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Abstract We use ONIOM (QM/MM) methodology to carry
out geometry calculations in a 4-atom nanocluster supported
by an (8, 8) armchair carbon nanotube with and without
defects employing LSDA/SDD for the QM system and UFF
for MM. In two particular cases, defects were added in the
carbon nanotube wall. These defects are a double oxygenated
vacancy (Vac,0,) and a double vacancy but without oxygen
which creates two pentagons and an octagon. Our results
show how geometries using QM/MM and energies calcula-
tions carried out with QM, change on both the gold nano-
cluster and the carbon nanotube. In addition, an application of
ONIOM methodology in a comparative study to predict be-
havior of structures as hybrid materials based in carbon
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nanotubes combined with gold nanoclusters is shown. In this
work we examine geometry changes on both the gold nano-
cluster and the carbon nanotube. A comparison is made with
the binding energy resulting values as well as with the orbital
energies such as the frontier orbitals HOMO and LUMO.
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Introduction

Even though gold is one of the more inert metals in nature
due to its low capability to react, this element has interesting
properties in catalysis and applications in chemical sensors
when found in nanometric sizes [1, 2]. For that reason there
are an increasing amount of groups working in theoretical
calculations with the aim of understanding the electronic
structure of gold nanoclusters assembled in a wide diversity
of forms, combinations and sizes that can reach 5 nm [3-9].
Alternatively, carbon nanotubes are among the more studied
materials in the research field due to its interesting mechan-
ical and electrical properties identified since their discovery
[10] and highly regarded in different areas such as chemis-
try, physics, materials and biology. Hybrid materials formed
by carbon nanotubes and gold put together features that
enabled their implementation in devices used in relevant
areas such as medicine. An example of these applications
are carbon nanotubes covered with a gold layer as image
detection, an agent in the detection of cancerogineous cells
in the linfatic system [11]. Other applications that stand out
in latest years are related to employing gold nanoparticles
supported by carbon nanotubes which at the end improve
gold electric conductivity as well as optical capability and
also a capability to exert attraction on biomolecules [12, 13].
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Gold nanoparticles or small gold clusters are allocated in
the carbon nanotube (CNT) surface with the intention of
studying interactions between both materials, which should
be as stable as possible. There are different ways in which it
can be possible the nanoparticles or cluster adhesion to the
CNT surface. CNT functionalization allows physicochemical
features modification which would enable to extend applica-
tions if the CNT is combined with other materials, one of those
materials is gold. There are different functionalization meth-
ods available, based in the organic functionals incorporation
for CNTs. Such incorporation provides strong covalent and
non-covalent bonds, solubility in solvents or CNT surface
immobility [14]. Theoretical-experimental studies in CNTs,
where oxygen plasma was used, were developed to calculate
oxygen-gold interaction over the CNT surface [15]. Physics
methods, in which surface defects benefit gold nanoparticles
(NP’s) over the CNT, give the advantage of not breaking sp2
hybridization. Besides, it has been corroborated that in reality
most of the CNTs do possess those kind of defects and, it is
precisely over these defects where the gold NP or cluster
anchors over the CNT [1].

To this date, theoretical studies developed on calculations
related to CNTs with gold NP’s or clusters were carried out
employing periodic systems using density functional theory
[1, 15-18]. Calculations made on palladium nanoclusters
over the CNT surface were developed employing ONIOM
[19, 20]. ONIOM (QM/MM), which stand for quantum
mechanics and molecular mechanics, respectively) method-
ology is applicable to big systems with the objective of
reducing computational cost [21, 22]. In this work we pres-
ent a study on an (8, 8) armchair carbon nanotube where a
gold nanocluster shaped like a rhombus is placed over the
CNT surface using the ONIOM methodology to carry out an
analysis about the interactions between the two systems.
Our study was carried out in three different conditions.
The first one consisting of a carbon nanotube in its pure
form, the second one is formed by a CNT containing oxy-
genated vacancies and the third one formed by a CNT with
wall defects which give origin to an octagon and two penta-
gons sideways. So far as we know a study about ONIOM
methodology analyzing results of geometry parameters, or-
bital and binding energies applied to study a carbon nano-
tube in its pure form or one containing defects such as
oxygenated vacancies or wall defects, all of them used to
support the gold cluster, has not been done.

Computational details
Calculations were carried out using the series of programs
Gaussian09 [23]. A 4-atom gold cluster was optimized

employing a local spin functional approximation (LSDA)
[24]. LSDA functional is considered a good option for
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works in the solid state, but it is not the best option for
molecular studies, however, tested in small molecules ex-
cellent results were obtained [25].

The selected nanotube is an (8,8) armchair carbon nano-
tube with 1 nm diameter, 1.36 nm length formed by 224
atoms of which 192 are carbon atoms and 32 are hydrogen
atoms saturating the nanotube extremes to avoid the dan-
gling bonds. The nanotube was optimized using the ONIOM
method with (LSDA/D95:UFF). It is known LSDA has a
trend to overestimate molecular binding energy [26], in our
case we employed only as comparative reference method.

We used D95 basis set [27] for the high layer, formed as a
circumcoronene, which consists of a coronene surrounded by
benzene rings meanwhile the universal force field [28, 29] was
employed for the rest of the nanotube atoms using two layers.

The nanotube was optimized in three different forms. In
the first one, a nanotube without defects was optimized, in
the second case two vacancies were created where the two
subtracted carbon atoms were replaced by oxygen giving
form to oxygenated vacancies (Vac,0O;). In the third case,
wall defects were introduced consisting of a modification in
the wall by introducing two vacancies, and then, a free
relaxation of the nanotube obtaining a new wall restructura-
tion forming an octagon and two pentagons located next to
the octagon sides was induced. When defects are incorpo-
rated, these defects are capable of acting like nucleation
centers in the carbon nanotubes, allowing a better adsorption
of particles or clusters [1].

In the three structures, once the carbon nanotube were
optimized, a 4-atom gold cluster was placed. In Fig. 1, in the
upper side, the three different optimized structures for the
CNT can be observed and in the bottom side the basic
structure with its coronene restructuration once optimized
using QM can be observed.

Over the optimized nanotube in its different presentations,
a4-atom gold nanocluster was placed, which had its geometry
previously optimized. After placing the gold cluster, we opti-
mized the CNT+Au_4, employing again an ONIOM (LSDA/
D95: UFF) two layer system. In this case, both the circum-
coronene portion of the nanotube as well as the gold nano-
cluster (LSDA/SDD) were optimized together using the
highest theoretical level available for QM. The rest of the
nanotube atoms were optimized with a universal force field
(UFF). A basis set SDD [30] was used as a first approxima-
tion. A Stuttgart/Dresden effective core potential basis set;
(SDD) was employed showing optimum results working with
transition metals including Au [5]. This methodology has
shown good results on molecular structures of platinum (II)
antitumor drugs, with the local spin density approximation
(LSDA) functional [31]. In Fig. 2 one can observe CNT +
Au_4 structures after the optimization. After the optimization,
we carried out calculations to obtain the energy, but using the
QM methodology for the whole system.
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Fig. 1 CNT geometry
optimization. (a) CNT in pure
form, (b) CNT with Vac,0,, (¢)
CNT with wall defects, (d)
Central coronene over a pure
form CNT, (e) Modified
coronene with Vac,O, over the
CNT, (f) Structure obtained by
modification of the coronene
placed over the CNT by
incorporation of vacancies.
Hexagons numbered from 1 to
3 without oxygenated vacancies
or wall defects

Results and discussion
Parameters of geometry

Geometric parameters related to bond length are reported in
Table 1 and Table 2. Bond length parameters used for com-
parative analysis were those related to the coronene portion of
the nanotube which consists of seven benzene rings when
speaking of the CNT in its pure form. Rings have been labeled
according to Fig. 1, for its evaluation among the different
interaction forms (this is CNT in its pure form, with oxygen-
ated vacancy and wall defect). Table 1 shows bond lengths.
For the gold cluster it can be observed that the bond length
presenting the longer modification with a growing trend is the

one closer to the carbon nanotube surface and it is longer for
the CNT in its pure form. Such an increment in the bond
length indicates stabilization loss in the Au nanocluster, values
presented in Table 3.

According to the data reported in the literature, bond length
between atoms corresponding to a S-atom gold nanocluster is
2.64 A and 2.77 A [18]. In our results a 4-atom gold nano-
cluster has bond length of 2.653 A and 2.610 A. Bond angle
between atoms 1, 2, 3 was 58.9°, which agrees with reported
data. The reported theoretical average distance between car-
bon atom and gold is 2.29 A. Our calculations resulted in a
bond length of 2.254 A for this same bond. This same range of
values corresponding to bond length C-Au has been reported
by other groups with a value between 2.2 A and 2.3 A and the

Fig. 2 CNT + Au_4 geometry optimization. (a) Isolated carbon nanotube without defects, (b) Isolated 4-atom gold cluster, (¢) Pristine CNT + Au 4,
(d) CNT + Au_4 with Vac,0,, () CNT + Au_4 with wall defects generated by double vacancy in the carbon nanotube
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Table 1 Distances between gold nanocluster and CNT. Bond length in
A)

Table 2 Bond length C-C (A) for hexagons without defects forming
part of the circumcoronene

Parameter Au4 CNT+ CNT CNT
Au_4 Vac,0O, + Au_4  Def. + Au 4

Au(l)-Au(2)  2.653 3.000 2.792 2.821

Au(1)-Au(3)  2.653 2.559 2.566 2.601

Au(2)-Au(3) 2.610 2.639 2.637 2.620

Au(2)-Au(4)  2.653 2.617 2.629 2.631

Au(3)-Au(4)  2.653 2.671 2.665 2.665

Au(1)-C(10) 2.269

Au(2)-C(6) 2.239

Au(2)-C(2) 2.213

Au(1)-0(2) 2.344

Au(1)-C(17) 2.143

Au(2)-C(4) 2.182

Au(2)-C(3) 2.215

C(4)-0(2) 1.437

C(11)-0(1) 1.350

C(17)-0(1) 1.358

C(20)-0(2) 1.417

preferential location for that bond is found between two
carbon atoms [18].

According to the data reported in the literature, bond length
between atoms corresponding to a five atom gold nanocluster
is 2.64 A and 2.77 A 18. In our results a size four atom gold
nanocluster had bond length 0f2.65 A and 2.61 A. Bond angle
between atoms 1, 2, 3 was 58.9°, which is in agreement with
reported data. Average distance between carbon atom and
gold is 2.29 A. Our calculations resulted in a bond length of
2.26 A for this same bond. This same range of values
corresponding to bond length C-Au has been reported by
other groups with a value between 2.2 A and 2.3 A and the
preferential location for that bond is found between two
carbon atoms [18].

In Table 2 we show geometric parameters of carbon
hexagons unaffected neither by the incorporation of oxy-
genated vacancies nor by wall defects. One can observe that
hexagon 2 shows the longer average bond length for both
systems CNT + Au 4 as well as CNT Vac,0, + Au 4.
Incorporation of Au_4 nanocluster in the carbon nanotube
with wall defect formed by octagon and pentagons affected
more bond length in hexagon 1. In addition, one can observe
in Fig. 2 that the binding preferred location for CNT + Au 4
with defect octagon-pentagon is the octagon.

According to experimental data, plasma oxygen over the
CNT surface binds in the form C-O-C resulting in a decre-
ment in the removal of oxygen species that would bind,
weakly because of the Au atom, into the CNT surface with
a binding energy of 5.0 eV [15]. This result is supported by
our calculations as shown in Table 3.
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Pristine Oxyg. Vac. with defect
CNT CNT+ CNT CNT+ CNT CNT+
Au 4 Au 4 Au 4
Hexag. 1
C(1)-C(2) 1422 1442 1415 1437 1414 1401
C(2)-C(3) 1.421 1414 1405 1437 1398 1424
C(3)-C4) 1.428 1434 1419 1441 1445 1489
C4)-C(5) 1.422 1404 1419 1405 1414 1457
C(5)-C(6) 1428 1448 1466 1478 1474 1449
C(1)-C(6) 1.421 1452 1428 1421 1433 1445
Average 1.424 1432 1425 1436 1430 1444
Hexag. 2
C(5)-C(6) 1.428 1448 1466 1478 1474 1449
C(6)-C(7) 1.421 1437 1428 1427 1428 1431
C(7)-C(8) 1.421 1420 1.426 1425 1418 1413
C(8)-C(9) 1.420 1421 1417 1417 1417 1416
C(9)-C(10) 1.428 1447 1441 1441 1458 1458
C(5)-C(10) 1422 1435 1469 1469 1472 1452
Average 1.423 1435 1441 1443 1444 1437
Hexag. 3
C(9)-C(10) 1.428 1447 1441 1441 1458 1458
C(10)-C(11) 1.422 1435 1397 1397 1419 1427
C(11)-C(12) 1.427 1427 1408 1409 1436 1422
C(12)-C(13) 1.421 1420 1410 1407 1390 1393
C(13)-C(14) 1421 1424 1415 1415 1395 1395
C(9)-C(14) 1.420 1414 1431 1428 1422 1422
Average 1.423 1428 1417 1416 1420 1.420

Energy results

Results obtained in our study were compared with data
reported by other groups. For the 4-atom gold cluster, the
calculated HOMO-LUMO energy was 1.01 eV [6], while
for the rhombus-type gold cluster we obtained 1.007 eV.

Table 3 Frontier orbitals energy, H-L energy, BE and stabilization
energy for all three CNT structures in its isolated form and with
incorporation of an Au_4 cluster

Structure HOMO LUMO H-L BE S
(V) (V) (eV) (V) (eV)
CNT pristine -4.758  -4.407 0351 - -
CNT Vac,0, -4.806  -4.379 0426 - -
CNT with defect -4.856 -4.405 0452 - -
CNT + Au 4 -4.894 4531 0363 2577 -0.644
CNT Vac,0O, + Au 4 -4929  -4508 0421 5.005 -1.251
CNT Def + Au 4 -4.949  -4435 0514 3.807 -0.952
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For the selected carbon nanotube size which was consid-
ered as a small cluster, our results obtained for energy had
variation from the reported data but only sligtlhy in the
range of hundredths of eV. This result can be perceived for
the HOMO frontier orbital, for the CNT without Au 4
nanocluster.

In Table 3 one can observe that HOMO energy for the
nanotube without defect presented the higher value. On the
other hand, the lower HOMO energy value was obtained at
the carbon nanotube with octagon-pentagon wall defect.
LUMO energy level for the CNT with and without defect
resulted in similar values but CNT Vac,O, showed the
higher LUMO level. From this, it is observed that the
oxygenated vacancies presence increases the LUMO level
which hinders the metallic character observed in this kind of
nanotube. When obtained the difference between frontier
orbitals for CNT structures in their pristine form as well as
after gold was incorporated, CNT Vac,0O, presented the
bigger difference between LUMO energy levels and this
same structure was the only one that presented a decrement
in its HOMO-LUMO gap energy with respect to the energy
value calculated for the isolated form.

The narrower HOMO-LUMO gap energy was observed
for the nanotube in its isolated form without any defect, the
calculated value approaches the value reported in the liter-
ature for a (6,6) finite length carbon nanotube [32]. For the
carbon nanotube containing the gold cluster the higher value
was observed at the CNT + Au_4 with defect. The CNT
with the incorporation of the gold cluster without defect had
a 3.42 % increment in its HOMO-LUMO gap energy with
respect to the same nanotube in its isolated presentation.
CNT + Au 4 with defect had an 18.85 % increase in its
HOMO-LUMO gap energy. In contrast CNT + Au_4 with
oxygenated vacancies HOMO-LUMO gap energy decreased
by 6.21 %. Binding energy as a measure of stabilization in
CNT + Au_4 was calculated using the next equation:

BE = (Ecnr + Eaus) — EcnT+Au_4 (1)

where BE is the binding energy for the carbon nanotube-
gold cluster system. The first term between parenthesis corre-
sponds to the carbon nanotube energy for each one of its
different structures with and without defect. The second term
is the energy for the rhombus-type gold cluster. The third term,

Table 4 First ten orbitals, in-

cluding frontier orbitals with its Orb. CNT CNT + CNT CNT Vac,0, +  CNT with CNT with
electronic contributions by atom, pristine Au 4 Vac,0, Au_4 defect defect + Au_4
considering atoms forming the
coronene structure for studied H-9 Au(3)-d=0.34 C(4)-p=0.04 C(15)-p=0.04 C(11)-p=0.03
CNT Au(4)-d=0.33
Au(1)-d=0.16
H-8 Au(3)-d=0.21 Au(1)-d=0.14  C(16)-p=0.04 Au(1)-d=0.13
Au(4)-d=0.18
Au(1)-d=0.11
H-7 0(2)-p=0.02  Au(1)-d=0.06  C(12)-p=0.04 Au(3)-d=0.09
H-6 Au(3)-d=0.04 Au(3)-d=0.07
H-5 Au(1)-d=0.06 C(11)-p=0.03
H-4
H-3 C(4)-p=0.02
H-2 C(4)-p=0.02  Au(l)-s=0.05
H-1 Au(4)-s=0.28 O(1)-p=0.06  Au(4)-s=0.30  C(4)-p=0.05  Au(4)-s=0.17
Au(1)-s=0.16 Au(3)-p=0.13
Au(3)-p=0.16 Au(1)-s=0.13
H C(22)-p=0.02 C(22)-p=0.04 C(22)-p=0.04
L C(22)-p=0.02 C(19)-p=0.03  Au(4)-s=0.07
L+1 Au(2)-s=0.05 C(10)-p=0.03 C(4)-p=0.07 C(17)-p=0.06
L+2 Au(3)-s=0.04
L+3 Au(2)-s=0.02
L+4 C(11)-p=0.04
L+5 C(7)-p=0.03
L+6
L+7 Au(3)-p=0.07 C(15)-p=0.06 Au(3)-p=0.05
L+8 Au(1)-s=0.04 C(16)-p=0.06 C(17)-p=0.03 Au(3)-p=0.08
L+9 C(1)p=0.02 C(1)-p=0.04 C(12)-p=0.03
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which is being subtracted, corresponds to the energy of the
whole system including both the CNT and the gold cluster.

Additionally and to compare, we calculated the stabiliza-
tion using the next equation:

_ (Ecntiaus—Eent—Eaus) 2)
Number of gold atoms

The system formed by the carbon nanotube containing
oxygenated vacancies in combination with the gold cluster
had the higher binding energy with 5.0 eV, followed by the
carbon nanotube with octagon-pentagon defect and the last
one was the carbon nanotube without defects. The calculat-
ed absolute value for the last one corresponding to S was
0.644 eV which is similar to 0.66 eV reported in the litera-
ture for a pristine graphene layer [15]. Literature reports a
binding energy of 4.0 eV for a (5,5) carbon nanotube with
double vacancy [1]. In our study, a (8,8) CNT employing
ONIOM methodology resulted in 3.807 eV for the structure
containing wall defect.

Also, we observed in Table 4 that electronic contributions
for an isolated CNT in its pure form were absent. This result
means an absence of the interactions needed to form cova-
lent bonds. For CNT Vac,0, we observed that all atoms
located in the central hexagon had influence on the first ten
orbitals but with low contribution. This supports the idea
that CNT Vac,0, is the more stable system. For the carbon
nanotube with effect, the contributors were three carbon
atoms, two of those, bonded to the gold nanocluster. Re-
garding the molecular system formed by the carbon nano-
tube and the gold cluster, we observed CNT + Au 4 had a
significant electronic contribution in d orbitals at the HOMO
levels from H-9 through H-6. This can be conferred to the
non-bonding interaction between the gold nanocluster and
the CNT. It was CNT Vac,0, + Au_4 system the one
containing the most occupied orbitals. Among those are
the carbon atom bonded to the oxygen atoms but in small
contributions going from 2 % through 7 %.

Au(4) is the atom containing the larger electronic contri-
bution in all three cases. Relativistic effects appeared at
HOMO-1 for all three structures formed by the carbon
nanotube and the gold nancluster. None of the three struc-
tures exhibited electronic contributions at gold atom d orbi-
tals in the LUMO levels. Therefore, it is not possible to
achieve an interaction where covalent bonds can exist, given
that the larger electronic contributions are found farther
from the nanotube center.

HOMO frontier orbital was occupied also with larger
electronic contribution because of CNT + Au 4 with oxy-
genated vacancies.

Bonds formed between gold atoms in contact with the
carbon nanotube are unstable according to our results shown
at the molecular orbitals calculation.
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Conclusions

QM/MM methodology allowed us to develop a comparative
study with carbon nanotubes which were subject to strong
structural changes when a rhombus-type gold nanocluster was
anchored to the nanotube. The longest bond length change
was observed at the nanocluster anchored to the CNT in its
pristine form. This is an indication of the opposition to join if
the CNT does not have a defect. Binding energy results were
in agreement with the trend shown in the structural changes.
Another outcome from our study is that the higher the binding
energy, the smaller the change in the cluster bond length.
Structure CNT Vac,0, + Au 4 was the only one presenting
a HOMO-LUMO decrease relative to the isolated CNT pre-
sentation (without gold cluster). For all three structures
LUMO level decreased distinctly its energy with gold cluster
incorporation. Relativistic effects were evident in LUMO
orbitals for all three structures, being CNT with Vac,O, the
exception presenting p orbitals only, although weaker, and
conferring higher stabilization to the structure.
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