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Abstract: Innovative biomedical techniques operational at the nanoscale level are being developed in therapeutics,
including advanced drug delivery systems and targeted nanotherapy. Ultrathin needles provide a low invasive and
highly selective means for molecular delivery and cell manipulation. This article studies the geometry and the stability of a family of packed carbon nanoneedles (CNNs) formed by units of 4, 6, and 8 carbons, by using quantum
chemistry computational modeling methods. At the limit of inﬁnite-length, these CNNs might act as semiconductors,
especially when the number of terminal units is increased. CNNs are also potentially able to stabilize ions around
their structure. Therefore, due to the apolar characteristics of CNNs and their ability to carry ionic species, they
would be suitable to act as drug carriers through nonpolar biologic media.
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Introduction
Nanotechnology is an emerging science becoming increasingly
important with many applications in a wide range of ﬁelds.1
Manufactured nanoparticles (i.e., particles with at least one
dimension below 100 nm) usually have unique properties2
that make them very useful for commercial, technological,
and therapeutic applications. However, nanotechnologies are
still in an early stage of development and many research
efforts are directed to the understanding of properties and
behavior of nanomaterials, including nanoparticles (NPs). In
particular, the current understanding of the toxicity of NPs is
still rather limited and data on their behavior (e.g., mechanisms and pathways of toxicity, human exposure routes,
physicochemical and biological properties relevant for modeling toxicity and adverse effects) are still relatively sparse.
Some current efforts have been focused in theoretical modeling of NPs3,4 and in the prediction of toxicological properties
by using computational techniques.5
Special attention is paid to the biomedical and biotechnology
applications of nanotechnology to nanomedicine6 and in particular to medical diagnostics and imaging,7 and to nanoneurosur-

gery.8 Innovative techniques operational at the nanoscale level
are being developed in therapeutic modalities, including
advanced selective drug delivery systems and targeted nanotherapy.9 Some of these modalities include polymeric NPs,10
micelles,11 liposomes and dendrimers,7 fullerenes,12,13 hydrogels,14 nanoshells,15 and smart surfaces. Some of the key performance characteristics of these materials are the high loading
capacity, release kinetics, circulation time, biodistribution, size
distribution, and stability.16
Ultraﬁne Nanoneedles

In this context, ultrathin needles17 provide a low invasive means
for molecular delivery, manipulating cells, and transferring
genes in living cells by using atomic force microscopes.18 DNA
can be immobilized on the surface of nanoneedles by covalent
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bonding and afﬁnity binding. This technique enables accurate
displacement and low invasiveness.
Some studies have recently demonstrated that chemically
modiﬁed carbon nanotubes can act as nanoneedles easily crossing biological barriers and penetrating a variety of cell types.19–
21
This ﬁnding opens the potential of functionalized carbon
nanotubes as a new form of direct drug delivery.22 These functionalized nanotubes capable of acting as cell-penetrating materials can behave as nanoneedles that pierce plasma membranes
and translocate directly into cytoplasm without causing cell
damage, with the advantage of being quickly excreted. The
nanotubes also offer a structural advantage in that they are
extremely thin but very long, offering a large surface area on
which the required drug can be bound. This allows the amount
of drug loaded onto the nanotube to be regulated. However, the
mechanisms of action are still unclear and the release of the
chemically conjugated drug from the nanoneedle is not always
possible. Current investigations are directed to the study of
increased efﬁciency of drug delivery and drug targeting,23
improved release proﬁles and reversible associations for the intracellular release of the drug.24
In contrast, synthetic nanoneedles have been applied in oncology therapy7 as highly selective ion channels that control the
molecular trafﬁc across the cell membrane, targeting speciﬁc
diseased cells.25 Similarly, magnetic drug targeting employing
iron oxide nanoparticles as carriers is a promising cancer treatment avoiding side effects of conventional chemotherapy.26
Once the drug is delivered, it can be easily eluted by simply
changing either the ionic strength or the pH.
Recently, electronic and theoretical properties of ultrathin
carbon27 and nitrogen28 needle-like and tube-like nanostructures,
which are tighter than the smallest single wall nanotubes, have
been studied by using quantum chemical calculations. Knowing
that the synthesis of these structures is not relatively easy,29 this
article aims to study the geometry and stability of a family of
packed carbon nanoneedles (CNNs) by using quantum chemistry
computational modeling methods.

Computational Details

Figure 1. Structure of C4, C6, and C8 CNNs with 4, 6, and 8 terminal units, respectively, and 10 layers.

Reactivity Descriptors

The chemical potential and molecular hardness for the N-electron system with total energy E and external potential vð~
rÞ are
deﬁned as the following ﬁrst and second derivatives of the
energy with respect to N:31,32

l¼
and
g¼

Computational Calculations

All geometry optimization calculations have been performed at
the B3LYP level, using the standard 6-31G(d) basis set with
the Gaussian03 package,30 that reveals to be a good computational method for nanoneedles.27,28 The geometry optimizations
were performed without symmetry constraints, and the nature
of the minima was checked by analytical frequency calculations.


¼ v
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where v in eq. (1) is the electronegativity. In numerical applications, l and g are calculated using the ﬁnite difference approximation:

Chemical Structures

A family of packed CNNs was investigated using various terminal units (C4, C6, and C8) and a different number of layers
(from 1 to 10 layers, and additional calculations with 15, 20,
and 25 layers). Figure 1 displays these highly symmetrical structures corresponding to 10 layers.

@E
@N

1
l   ðIP þ EAÞ
2

(3)

1
g  ðIP  EAÞ
2

(4)

and

The vertical ionization potential (IP) and the electron afﬁnity
(EA) can be obtained from the energy of the neutral, anionic,
and the cationic species at the geometry of the corresponding Nelectron neutral species, as follows:
IP ¼ ½EðN  1Þ  EðNÞ

(5)

EA ¼ ½EðNÞ  EðN þ 1Þ

(6)

Equations 3 and 4 can be simpliﬁed by using the Koopmans’
theorem,33 which approximates the electronic afﬁnity and the
ionization potential to the negative of the lowest unoccupied
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Table 1. Calculated C
C Bond Distances and Average C
C Bond Distance (dðC  CÞ) Between Layers (Å).
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Results
Bond Distances and Stability

Figure 2. Calculated average C
C bond distance between layers
versus number of layers for C4 (red diamond), C6 (green square),
and C8 (blue triangle) CNNs.

molecular orbital (LUMO) energy (eL) and the highest occupied
molecular orbital (HOMO) energy (eH), respectively.
1
l ﬃ ðeL þ eH Þ
2

(7)

1
g ﬃ ðeL  eH Þ
2

(8)

and

The electrophilicity index is deﬁned as34:
x¼

l2
2g

(9)

The electronic properties and energetic stability of the geometrical structures described above were investigated. Table 1 collects the C
C bond distances between layers and the corresponding average C
C bond distance (d ðC  CÞ) for each
structure. The average C
C bond distance clearly reﬂects that
when increasing the number of layers the strength between
layers is lower, going from 1.571 to 1.613 Å for C4, from 1.565
to 1.610 Å for C6, and from 1.564 to 1.613 Å for C8. Geometrical differences between C4, C6, and C8 are scarce and there is
the trend of slightly shorter C
C distances between layers
when increasing the number of terminal units. For C4, the study
has been enlarged with additional calculations for 15, 20, and 25
layers. The longer CNNs have average C
C bond distances of
1.614 Å for C4-15, 1.615 Å for C4-20, and 1.616 Å for C4-25.
These values are very similar with respect to C4-10, but they
show a slight decrease of the C
C strength between layers, as
already discussed (vide supra). This conﬁrms the validity of the
extrapolation from simpliﬁed CNNs to explain the properties of
real CNNs at the limit of inﬁnite length. Another characteristic
is that, apart from the three external C
C bond distances
between layers, the other C
C bond distances are very similar,
with variations in a range of less than 0.002 Å.
Figure 2 clearly reﬂects the asymptotic trend of the C
C average bond distance. Differences of this average distance tend to
be irrelevant after more than four layers are studied. When the
number of layers increases, the C
C bond length between
layers is shorter in both extremes of the needle, going from the
1.571 Å for C4-2 to 1.589 Å for C4-10. And then the following
distance between layers is commonly the largest, i.e., the distances between the second and the third layer, being the structures
with six layers the unique exception, but with only a slight dif-

Figure 3. Interconversion of C8-1 from both minima with S4 geometry overcoming the transition state
with D8h geometry.
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Figure 4. HOMO orbitals of the S4 and D8h geometrics of C8-1.

ference with respect to the central C
C distance that is the
largest one.
When increasing the number of ring atoms that belong to a
layer, the stability of the planar structure within one layer
decreases. As previously described, it is especially dramatic
for the C8 structure, for which the D8h conformation does not
exist as a minimum, thus being a transition state that links the
two identical conformations with S4 geometry as displayed in
Figure 3.
The impossible planarity of the minimum for C8-1 is conﬁrmed by the 9.9 kcal mol21 (10.9 kcal mol21 in Gibbs energy)
between the S4 isomer and the planar D8h isomer that corresponds to the transition state that links both identical S4 isomers
displayed in Figure 3. A plausible explanation of the nonplanarity of C8-1 is found by means of the Molecular Orbital
Theory.35,36 HOMO orbitals displayed in Figure 4 of the S4 and
D8h geometries reveal that the S4 conformation allows a stabilization of 13.9 kcal mol21 with respect to the D8h conformation,

due to the accommodation of the antibonding character of the p
orbitals involved.
Electronic Properties
37

As in previous papers, conceptual DFT turns out to be a useful
tool to compare the similarity and relationships between structures.38,39 The calculated values of the HOMO-LUMO energy
gap (EHOMO-LUMO), chemical potential (l), chemical hardness
(g), and Parr electrophilicity (x) for C4, C6, and C8 CNNs
have been collected in Table S1, for the different number of
layers (Nlayers). The EHOMO-LUMO gap decreases when increasing
the number of layers. Although the single-layer compound
clearly presents a different behavior because it cannot be considered a CNN, it is shown for comparison and to give an insight
into the properties of the CNNs. With 10 layers the HOMOLUMO has decreased signiﬁcantly and reaches very small values, especially for the C8-10 structures, where the gap is only

Figure 5. HOMO-LUMO energy gap versus number of layers for C4 (red diamond), C6 (green
square), and C8 (blue triangle) CNNs.
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Figure 6. LUMO, degenerated HOMO and HOMO-1, and degenerated HOMO-2 and HOMO-3 orbitals for C4 with 1, 2, 4, 6, 10, and 20 layers. [Color ﬁgure can be viewed in the online issue, which is
available at www. interscience.wiley.com.]
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Figure 6. (continued)

1.574 eV with respect to the 2.771 eV of the C4-10 structure.
The C4-15, C4-20, and C4-25 CNNs give values of 2.482,
2.437, and 2.358 eV, respectively. This reﬂects the same tendency for increasing number of layers but the decrease of the gap
is smaller, as can be seen in Figure 5. The asymptotic value of
the HOMO-LUMO gap might be too large to allow conductivity,
thus agreeing with the paper of Wang and Mezey.27 However,
this asymptotic value is quite small at inﬁnite length of the
nanoneedle, pointing toward a certain semiconductor character
when increasing the CNN size. Therefore, for very long layered

structures CNNs, the corresponding CNNs are likely to have
semiconducting properties and could possibly be used as actual
semiconductors as the (3, 0) structures described by Wang and
Mezey.27
When orbitals are displayed, it is possible to observe that the
possible conjugation between layers for the shortest CNNs (from
1 to 4 layers) decreases with increasing number of layers. Figure
6 shows the comparison between the main orbitals of C4-4,
C4-10, and C4-20. The strong overlaps both between layers and
within layers present especially in C4-4 nearly disappear in

Figure 7. Chemical Hardness (eV) versus number of layers for C4 (red diamond), C6 (green square),
and C8 (blue triangle) CNNs. [Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 8. Electrophilicity versus number of layers for C4 (red diamond), C6 (green square), and C8
(blue triangle) CNNs. [Color ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

C4-20. Therefore at inﬁnite length the CNN properties cannot
be extrapolated from the shortest structures. However, the pair
HOMO and HOMO-1 and also the pair HOMO-2 and HOMO-3
are degenerated in all the studied CNNs, despite increasing the
length of the needle, except for the CNNs with one or two
layers that have a different behavior from the rest of the series.
The orbitals for the C4 CNNs are similar to C6 and C8 ones
(see supporting information for complete series of orbitals).
Bearing in mind that electronegativity is obtained through
chemical potential, it is possible to observe that increasing the
number of layers increases electronegativity of the needle. However, if C4, C6, and C8 are compared, there is no clear trend,
with C6 being the most electronegative structure, and then C8
more electronegative than C4 for more than 3 layers. When the
number of layers is small, such trends do not hold, which is

why a relatively large number of layers was modeled. Therefore,
in spite of the fact that C8 presents slightly lower values of
electronegativity than C6, in general terms the larger the width
of the CNN, the larger the electronic movement described by
the chemical potential (l) is, at least when comparing C6 or C8
with respect to C4. Furthermore C4-25 presents a l value of
3.482, thus reinforcing the idea that at inﬁnite length these
CNNs will have a semiconductor behavior.
The chemical hardness for C8-1 with D8h geometry is 1.820,
compared to the 1.022 for the S4 geometry, in line with the
instability of the planar minimum. The trend is clear observing
Figure 7, when increasing the number of layers the CNN is less
and less hard, and when going from C4 to C6 and C8 the CNN
is even less hard. In the case of the least hard C8, these structures are more reactive with respect to other chemical species.

Figure 9. C8-2 and C8-3 structures as carriers of one chloride anion. [Color ﬁgure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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The values for the C4 CNNs with 15, 20, and 25 layers are
1.052, 1.032, and 0.999 showing the same decreasing trend, but
not enough to predict very instable species at an inﬁnite length.
This conﬁrms the structural factor that describes a slightly lower
binding strength between layers when increasing the number of
layers of the CNN.
The Parr electrophilicity (x) is higher when the number of
layers is increased, and furthermore C8 CNNs are much more
electrophilic than the C4 and C6 CNNs for more than 4 layers.
Figure 8 illustrates that the expected asymptotic behavior
described by Wang and Mezey27 that precludes conductivity for
these CNNs at the inﬁnite length is not completely true. Instead
of this asymptotic behavior a quite linear relationship between
the electrophilicity and the increase of the number of layers is
observed, although with a low slope. Therefore, it is plausible
that at inﬁnite length the synthesized species would be quite
electrophilic, as observed in Figure 8.
Utilities

The extraordinary properties of CNNs make them potentially
suitable in the biological ﬁeld. According to the ﬁrst computational attempt to model CNNs, they have been found to be
potentially good carriers. Taking advantage of the unexpected
high electrophilicity for C8 structures, an attempt to simulate
the application of CNNs has been made including charged ions
inside their structure. This is possible because they can accommodate ions in the middle of each layer and also between layers.
The ﬁrst approach reveals that including a chloride anion inside
the C8-2 and C8-3 structures decreases the HOMO-LUMO gap
from 7.265 to 5.438 and from 5,462 to 0.402 eV, respectively.
Figure 9 shows that the chloride in C8-2 is between the layers
and for C8-3 within the layers, in the middle of the central layer
of the CNN. Therefore it seems quite reasonable that CNNs
including the carried ions could adopt the property of conductivity which would have potential applications in facilitating ion
exchange in cells. On the other hand, potassium cations have
provided also a decrease of the HOMO-LUMO gap from 5.462
to 4.329 for C8-3 structure, although the increase of conductivity is lower than for the chloride anion because the electrophilicity of C8 structures favor the interaction with anionic species.
Current efforts are focused on other ions, especially iron, as well
as in modifying the structure of the CNN in order to be able to
accommodate larger ions, especially larger anions. More
research is needed to tailor the use of CNNs to deliver drugs, to
improve the release of the drugs, and to complement the theoretical studies with toxicity studies.

Conclusions
Different computational techniques have been applied to study
theoretical physicochemical properties of carbon packed nanoneedles that can be directly related to reactivity, detailing how the
different geometrical and reactivity measures build up a picture of
how the properties of CNNs depend on length and diameter.
The versatility of CNNs as well as the possibility to control
their length in terms of number of layers makes them potentially
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useful as speciﬁcally targeted drug delivery systems. However,
more research on the assessment of potentially adverse human
health effects should be conducted. For instance, the exposure to
nanotube ﬁbers has been associated with mesothelioma in a
mouse model, pulmonary ﬁbrosis, and lung cancer.40
The studied families of CNNs can be considered as carbon
nanostructures with unique structural and chemical properties.
Because of their unusual electronic properties, they have potential practical applications as nanomaterials and nanostructure
devices. In addition, inﬁnite-length CNNs are likely to have
semiconducting properties, allowing their use as semiconductors
in nanostructure devices. The increase of the diameter of the
needle makes it more conductive. However, the main property
of these CNNs is the role as biologic ion carriers. When the ring
is made of at least eight atoms, it is possible to bind potassium,
sodium, chloride, or iron ions that would enlarge this conductivity. More research is focused on this aspect, to explore the use
of CNNs as a possible mechanism for the oral ingestion of ionically charged drugs embedded in the nonpolar CNNs, by varying
the width of the cavity of the CNNs.
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