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Structure and energetics of polyhydroxylated carbon fullerenes
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We have performed semiempirical modified-neglect-of-diatomic-overlap~to determine the most stable geo-
metrical arrangements! as well asab initio density-functional theory calculations~to obtain the electronic
structure and total energies! at T50 to analyze the energetics and structural properties of OH species adsorbed
on the external surfaces of spheroidal C60 as well as on finite length open-ended armchair~6,6! and ~8,8!
carbon nanotubes. Interestingly we have found, for the low coverage regime, that the adsorbed OH groups
prefer to organize as a hydroxyl cluster~having up to seven OH molecules! in only one side of the C60 surface.
The observed clustering leads to the formation of a new amphiphilic molecule that naturally explains the
stability of C60(OH)n (n;9-12) Langmuir monolayers at the air-water interface observed by several authors,
where it is thus only the highly hydroxylated part of the carbon cage the one that dissolves in water slightly.
For 8 to 14 adsorbed OH groups, a second hydroxyl island is gradually stabilized on the opposite side of the
carbon structure, and finally, with increasing coverage the coexistence of ringlike and cluster arrays of OH
groups seems to lead to the complete solubility of the carbon compound. In all cases, the OH molecules have
been found to occupy on-top sites with a C-O-H bond tilted away from the surface normal and no hydrogen
bond formation between the adparticles is obtained, in contrast to what is normally observed in the compact
OH hexagonal phases stabilized on extended metal substrates. The calculated vibrational frequencies of our
adsorbates have a good correspondence with the experimental measurements and provide a clear signature of
the clustering of the OH molecules at low coverages. Finally, OH adsorption on the external surface of
cylindrical carbon structures leads to the formation of quasi-one-dimensional molecular arrays, consistent with
the synthesis of metal nanowires on the surface of carbon nanotubes, their length being determined by the
length of the nanotube.

DOI: 10.1103/PhysRevB.69.075411 PACS number~s!: 61.48.1c, 73.22.2f, 72.80.Rj
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I. INTRODUCTION

In the last years, the possibility of fabricating a new ge
eration of materials based on the assembly of individual c
bon nanostructures has attracted considerable attentio
particular, both macroscopic arrays made of C60 molecules
and carbon nanotubes have been found to be excellent
didates towards the synthesis of novel materials with c
trolled properties. Although a wide variety of technologic
applications rely on the pure carbon structures, it is w
known that interesting phenomena have been obtained
for fullerene-doped compounds. For example, in the cas
carbon nanotubes, it has been suggested that encapsulat
magnetic materials could develop giant coercitivities wh
would make possible their use as very high-density record
media.1 Recently, Gao and Bando2 have demonstrated tha
carbon nanotubes filled with gallium can be also used
temperature measurements in microenvironments. In a
tion, their different electrical response upon gas adsorp
~e.g., NH3 and NO2) seems to offer the possibility of usin
them as chemical sensors as well as tunable molec
conductors3 and finally, their large empty space has su
gested additional applications as gas~e.g., H2 and N2) stor-
age materials.4 In the case of spheroidal fullerenes, intere
0163-1829/2004/69~7!/075411~13!/$22.50 69 0754
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ing experimental data can be also found in the literature. I
already well known that the interaction of solid C60 with
some alkaline elements can lead to superconduc
materials.5 Furthermore, their use as photoactive molecu
systems has been recently discussed,6 being particularly im-
portant for the conversion of solar energy into electric c
rent. The fabrication of ordered two-dimensional arrays a
multilayered structures of C60 molecules in solid surfaces7 or
at air-water interfaces6,8,9has revealed interesting optical an
transport properties and finally, the encapsulation of ato
such as Gd in the C82 fullerene can provide an improve
contrast-enhancing agent for magnetic-resonance imagin10

or in the case of radioactive atoms such as holmium, eff
tive tracers, or anticancer agents can be produced.11

The fundamental problem with the last two types of a
plications mentioned here above, which could have imp
tant implications in the fabrication of electronic devic
@synthesis of C60~organic-group! n monolayers at the air-
water interface which can be later on transferred to so
substrates# and medical diagnoses@endohedral~Gd,Ho!@C82
compounds#, is strictly related to the extreme hydrophobici
of pure carbon fullerenes. In order to solve this proble
coating of some spheroidal carbon structures~e.g., C60 and
C82) with a wide variety of water-soluble organic molecul
©2004 The American Physical Society11-1
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has become a typical experimental procedure.6,8,10 To date,
the substituents of choice to produce water solubility ha
been either hydroxyl or carboxylic groups. Interesting
when using OH molecules, it has been found that the deg
of solubility ~partial or total! of the fullerene-(OH)n com-
pounds critically depends on the number of OH’s attach
For example, Liuet al.8 have reported that 12 hydrox
groups bounded to the C60 cage provide the adequa
hydrophobic-hydrophilic balance to stabilize C60(OH)12
Langmuir monolayers at the air-water interface. Similar
Rincón et al.9 have obtained stable Langmuir films with th
use of C60(OH);9 –12 units. However, it is well known that
with increasing OH coverage, completely water-solu
fullerenes can be obtained. This is particularly the case of
C60(OH)24228 compounds9 as well as of the endohedrall
doped Gd@C82(OH)40 structure.10 Although, in the experi-
mental setup it is possible to estimate the average numb
adsorbed OH’s by means of mass spectrometry experim
~e.g., matrix-assisted laser desorption ionization techniq!,
it is very difficult to identify the geometric structure of th
various adsorbed phases that can be stabilized as a fun
of coverage and characteristics of the underlying substr
and which are obviously at the origin of the observed che
cal and physical properties in these materials over a la
scale, e.g., it has been found that macroscopic sample
highly hydroxylated C60 molecules give a dielectric struc
ture, while materials with low levels of hydroxylation resu
in proton conductive compounds.9

As is well known, single-wall carbon nanotube
~SWNT’s! can be also used as substrates for deposition
various metals or molecules by evaporation techniques.
tually, it is well known that a carbon nanotube with adsorb
materials may also significantly change its physical prop
ties, providing thus useful means for manipulating electro
transport for nanoelectronic devices. At this respect, it is
portant to comment that recent experimental and theore
studies have demonstrated that even small amounts of
molecules such as NH3 and NO2 ~Ref. 3! adsorbed on the
external surface of a cylindrical carbon structure have a
nificant effect on its electrical transport characteristics. F
thermore, carbon nanotubes can be functionalized wit
wide variety of molecular species to be made soluble in co
mon solvent systems, offering thus the opportunity also
study the complex nanotube-molecule interactions in hom
geneous solution.12 In particular, with the help of surfactants
it has been found that short length carbon nanotubes
form stable colloidal suspensions in water, permitting a
riety of manipulations, such as separation by length, der
tization, and tethering to specific surfaces.13

Previous experiments considering the interaction of O
groups with extended metal substrates have demonstr
that, as a function of temperature and coverage, various
sorbed phases can be obtained. In particular, a comb
high-resolution electron energy loss spectroscopy and s
ning tunneling microscopy~STM! study of OH adsorption
on the Pt~111! surface14 has demonstrated the existence
ordered OH hexagonal arrays, their formation being driv
by the formation of hydrogen bonds between the neighbo
hydroxyl molecules. In these cases, it is well known tha
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delicate balance between the competing intermolecular
molecule-surface interactions defines the adsorbates’
organization and packing, and that both type of interactio
critically depend on the chemical and geometrical details
the substrate. It is thus reasonable to expect a contras
bonding behavior when small molecules are adsorbed on
tallic or semiconducting materials, on bare surfaces or in
presence of coadsorbed species, or when deposited on
dimensional extended substrates or three-dimensional cu
surfaces as the ones exposed by fullerene materials.

In this work, we present thus a systematic study, by co
bining both accurate semi-empirical@modified-neglect-of-
diatomic-overlap~MNDO!# as well asab initio density-
functional theory~DFT! approaches, in order to obtain th
electronic and structural properties of polyhydroxylated c
bon fullerenes. To analyze the influence of the geometr
details of the carbon substrate in the local organization of
OH molecules we will consider both spheroidal C60 as well
as cylindrical armchair~6,6! and~8,8! nanotubes. The maxi
mum coverageu ~defined as the ratio of adsorbed molecu
to surface atoms! on the carbon surfaces is far below a com
plete monolayer~up to u;2/3), however it has been foun
to be enough to understand the sizable variations observe
the water solubility between low and highly hydroxylate
C60 structures. The vibrational frequencies of our C60OHn
compounds, which are expected to depend sensitively on
number and distribution of the adsorbed hydroxyl molecu
as well as on the interactions among them, will be calcula
in order to compare with recent experiment
measurements.9 The rest of the paper is organized as follow
In Sec. II we briefly describe the theoretical models used
the calculations. In Sec. III we present our results analyz
the structural aspects and the electronic behavior and fin
in Sec. IV the summary and conclusions are given.

II. METHOD OF CALCULATION

The number of atoms involved in our considered syste
~up to ;200! limits the applicability of DF optimization-
based methods and that is why we have decided to perf
our systematic study by combining two different theoretic
approaches. In a first step, we have fully optimized the c
sidered structures using the semiempirical MNDO level
theory15 and then, in a second step, we have used th
MNDO geometries to perform single-pointab initio DFT
calculations considering in the latter the local-density a
proximation~LDA !.16 On the contrary, only when determin
ing the vibrational frequencies of some relevant examp
the total energy as well as the electronic and ground-s
structure of our OH-coated fullerenes will be obtained with
the same theoretical framework by performing a fully DF
geometry unrestricted energy minimization procedure w
the use of the most accurate generalized gradient approx
tion ~GGA! for the exchange-correlation potential. In th
case, the Kohn-Sham equations are solved by considering
nonlocal Becke’s three-parameter exchange function17

combined with Lee, Yang, and Parr’s correlation functiona18

~B3LYP!.
We must say that our considered hybrid procedure co
1-2
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be justified since the accuracy of the MNDO method h
been proved in several calculations of fullerenes a
fullerene-derived materials. For example, for the C60 mol-
ecule MNDO finds bond lengths of 1.474 and 1.400 Å,19 for
single and double bonds, respectively, in good agreem
with gas phase electron studies@1.45860.006 Å and 1.401
60.010 Å ~Ref. 20!# andab initio calculations~1.446 Å and
1.406 Å!.21 MNDO calculates the ionization potential of C60
to 8.95 eV,19 slightly larger than the values obtained fromab
initio calculations@7.92 eV~Ref. 22!# and experiment@7.56–
7.62 eV~Ref. 23!# and finally, doped fullerenes@e.g., LixC60
(x50, . . . ,14)~Ref. 24!# and large carbon clusters19,25 have
also been successfully studied using the MNDO approxim
tion.

The electronic structure and total energy of the molecu
are obtained by means of theGAUSSIAN98 software26 where
the molecular orbitals are expanded as a combination
Gaussian functions centered at the atomic sites, and
exchange-correlation effects can be treated within
density-functional scheme. In particular, the Kohn-Sh
equations are solved by considering the local-density
proximation. We use the STO-3G basis27 ~STO—Slater-type
orbital! which is a minimal set that is formed by fixed-siz
atomic-type orbitals. The STO-3G considers three Gauss
per basis function, for example, in a carbon atom we h
three Gaussians which are a least-squares fit to a Slates
orbital, and we have also another three Gaussians which
a least-squares fit to Slater 2s and 2p orbitals. Obviously,
larger basis sets approximate more accurately the orbital
imposing fewer restrictions on the location of electrons
space. As a consequence, in order to illustrate the de
dence of results on the choice of basis functions, we h
done some calculations by using a more extended
6–21G.28 The calculations, which involved a higher nume
cal effort, are found to lead essentially to the same con
sions.

The numerical accuracy of the method is tested by ca
lating some well-known properties of the C60 molecule. We
obtain for the previously optimized MNDO structure, by u
ing the local-density approximation together with the mi
mal STO-3G basis set, that the occupied electronic states
within a range of;21 eV and that the energy differenc
between the highest occupied molecular orbital~HOMO! and
lowest unoccupied molecular orbital~LUMO!, DHL , is of
2.14 eV, both results being in satisfactory agreement w
more sophisticated calculations.29 On the other hand, we
must say that our results are underestimated when comp
with experimental measurements30 performed on C60 thin
films ~HOMO-LUMO energy gap of 2.3 eV and valence
band width of 23 eV!, where solid-state effects such as o
dering of the molecules and shrinkage of the cluster lat
are known to produce sizable modifications in the electro
spectra. We found, for the C60 molecule, a binding energyEb
of 12.1 eV/at~where at stands for atom! which is overesti-
mated with respect to the reported values in the literatu
however, as is well known, this corresponds to a basis
effect. Actually, the same LDA calculation but using th
more extended 6–21G basis gives a reduced value forEb by
almost 2 eV~10.3 eV/at!. Despite these observed sizab
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variations in the absolute values ofEb for different basis sets
it is important to comment that energy differences with
both type of calculations are almost the same~see the results
in Sec. III! and as a consequence, in the following, on
relative values are important.

To further assess the reliability of our considered meth
ology we have analyzed also the interaction of a single
molecule with the external surface of the C60 fullerene. From
our calculations we have found that the MNDO lowe
energy atomic array corresponds to the OH group dire
adsorbed on top of a carbon atom of the fullerene c
through the oxygen atom, having C-O and O-H bond leng
of 1.38 and 0.95 Å, respectively, together with a C-O
angle of 112.3°. The previous structural parameters are
satisfactory agreement with the ones obtained by conside
the electronic and geometrical degrees of freedom within
same DFT-B3LYP approach, where values of 1.48 and 1
Å are found for the C-O and O-H bond lengths, respective
together with a C-O-H tilting angle of 101.3°.

Finally, the intensities of the vibrational frequencies
both C60 and C60OH structures have been also obtained.
this case, the diagonalization of the full Hessian mat
within the harmonic approximation~i.e., considering the ma
trix of all second derivatives of the total DFT-B3LYP ele
tronic energy with respect to Cartesian nuclear coordina!
is performed. This procedure generates all vibrational mo
of the molecular structure under consideration which can
directly related with experimental infrared~IR! spectroscopy
measurements. From Fig. 1 we can see that, for the C60 struc-
ture ~see the inset!, we have found the existence of wel
defined peaks at 546, 595, 1265, and 1504 cm21 which are
in good agreement with the absorption bands normally
served in the IR spectrum of the C60 fullerene9 located at
526, 576, 1182, and 1428 cm21. From Fig. 1 we can appre
ciate also that a more complex distribution of vibration
modes for the C60OH compound is found because of th
lower symmetry of the carbon structure obtained~i.e., higher
number of inequivalent sites, of different bond lengths,
well as of different angles between the bonds connec
nearest-neighbor atoms! upon single OH adsorption. As ad

FIG. 1. Intensities of calculated vibrational frequencies for C60

~inset! and C60OH structures.
1-3
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ditional features to the pure fullerene cage, significant C
and O-H stretching contributions in the C60OH spectra
should be observed. The former is located arou
1000 cm21, however it is surrounded by a complex mixtu
of various bond-stretching and angle-bending contributi
of the carbon cage around that frequency range, while
latter is directly reflected by the presence of an isolated p
centered at 3676 cm21. We must say that both contribution
are in agreement with the positions of well-defined abso
tion bands in the IR spectra of C60(OH)24–28 compounds
assigned to C-O (1070–1090 cm21) and O-H (3430 cm21)
stretching modes,9 clearly reflecting thus the formation of th
C60OH complex.

All these previous findings suggest that our theoreti
approach will reasonably describe the stability and electro
properties of OH-fullerene compounds. However, at this
spect, it is important to precise also that our considered
brid methodology will certainly affect the quality of the ca
culated total energies. It is expected that our semiempir
approach used for obtaining the lowest-energy atomic ar
will give reduced values for the interatomic distances wh
compared with more sophisticated theoretical calculati
~as already shown in the previous paragraph! and experimen-
tal data. Furthermore, due to the well-known tendency of
LDA to overbinding together with the minimal basis set co
sidered in the calculations, we expect to approach the
binding energies of our OH-coated fullerene structures fr
above.

III. RESULTS AND DISCUSSION

In the following sections, we present our results for t
structural, electronic, and vibrational properties of sphero
C60 and cylindrical armchair~6,6! and ~8,8! nanotubes pas
sivated with OH molecules. Unless explicitly specified,
calculations will be performed using the two-step MND
DFT-LDA hybrid methodology. It is important to commen
that the semiempirical MNDO geometry optimizatio
scheme is orders of magnitude faster thanab initio methods
and easily allows us to perform a systematic spin and ge
etry unrestricted energy minimization procedure, the form
being necessary when an odd number of adsorbed OH
ecules is considered. We must say that for all values ou,
several initial configurations, as the ones shown in Fig
were considered, namely,~1! randomly distributed on the
surface@Fig. 2~a!#, ~2! aggregated on one side of the C60
molecule @Fig. 2~b!#, and ~3! forming various (OH)n hy-
droxyl clusters of different sizes and with varying spat
distribution on the carbon structure@Figs. 2~c! and 2~d!#. In
all cases, the individual OH molecules are initially placed
top of a C atom of the fullerene cage at a C-O bond
distance of 1.4 Å and forming a C-O-H angle of 180°. The
in a second step, a complete symmetry unconstrained m
mization calculation is performed. At this point, it is impo
tant to comment that different adsorption sites may deve
as a function of coverage and initial configuration of t
adsorbates since the bonding between the OH group and
carbon network could be altered by the effect of neighbor
hydroxyl molecules. Although we are confident that lo
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energy configurations have been obtained, we do not in
way presuppose that these are global minima of th
potential-energy surfaces. In this work we do not attemp
perform an extensive exploration of all resulting (OH)n-C60
isomers, but instead to try to reveal more general tenden
concerning the electronic structure, intermolecular inter
tions, and stability of these compounds.

A. OH adsorption on spheroidal C60

In Fig. 3, we present first our calculated MNDO lowes
energy atomic configurations for C60(OH)n fullerene com-
pounds at low coverages (0<n<14). The low hydroxylated
structures are important to analyze since they have b
found to be still insoluble in water, currently used in th
formation of C60(OH)n Langmuir films at the air-water inter
face, and subject of controversy with respect to the poss
molecular organization of the OH species on the carbon
face. From Fig. 3~a! we can see that, as already stated in
preceding section, the lowest-energy array for the single
adsorption corresponds to the hydroxyl molecule directly
sorbed on top of a carbon atom of the fullerene cage hav
C-O and O-H bond lengths of 1.38 and 0.95 Å, respective
and tilted away from the surface normal with a C-O-H ang
of 112.3°. Actually, we must say that, when starting w
configurations in which the OH molecule is located over C
bonds or above the center of hexagonal and pentagonal r
we have observed lateral displacements of the hydro
group in order to stabilize the on top configuration. It
important to remark that the adsorption of a single OH m
ecule has a negligible effect on the global shape of the
bon cluster, however, we find sizable modifications in t
C-C bonds in the proximity of the OH group. The neare

FIG. 2. Schematic view of some of the considered initial co
figurations of C60(OH)N compounds forN510. ~a! OH molecules
randomly distributed on the surface,~b! clustered on one side, an
forming ~c! two opposite (OH)7 and (OH)3 as well as~d! (OH)5

and (OH)5 clusters on the carbon structure.
1-4
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neighbor distances in the carbon surface vary between
and 1.56 Å, the largest expansions (;10%) being between
the carbon atoms closer to adsorption site. Finally, it is
portant to comment that OH bonding induces a notable
distribution of charge in both the hydroxyl molecule and
the C60 cage. Actually, the carbon atom directly involved
the bonding loses a total of 0.1ē, which have been found to
be transferred not only to the OH group but also to the c
bon atoms around the adsorption site.

We have calculated the adsorption energyEads defined as

Eads~C602nOH!

52@Et~C601nOH!2Et~C60!2nEt~OH!#/n, ~1!

whereEt(C601nOH) andEt(C60) are the total energies o
the C60 with and withoutn OH molecules attached, respe
tively, and Et~OH! is the total energy of an isolated O
molecule. For the adsorption of a single OH@n51 in Eq.
~1!#, we have obtained a value forEads of 2.5 eV, which
clearly indicates that this molecule undergoes chemical
sorption on the C60 fullerene. In addition, a binding energ
Eb of 11.9 eV/at is obtained for the C60-OH structure. From

FIG. 3. Calculated~MNDO! lowest-energy structures for low
hydroxylated C60(OH)N compounds (1<N<14). ~a! C60OH, ~b!
C60(OH)4, ~c! C60(OH)7, ~d! C60(OH)8, ~e! C60(OH)11, and ~f!
C60(OH)14.
07541
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this value forEb we can see that our OH-fullerene compou
is stable however, it is less favorable~by 0.2 eV/at! when
compared to uncoated C60. At this point, it is interesting to
compare the previous results found for the relative stabi
with the ones obtained by using the more extended 6–2
basis. With the more accurate set we have found, as
pected, reduced values forEb of 10.3 and 10.1 eV/at for C60,
and C60-OH, respectively. Notice also that, when compar
with the STO-3G calculations, the same energy ordering
obtained, being again our C60OH structure less stable by 0.
eV/at with respect to the uncovered carbon cage. Finally,
have found a HOMO-LUMO energy gapDHL of ;0.34 eV
~very close to the value of;0.25 eV obtained with the
6-21G basis! which is considerably reduced when compar
to the one obtained in the uncovered cage (DHL52.14 eV).
This sizable reduction in the energy gap is due to the app
ance of several additional electronic states around the Fe
level of our complexes, which are induced by the presenc
the adsorbed OH groups. These additional states are ma
of oxygen 2p character, and are found to be coupled with t
valence 2p states of the carbon atoms of the fullerene ca
a fact that shows that the transport properties of C60 can be
modified by the bonding of the hydroxyl molecules.

The previous results have already revealed interesting
tures concerning the structural and electronic aspects
single OH adsorption on the external surface of the C60
fullerene. However, it is clear that additional interesting ph
nomena are expected with increasing OH coverage where
only the relevant molecule-surface bonding features~already
discussed in the previous paragraphs! but also the intermo-
lecular OH-OH interactions will start to play a key role
defining the distribution of adsorbates on the surface, as w
as the electronic properties of the fullerene compounds.

From Figs. 3~b!–3~f! we can see that, with increasing th
number of OH’s attached, the local organization of the a
sorbates on the C60 surface is highlyu dependent and that
even for our highest coverages~up to 32 adsorbed OH
groups!, no hydrogen bond formation, as in the case of O
adsorption on Pt~111! surfaces,14 is observed~see Fig. 8!.
From Figs. 3~b! and 3~c! we note that, in the low coverag
regime ~from two to seven adsorbed species!, a molecular
hydroxyl cluster is stabilized on one side of the carbon s
face, where the OH groups prefer to adsorb on adjacent
bons of the fullerene network forming a hexagonal disco
nected array. The molecular structure shown in Fig. 3~c! is
particularly interesting since it is characterized by the pr
ence of a localized hydrophilic environment which, as w
will see in the following, could be of fundamental impo
tance in explaining the formation of low hydroxylated C60
monolayers at the air-water interface.8,9 Interestingly, when
attaching an additional OH group to the fullerene cage
form the C60(OH)8 compound, we found that the largest e
ergy gain is obtained when the extra hydroxyl molecule
now located on the opposite side of the carbon structure@see
Fig. 3~d!#. The previous result is very important since it d
fines a critical size for the molecular hydroxyl cluster th
can be stabilized on the fullerene surface, reveals the e
tence of competing effects which can induce molecular
gregation or significant displacements of the adsorbates
1-5
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function ofu, and clearly shows also that OH adsorption
C60 is considerably affected by the presence of coadsor
species. Finally, from 9 to 14 adsorbed molecules@see Figs.
3~e! and 3~f!#, we have not observed a dramatic reorgani
tion of the OH groups but instead the continuation of a we
defined growth sequence in which a second hydroxyl isl
is gradually stabilized on the opposite side of the fullere
cage, a fact that induces the development of a highly an
tropic underlying carbon network being driven by sizab
vertical as well as lateral shifts of the carbon atoms aro
the adsorption sites@e.g., Fig. 3~f!#.

It is clear that the existence of molecular hydroxyl islan
on the surface of the C60 fullerene, as the ones shown in Fi
3, leads to the formation of new amphiphilic molecules th
as previously stated, could be very helpful in explaining
stability of C60(OH)n (n;9 – 12) Langmuir monolayers a
the air-water interface observed by several authors. Des
the existence of a large number of studies addressing
solubility of the C60 molecule, it has been always difficult t
elucidate the precise geometric structure of the adsorbed
droxyl phases that can be stabilized on the surface of s
small objects and that could lead to a wide variety of m
roscopic behaviors. In particular, Chiang and co-worke8

have obtained adsorbed C60(OH)12 monolayers at the air
water interface, whose characterization indicated 12 hydr
groups randomly bounded on the C60 cage. On the othe
hand, Rinco´n and co-workers9 have synthesized also low hy
droxylated C60 Langmuir films where their data suggest, co
trary to the work of Chianget al., that 9–12 hydroxy groups
seem to be preferentially bounded on one side of the60
cage. To support their assumption, the authors of Re
speculate that it is possible that under the conditions for
hydroxylation, two-phase catalysis could promote the form
tion of hydroxy groups clustered in one side of the ca
because the reaction takes place mainly at the aque
solvent interface.

At this point, we would like to comment that theoretic
calculations could be a valuable tool in order to shed so
light into the previous controversy since, through direct co
parison of theoretical and experimental data, it could be p
sible to elucidate some structural aspects of the synthes
individual molecular units leading to the monolayer form
tion. In this respect, we would like to say first that, with
our theoretical framework, we have always obtained that r
dom distributions of OH species on the C60 surface, as the
ones proposed by Chianget al.,8 correspond to very unfavor
able arrays. In particular, for 12 adsorbed OH groups,
random configuration of adsorbates has been found to be
eV less stable when compared with our most stable struc
in which we have the coexistence of two opposite (OH)7 and
(OH)5 hydroxyl clusters on the carbon surface. On the ot
hand, our results presented in Fig. 3 also show that the
mation of molecular islands on C60 seems to be a more gen
eral feature of the carbon substrate, being independent o
presence of air-water interfaces and in qualitative agreem
with the patchy behavior observed on the C60 surface for
different atomic as well as molecular species. In this resp
it is important to comment that recent time-of-flight ma
spectrometry and photoelectron spectroscopy experimen
07541
d

-
-
d
e
o-

d

s

t,
e

ite
he

y-
ch
-

y

-

9
w
-

e
us/

e
-
s-
ed
-

n-

e
.6
re

r
r-

he
nt

t,

by

Palpantet al.31 have provided evidence of a similar cluste
ing on the C60 surface where, in that case, Au atoms pref
ably form a AuN cluster~for N50 to 6! rather than a layered
structure spread over the carbon cage. In addition, Dugo
et al.32 have measured the electric polarizability of C60Nan
clusters in the range of 1<n<34 and have concluded tha
their experimental data are consistent with the formation o
sodium droplet on the surface of the fullerene, an atom
configuration that has been later on confirmed by the th
retical calculations of Roques and co-workers.33 Finally,
Mixteco-Sánchez and Guirado-Lo´pez34 have found that thiol
adsorption on C60 induces also the formation of molecula
islands on the carbon surface, where the island size
shape has been found to critically depend on the length of
adsorbed species.

It is important to comment that, due to the highly anis
tropic carbon network that we have obtained for the op
mized C60(OH)9-12 structures, we estimate that the formatio
of Langmuir films with the use of molecular units as the on
shown in Fig. 3~e! or 3~f! would lead to a monolayer thick
ness of;10.5 Å, where the presence of the two oppos
hydroxyl clusters contributes significantly to the effecti
molecular diameter of the sample. Actually, our calcula
diameter is not far away from the value of 11 Å estimated
Rincón et al.9 or from the 1262 Å reported by Chiang and
co-workers8 for monolayers of C60(OH)12.

In order to furthermore corroborate the presence of
droxyl islands on the C60 surface we show in Fig. 4 the
calculated intensities of the vibrational frequencies of
C60(OH)10 compound by considering various relevant m
lecular configurations for the exterior hydroxyl group
namely, ten OH molecules randomly distributed on the s
face ~configuration I!, aggregated on one side of C60 ~con-
figuration II!, and assuming the coexistence of two oppos
hydroxyl clusters on the carbon structure, having seven
three molecules, which actually corresponds to our lowe
energy array ~configuration III!. We have chosen the
C60(OH)10 structure as a representative example since it c
responds approximately to the degree of hydroxylation
which Rincón et al.9 have synthesized stable Langmuir film
and for which they have performed also infrared spectr
copy measurements in order to analyze the vibrational pr
erties of the sample. As is well known, the precise details
the vibrational spectra~i.e., intensity and positions of the
peaks! of C60(OH)n fullerenes are expected to be very se
sitive to the chemical bondings, to the number and distri
tion of the adsorbed molecules, as well as to the interacti
among them. On the other hand, even if experimental
theoretical spectra are not strictly comparable, the poss
existence of similar features in both distributions could
very helpful in elucidating the probable molecular structu
of the adsorbed OH groups.

From Fig. 4~a! we can see that, for a random array
hydroxyl molecules~configuration I! our calculations indi-
cate the presence of a very narrow and isolated distribu
centered around 3670 cm21, which corresponds to the well
known stretching O-H mode already shown in Fig. 1. T
existence of this narrow distribution is physically expected
such separated~almost noninteracting! array where the ad-
1-6
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sorbates perform thus independent vibrations, contribu
with similar values to the intensity of the O-H stretchin
mode. However, when considering the existence of hydro
clusters on the surface, as the ones shown in Fig. 3,
expect that the coupling between adjacent OH molecules
lead to completely different vibrational features from tho
seen in the uncoupled system. In fact, we note from F
4~b! and 4~c! that the narrow distribution obtained in Fig
4~a! for the O-H stretching mode is now decomposed in
several peaks, leading to the existence of a broadband w
expands the frequency range from;3100 to 3750 cm21,
and which can be considered as a clear signature of the p
ence of (OH)n clusters on the C60 surface. Furthermore, w
can appreciate also sizable differences between the v
tional spectra of configurations II@Fig. 4~b!# and III @Fig.
4~c!# which clearly indicates how more subtle changes in
local organization of the adsorbates can also induce sig
cant variations in the vibrational properties~intensity and
position of the peaks! of the molecule. In fact, when com
paring the various distributions of modes shown in Fig
with the infrared spectroscopy measurements performed
Rincón et al.9 on low hydroxylated C60 compounds we can
see that the broad and asymmetric absorption band obta
around 3450 cm21 in their IR spectrum is more in agreeme
with the presence of OH groups aggregated on C60 rather
than randomly spread on the carbon surface.

As is well known, the structural rearrangements and

FIG. 4. Intensities of the calculated vibrational frequencies
various C60(OH)10 isomers.~a! OH molecules randomly distrib
uted,~b! clustered on one side, and~c! as two opposite (OH)7 and
(OH)3 hydroxyl clusters on the carbon surface.
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ergetics of low hydroxylated fullerenes already discussed
the previous paragraphs result from a delicate balance
tween the electronic and geometrical details present in
particles. Consequently, in the following, we analyze vario
of these factors that could be at the origin of the obser
relative stability between the different configurations. First
is interesting to correlate the observed equilibrium config
rations for low coverages in Fig. 3 to the precise details
the electronic spectrum around the Fermi energy. As is w
known, previous studies35 have shown that, for C60 and C70,
large fragmentation energies are accompanied by la
HOMO-LUMO energy gaps, both quantities being strong
correlated to the extraordinary abundance of these
fullerenes. In fact, as we can see from Fig. 5, both the
bility of the molecular hydroxyl cluster (1<n<7) as well as
the structural transition leading to the coexistence of t
opposite (OH)n islands (8<n<14) follow this simple elec-
tronic argument, being in general@with the exception of the
C60(OH)10 structure# the atomic configurations with the larg
est HOMO-LUMO energy separation the most stable arra

As already noticed from the single adsorption results, O
bonding on the C60 surface reduces the HOMO-LUMO en
ergy gap from 2.14 eV~obtained for the uncovered cage! to
0.34 eV for the C60-OH structure. However, with increasin
the OH coverage, sizable additional modifications all alo
the electronic spectra are observed consisting of change
the ordering of the eigenvalues, splitting of many of the e
ergy levels that are degenerate in the bare C60, together with
various HOMO-LUMO gap reopenings and closings as
ones shown in Fig. 5. This complex behavior is mainly d
to the considerable distortions produced on the carbon
face~see Fig. 3! which lowers the symmetry of the molecula
structure, to the sizable variations in the local electron oc
pancies in the system, as well as due to the appearanc
several additional electronic states around the Fermi ene
induced by the precise location and number of the adsor
OH groups on the carbon surface. This is clearly illustra
in Fig. 6 where we plot the electronic energy levels of the
sets of occupied molecular orbitals with the highest energ

r

FIG. 5. Calculated HOMO-LUMO energy separationDHL in eV
for C60(OH)N compounds at low coverages.
1-7
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and of the 11 sets of unoccupied molecular orbitals with
lowest energies for 4, 6, and 14 randomly adsorbed OH s
cies as well as when clustered on one or both sides of the60
cage. For the sake of comparison we show also the co
sponding energy-level distribution for the C60 molecule.
From both figures we observe that the degeneracy of
spectrum for the uncovered cage~five degenerated HOMO
and three-times degenerated LUMO! is considerably modi-
fied upon OH adsorption and that the HOMO and LUM

FIG. 6. Effects of the adsorption of OH molecules on the ene
level of the HOMO and the 16 occupied energy levels below it
well as on the 11 unoccupied energy levels above it for~a!
C60(OH)4, ~b! C60(OH)6, and~c! C60(OH)14 compounds.
07541
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levels are now placed in a region with a different distributi
of energy states. As in previous cases, these new state
mainly of oxygen 2p character and are found to be strong
coupled with the 2p valence states of the carbon atoms of t
cage, significantly changing as a consequence the condu
ity of the OH-C60 compounds. By comparing Figs. 6~a!–6~c!
we can clearly see also that, as a function of the number
location of the adsorbed hydroxyl groups, the energies of
considered occupied and unoccupied molecular orbitals
be significantly raised or lowered, leading to the existence
contrasting spectra and to dramatic changes in the de
eracy of the energy-level distribution. In fact, our results
veal that these level splittings are larger for four and six O
molecules clustered on the carbon cage as well as for 14
groups forming two opposite (OH)7 islands on the fullerene
surface~which are the type of adsorbed phases leading to
highest deformed molecular structures and to the most st
arrays! than for randomly distributed species, a differen
that may be attributed to Jahn-Teller instabilities in the m
symmetrical structures. However, despite this complex
namics of the electronic states we can appreciate that,
general tendency, the atomic configurations with the less
generated spectra and largest HOMO-LUMO energy sep
tion correspond to the most stable arrays.

Local electron occupancies are also of fundamental
portance in determining the global properties of a system
situations where there is a redistribution of valence electr
and/or charge transfer, analysis of the occupations of e
one of the atoms involved in the bonding can provide us a
with relevant information concerning the electronic prop
ties and energetics. In Fig. 7 we show both the total amo
of charge transferred to the OH groups as well as~in the
inset! the total charge missing in the carbon atoms of
cage directly involved in the bonding which, as alrea
stated in the previous paragraphs, are the atoms with
largest deviation from the bulk valence state (n54.0), as a
function of the adsorbed OH groups. From the figure we n

y
s

FIG. 7. Behavior of the total charge transfer from the C60 cage
to the OH groups as a function of coverage for both clustered
random arrays. In the inset we show similar results but for the t
amount of charge missing on the carbon atoms involved in
bonding.
1-8
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that, as the coverage increases, the total C60→OH charge
transfer increases linearly for both clustered and random
rays and where the self-consistency of the distribution yie
a charge transfer explicitly dependent on the adsorbed ge
etry. In fact, we note that, in the range of 8<n<14, the
electron-accepting character of the OH groups diminishe
our most stable configurations, when compared with the
sorbed phase in which the hydroxyl molecules are all cl
tered on one side of the cage, clearly reducing in the form
the repulsive interactions between the neighboring OH s
cies. On the other hand, the significant amount of cha
transferred to the adsorbates is consistent with the siz
amount of charge missing in the carbon atoms directly
volved in the bonding~see the inset! where values as large a
1ē are observed. This result obviously induces the existe
of a highly repulsive environment in a localized region of t
cage, due to the proximity of the various C1 ions, originating
C-C bond-length expansions as large as 14% in orde
lower the total energy of the system.

We believe that the behavior of the charge transfer a
function of coverage obtained in Fig. 7 is also directly r
lated with the noticeable variations in the energy-level sp
tra shown in Figs. 5 and 6, since the observed energy s
of the eigenvalues around the HOMO~that are mainly of
oxygen 2p character! will strongly depend on the amoun
and local redistribution of the electronic charge in the O
group which is, as we have shown in Fig. 7, continuou
changing with increasing the number and location of the
sorbed species.

Even though Coulomb repulsion play an important ro
when the OH molecules are bonded to the carbon sur
@see Figs. 3~a!–3~f!#, where the adsorbates are found to
effectively charged and close to each other, we believe
quantum effects such as the degeneracy of the energy-
distribution, the open or closed character of the electro
shells, as well as the magnitude of the HOMO-LUMO e
ergy separation~discussed in the previous paragraphes! en-
hance the stability in a local way overcoming the siza
contributions of the electrostatic repulsive interactions, be

FIG. 8. Calculated average C-O-H tilting angle and average C
bond length~inset!, RC-O, for C60(OH)N compounds at low cover
ages.
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thus the major factor that determines the precise geomet
details of the adsorbed phases on the carbon surface.

In Fig. 8, we show the average orientation of the C-O
angle as well as~in the inset! the evolution of the average
C-O bond length,RC-O, as a function of coverage for thre
different types of growth sequences, namely, OH molecu
randomly distributed on the surface, aggregated on side
C60, and considering the presence of two opposite hydro
clusters of different sizes on the carbon structure. We wo
like to comment that, in all our optimized structures, the O
molecules have been found to be tilted away from the surf
normal, as in the isolated case@see Fig. 3~a!#, but with a
more complex distribution of C-O-H angles, ranging fro
113° to 117°. Interestingly we note from Fig. 8 that o
lowest-energy arrays shown in Fig. 3 are characterized by
presence of a well-defined C-O-H tilting angle of;114°.
This is in qualitative agreement with the results obtained
extended surfaces, where the various adsorbed phases
can be stabilized as a function of coverage are character
by a high degree of molecular order. However, even if o
results indicate that in our lowest-energy configurations
individual OH groups are adsorbed with a preferred C-O
angle, we note that the relative orientations between ne
boring molecules are not correlated, leading to the format
of orientationally disordered hydrophilic domains on the C60
surface@see Figs. 3~a!–3~f!#. Concerning the evolution of the
average C-O bond length in our most stable arrays we
see an increasing behavior forRC-O with increasing coverage
and that the curve appears to saturate for seven or m
adsorbed OH’s. From Fig. 8, it is important to remark al
the physically expected almost constant behavior and
duced values in both the tilting angle and the C-O bon
lengths obtained for randomly distributed~almost noninter-
acting! molecules, as well as the increasing behavior in b
average C-O-H angles andRC-O distances for OH groups
clustered on one side of C60, which clearly indicates tha
repulsive interactions play an important role in determini
the overall adsorbed molecular structure.

Obviously, the specific locations and orientations of t
adsorbed molecules have a profound impact on the ads
tion energies and on the structural properties of the syst
both quantities playing a fundamental role in explaining t
relative stabilities and structural transitions observed a
function of coverage. Consequently, we show in Fig. 9
calculated values for the adsorption energyEads@see Eq.~1!#
as a function of coverage for OH molecules randomly d
tributed on the surface, aggregated on side of C60, and con-
sidering the presence of two opposite hydroxyl clusters
different sizes on the carbon structure. From the figure
can see that, at very low coverages (1<n<6), the configu-
rations with the highest adsorption energies correspond to
adsorbed molecules which aggregate on one side of the
bon cage. In particular, it is important to remark the cons
erable enhancement ofEadsfor two and three OH’s adsorbe
on adjacent carbon atoms of the C60 structure, when com-
pared with the noninteracting array, which is consistent w
the formation of molecular islands on the carbon surface.
n>8 we note that subsequent OH aggregation on one sid
the C60 is prevented since we observe a notable increas

O

1-9
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Eads when OH adsorption starts to take place now on
opposite side of the fullerene cage. In particular, forn58,
we note a relatively small energy difference (;0.4 eV) be-
tween configurations II and III~as referred to in the figure!
which is of fundamental importance in order to quantify t
magnitude of the diffusion barriers of the adsorbates on
carbon surface. As is well known, small energy differenc
would lead to the formation of a highly dynamical two
dimensional system in which several configurations can
present in the sample in the time scale of the experimen
fact that can lead to a wide variety of macroscopic behavi
With increasing coverage (n>9), we note that energy dif
ferences between all our considered configurations bec
more pronounced, clearly defining the existence of a w
defined growth sequence. On the other hand, it is impor
to remark the considerable reduced values ofEads for ran-
domly distributed molecules, clearly indicating that th
bonding situation is very unstable.

In order to analyze the possible geometric structure of
adsorbed hydroxyl molecules leading to the complete s
bility of the C60 molecule, we present in Fig. 10 the full
relaxed MNDO structures for highly covered C60(OH)32
compounds. In these cases, we have performed also a
metry unconstrained minimization calculation for several i
tial configurations of the OH groups. First, following ou
results shown in Fig. 3~f! we have assumed that, with in
creasing coverage, the two opposite islands are able to g
on the carbon structure in both symmetric and asymme
ways. Second, we consider that molecular clusters mad
seven OH groups define a critical size~as already discussed!
for the extension of the hydrophilic domains on the fullere
surface and we propose thus to separate the two coexi
(OH)7 clusters shown in Fig. 3~f! by a ringlike configuration
of 18 OH groups around C60. Finally, we compare the pre
vious configurations with 32 hydroxyl molecules random
distributed on the surface as well as aggregated on one
of the carbon structure. Interestingly, we have found fr
our total-energy calculations that our most stable arr
which corresponds to the two opposite (OH)7 clusters sepa-
rated by a ring-like configuration of OH molecules@see Fig.

FIG. 9. Calculated adsorption energiesEads in eV for low hy-
droxylated C60(OH)N compounds.
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10~a!#, is the only one in which the individual OH groups a
able to adsorb also with the preferred C-O-H tilting angle
114° already observed in the molecular structures show
Fig. 3. With respect to the simultaneous growth of the t
opposite hydroxyl clusters we have found that the existe
of asymmetric arrays corresponds to very unfavorable c
figurations, and finally, OH groups clustered on one side
randomly distributed on the surface are found to be;6 eV
less stable when compared with the C60(OH)32 compound
shown in Fig. 10~a!.

Finally, we would like to point out that the knowledge o
the precise geometrical configuration of the exterior O
groups at different coverages is also of fundamental imp
tance since it is expected to strongly influence the partic
interaction with its surroundings, directing thus the se
organization and packing of the C60 molecules when depos
ited on solid substrates or at air-liquid interfaces. The pr
erties of molecular C60(OH)n monolayers will be thus no
only determined by the intrinsic properties of the individu
building blocks but also by the intermolecular interactio
among them. At this respect we believe that the siza
amount of carbon surface exposed by our lowest-energy
rays shown in Fig. 3 could allow some polymerization pr
cesses that might lead to interesting transport propertie
the sample. On the other hand, highly hydroxylated str
tures as the ones shown in Fig. 10~a!, which are coated with
a molecular overlayer that insulates the individual C60 mol-
ecules from each other, might not be well suited for prod
ing highly conducting films. In addition, we must say th
subsequent C60 deposition should be strongly influenced b
the precise chemical nature of the outermost surface at
exposed by the C60(OH)N monolayer. It is clear then that th
use of molecular units as the ones shown in Fig. 3~c! or 3~f!,
which exhibit hydrophobic and hydrophilic opposite region
respectively, will serve as growth seeds for completely d
ferent multilayered structures.

FIG. 10. Optimized MNDO configurations for 32 OH molecule
adsorbed on C60. ~a! Lowest-energy array,~b! coexistence of two
opposite (OH)16 clusters,~c! OH groups clustered on one side, an
~d! randomly distributed on the surface.
1-10
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B. Low hydroxylated carbon nanotubes

In this section, we present the molecular ordering of O
groups on the external surface of finite length~6,6! and~8,8!
SWNT’s in order to analyze both the influence of curvatu
and tube’s diameter on the C-OH bonding features, as we
the different adsorbed phases that can be obtained as a
tion of coverage and initial configurations of the adsorba
The cluster models for our SWNT’s are~6,6! and~8,8! arm-
chair open-ended tubes containing 120 and 160 carbon
oms, respectively, where the dangling bonds at the ends
tied off with hydrogen atoms yielding C120H24 and C160H32
structures. In this case, we have performed also a symm
unconstrained minimization procedure for several initial co
figurations of the adsorbates in order to cover the poss
binding environments of the OH group, namely,~1! uni-
formly distributed on the surface~I!, ~2! a ringlike configu-
ration around the tube~II !, ~3! clustered on the surface~III !,
and ~4! forming one-dimensional array along the tube~IV !.

In Figs. 11 and 12 we present, as representative res
the fully relaxed MNDO structures for six OH molecule
adsorbed in our C120H24 and C160H32 tubes for the considere
initial configurations I, II, III, and IV defined in the previou
paragraph. In Figs. 11~a! and 12~a! we present the lowest
energy array, together with some metastable configurat
in Figs. 11~b!–11~d! as well as in Figs. 12~b!–12~d!, being
relatively close in energy~energy differences as large as
eV!, but having completely different structural features.
in Figs. 3 and 10, we find that the individual hydroxyl mo

FIG. 11. Optimized MNDO configurations for six OH mo
ecules adsorbed in a~6,6! C120(OH)24 nanotube. In the right col-
umn, we show the side view of the calculated equilibrium config
ration.
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ecules prefer to bind also in the atop configuration with
C-O-H tilting angle ranging from 111° to 115°. From bo
figures it is important to note that six OH molecules a
sorbed on~6,6! and ~8,8! carbon nanotubes prefer to be o
ganized~independent of the diameter! in a compact zigzag
configuration along the tubes@see Figs. 11~a! and 12~a!#, and
that it is considerably unfavorable for them to be attached
adjacent carbon atoms forming a cluster array, as has b
found for the spheroidal structure~see Fig. 3!. It is thus clear
that the different curvature of the carbon substrate caus
rehybridization of the bonding orbitals inducing complete
different adsorbed phases. In fact, by calculating the ads
tion energiesEads for the most stable C120H24-6OH and
C160H32-6OH compounds, shown in Figs. 11~a! and 12~a!,
we have found values of 3.22 and 3.03 eV, respectively,
ing both of them smaller when compared with the val
obtained for the C60-6OH molecule ~see Fig. 9!, which
clearly indicates that the spheroidal structures are most
propriate substrates for OH adsorption. We would like
point out that the extention of the one-dimensional molecu
arrays observed in Figs. 11~a! and 12~a! can be accurately
controlled by using carbon nanotubes of different lengths.
is well known, the latter can be easily prepared by practica
cutting nearly endless ropes of nanotubes with the use of
bombardment or prolongated sonication techniques.13 With
the resulting pieces~fullerene pipes! a stable nanotube sus
pension can be formed, which in turn can be used to perfo

-
FIG. 12. Optimized MNDO configurations for six OH mo

ecules adsorbed in a~8,8! C160(OH)32 nanotube. In the right col-
umn, we show the side view of the calculated equilibrium config
ration.
1-11
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a length-selected precipitation into a solid substrate in wh
subsequent deposition of various molecules can be
formed.

From Figs. 11 and 12 we can observe two kinds of str
tural deformations, namely, local and distributed over
length of the tube. The first ones@Figs. 11~c!, 11~d!, 12~c!,
and 12~d!# are characterized by an outward relaxation of
carbon atoms directly involved in the bonding, which al
induces some appreciable distortions only in the neighbo
atoms around the adsorption site. In the second case@Figs.
11~a!, 11~b!, 12~a!, and 12~b!#, a clear deviation from circu-
lar tube is observed, which actually propagates all along
carbon structure. These sizable extended nonuniform ra
deformations significantly modify the energy-level distrib
tion all along the electronic spectra, but still preserve
well-known conducting character of the armchair nanotu
~HOMO-LUMO gaps of the order of 0.7 eV!. Furthermore,
they are of crucial importance in determining the relat
stabilities between the different adsorbed configurations.
tually, by performing a restricted optimization procedure
which the carbon atoms of the nanotube are not allowed
relax upon OH adsorption, we have found a dramatic re
ganization in the energy ordering of the structures shown
Fig. 11, where now the ringlike configuration of the adsorb
hydroxyl groups@see Fig. 11~d!# is more stable than the lin
ear array~by 2 eV!. This result is very important, and clear
shows the relevance of performing unrestricted energy m
mization procedures in order to avoid misleading results.
nally, additional calculations on a C192H32-6OH compound
reveal that these global nonuniform radial deformations
less pronounced with increasing the length of the car
arrays, however they still lead to the existence of localiz
regions which exhibit clear deviations from the circular cro
section characterizing the structure of uncovered nanotu
Of course, it will be interesting to determine also wheth
these structural deformations and significant modification
the electronic spectra are sensitive to the chiral indices of
nanotubes (n,m), which will give the opportunity to fabri-
cate interesting molecular conductors with tunable prop
ties.

Finally, it is important to comment that our lowest-ener
configurations shown in Figs. 11~a! and 12~a! are consistent
with recent experimental investigations which have dem
strated that titanium atoms deposited on SWNT’s are cap
of forming also continuous quasi-one-dimensional array36

Theoretical first-principles calculations37 have obtained
strong binding energies for these adsorbed Ti chains~ranging
from 1.62 to 2.04 eV! and have suggested the possibil
that, by using titanium as a buffer layer on nanotubes, c
tinuous nanowires of practically any metal can be obtain
However, our results in Figs. 11~a! and 12~a! seem to revea
that the stabilization of linear arrays could be a more gen
feature of these type of carbon substrates, opening thus
possibility to fabricate quasi-one-dimensional metal, orga
as well as semiconducting nanostructures when deposite
the external surface of carbon nanotubes.
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IV. CONCLUSIONS

In this work we have presented a systematic study,
combining semiempirical and DFT approaches, of the str
tural, electronic, and vibrational properties of OH molecu
adsorbed on the external surfaces of C60 as well as on finite
length ~6,6! and ~8,8! carbon nanotubes. A considerable i
sight is now available about the local organization of t
molecules on the carbon surfaces, and in particular, conc
ing the factors controlling the competition between differe
growth sequences. At low coverages, we have found that
hydroxyl molecules prefer to aggregate as a cluster on
side of the C60 cage, a result that seems be of fundamen
importance in explaining the stability of C60 monolayers at
the air-water interface observed by several authors. In fac
direct comparison between our calculated vibrational spe
and the reported infrared spectroscopy measurements for
hydroxylated C60 compounds seems to support the hydrox
island formation on the spheroidal carbon surface predic
in this work. With increasing OH coverage, quantum effe
and the increasing repulsive interactions induce sizable
lecular displacements, as well as significant reorganizatio
the adsorbates on the surface, leading to the coexistenc
hydroxyl islands as well as to the formation of ringlike co
figurations on C60. We have found that the considerable d
tortions observed on the C60 cage upon OH adsorption lea
to the development of a highly anisotropic carbon netwo
clearly revealing the considerable flexibility of the C60 struc-
ture, and whose effective diameter (;10.5 Å) is in fact of
the order of the measured thickness of the synthes
C60(OH)9 –12 monolayers. In our tubelike configurations w
have found, in qualitative agreement with the recent synt
sis of metal nanowires on the surface of SWNT’s, the sta
lization of molecular quasi-one-dimensional arrays, wh
explicitly reveals the curvature and site dependence of
C-OH bonding features. Finally, we would like to conclud
by saying that due to the complex specific arrangements
we have obtained for the OH species at different coverag
as well as for different geometrical details of the underlyi
carbon substrate, it seems to be possible to effectively
fullerene materials as templates for controlling the locatio
~e.g., create molecular islands or one-dimensional array
different materials on their surfaces!, and probably also the
orientation, of a wide variety of atomic and molecular sp
cies, leading to the formation of nanostructured mater
with designed properties.
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