thermal fluctuations of the aqueous environment.

Advances in molecular-scale technology have emerged
rapidly from the possibility to deal with nanostructures using
first-principles theoretical methodologies. As expected by the
electronics industry, molecular sensing devices based on
semiconductor nanoparticles1 have attracted a great interest
for application in biological systems, mostly because of the
efficiency of their optical properties.2 In practice, the study
of these materials as biosensors requires including the
aqueous environment in order to evaluate the absorption and
emission of light. Thus it is worthwhile to have a careful
and complete understanding of the interactions between a
nanostructure and the surrounding water molecules in using
as optical tags. In this case, the strength of these interactions,
together with the spatial confinement effects of the medium,
may drastically change the properties of the system.

Among several nanometer-size materials with potential
biological importance, fullerenes have been pointed out to
be one of the most versatile structures. For example,
dispersions of pure C60 in water seem to play a crucial role
for therapeutic purpose3,4 and cytotoxicity5 as well. In
addition, fullerene (C60) spheres have been investigated as
possible Raman active nanosensors6 and still employed to
increase the biostability of electrochemical sensors7 based
on bilayer lipid membrane. From these and other motivations,
obtaining stable water-soluble forms of pristine fullerenes
has become one of the greatest challenges of nanoscience
nowadays.8-10 Despite the very low solubility of fullerenes
in aqueous medium,11 stable solutions with different con-
centrations have been prepared12-14 and studied by using
different techniques.13-18 Even though there exist many
experimental data available to assess the structure of hydrated

fullerenes, the interaction between these carbon compounds
with water is not yet well understood, and much of this
understanding lies in hydrophobic driving forces which
influence the solute aggregation on larger length scales.19,20

Indeed, a conceptual basis capable to describe the water-
carbon interaction in fullerenes should involve an effective
intermolecular potential model that accounts for the disper-
sion interaction.21 It has been demonstrated, via molecular
dynamics simulation, that the C60-water interaction is
dominated by relatively strong van der Waals attraction.22

Doubtless, an accurate description at this level is also of
special interest for comprehension of the properties of closely
related systems such as wetting graphite surfaces23 and water-
filled carbon nanotubes.24

Recently, we have investigated the water hydrogen-
bonding features near the surface of C60 and the UV-vis
absorption properties of the hydrated fullerene, obtained from
Monte Carlo (MC) simulation for a dilute aqueous solution
in ordinary thermodynamic conditions (ref 25). Our calcu-
lated average optical absorption spectra of the hydrated
system after performing the MC simulation, including
dispersion interactions between the two subsystems,26 fairly
showed a very good agreement with experimental data.13,18

Also, our statistical analysis has reinforced the supposed
existence of supramolecular hydrated clusters C60@{H2O}m

in aqueous environments, which has more recently been
proposed to be in connection with DNA damage in human
lymphocytes.12 In this letter, we explore the possibility of
understanding a fullerene aqueous solution by surveying the
dielectric screening of water on the band gap and density of
states (DOS) of the hydrated solute at room temperature and
atmospheric pressure. Following this purpose, we can evalu-
ate the hydration effects on the system C60 because the
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strength of the solute-solvent interaction determines how
much the band gap of the hydrated fullerene deviate from
that of its isolated form.

The scheme to treat these effects is based on a systematic
approach combining MC simulation with quantum mechan-
ical calculations (QM), i.e., the sequential MC/QM pro-
cedure.27-31 First, a standard MC simulation32 is performed
over one C60 molecule solvated by 1000 water molecules at
298 K and 1 atm using theNPT ensemble to generate the
configurations of the fullerene aqueous solution. A 60-site
Lennard-Jones (LJ) potential model22,23,25has been employed
to consider the dispersion interaction between fullerene and
water, and the five-site TIP5P potential model,33 which
reproduces high-quality structural and thermodynamic prop-
erties of water, is employed here to describe the intermo-
lecular interactions of the aqueous medium. Our simulation
is carried out in a periodic cubic cell using the DICE code.34

The long-range water-water Coulomb interactions have been
treated with the reaction field method, while LJ interactions
have been truncated at the cutoff radius of 1.6 nm. After
equilibration of 107 MC steps, the sampling is performed

over a running length of 1.0× 108 additional MC steps.
Second, for the QM calculations, we use first-principles
density functional theory (DFT) methods to obtain the
properties of only statistically relevant configurations of the
hydrated system, which have been separated via procedures
described elsewhere.25,27-31,35 This methodology reduces
significantly thousands of MC configurations of the aqueous
solution to hundreds of uncorrelated configurations.

At the DFT level, the calculations are carried out using
the SIESTA program36 to solve the Kohn-Sham (KS) self-
consistent equations. These are done within two common
approaches: (i) the local density approximation (LDA) with
the exchange-correlation term taken from Ceperley-Alder
data,37 as parametrized by Perdew-Zunger,38 and (ii) the
gradient-corrected approximation (GGA) with the BLYP
proposal.39 A nonlocal norm-conserving scalar Troullier-
Martins40 pseudopotential has been included to replace the
core electrons, and the KS eigenstates are expanded using a
linear combination of numerical atomic orbitals (NAO) as
the basis set. In the LDA approach, we utilize a split-valence
double-ú basis set with polarization function (DZP), specially
optimized for water and fullerene,41 whereas in the GGA
approach, we employ the usual scheme42 of obtaining DZP
NAO basis sets. In this case, an equivalent plane-wave cutoff

Figure 1. (a) Pairwise RDF between the centers of mass of C60

and water. First peak shows the hydration shell containing ca. 63
water molecules, obtained by spherical integration ofGcm-cm(r) from
the solute center-of-mass up to the limit of the first shell. (b) One
out of the uncorrelated MC configurations constituents of the first
hydration shell of C60.

Figure 2. Band gap convergence of the hydrated system (C60

surrounded by 63 water molecules in each MC configuration) at
room temperature. The values are computed at the (a) LDA and
(b) BLYP levels of DFT, using eq 1. The average values are shown
(red line) and also the corresponding gap of the isolated C60 (black
line).
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radius of 200 Ry for the grid integration is utilized to
represent the charge density. Only theΓ k-point in the
Brillouin zone has been used in these calculations. Finally,
the electronic properties of the hydrated system are obtained
as averages over uncorrelated supramolecular structures,
composed of one C60 molecule surrounded by its first
solvation shell, explicitly included in the DFT calculations.

As calculated from the simulated center-of-mass radial
distribution function (RDF),Gcm-cm(r) given in Figure 1a,
63 water molecules on average are present in each config-
uration representing the first solvation shell of fullerene, i.e.,
our system of interest corresponds to structurally different
clusters of the C60@{H2O}63 type (Figure 1b). This result is
rather similar to that obtained in our previous investigation25

using the SPC potential for describing the aqueous medium,
although the hydrating water molecules form a more well-
ordered shell around C60 with the TIP5P model. In Figure
2, we show the band gap (Eg) convergence of the hydrated
fullerene as a function of the number of uncorrelated MC
configurations included in the averaging. Our calculatedEg

(eq 1) is a mean difference between the KS eigenvalues of
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the ground-state
electronic structure of the hydrated system over only uncor-
related configurations, as given by

The results for a Markov chain of sizeL ) 40 are completely
converged at both level of calculations LDA and GGA
(Figure 2). This procedure, involving average electronic
properties of uncorrelated supramolecular structures
C60@{H2O}63, is our picture of the liquid-state system.

By using the MC/DFT method, the average band gap of
the hydrated system is calculated as 1.07( 0.28 eV with
LDA and 1.11( 0.31 eV with GGA. The two levels of DFT
also give good estimates for the HOMO-LUMO gap of C60

in vacuum, i.e., 1.88 and 1.86 eV, respectively. For com-

Figure 3. Electron densities of the Kohn-Sham eigenstates near the Fermi level: (a) HOMO and (b) LUMO of the isolated fullerene, (c)
lone pairs of water, (d) LUMO, (e) top of the valence band, and (f) innermost orbital at-23.5 eV of a specific configuration constituent
of the first hydration shell of C60.
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parison, this energy gap determined for C60 aggregates from
direct forbidden optical transitions16 data is 1.77 eV. The
hydrated system displays a systematic red-shift of 0.8 eV
from the isolated fullerene at 0 K using LDA or GGA
approaches. This coincidence for both DFT levels clearly
ensures that we are dealing with converged results. However,
this shift is not an effect caused by the polarization of the
surrounding solvent on the solute. Instead, the main contribu-
tion for this shift is due to structural fluctuations of the
hydrating water around C60 at room temperature, as we will
examine later for the calculated DOS. A similar result was
also observed for the absorption gap of small silicon clusters1

in the presence of water, with a red-shift of 0.7 eV obtained
by first-principles molecular dynamics. In fact, a discussion
more related to the polarization effect on fullerenes can be
done considering our previous work,25 using singly excited
configuration interaction calculations, for obtaining the
optical absorption spectra of the hydrated C60. In this case,
we have estimated a very mild red-shift of∼0.2 eV (and
∼0.1 eV, experimentally18) as resulting from the solute-sol-
vent interaction under ambient conditions. Thus, the dielectric
screening of water is not expected to produce a significant
charge redistribution effect on the fullerene surface.

Figure 3 illustrates the charge densities related to the KS
eigenstates near the Fermi level for the isolated C60 and for
a random configuration taken from the MC simulation of
the aqueous solution at 298 K. In the one-particle framework,
the electronic ground state of pristine C60 is constituted by
a 5-fold degenerate HOMO (represented in Figure 3a) and
a 3-fold degenerate LUMO (represented in Figure 3b),
separated by a small energy gap (∼1.8 eV). It is quite
interesting to notice that the higher occupied states of the
solvated system (Figure 3c) are localized in electron lone
pairs of oxygen atoms of the hydrating molecules, whereas
the lowest unoccupied states of the hydrated fullerene (Figure
3d) are qualitatively similar to the LUMO of the isolated
solute. These findings are opposed to those observed in
hydrated silicon clusters,1 for which the HOMO was not
affected by solvation and the LUMO coincided with the one
of the solvent. This can be explained because the band gap
of C60 is rather smaller compared to that of Si clusters and
the still larger band gap of liquid water.43 However, our
results are in agreement with the expected high electron
affinity of C60 as in the presence of available oxygen and
water.5,13 In other words, this reveals the weak donor-
acceptor character of the interactions involving electron
lone pairs of oxygen atoms on H2O and the fullerene surface.
To examine the one-particle states near the Fermi level of
the solvated system, we compare its calculated DOS with
that of the isolated C60 (Figure 4). Our energy scale is
adjusted using the Fermi energy level so that the lowest
valences-states of the oxygen atoms are aligned at ca.-23.5
eV (illustrated in Figure 3f). For clarity, we do not repre-
sent the innermost energy states in the DOS depicted in
Figure 4.

As noticed before, the higher occupied KS states of the
hydrated C60 consist of lone pairs on water molecules, as
seen in Figure 3c and indicated in Figure 4b (w-lp). Then,

the higher occupied states of C60, resembling the HOMO of
the isolated fullerene (Figure 4a), are immersed in the valence
band of the solvent. Actually, these states represent a mixed
contribution of occupied states of C60 and lone pairs of water,
which are also illustrated in Figure 3e for a small energy
range of-1.67 to-0.97 eV. In this sense, to evaluate the
solvent influence on the solute states, we analyze the
projected DOS of C60 from the hydrated system (PDOS
shown in Figure 4c). Indeed, this clearly reinforces that the
influence of the first hydration shell should produce a
negligible polarization effect on the fullerene surface. Thus,
from the one-particle model analysis of the energy difference
between the HOMO and LUMO of C60 in the presence of
water, we calculate a small average shift of ca. 0.1 eV as a
possible solvent effect on the band gap of the solute.

Otherwise, the KS states of the hydrated fullerene,
appearing as a shoulder near the top of the valence band,
are originated from thermal fluctuations in the supramolecu-
lar structures C60@{H2O}63. To verify this point, in Figure

Figure 4. (a) Density of states (DOS) of the isolated C60, (b) the
hydrated fullerene, and (c) projected DOS (PDOS) of C60 from the
hydrated system. The DOS represented in (b) is an average over
40 uncorrelated MC configurations at ambient conditions.
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5 we compare the DOS obtained for only one out of the
uncorrelated MC configurations of the hydrated system (T
) 298 K) with the corresponding relaxed hydrated cluster
in vacuum (T ) 0 K). It is seen that the finite temperature
gives rise to an occupied localized state in the band gap
(Figure 5a), whereas in the relaxed cluster at 0 K, this state
coalesces in the valence band of the more ordered hydrated
system (Figure 5b). Finally, taking the room temperature
effect into account for the isolated C60, we expect that no
appreciable changes in the electronic structure may be
observed due to the rigid surface of this molecule. As a
consequence, the calculated 0.8 eV red-shift in the band gap
of the hydrated fullerene, from that of the solute in vacuum,
indicates that the disordering of water only affects the
ground-state electronic structure of the whole system at
higher temperature.

In summary, we have used a very efficient sequential
MC/DFT scheme25,27-31,35to examine the effects of hydration
on the band gap and DOS of C60 under ambient conditions.
The structures of the hydrated fullerene are properly gener-
ated by atomistic MC simulation using a realistic LJ
potential.22,23,25In this sense, our procedure avoids the lack
of dispersion energy inherent to ab initio molecular dynamics
simulations based on DFT.44 The fact also in our favor is
that, at finite temperature, dispersion interactions play a much
smaller role in the stability of the two subsystems. Then,
we obtain reliable average electronic properties of the
hydrated system, converging rapid and systematically with

LDA or GGA calculations, which have been proven to
successfully work for both liquid water and fullerene.41-44

As far as we are aware, this is the first theoretical investiga-
tion of the finite temperature impact on the electronic
structure of the hydrated C60 fullerene using first-principles
DFT calculations. Our analysis considers thermal equilibra-
tion of an aqueous solution and the dielectric screening of
the first solvation shell of C60. We find that thermal
fluctuations of the aqueous environment around the fullerene
surface are the most probable sources of the calculated 0.8
eV red-shift in the band gap of the hydrated system. On the
other hand, because of the large thermal stability of the
electronic structure of C60 in aqueous medium, we do not
expect a significant shift in its band gap. This is in agreement
with the experimental prediction,16 from both direct and
indirect optical transition data, for C60 aggregates in aqueous
environment.
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