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ARTICLE INFO ABSTRACT
Article history: We review our theoretical first-principle studies of carbon nanostructures based on graphene sheets,
Received 21 January 2009 carbon nanotubes, nanocones and fullerenes that are substitutionally doped with transition metal and
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- " nitrogen atoms. The results obtained show that metal doping leads to more stable systems in buckled
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rather than planar structures. The hybrid structures have low-lying excited states, allowing for catalytic
activity, in analogy to metalloporphyrins and metallophthalocyanines, as confirmed in recent experiments

ﬁ?; ";f;ise: with Fe-xN-doped carbon nanotubes. Metal-doped carbon nanocones and nanocapsules based on typical
Nanocone fullerenes manifest remarkable electronic and spin polarizations. Additional doping by boron atoms adja-
Nanocapsule cent to the metals increases their HOMO-LUMO gap, stabilizes their electronic structures and causes that
Doping their ground states have higher spin multiplicity, where the spin density is spread over the systems. The
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Metal metallic sites allow functionalization and potential activation of these nanosystems. The hybrid structures

Graphene
nanomechanics.

formed can have a broad range of applications in catalysis, molecular electronics, light-harvesting and

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Carbon fullerenes [1-3], nanotubes [4-6], nanocones [7,8] and
graphene [9-11] have unique mechanical and electronic properties,
since they possess rigid skeletons formed by bonded planar sp?
molecular orbitals (MO) sandwiched between overlapping unsat-
urated w MOs [12]. All these types of carbon nanostructures can
be doped by boron, nitrogen and other atoms in order to change
their electronic properties [13-16] or form chemically active local
sites [17-21]. Perhaps, the simplest way how to functionalize these
systems is to attach the potential ligands to the nanostructure per-
ifery. For example, one can anchor nucleotides at the CNT rims
[22]. When all the C atoms are replaced, BN nanotubes [23,24]
and nanocapsules [25] can be formed that are photoactive and
piezoelectric [26,27]. Carboneous nanostructures can be also chem-
ically modified to gain other activities [28-30]. Functionalized by
physisorption [31] and covalent bonding [32], these hybrid sys-
tems can be used in molecular sensing [33], controlling [34] or drug
delivering [35].

Particularly attractive is the possibility of developing stable
metal-doped carbon nanostructures for catalytic applications. Early
experiments observed the catalytic activity of Co-phtalocyanines
[36] and motivated further studies of transition metal(Fe,Co)-
nitrogen-carbon catalysts [37-42]. In particular, Dodelet et al.
[43,40,44] have investigated catalysts based on Fe and Co adsorbed
on nitrogen-modified carbon supports, which were obtained by
high-temperature pyrolysis using a variety of precursors. It was
found that the increase of N content in the FexCy_,_yNy carbon
support materials promotes the incorporation of dispersed metal
atoms, which leads to an increase in catalytic activity. Recently,
it was also suggested that nitrogenated CNTs arrays might have
unusually high electrocatalytic activity for oxygen reduction [45].

Techniques for N-doping of carbon nanostructures were dis-
cussed by Ewels and Glerup [46]. Nitrogen atoms bonded to 2-3
C atoms in carbon nanotubes (CNTs) have been observed experi-
mentally by Terrones et al. [47], where the N atoms form 3 stable
pyridine-like substitution sites and vacancies in the CNT walls.
They have also demonstrated that N-mediated growth of CNTs
leads to diameter reduction, tube closures and promotes the forma-
tion of bamboo-like structures [48]. Carbon nanocones with “open”
pocket-like structures and “spike-like” tips might be especially suit-
able for functionalization leading to rich potential applications.
Their tips have been, for example, functionalized by oxidation and
subsequent deposition of Gd atoms [49]. Nitrogen-doped carbon
nanocups (nanobells) self-aggregates by hydrogen bonding and
coordinate to gold nanoparticles through the rim N atoms [50,51]. It
would be potentially interesting to form universal binding sites on
these structures allowing stable chemical, electronic and mechan-
ical connectivity to different types of ligands.

In this work, we review our recent studies devoted to this
problem, realized by substitutional metal-nitrogen doping of
carbon nanostructures. When we started to search for stable
metal-nitrogen complexes that might form in carbon nanostruc-
tures, we turned our attention to metalloporphyrins. These highly
stable systems formed in nature gain their universality from a cen-
tral metal site coupled to several connected pyrrole rings [52].
Metalloporphyrins, with Fe in different oxidation states, can eas-
ily undergo redox reactions in living systems and activate many
biochemical reactions [53,54]. They could be used as matrices for
hydrogen storage [55] and optical devices [56,57]. Porphyrins can be

partof square planar as well as octahedral complexes that have been
thoroughly investigated [58,59]. Recently, porphyrin-based nanos-
tructures, such as nanotapes [60] or nanochannels [61,62] have also
been discussed.

After some preliminary calculations, we have been able to show
that transition metal atoms coordinated to 3-4 N atoms could be
integrated into carbon nanocones by substituting a similar num-
ber of C atoms [63-65]. In this way, metallic binding sites could be
formed in carboneous nanostructures and further functionalized.
Moreover, external electric fields could easily control the attach-
ment of ligands to and their release from metal-doped carbon
nanostructures [66].

We organize this review as follows. In Section 2, we briefly
discuss theoretical methods used. In Section 3, we theoretically
examine the possibility of integrating metalloporphyrine-like cen-
ters into graphene sheets and CNTs [65]. In Section 4, we show
how such centers can be formed in carbon nanocones [63]. In Sec-
tion 5, we discuss formation of single and multi-metallic centers in
fullerenes [64]. In Section 6, we explore several potential applica-
tion of these substitutionally-doped nanostructures in the fields of
catalysis [65] and controlled ion adsorption [66], light-harvesting
and nanomechanics [64]. We conclude this Review in Section 7.

2. Computational methods

We describe the electronic structures and properties of the
metal-doped carbon nanostructures by first-principle techniques
at the Density Functional Theory (DFT) level [67]. We calculate
their optimized geometries using the B3LYP exchange-correlation
functional [68], implemented in the Gaussian03 software package
(G03) [69], which successfully accounts for the relative changes
in metal-ligand distances [70-73]. For the main-group atoms and
first row transition metal atoms, we use the all-electron double-
£6-31G*[74], triple- ¢6-311G*or 6-311G** basis sets, respectively
[75-78]. For the heavy transition metal atoms Ru, Re, Os, Th, and
Ce, we apply the Stuttgart-Dresden (SDD) effective core potentials
(ECP) for the core electrons and the SDD basis set for the valence
electrons [79,80]. In the computationally intense modeling of
extended electronic states under external electric field, we employ
the SDD ECP for the Ni atom core electrons and the SDD basis set for
the valence electrons [79,80], whereas for the main-group atoms,
we use the all-electron double- £3-21G®)basis set [81]. Closed-shell
and open-shell calculations are performed using single and dou-
ble determinants, respectively. Wiberg bond orders are calculated
using Natural Bond Orbital (NBO) [82]. For comparison, we per-
form optimizations of these structures also with the Amsterdam
Density Functional (ADF) [83-87], where we use the Generalized
Gradient Approximation (GGA) and the BLYP exchange-correlation
functional. For all the atoms, we utilize the TZP basis set that is
similar to the triple- £{6-311G*in Gaussian 03. We also use the ab
initio multiple scattering model of extended X-ray absorption Fine
Structure (EXAFS) implemented in FEFF 7.0 package [88].

3. Metal-doped graphene and carbon nanotubes

In this section, we review the material obtained in the recent
studies [65]. We discuss the optimized geometries and electronic
structures of transition metal and nitrogen doping sites formed in
graphene monolayers and CNTs.
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Fig. 1. (top) Nitrogen atom substitution into (a) planar graphene, (b) (7,0) CNT, and (c) (5,5) CNT. (bottom) The Fe-4N substitution sites for (f) graphene sheet and (d,e,g,h)
(7,0) CNT clusters. Coordinations of Fe to pyridine-like and pyrrole-like configurations are shown in (d,g) and (e,h), respectively. The configurations are in axial (d,e) and helical

orientations (g,h). Terminal hydrogen atoms are not shown.

3.1. Fe-xN clusters embedded in carbon nanostructures

The model systems formed by Fe-xN embedded in graphene and
CNTs are modeled at the DFT/B3LYP/6-31G*level. A cluster approach
is chosen to construct models of the active site incorporated into
graphene sheets or CNTs [65]. In order to analyze in the calculations
the effect of curvature of the CNTs, we use bent clusters cut from
the nanotubes, with edge carbon atoms terminated by hydrogen
atoms. To maintain the desired surface curvature, hydrogens at the
edges of the clusters are kept fixed during the optimization of the
molecular geometry. The cluster models of the planar graphene,
shown in Fig. 1 (a), and the zigzag (8,0) CNT (not shown) contain 24
fused six-membered rings. The clusters representing (7,0) CNT and
the (5,5) CNT contain 23 fused six-membered rings, respectively, as
we show in Fig. 1(b) and (c).

We have studied clusters containing Fe coordinated to two and
four N atoms, denoted as Fe-2N and Fe-4N, respectively [65].
Three-nitrogen structures were not studied, since there is no exper-
imental evidence for their stability. The cluster models of CNTs and
graphene with the enumeration of their atoms that is used in nitro-
gen substitution notations are shown in Fig. 1(a-c). The ground
electronic states of the Fe-2N and Fe-4N clusters are singlet and
triplet, respectively [65].

In the graphene sheet (Fig. 1(a)), each pair of carbon atoms
labeled 1-2, 1-3 and 1-4 is substituted by two N atoms to obtain the
corresponding 2N structure. In the CNT fragments (Fig. 1(b and c)),
the axial symmetry of the nanotubes introduces three additional
nonequivalent configurations. In total, the CNT fragments have six
configurations along the symmetry axis and at various angles to it,

respectively. We call a Fe-2N configuration axial (AX), if the axis
containing the nitrogen atoms is parallel to the nanotube axis, and
helical (HE) in all other cases. Thus, zigzag CNT clusters have axial
configurations (2-3) and (1-4) for the nearest neighbor and the
third-nearest neighbor nitrogen atoms, respectively. In addition,
the zigzag (7,0) CNT in Fig. 1(b) has four HE configurations: the
nearest neighbor (1-2), the next-nearest neighbor (2-4) and (3-5)
and the third-nearest neighbor configurations (2-5). The armchair
(5,5) CNT in Fig. 1(c) has one AX and five HE configurations: (1,3),
(1,2),(1,4), (1,5),(2,5) and (3,4), respectively.

The Fe-4N sites have porphyrin-like configurations, where the
Fe atom is coordinated to four N atoms, incorporated in pyridine
(py) six-membered or pyrrole (pr) five-membered rings, shown in
Fig. 1(d,g) and (e,h), respectively. These structures are obtained by
substitution of six carbon atoms by four N atoms and one Fe atom.
Since CNTs have an axial symmetry, there are twice as many config-
urations as in the planar graphene. We call a Fe-4N configuration
axial (AX), if one of the axes containing the nitrogen atoms trans to
the Fe atom is parallel to the CNT axis (Fig. 1(d and e)), and helical
(HE) otherwise (Fig. 1(g and h)).

3.2. Nitrogen substitution energies

We compare the stability of different configurations in the
N-substituted carbon clusters, and calculate the N-substitution
energies using

X

AExN = Esjtexn + YEc — (Esie + 2

En,). (1)
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Fig. 2. Nitrogen substitution energies AE,y Eq. (1) for the graphene and CNT clus-
ters. On the horizontal axis, the configurations of the two N substitutions are shown
for the zigzag/armchair nanotube clusters, as schematically represented by the six-
membered carbon rings on the top (bottom) of the graph for the armchair (zigzag)
nanotube clusters. The symmetry axis of the CNTs is oriented horizontally. In the flat
graphene, the N configurations are double degenerate.

where, E¢ is the total energy of the nanotube per carbon atom,
Egiterxn and Egj are the energies of the cluster with and without
the N-substitutions, respectively. The Ey, term is the energy of
an isolated N, molecule and x stands for the number of N atoms
substituting y carbon atoms. The values of x (y) are equal to 2 (2)
and to 4 (6) in case of two nitrogen atoms and pyridine (pyrrole)
coordination, respectively.

In Fig. 2, we summarize the N-substitution energies for car-
bon clusters with different configurations. We find that in all cases
AE,y is positive, indicating that N-doped structures are less stable
than pure C structures. For zigzag nanotubes, CNTs with smaller
radii have lower lower substitution energies. This is because the
total energy per C atom (E¢) is lower for higher CNT curvature. The
higher degree of pyramidalization in nanotubes with smaller radius
is also more favorable for N incorporation. Comparing our N substi-
tution energies with previous GGA calculations [89], we note that
while the nearest-neighbor nitrogen substitutions are energetically
preferred for armchair (5,5) nanotube, the increase in the N-N dis-
tance lowers the substitution energy for zigzag nanotubes. We also
find that planar graphene exhibits substitution behavior similar to
zigzag nanotubes. These N-doped structures are local minima and
their energies are further lowered by the addition of metal atoms
[63], which supports the experimental observation on Fe incorpo-
ration in N-doped nanotubes [90].

The results obtained from Eq. (1) for four N atom substitutions
are summarized in Table 1. From the AE4y values, we can see that
a release of spatial strain in zigzag CNTs might be facilitated in the

Table 1

(top) Nitrogen substitution energies AE4y, Fe binding energies AEg. (eV), and Fe-N
bond lengths (A) for the graphene and CNT clusters. The cluster curvature increases
from left to right. Pyridine and pyrrole-like coordination sites are denoted as py and
pr, respectively

Config. (flat) (8,0) (5,5) (7,0)
AEsn| AEre
AX(py) 5.47/-7.39 3.90/-5.77 5.59/-6.08 3.96/-5.44
HE(py) 5.47/-7.39 4.57/-5.98 4.73/-6.60 5.40/-6.45
AX(pr) 10.79/-8.57 7.85/-8.33 8.67/-7.83 7.34/-8.34
HE(pr) 10.79/-8.57 8.11/-6.69 8.90/-6.27 8.45/-6.57
Fe-4N
AX(py) 1.87,1.88 1.97, 1.98 1.87,1.87 2.00, 2.00
HE(py) 1.87,1.88 1.91,1.92 1.93,1.96 1.86, 1.91
AX(pr) 1.90, 1.92 1.87, 1.87 1.94, 1.94 1.87, 1.90
HE(pr) 1.90, 1.92 1.87,2.03 1.81,2.02 1.87,2.07
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Fig. 3. Fe binding energies AEg for the planar and curved clusters containing 2 N
atoms. The structures are shown schematically on the graph by the six-membered
carbon rings and the CNT axis is oriented horizontally.

axial rather than helical configurations, which typically have lower
AE4y.Inarmchair CNTs, the situation is exactly opposite. The origin
of this behavior is in the inequivalent sides of the rectangle formed
by four nitrogen atoms because of the difference in their second
neighbor shells. This 4N atom configuration in armchair CNTs is
quite distinct from the square-planar structures in porphyrins and
phthalocyanines. In the (5,5) CNT cluster, the longest side of the N
rectangle is perpendicular to the tube axis. The orientation of the N
rectangles in the (7,0) and (8,0) clusters is opposite. Nitrogen sub-
stitution in the latter orientation is energetically less demanding.
This results in a noticeably larger AE4y, as seen in the first row of
Table 1.

We also compare the two different types of N substitution. The
pyrrole-like configurations show the same trend in substitution
energies as pyridine-like configurations, but in the higher energy
range. The reason why the pyridine-like coordination is preferred
over the pyrrole-like one is likely associated with the strain on
the surrounding structure exerted by the 5- and 7-membered car-
bon rings around each nitrogen in pyrrole configuration, as seen in
Table 1(top).

3.3. Iron binding energies

Iron atom incorporation is considered here for all calculated x N
sites. In the case of two nitrogen atoms, Fe is bound in the vicinity
of two N atoms (Fig. 1(a—c)). In porphyrin-like structures, Fe atom is
integrated into the plane of the site and coordinated by each of the
four N atoms, as shown in Fig. 1(d-h). The results are reported for
quintet and triplet spin states of the CNT cluster models contain-
ing Fe-2N and Fe-4N, respectively. Our calculations with different
multiplicities identify these as the ground electronic states.

We evaluate the stability of the Fe-xN sites through the bind-
ing energy of the Fe atom to the N-substituted support using the
expression

AEFe = Esite+Fe - (Esite + EFE)’ (2)

where Ef, is the energy of an isolated Fe atom. The Egj, o and
E e are the energies of clusters with and without Fe, respectively.
The relative stability of the formed sites is also seen from the Fe
substitution energy, defined as AEpexn = AExn + AEp, Where x is
2or4.

In Fig. 3, we compare the binding energies of Fe to a flat graphene
and curved CNT surfaces (AEgr) with two-nitrogen substitution.
The flat clusters turn out to be the least stable. The binding energies
increase as the curvature of the zigzag CNTs increases in the (2-3),
(1-3),(3-5)and (1-4) configurations. The configurations of the arm-
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chair clusters have higher binding energies ranging from -1.54 eV
to -0.13 eV, possibly because of the lower stability of their respec-
tive 2N configurations, as shown in Fig. 2. Overall, the sites with
neighboring or next neighboring nitrogen atoms are more stable in
the presence of Fe atom. The moderately favorable (1-3) configura-
tion of nitrogen atoms is greatly stabilized by the binding of Fe in
the (7,0) nanotube cluster (compare Figs. 2 and 3) and has a binding
energy AEg, of -2.34 eV.In this configuration, the Fe atom is embed-
ded into the surface of the cluster, in contrast to the other Fe-2N
configurations, where the Fe atom primarily resides on top of the N
atoms. The distance from Fe atom to the surface of the (7,0) cluster
is 1.12 A and about 1.54-1.95 A in (1-3) and the other configurations,
respectively. The high curvature of the (7,0) nanotube cluster and
the position of the nitrogen atoms allows Fe atom to break two C-N
bonds and form four new bonds with Fe [65]. However, such sta-
bilization is highly sensitive to the curvature and relative positions
of the nitrogen atoms, so it is manifested only for the CNT with the
smallest studied radius and results in -0.13 eV and -0.85 eV for (8,0)
and (5,5) CNT clusters, respectively.

In Table 1, we show the Fe binding energies for the pyridine- and
pyrrole-like Fe—-4N catalytic sites. The curvature dependence of the
axial py-sites in zigzag nanotubes (Fig. 1(d)) is manifested through
aslight decrease of the binding energy from flat to (7,0) clusters. On
the contrary, HE(py) sites (Fig. 1(g)) do not show such a decrease
in stability with the increasing curvature. This difference between
the HE and AX configurations is associated with the orientation
of five-membered C,N,Fe rings relative to the nanotube axis; the
Fe—N bonds in helical configurations are also shorter [65]. These
results show that Fe adsorption is strongly dependent on the CNT
curvature for small radii. The relative stability of the formed sites
is also seen from AEpe_4n = AE4n + AEp [65]. Overall, the py sites
have greater stability than the pr sites, as shown in Table 1. This
larger stability might be supported by the observation of pyridinic
nitrogen atoms in nitrogenated carbon supports[43,91]. Pyridinic
compounds represent very stable fraction and were associated with
the most active catalytic sites [43].

3.4. Optimized geometries of the Fe-xN clusters

We have also calculated the optimized Fe-N bond lengths in the
flat, bent (8,0), (5,5) and (7,0) cluster models [65]. The calculations
show that in Fe-2N the nitrogen atoms are displaced out of the
carbon surface by 0.23-0.57 A. The elevation of the Fe atom above
the CNT surface varies in the range of 1.12-2.0 A. If the two nitrogen
atoms are farther apart, the Fe coordinates only to one of them, as
in the configuration (1-3) in the (5,5) and (8,0) CNTs. However, in
these cases Fe is also bound to one or more C atoms of the nanotube,
resulting in longer distances between the second N and Fe. In these
structures, the Fe coordination can vary from two N to one N and
two C atoms. Further increase of the N-N separation leads to a poor
Fe-N-coordination and related inability to form N-Fe-N bridges.
This effect is manifested in the (1-4), (2-5) and (3-5) structures [65].
In most cases, the Fe and N atoms are displaced outwards, as aresult
of the Fe-N bond relaxation. These displacements depend on the
Fe-coordination, positions of N atoms and cluster curvature. Very
large curvature could compensate for the large N-N distances and
decrease the displacement of the Fe atom above the CNT cluster
surface, as seen in the (1-3) configuration of (7,0) CNT [65].

The first and second atomic shells in Fe-4N configurations are
the same as those in porphyrins, which have four equivalent Fe-N
bonds and Dy4,symmetry. The embedded Fe-4N sites also have
four nearly equivalent bonds, but the 4N site has a rectangular
shape because of the honeycomb lattice and further distortions
due to nanotube curvature. The calculated bond lengths are close
to 1.98-2.00A reported for Fe porphyrins [92]. For example, the
N atoms of the AX(py) (8,0) site form a rectangle with Fe atom in

its center. The Fe atom is displaced out of the plane by 0.41 A for
AX(py), while in the case of AX(pr) of the same curvature the dis-
placement is only 0.15 A. Similar displacement trends are observed
in the other studied clusters. The out-of-plane displacement of Fe is
larger in pyridine than in pyrrole configurations. In addition, AX(pr)
sites (Fig. 1(e)) have lower AEp, and, in general, shorter Fe-N bonds
than AX(py) sites [65]. In Section 6, we also briefly discuss how the
calculated structures match the experimentally obtained data on
metal-nitrogen doped CNTs [65].

4. Metal-doped carbon nanocones

In a recent review, Ewels and Glerup have discussed several
possible atomic configurations for the nitrogen doping of carbon
nanostructures [46]. Zapol et al. also studied the effects of carbon
ad-dimers on the electronic structure of CNTs [93]. Geometry opti-
mization using DFT shows that substitutions of C with N atoms in
CNTs lead to less than 0.02 A shifts in the atomic positions [94,46].
Nitrogen atoms bonded to two and three C atoms in CNT have also
been observed experimentally [47]. These authors also show by
ab initio calculations that N atoms bonded to two C atoms form
three stable pyridine-like substitution sites and vacancies in the
walls of CNT. Here, we review our theoretical study [63], where we
have shown how one can functionalize nitrogen-doping sites and
vacancies in carbon nanocones with transition metal atoms.

4.1. Design of metal-doped nanocones

In Fig. 4, we present a series of Ni(Il) and nitrogen-doped car-
bon nanocones that are calculated using DFT/B3LYP/6-311G*The
structures have been obtained by stepwise modifications of met-
alloporphyrins, leading to carbon nanocones with integrated metal
binding sites. In analogy to elementary cells in carbon nanotubes
(CNTs), we can introduce layers in such structures: the first is the
metal, the second contains the N atoms, the third has the C atoms
connected to them and to their next C atom neighbors, etc. We
consider the following modifications of metalloporphyrins:

1. The metalloporphyrin 1 can be “frustrated” in the third layer,
where we remove the four methine C atoms. As a result, we
obtain structure 2 that is buckled, since the methine linkers
between its four pyrrole rings are removed. The structure is ter-
minated by an “armchair” rim, allowing it to be closed by another
cone or to be connected to the (4,4) CNT, as shown in cone 3.

2. The porphyrin structure 1 can also be “extended” by completing
eight benzene rings fused to four pyrrole rings. This creates the
flat structure 4.

3. In nanocone 5, we close the fourth layer of structure 4, by adding
four more C atoms. The obtained structure buckles, but the
resulting tension is relatively small. The cone gains a “zig-zag”
rim, fitting the (12,0) nanotube.

4. We can also combine the frustration and extension of the met-
alloporphyrin 1, as shown in the cone 6, where the methine
linkers are removed and the five-membered pyrrole rings are
substituted with six-membered pyridine rings. Structure 6 is
fully based on the 120° carbon nanocone [7,95] and differs from
it in four N-C substitutions, and a closure with a Ni atom instead
of two C atoms.

5. In order to modify a 180° carbon nanocone, such as 7, the metal-
loporphyrin is frustrated by a pyrrole defect, as shown in cones 8
and9. Cone 9 differs from 7 in three N-C substitutions and closure
with a Ni atom instead of one C atom. Cones 8 and 9 are analo-
gous in structure to cones 5 and 6, respectively. Cones 5 and 8
contain pyrrole N atoms, whereas cones 6 and 9 contain pyridine
N atoms. However, cones 8 and 9 are sharper than cones 5 and 6,
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Fig. 4. Carbon nanocones doped with Ni(Il) and N atoms. Structures 1-6 are in the
first group whereas 7 -11 are in the second group.

and form tetrahedral as well as octahedral complexes. The tetra-
hedral complexes 8 and 9 are completed here by cyanide ligands.
The octahedral complexes 10 and 11 are formed by the binding
of two cones to one metal atom.

All these metallo-capped cones can be continued by adding
more C atom rings, in such a way that they follow the structure
of typical carbon nanocones [7]. Moreover, their rims could be
arranged to fit either zig-zag or armchair tips of nanotubes, depend-
ing on the layer where we perform their frustration.

We use Ni(II) because it forms stable square planar, tetrahedral
and octahedral complexes. We treat the complexes shown in Fig. 4
as neutral, in analogy to Ni(Il)porphyrin. They can be divided into
two groups, depending on the number of coordinating N atoms
of the nanocone ligand (NL). The square planar complexes 1 -6
that contain tetradentate NLs comprise the first group. Complexes
8 -11 that contain tridentate NLs are in the second group. The four-
coordinate complexes 8 and 9 contain one tridentate NL and one
cyanide ligand, while the octahedral complexes 10 and 11 contain
two identical tridentate NLs.

We study separately the NLs. The tetradentate ligands of cones
1 -6 are optimized as dianions, whereas the tridentate ligands in
complexes 8 —-11 are optimized as monoanions. We also perform

Table 2

Selected optimized N-N distances for anionic ligands (N-N(L)) and for cones
(N-N(co)), Ni-N distances (A), N-Ni-N angles (°), Mulliken Ni atom charges (q(Ni),
e), Ni-N(ligand) total binding energies (Ey(co), eV), and HOMO-LUMO gaps (H-L,
eV) for the cones in their ground electronic states (GS). The GS s, d, t, qr and gn are
singlet, doublet, triplet, quartet and quintet, respectively. The HOMO-LUMO gaps of
open-shell systems are determined relative to LUMOs of the same spin type as the
HOMOs. The N-N distances for 1 -6 are for N atoms trans to the Ni atom. The N-N
distances for 8 -11 are for N atoms that belong to the same tridentate ligand. The
N-N distances for ligands are defined as in the corresponding cones. The N-Ni-N
angles for 8 11 involve N atoms that belong to the same ligand.

Cone GS N-N(co) N-N(L) Ni-N N-Ni-N  q(Ni) Ey(co)  H-L
1 s 3.94 417 197  90.0 1.08 -12.00 3.12
2 s 3.56 3.75 183 871 097 -1161 235
3 s 3.74 3.99 192 875 064  -921 186
4 t 3.91 4.09 196  90.0 111 -1214  3.03
5 s 400 439 200 898 1.08 -10.87 095
6 s 3.57 3.68 183 875 1.03 -772 120
7 d - = = = = = 1.71
8 qn  2.69 2.68 197 862 127  -1252 117
9 qgr 252 2,55 197 802 121 -11.09 205
10 t 2.63 2.68 1.88 905 133 -13.70 094
1 s 2.57 2.55 189  86.1 121 -1038 1.83

geometry optimization of all NLs as neutral molecules. Both the
dianionic and the neutral NLs of cones 2, 5 and 6 have cup shapes
that resemble calixarenes. We use the results for the analysis of the
geometrical changes caused by the metal coordination and for the
calculation of the heterolytic and homolytic binding energies.

4.2. Ground states of metal-doped nanocones

For all complexes and NLs with even number of electrons, we
determine the ground electronic state among the closed-shell sin-
glet, open-shell singlet, triplet and quintet states. For systems with
odd number of electrons, such as 7, 9 the anionic NL of 11 and the
neutral NL of 10, the ground electronic state is either the open-shell
doublet or quartet state.

For the first group of complexes, the results listed in Table 2 show
that 1 -3, 5 and 6 have closed-shell singlet ground states, whereas
4 has an open-shell triplet ground state. The closed-shell singlet
ground state of 1 is in agreement with the experimental observa-
tions [96]. The open-shell triplet state energies of complexes 1, 2
and 3 are 1.3, 1.1 and 0.2 eV higher than the respective closed-shell
singlet ground state energies. However, for 4 -6 the differences
between the lowest-lying triplet and singlet states are only about
0.05 eV.

In the second group, the four-coordinate complexes 8 and 9
have open-shell quintet and quartet ground states, respectively.
The quartet ground state of cone 9 arises from the odd number of
electrons in the neutral complex. Similarly, the pure carbon cone
7 has odd number of electrons and a doublet ground state. The
octahedral complexes 10 and 11 have open-shell triplet and closed-
shell singlet ground states, respectively. The ground state energies
of complexes 8 -11 are at least 0.1 eV lower than the lowest-lying
states of different multiplicity.

We also evaluate the spin purity of these ground electronic
states, determined by the percent spin contamination (AS?).ne
given by the following expression:

(AS?)cont = [(5%) = S(S + 1)]100/[S(S + 1)]. 3)

The (S2) values are obtained as part of the geometry optimization
output, while the S(S + 1) values are 0.75, 2.00, 3.75 and 6.00 for
doublet, triplet, quartet and quintet spin states, respectively. The
percent spin contamination is considered acceptable when it is less
than 10% [97]. For the triplet ground states of complexes 4 and 10,
the values of the spin contamination are 0.5% and 5%, respectively.
The doublet pure carbon cone 7 has a spin contamination of 5%.
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The spin contamination is 1% for each of the quartet 9 and quintet 8
cones. These results show that the ground state spin multiplicities
listed in Table 2 are rather pure.

The anionic NLs ground states affect the ground states of the
corresponding complexes. The anionic ligands of 1 -3 and 6 have
closed-shell singlet ground states, whereas these of 4, 5 and 10
have open-shell triplet ground states. Thus, the large anionic NLs
of 4 and 10 form high spin complexes. The anionic NL of 11 has an
odd number of electrons and an open-shell doublet ground state.
The neutral NLs are optimized in closed-shell singlet state for 1 -6
and 10, and in open-shell doublet state for 11. The different ground
electronic states and the energetic closeness of states with differ-
ent multiplicity could make these structures useful for magnetic
applications.

The energy gaps between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the complexes, listed in Table 2, depend strongly on the charac-
ter of the ground state. The dianionic ligands of 4 and 5 that have
triplet ground states, have the largest energy gaps. The energy gaps
of our structures decrease as the size of the conjugated m-system
size increases, similar to the conjugated porphyrin tapes [60]. Also,
the energy gaps decrease as the buckling angle increases. These
two effects are demonstrated by the decreasing energy gaps of the
complexes from 1 to 2, due to buckling, and from 2 to 3, due to
enlargement of the m-system. Similarly, for complexes 8 -11, the
structures containing the larger cone have smaller energy gaps. The
HOMO-LUMO gaps of the doublet carbon cone 7 and the struc-
turally similar ligand of complex 9 differ by only 0.18 eV.

4.3. Optimized geometries of metal-doped nanocones

In Table 2, we list selected structural parameters obtained from
the ground state geometry optimization of the complexes shown
in Fig. 4 and the related anionic NLs. The NLs with extended
m-structures are relatively rigid and undergo small geometrical
changes upon metal coordination, mostly observable at the N atom
positions. These changes can be quantitatively evaluated from the
relative changes in the N-N distance trans to the Ni atom. For our
reference metalloporphyrin system 1, this N-N distance decreases
from 4.17 A for the ligand to 3.94A for the complex, i.e. by 5.5%.
Larger relative changes of 6.3 and 8.9% occur only for cones 3 and
5, respectively. The tridentate NLs undergo even smaller relative
changes than the tetradentate NLs.

We also study the Ni-N distances and N-Ni-N angles, con-
necting neighboring N atoms, in these complexes and present the
results in Table 2.In the first group of complexes, we can find large
structural variations. Complexes 1 and 4 are planar, as shown by
the N-Ni-N angle of 90°, and have Ni-N distances of 1.97 and
1.96 A, respectively. The Ni-N distance and N-Ni-N angle for the
Ni(II)porphyrin 1 have been determined at 1.95 A and 90.0 °, respec-
tively, using X-ray crystallography [98]. The calculated N-Ni-N
angle of 1 is in excellent agreement with the experimental value,
whereas the calculated Ni-N distance is 0.02 A longer than the
experimental one. In complex 5, the Ni atom lies approximately
in the plane of the four N atoms, similar to complexes 1 and 4. This
makes complex 5 almost square planar, although its NL is bowl-
shaped. Despite the fact that the N-N distance of 5 undergoes the
largest relative shortening upon complexation, the Ni-N distance
of 2.00 A in complex 5 is still the longest.

In complex 2, the removal of the four methine linkers causes
large buckling, reflected in the N-Ni-N angle of 87.1° and the
shortest Ni-N bond of 1.83 A. In cone 3, the two unit cells of (4,4)
CNT form a rigid carbon m-system that deforms the tetrapyrrole
cap and causes an increase of the trans N-N distance relative to 2.
This deformation results in the Ni-N bond elongation of 0.09 A in
3 relative to 2, while the degree of buckling in these two struc-

tures is the same. In complex 6, both the N-Ni-N angle and the
Ni-N distance are similar to 2. The buckling effect in complexes
2, 3 and 6 represents a displacement of the metal atom above
the NNNN plane and a pyramidal distortion of the square planar
complex.

This distortion breaks the square planar symmetry and allows
for axial binding of a fifth ligand to the metal atom and the for-
mation of a square pyramidal complex. The axial ligand binding is
favored because the complex is already “pre-bent”. This effect is
similar to the “pre-bending” proposed for the synthesis of bucky-
bowls [99]. In our buckled complexes, the smaller the value of the
N-Ni-N angle is, the easier it is to bind another ligand. A conve-
nient way to decrease this angle is to coordinate a larger transition
metal ion. For example, the substitution of Ni(II) for Ru(II) in cone 2
causes a decrease of the buckling angle to 77.5 °. Thus, cones 2 and
3 with Ru(Il) on the tip have the potential to coordinate bidentate
ligands, such as 2,2’-bipyridine [63].

In the second group of complexes, the Ni-N bonds in the four-
coordinate 8 and 9 are as long as those in the Ni(Il)porphyrin. The
N-Ni-N angles of 8 and 9 are smaller than 109.3 ° for a regular tetra-
hedron because of the rigid tridentate NLs. These four-coordinate
complexes are functionalized with cyanide ligands. The substitu-
tion of other strong-field ligands for cyanide represents a feasible
pathway for functionalization. On the other hand, our attempts to
optimize four-coordinate complexes containing weaker-field lig-
ands, such as chloride, ammonia and water, instead of cyanide have
produced unstable species. This is because the strong ligand field
provided by the electron-rich nitrogen-doped NLs generally favors
the binding of another strong-field ligand, such as cyanide, rather
than a weaker-field ligand [53].

The octahedral complexes 10 and 11 feature the Ni-N distances
of 1.88 and 1.89 A, respectively. The N-Ni-N angles are close to
90°, as expected for the octahedral geometry. The spatial arrange-
ment of the coordinating N atoms in the octahedral complexes
10 and 11 is structurally similar to the triazacycloalkane Ni(lII)
complexes [100], but the N-Ni-N angle of 86.1° for complex 11
shows a smaller distortion from the octahedral symmetry than in
[Ni(1,4,7-triazacyclononane), |** having the angle of 82 °. Therefore,
the optimized geometries of the two octahedral complexes with
two NLs have low steric strain. Ligand substitution in these com-
plexes is not favorable because the chelate effect of the tridentate
NLs strengthens the Ni-NL bond. Cone 7 is structurally analogous
to cone 9 where the cyanide ligand is removed.

In Table 2, we also show the Ni atom charges. They increase
from the first to the second group of complexes. Within the first
group of complexes, the charges slightly decrease along the rows
in Fig. 4, from the flat 1 and 4 to the buckled 3 and 6, respectively.
This decrease of the Ni atom charge correlates with the decrease of
both the N-Ni-N angle and the NL size, seen in Fig. 4. In complex
2, the Ni charge decreases by 0.17 relative to the Ni(Il)porphyrin
1, as we reduce the ligand size and introduce buckling. In com-
plex 3, the Ni charge increases by 0.09 relative to 2, as we increase
the NL size. These results could help to determine which NLs form
cones that are more convenient for functionalization. Since higher
metal atom charges lead to the formation of stronger axial bonds,
complexes with larger NLs might be better candidates. This effect
shows that the conjugated system acts as an electron sink. Of the
complexes in the first group, the planar complex 4 seems to be best
for functionalization.

In the second group of complexes, the Ni atomic charges also
increase as the conjugated carbon systems increase in size. This can
be seen when comparing 9 and 11, which contain a smaller cone,
to 8 and 10, respectively, which contain a larger cone. In cone 7, the
natural charge at the cone tip carbon atom, which represents the
first layer, is +0.12 e, while atoms of the second, third and fourth
layers have charges of —0.06, +0.01 and —0.06 e, respectively.
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4.4. Metal-ligand binding energies in nanocones

The metal-ligand bond dissociation energies are crucial for the
stability of all the complexes. We calculate these energies for
homolytic (E,(co)) dissociation yielding neutral metal and ligand.

Ey(co) = E(n) — E(L) — E(Ni) — E(CN). (4)

Here, E(n), E(L) and E(Ni) are the total energies of a cone n, neu-
tral ligand(s) and a singlet Ni atom, respectively. E(CN) (nonzero
for cones 8 and 9) is the energy of doublet CNO. These energies are
obtained for the optimized geometries of the structures and include
the energy changes arising from the changes in geometry that occur
as a result of the bonding.

From Table 2, we found that the bond dissociation energy of the
Ni(Il)porphyrin calculated using the B3LYP/6-311G*in Gaussian 03
is 1.9 eV higher than the value reported using the TZP basis set in the
ADF software package [58]. We get a difference of 10-20% between
these two approaches also for the other cones. Here, we focus on
the relative changes in the binding energy that reflect the changes
in their structure.

For the first group of cones, E(co) decreases along the rows of
Fig. 4, showing weaker M-L bonds for the buckled complexes, rela-
tive to the planar complexes. For complex 6, we obtain a relatively
low Ejp(co), due to a different degree of electronic structure stabi-
lization upon homolytic binding. The neutral ligand of 6 has the
lowest-lying HOMO and the dianionic ligand has the highest-lying
HOMO energy, relative to the rest of the first group ligands. The
buckled structures with weaker M-L binding have higher potential
towards binding of a fifth ligand.

For the second group of complexes, the Ej(co) values in 8 and
10 are higher than in 9 and 11, respectively, because the tridentate
ligand in the first pair provides larger N-Ni-N angles. The largest
value of Ej(co) is obtained for complex 10 that has N-Ni-N angle of
90°, as required for the octahedral geometry. The heterolytic bond
dissociation energies of the octahedral complexes are higher than
in the four-coordinate ones because of the more efficient bond-
ing.

4.5. Stability of metal-doped nanocones

The results above show that the complexes of the second group
do not possess significant steric strain. Therefore, we will discuss
the cone 2 in the first group, which is probably the least stable.
Here, the steric strain caused by the buckling is the strongest, since
the methine linkers are removed and stabilization by the extended
conjugated system is also absent. To understand the stability of this
complex, we address first the aromaticity of its dianionic ligand,
shown in Fig. 5.

Fig. 5. Diagram of the dianionic ligand of complex 2.

In Fig. 5, we have 18mr-electrons presented by the 9 7-bonds and
4 -electrons from the lone pairs of the N;and N,atoms, or a total of
22 m-electrons. The w-electron count shows that the ligand is aro-
matic, as it fulfills the 4n +2 rule, where n is a positive integer. The
optimized structure of the ligand is buckled with a conformation
similar to complex 2 from Fig. 4. Buckled aromatic compounds have
ahigh degree of strain, due to the pyramidalization of the sp2carbon
atoms. The experimental preparation of such structures is a syn-
thetic challenge. Recently, several experimental approaches have
been successfully developed for the synthesis of highly strained
buckled aromatic compounds as precursors of fullerenes and other
nanostructures [99].

We first evaluate the bond orders for the C;-Cyand C3-C4 bonds.
Our geometry optimization results show that the four pyrrole-
pyrrole bonds in Fig. 5 are equivalent for both the ligand and the
complex 2. As shown in Fig. 5, the dianionic ligand of complex 2 con-
tains one double bond (C; -C5) and three single bonds, or a total of
five bonds distributed over the four pyrrole-pyrrole distances. This
makes a formal bond order of 5/4 = 1.25. This formal bond order is
in a very good agreement with the calculated Wiberg bond orders
of 1.23 and 1.19 for complex 2 and its dianionic ligand, respectively.
The formal C3-C4 bond order of 1.50 is also in relatively good agree-
ment with the calculated values of 1.59 and 1.61 for the complex
and the ligand, respectively.

From Fig. 4, it is obvious that the stability of the ligand of com-
plex 2 is contingent upon the strength of the pyrrole-pyrrole bond
C1-C;,. We calculate the homolytic cleavage energy of this bond as
the difference between the energy of the neutral singlet ligand of 2
and the energy of the neutral linear tetrapyrrole in its triplet ground
state. The value of -3.6 eV obtained shows that the cyclic ligand is
stable. This ligand might be further stabilized by additional groups.
In fact, the functionalization of the open CNT might be a feasible
way of experimental preparation. A natural way how to stabilize
this structure is by the addition of (4,4) CNT unit cells, as shown in
3. We can expect that the other complexes in Fig. 4 are more stable
than 2 because of the presence of extended w-aromatic structures.

4.6. Axial coordination of ligands to metal-doped nanocones

For the complexes of the first group, the deviation of the N-Ni-N
angle from 90 ° is a measure of the pyramidal distortion from the
square planar geometry. This distortion breaks the plane of symme-
try and makes the transition metal coordinationally unsaturated,
allowing it to bind different types of ligands. Thus, the buckled
structures shown in Fig. 4 have two different binding sites with
different geometrical and electronic environment.

As we show in Fig. 6, the buckling of the structure leads to an
asymmetric distribution of the Ni 4s and 3d orbital lobes relative
to a plane of symmetry that contains the Ni atom and is parallel to
the NNNN plane. The different sizes of the metal orbital lobes mean
different electronic environment for ligands approaching from the
top and from the bottom. Consequently, in principle cones 2, 5 and
6 can bind two axial ligands with different strength—one above
and the other below. In complex 5, the two ligand binding sites
have similar electronic structure but different geometries, because
the bowl-shaped ligand does not allow equivalent binding of large
ligands above and below this structure. The planar complexes 1 and
4 provide two equivalent binding sites. Cone 3 binds only one ligand
on top. We selected this cone for the electric field study presented
in the last section.

In order to show the different axial binding modes, we optimize
the geometries of dianionic complexes 2, 5 and 6 that contain two
cyanide ligands coordinated at the two axial positions. The Ni-C
bond lengths for cyanide ligands coordinated axially at the top and
at the bottom of these complexes are (Ni-C;) and (Ni-Cp,), respec-
tively. For complex 2, we obtained a Ni-C; bond length of 1.92 A,
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Fig. 6. Schematic diagrams of the molecular orbitals that contain major Ni d; and s atomic orbital contributions for the cones of the first group.

whichis shorter than the Ni-Cj, bond length 0f2.01 A. For complexes
5 and 6 we found the opposite, namely that the Ni-C; bond lengths
of 1.95 and 1.89 A are longer than the respective Ni-C;, bond lengths
of 1.90 and 1.86 A. These axial binding results show that nanocones
with large r-systems form weaker bonds with r-ligands at the cone
tip than inside the cone. Also, the axial ligand binding to cones with
larger NL sizes (5) is stronger than to cones with smaller NL (6).

5. Metal-doped carbon nanocapsules

Carbon nanocapsules doped by metals and functionalized by lig-
ands might have many interesting applications. In this Section, we
review our recent theoretical studies of metal-doped nanocapsules
[64].

We could build a “periodic table” of doped nanocapsules. One
can start from the smallest observed fullerene, C,o, which contains
12 pentagonal rings and is highly strained because of the extreme
pyramidalization of its double bonds. Its stability arising from elec-
tron correlations [101] might be controlled by doping, as shown
by Alder et al. [102]. The CiyPgfullerene can be particularly sta-
ble, whereas C1;Ngshould be very unstable. Pattanayak et al. [103]
investigated BN-doping of small (C;9—Cy49) fullerenes and found that
the BN pair would preferably replace a short C-C bond located
at the hexagon-pentagon junction, due to the polarization of the
system. A number of metal-doped analogs of Cyg, called metalcar-
bahedrenes (met-cars) that contain 8 Ti, V or Mo atoms have also
been synthesized by Castleman group and others [104-107]. In par-
ticular, TigCq*is a promising catalyst for hydrodesulfurization of
oils, because of its strong interaction with thiophene [108]. Theo-
retical predictions show that Cyphas a remarkable activity towards
the addition of alkenes [107], while Csgis highly reactive and has a
strong tendency to form intermolecular covalent bonds. The appli-
cations of fullerenes in electronics have been also explored. Cygand
C36 have been encapsulated in semiconducting CNTs [109], leading
to various peapod structures. Highly stable and the most studied
fullerene [12] Cgg can be chemically activated upon introduction of
heteroatoms, such as Si[110],Band N[111-114]. The insertion of dif-
ferent types of metallofullerenes into CNTs, such as Gd encapsulated
in Cgy[115], could allow for their complex band-gap engineering
[116].

Here, we describe carbon fullerenes that contain several embed-
ded porphyrin-like moieties [64], optimized using the B3LYP
exchange-correlation functional [68]. For the main-group and the

first-row transition metal atoms, we apply the 6-311G**basis set
[75,76]. For the third and fourth row transition metal atoms, we
treat the core electrons using the SDD ECP, whereas for the valence
electrons we employ the SDD basis set [79,80].

5.1. Design of metal-doped nanocapsules

In Fig. 7, we present the optimized geometries of a series of
Ni, N and B-doped nanocapsules that are structurally related to C
[1-3] and BN [117] fullerenes, as well as to Ni(Il) and N doped car-
bon nanocones [63]. These polymetallic capsules are obtained as
follows:

1. The smallest metallo-capsule 1 is obtained from the I;; isomer of
Cyo in whose tips two pairs of fused 5-5 rings are substituted
with two pairs of 4-4 rings. In Fig. 8 (left), we show part of the
surface of carbon fullerene C,q that contains fused 5-5 rings. In
this structure, two adjacent C atoms are substituted with a sin-
gle Ni atom. Also, all four C atoms adjacent to Ni are substituted
with N atoms to yield a NiN4 moiety that contains 4-4 rings. In
capsule 1, the N atoms are part of four pyrrolic rings. Bimetallic
capsule 1 can also be designed from two doubly-fused biimi-
dazole ligands. Its structure is similar to some photochemically
active Ru(IlI) complexes [118]. The 8 N atom substitution mode of
Cypconsidered by Alder et al. [102] is the same as in 1.

2. Nanocapsule 2 is obtained from the D, ; isomer of C3g, where two
pairs of fused 6-6 rings are substituted with two pairs of 5-5
rings. In Fig. 8(right), we show a part of the Cs¢ fullerene surface
that contains fused 6-6 rings. In this structure, two adjacent C
atoms at the 6-6 ring fusion area are substituted with a single Ni
atom. Also, all four C atoms adjacent to Ni are substituted with N
atoms to yield a NiN4 moiety that contains 5-5 rings. In capsule
2, the four N atoms belong to four pyrrolic rings. This capsule can
also be designed by fusion of two metal-tipped nanocones [63]
and extended by addition of CNT segments. Capsule 3 is obtained
by insertion of a (4, 4) CNT unit cell into capsule 2.

3. Nanocapsule 4 is obtained from the I, isomer of Cgg, where two
pairs of fused 6-6 rings located at the opposite sides of the buck-
yball are substituted with two pairs of 5-5 rings (Fig. 8(right)). In
capsule 4, the N atoms belong to pyridinic rings. This structure
differs from Cgg in eight C to N substitutions and two closures
with Ni atoms instead of two C atoms. It can also be designed by
fusion of two 120° cones [7,95] along the “zig-zag” rim [63].
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Fig. 8. Metal and nitrogen doping patterns for capsules 1 (left) and 2 -4 (right).

4.

Nanocapsule 5 is obtained from a 180 ° cone frustrated by three
pyrrole defects. The all-carbon analog of capsule 5, Csg would
be highly strained, due to two pairs of fused 6-membered rings
that share one C atom. Nanocapsule 6 is also obtained from a
180° cone, and it is analogous to the D3 isomer of Cgg[111]. Cap-
sules 5 and 6 contain two Ni atoms that form four-coordinate
(approximate tetrahedral) complexes. The tetrahedral coordina-
tion is completed by the additon of a CN~ ligand. Metal-doped
180° cones can also form octahedral complexes [63].

. Nanocapsule 7 is obtained from 180° (top) and 120° bottom

cones [7,95] fused as in (12,0) CNT. The top portion differs from
the carbon 180° cone in three N-C substitutions and a Ni atom
at the tip instead of a C atom. The bottom portion differs from
the carbon 120° cone in four N-C substitutions and a Ni atom at
the tip instead of two C atoms.

. Nanocapsules 8 —-15 are obtained from Cgp and contain 1-6 Ni

atom closures, designed in analogy to these in capsule 4. In addi-
tion, we consider the isomer of capsule 10 (listed as 10’) obtained
by Stone-Wales rearrangement, as shown by the arrows. The cap-
sules 10, 10’ and 11 are isoelectronic structural isomers. Capsule
pairs 9 and 4 as well as 12 and 13 are also isoelectronic structural
isomers.

. The capsules can be further doped with B atoms, as shown in 16

-23. Isoelectronic capsules 16 -19 are obtained by two B-atom
doping of 2. Isoelectronic capsules 20 and 21 are obtained by four
B-atom doping of 2, whereas capsule 22 is obtained by eight B-
atom doping of 2. Capsule 23 is obtained by twelve B and six N
atom doping of 5.

. Capsule 24 contains Fe(Il) and Ni(Il). The octahedral coordination

of Fe(Il) is completed by the addition of a 2,2’-bipyridine (bpy)
ligand.

. Structures 25 and 26 are Ce(IV) and Th(IV) encapsulated in the

ligand of 2. Cerium is smaller and displaced off the ligand cen-
ter, whereas larger metal ions, such as U(IV) are too big to get
encapsulated in this ligand.

These capsules can be extended by adding larger C atom cones

that would elongate them and increase their diameter. One could
also insert in them CNT segments that would elongate them. The
capsule fusion rims can be designed to have “zig-zag” or “armchair”
structures.

We use Ni(Il) in the capsule doping, because it forms stable

square planar and tetrahedral complexes. We treat the capsules
in Fig. 7 as neutral, in analogy to the Ni-doped nanocones [63].
Capsules 1-4, 9 and 16 -22 contain two Ni atoms and octadentate
capsule ligands (CLs). Capsules 5, 6 and 23 contain two Ni atoms and
hexadentate CLs. Capsule 7 contains two Ni atoms and a heptaden-
tate CL, whereas capsule 8 contains a tetradentate CL. Capsules 10
-16 contain from three to six metal atoms and multidentate CLs.

In Fig. 7, we organize these capsules in four structurally dissim-

ilar groups labeled A-D. In group A(Fig. 7(top panel)), we include
capsules 1 -7 that comprise the seven distinct capsule frameworks
considered in this article. In group B (Fig. 7(middle panel)), we
include capsules 8 —15 that are obtained by Ni-doping of capsule 4.
In group C (Fig. 7(bottom panel)), we include capsules 16 -23 that
are obtained by B-doping of capsules 2 and 5. In the last group D
(Fig. 7(bottomright panel)), we include capsules 24 -26 that contain
Fe-doping and encapsulated heavy metal ions.

5.2. Ground states of metal-doped nanocapsules

All capsules contain even number of electrons. The CLs also con-

tain even number of electrons, except for the CL of 7. For structures
that contain even number of electrons, we determine the ground
electronic state as the state with the lowest total energy among
the closed-shell singlet and the open-shell triplet, quintet, heptet,
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Selected optimized metal-N (M-N) and metal-metal (M-M) distances (A), binding energy (Ej(ca), eV), HOMO-LUMO gaps (H-L, eV) and Mulliken metal atom charges (q, e)
Mulliken metal atom spin densities (Spin(M), e) for the capsules in their ground electronic states (GS). The GS types s, t, gn, h, n and ed are singlet, triplet, quintet, heptet,
nonet and endecet, respectively. The HOMO-LUMO gaps of open-shell systems are determined relative to LUMOs of the same spin type as the HOMOs. For capsules 10, 10’

and 12 -15, only the diametral M-M distances are listed.

Capsule GS q/Spin(M) M-N M-M Ep(ca) H-L
Group A
1 qn 1.17/1.55 1.98 4.24 -5.90 2.61
2 s 1.03 1.91 4.88 —8.51 1.55
3 s 1.01 191 7.32 -8.94 1.09
4 s 1.02 1.88 6.71 -7.73 1.00
5 h 1.30/1.75 1.95 8.23 —12.40 0.94
6 qn 1.22/1.62 1.96 11.31 -11.38 115
7 (top) t 1.22/1.64 1.97 13.85 —11.55 111
7 (bot.) t 1.02/0.00 1.85 13.85 -9.53 111
Group B
8 s 1.02 1.89 - -7.61 1.03
9 t 1.00, 1.01/0.02, 0.03 1.88 4.72 —7.56 0.93
10 s 1.02 1.89 6.56 -7.79 1.34
10 s 1.01-1.02 1.89-1.90 7.20 —7.59 1.09
11 t 1.01-1.02/0.00-0.02 1.87-1.90 4.78-4.80 —7.44 1.05
12 s 0.99-1.01 1.89 6.34,7.06 -7.81 1.85
13 s 1.00-1.02 1.88-1.90 6.73 —7.55 133
14 s 0.99-1.03 1.89 6.51, 6.93 —7.60 1.24
15 s 0.98-1.00 1.89 6.70, 6.79 —7.48 1.10
Group C
16 (top) t 1.03/0.02 1.94, 1.95 4.96 -9.41 117
16 (bot.) t 1.02/0.01 1.89-1.92 4.96 -9.41 117
17 (top) s 1.04 1.91, 1.95 4.90 -9.16 1.56
17 (bot.) s 1.02 1.88-1.91 4.90 -9.16 1.56
18 s 1.03 1.92,1.91 491 -9.48 154
19 s 1.04 1.91, 1.90 491 —8.89 1.22
20 s 1.03 1.95, 1.92 4.99 -9.24 1.21
21 (top) s 1.03 1.96 5.01 -10.25 1.90
21 (bot.) s 1.01 1.90 5.01 -10.25 1.90
22 t 1.02, 1.03/0.10 1.96, 1.92 4.95 -9.99 1.45
23 ed 1.31/1.87 1.90 8.27 -13.20 118
Group D
24 (Ni) qn 0.99/0.00 1.91 8.01 -8.94 1.16
24 (Fe) qn 1.47/3.78 2.18 8.01 —12.15 1.16
25 (bot.) s 0.05 2.44-2.53 - -7.92 135
26 s 0.24 2.81-2.90 - -9.67 1.57

nonet and endecet states. The ground electronic state of the CL of
7 is determined as the state with the lowest total energy among
the open-shell doublet, quartet and sextet states. The ground state
search is also aimed at the minimization of the percent spin con-
tamination (AS?).,; Eq. (3). For triplet, quartet, quintet, heptet,
nonet and endecet spin states, the S values of 1.00, 1.50, 2.00, 3.00,
4.00 and 5.00 yield S(S + 1) values of 2.00, 3.75, 6.00, 12.00, 20.00
and 30.00, respectively. A value of (AS2).,, that is lower than 10%
(0.1) before spin annihilation should indicate that the spin contam-
ination is negligible [97]. In our search of ground states, we apply a
stricter criterion of (AS2) o < 2% before spin annihilation.

The results are listed in Table 3. In group A, the ground state
of the smallest capsule 1 is quintet, whereas the ground states of
capsules 2-4 are singlet. In these four capsules, the Ni coordination
is pseudo square-planar [63]. For comparison, the ground states
of pure carbon fullerenes Cypand Cgpin the I;, symmetry are sin-
glet [119,120]. The ground state of C3gin Dg, is triplet [121,122]. The
ground states of capsules 5 and 6 are heptet and quintet, respec-
tively. In these capsules, the Ni coordination is pseudo tetrahedral
[63]. For comparison, the metal-doped nanocones, related to cap-
sules 5 and 6, have quintet and quartet ground states, respectively
[63]. The ground state of capsule 7, related to capsules 4 and 6,
is triplet. These results show that the ground state multiplicity of
the metal-doped capsules increases as high-spin metal species (i.e.
tetrahedral Ni) are introduced. The Ni-doped capsule ground state
multiplicities are also higher than the respective cones [63].

In group B, the ground states are singlet, except for capsules 9, 11
and 13 that have triplet ground states. This suggests that metal dop-
ing at adjacent sites could produce structures with higher ground

state multiplicity. In group C, the ground states are singlet, except
for capsules 16 and 22 that have triplet ground states. The ground
state of capsule 23 is endecet, suggesting that BN doping could be
particularly effective for ground state tuning. In group D, the ground
state of the bimetallic capsule 24 is quintet. Ground states with high
multiplicity are typical for Fe(Il) complexes, because Fe(Il) has small
octahedral ligand-field splitting energy. The ground states of cap-
sules 25 and 26 that contain a Th and a Ce atom, respectively, are
singlet. These results show that the ground state multiplicity of the
metal and B-doped fullerenes depend strongly on the nature and
organization of the dopants.

We discuss the stability of metal and boron-doped capsules by
comparing their ground state energies. First, we consider the parent
structure 4 and the Ni-doped capsules of group B. For 2 Ni atom
doping, the capsule 9 is more stable than 4 by 0.16 eV. The 3 Ni atom
doping is in the three isomers 10, 10’ and 11. In capsule 10, there are
2 Nidoping sites located on both sides of fused 6-6 rings, whereas in
the capsule isomer 10’ there are 2 Ni doping sites located on both
sides of a 5-5 junction. The ground state energies of the isomers
10’ and 11 are higher than that of capsule 10 by 0.65 and 0.59 eV,
respectively. For 4 Ni atom doping, capsule 12 is more stable than
the isomer 13 by 0.70 eV. These results suggest that the preferred
Ni-doping mode is with the dopants far apart.

Second, we consider the B-doped capsules of group C. Capsule
18 is the most stable among capsules 16 -19 that are doped with 2
B atoms. The energies of capsules 16, 17 and 19 are higher than that
of capsule 18 by 0.13, 0.21 and 0.27 eV, respectively. These results
suggest that the preferred B-doping mode is with 2 B atoms at para
positions in the same 6-membered ring. We use this result for the
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B-doping mode selection for capsule 22. In capsules 20 and 21, with
4 B atoms, the latter is more stable than the former by 0.11 eV.
The energy gap between the HOMO and the LUMO is an impor-
tant characteristic of the stability of the ground electronic state. The
HOMO-LUMO gap decreases upon capsule elongation from capsule
2 to capsule 3, similar to cone elongation [63]. In group B, metal
doping increases the energy gap, especially if the Ni atoms are not
clustered together, as for capsules 10 and 12. In group C, B-doping
increases the HOMO-LUMO gap only if the doping sites are close
together, as in capsules 16 and 21. The extensive BN doping of cap-
sule 23 increases the energy gap by only 0.03 eV. In group D, the Fe
atom doping of capsule 24 leads to 0.07 eV increase of the energy
gap relative to that of capsule 3. For capsule 26, the energy gap is
larger by 0.22 eV relative to that of capsule 25. The wider energy gap
and the lower Ej(ca) value of capsule 26 indicate more stable struc-
ture relative to capsule 25. In groups B and C, the doping modes that
lead to the formation of more stable structures, also lead to large

energy gaps.
5.3. Spin and charge density in metal-doped nanocapsules

In Table 3, we also list the Mulliken spin density at the metal
atom in capsules. Generally, the Ni atom spin densities increase
as the ground state multiplicities increase. However, the square-
planar complexes tend to have lower Ni atom spin densities.
Capsules 7 and 24 are highly spin-polarized, as the spin density
of one Ni atom in these structures is zero. The spin polarization
effect in capsule 7 is achieved as a result of different Ni(Il) coordi-
nation. In capsule 24, the spin polarization arises from doping with
different metal atoms. The spin polarization of this structure can
be additionally tuned by the attachment of paramagnetic ligands
[123,124]. The presence of ground electronic states of high multi-
plicity together with the energetic closeness of states with different
multiplicity suggests that one could easily spin-polarize these sys-
tems and make them potentially useful for magnetic applications
[125].

In Fig. 9, we show the electron spin density distribution for
several capsules. The electron spin density is calculated as the
difference between the o (spin-up) and B (spin-down) electron
densities. In top left and middle, we show that extension of the
B and N doping in capsule 23 leads to spreading of the spin density
over larger part of the capsule relative to the undoped capsule 5. In
top right, we show the strong spin polarization induced by the two
different metal coordinations at the top and bottom of capsule 7.
The presence of high-spin Fe(Il) in capsule 24 also yields a highly
spin-polarized structure.

In Table 3, we also list the Mulliken charges on the Ni atom in
capsules. In general, the Ni atom charge increases as the ground
state multiplicity increases. Consequently, the tetrahedral Ni sites
have higher Ni atom charges than the square-planar Ni sites. For
capsules 1-4, the Ni atom charge increases as the Ni-N distance
increases. It is particularly interesting to see the extensive charge
polarization in the asymmetric capsule 7, caused by the different
coordination environment. In group B, increased Ni doping causes
small charge decrease, as the charge is distributed over several Ni
atoms. In group C, increased B atom doping causes small increase
in the Ni atom charge. The largest metal atom charge is obtained for
the Fe atom of capsule 24. This structure is highly charge polarized,
as shown in Fig. 9(bottom right). The smallest metal atom charge is
obtained for Ce encapsulated in 25.

5.4. Optimized geometries of metal-doped nanocapsules
Geometry optimization with DFT of N-doped CNTs has shown

that substitutions of C with N atoms lead to less than 0.02 A shifts
in the atomic positions [46,94]. In Table 3, we list selected structural

«Ni—>

~Ni—>

Fig.9. Electron spin density (ESD) surface (+0.0004 e/bohr?) of capsules 5 (top left),
23 (top middle), 7 (top right) and and 24 (bottom left). Electrostatic potential (ESP)
of capsule 24 in the interval (—0.04, +0.04) e mapped on the 0.0004 e/bohr? total
electron density surface (bottom right).

parameters obtained from the ground-state geometry optimiza-
tion of the capsules shown in Fig. 7, and the related anionic CLs.
Our results are obtained with the B3LYP functional, which is suc-
cessful in accounting for the relative changes in metal-ligand bond
lengths [68]. Due to their extended mr-structures, the CLs are rigid
and undergo smaller geometrical changes upon metal coordination
relative to the respective nanocones [63], mostly observable at the
N atom positions. These changes can be quantitatively evaluated
from the relative changes in the N-N distance trans to the Ni atom.

We also study the metal-N (M-N) bond lengths and N-N-N-M
torsion angles in these complexes, and present the results in Table 3.
The longest Ni-N bond is obtained for capsule 1 because this struc-
ture contains strained 4-membered NiNNC rings. The Ni-N bond
length is not affected by elongation of the capsule from 2 to 3. For
capsules 5, 6 and 7 (top), we note a small Ni-N bond elongation.
The Ni-N bond in capsule 7 (bottom) is shorter than that in capsule
4. This is due to the specific capsule fusion mode that causes con-
traction of the bottom coordination site. In group B, the Ni-N bond
lengths show small variations.

In group C, B-doping causes large Ni-N bond elongation. This
effect is most pronounced in capsules 16, 17 and 21, where the B
atoms are concentrated near one or several N atoms. This concen-
tration of doping sites in the vicinity of N atoms causes elongation
of the nearest Ni-N bond. For capsules 18 -20 and 22, we list two
Ni-N bond length values. The first value is for N atoms adjacent to
the B-doping site and the second value is for the other cases. An
interesting effect occurs in capsule 22, where the 8 B atom doping
causes steric strain that is relaxed by elongation of one pair of Ni-N
in trans position relative to Ni and shortening of the other. For cap-
sule 23, the B and N doping causes shortening of the Ni-N bonds
by 0.05A.

In group D, the Fe-N(bpy) bond length for capsule 24 is 2.25A.
This Fe-N bond length is typical for high-spin Fe(Il) complexes
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[126]. In capsule 25, the Ce atom is displaced off the CL cen-
ter, because this atom is too small to be effectively encapsulated.
The Ce-N bond lengths are comparable to 2.47 A, obtained by X-
ray adsorption near-edge structure (XANES) determination for the
bis(naphthalocyanato) cerium complex [127]. In capsule 26, the Th
atom is almost at the center of the CL, indicating a very effective
encapsulation. The Th-N bond lengths in the range 2.71-2.80 A are
reported from X-ray crystallography [128].

The Ni-C bond lengths for capsules 5, 6, 7 and 23 are 1.90, 1.94,
1.95 and 1.93 A, respectively. For capsules 5 -7, the Ni—C bonds are
shorter than the respective Ni-N bonds, whereas for the B-doped
capsule 23 the Ni-C bonds are longer than the Ni-N. In capsule 25,
the Ce-C bond lengths (C atoms bonded to the bottom N atoms,
Fig. 7) are 2.53-2.54 A. It is particularly interesting to consider the
Th atom encapsulation in capsule 26. The Th-C(6-membered ring)
bonds of 2.70-2.80 A are shorter than the Th-N bonds but longer
than 2.61 A reported for Th-C(CO) [129].

5.5. Metal-ligand binding energies in nanocapsules

The metal-ligand binding energies provide a crucial informa-
tion about the capsule stability. We calculate these energies for
hemolytic (Ej,) dissociation, i.e. dissociation yielding neutral metal
atoms and ligands.

Ep(ca) = [E(n) — E(CL) — E(M) — E(CN)]/m. (5)

Here, E(n) is the total energy of capsule n, E(CL) is the total
energy of the neutral singlet CL, E(M) is the total energy of all iso-
lated metal atoms in the singlet state, E(CN) is the energy of the
doublet CN9, and m is the number of metal atoms in the capsule.
The Ej, energies are obtained per metal coordination site, except for
the asymmetric capsules 7 and 24, where we calculate E;, for each
metal atom separately. The binding energy of the Ni atom at the top
of capsule 7 is Ep(Ni(7t0p)) = E(n) — E(CL+Nip¢rom ) — E(Ni) — E(CN),
where E(CL+Nipo0m ) is the total energy of the structure that con-
tains the CL of 7 and the bottom Ni atom, optimized in doublet state.
Similarly, binding energy of the N atom at the bottom of capsule
7 is Ep(Ni(Zportom)) = E(n) — E(CL) — 2E(Ni) — Ep(Ni(7top)) — E(CN).
The binding energy of the Fe atom at the bottom of capsule 24
is Ep(Fe) = E(n) — E(CL) — E(Ni) — E(Fe) — Ep(Ni(3)) — E(bpy), where
E(bpy) is the total energy of a neutral singlet bpy ligand and E(Fe) is
the total energy of a singlet Fe atom. The capsule and ligand energies
are obtained for the optimized geometries of the structures. Thus,
the energy changes arising from the changes in geometry that occur
as a result of the bonding are included in the Ep(ca).

The Ep(ca) values are listed in Table 3. Low negative Ep,(ca) values
indicate strong metal-ligand bonds. In group A, the binding energy
of capsule 1 is the highest, because of its strained geometry. The
Ep(ca) value of capsule 3 is lower than that of capsule 2, suggesting
that capsule elongation relieves strain. The Ep(ca) value of capsule
4 is rather high, considering that the torsion angle does not suggest
large strain. It could arise from a large geometry rearrangement
upon Ni coordination and/or short N-N distances that do not allow
for effective Ni coordination. The binding energies of capsules 5 and
6 that contain hexadentate CLs are higher than these of capsules 1
-4, The stronger binding in capsule 5 relative to 6 is supported by
the shorter Ni-N bond and the smaller torsion angle that is closer
to the perfect tetrahedron value of 35.3°. In the asymmetric cap-
sule 7, Ep(ca) for the top Ni atom is 2 eV higher than for the bottom
one. In this structure, the top and bottom Ni atom binding ener-
gies are also higher than these of capsules 6 and 4, respectively,
that have analogous coordination sites. The stronger binding in the
asymmetric structure 7 could be due to strain relief at the fusion
area.

In group B, the binding is weaker for structures that contain Ni
atoms close together, as in 9, 11 and 13, relative to 4, 10 and 12.

This trend is supported by the capsule stability as evaluated from
the total energies. Additional Ni doping also increases the binding
strength.

In group C, the binding is stronger than for the undoped capsule
2. Increased B-doping for capsules 21 and 22 leads to increased Ni
binding strength relative to capsules 16 -20. Also, B-doping near
one Ni atom for capsules 16 and 21 increases the binding strength
relative to capsules 17 and 20, respectively. For capsule 23, both B
and N doping decrease the binding energy by 0.80 eV relative to the
undoped capsule 5.

In group D, the high Fe atom binding strength for capsule 24 is
due to its octahedral coordination. The Th binding energy for cap-
sule 26 is higher than for capsule 25. Our results for U, Th and Ce
encapsulation in the CL of capsule 2 show that this CL is particu-
larly effective for Th binding and could be used for selective Th(IV)
sequestration. For capsules 2 -6, the E,(ca) values show that the
Ni-Cl bond is weaker than the Ni-cone bonds reported previously
[63]. This is because the capsules are more rigid than the respective
cones.

6. Applications of metal-doped carbon nanostructures

We have shown that various metallic binding sites could be
introduced into carbon nanostructures, with minimal structural
changes. In principle, the coordination sites might be finely tuned
by the nature of the transition metals and the location of the dop-
ing sites. These metal-doped and functionalized nanosystems can
possess interesting chemical, electronic, optical and mechanical
activities that we briefly discuss here.

6.1. Catalysis with Fe-xN-doped nanostructures

The development of proton exchange membrane fuel cells [38]
holds exceptional promise for the use of hydrogen in efficient power
generation for mobile applications [130,38]. The energy conversion
efficiency is predominantly limited by the activity of electrocat-
alytic oxygen reduction reaction (ORR) [131] on the cathode side.
Presently, the best catalysts for ORR are based on costly precious
metals (Pt, Pd) [132,133] and their bimetallic combinations with
Ni and Co [134,135]. There is a need for the non-precious and low-
cost catalysts [136], and iron-based catalysis is one of the promising
directions [137].

The metal-nitrogen centers in carboneous nanosystems
described above might serve as highly stable catalysts on a large sur-
face area support [65]. The geometry of nanotube arrays provides
confined space which can be used for shape-selective chemistry
in heterogenous catalysis and electrocatalysis. CNTs could provide
very high stability and density of the catalytic sites if the catalyst can
be effectively anchored to the nanotube walls and dispersed over the
whole tube. CNTs also have the largest thermal conductivity, which
might significantly slow down the degradation processes during
catalysis. In this study, we combine theoretical and experimental
approaches to design and investigate the stability of porphyrin-like
Fe-xN catalytic sites embedded in CNTs.

Recently, simultaneous doping of CNTs by Fe and N was
experimentally realized [138]. The structure of the active sites
was characterized using X-ray absorption near edge spectroscopy
(XANES) and EXAFS at the energy of Fe K-edge Here, we show for
comparison the x-functions extracted from the EXAFS data with
the calculated data from our optimized structures [65].

In Fig. 10, we compare the experimental and calculated EXAFS
spectrum of Fe(Il) phthalocyanine used as a reference compound,
where the theoretical spectrum is based on our optimized structure.
We shift the calculated spectrum by 0.46 A~'to equally match the
first and the second minima in the experimental spectrum. In our
calculations, we use a scattering path of 5.5 A, which includes atoms
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Fig. 10. Experimental (exp) and calculated (theory) EXAFS spectra of iron-
phthalocyanine (FePc).

up to the second nearest neighbor of iron. We also include thermal
motion and attenuate the amplitude of x(k) by using the Debye-
Waller factors determined for phthalocyanine[139], o2 = 0.005 AZ2.
FEFF calculations with the same parameters and same shift are
performed.

InFig. 11 (a, b), we show the absorption coefficient functions (k)
extracted from the EXAFS spectra of the experimentally prepared
catalytic Fe-xN sites in aligned CNTs. These experimental results
are compared with our simulations using the FEFF package for the
optimized Fe-2N and Fe-4N structures. The Fe-xN structures with
the lowest substitution energy, namely (8,0) Fe-4N (AX(py)) and
(7,0) Fe-2N (1-3) structures shown in Fig. 3 and Fig. 1, provide a
close match with the peaks of the experimental x-functions. The
similarity of the spectra indicates that the experimentally prepared
structures can be formed by a superposition of the Fe-2N and Fe-4N
structures.

In Fig. 11(c), we show the linear combination of Fe-2N and
Fe-4N spectra, given by x(K)eory = ¢ X(K)pe-2n + BX(K)pe-an. that

| -(exp) _
gl (flat) Fe-N,
(flat) Fe-N, (1-2)
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e . . | @ ]
0.1 (exp)
' (7,0) Fe-N, (1-3)
~, (8,0) Fe-N, (AX-PD)
\ i h l‘h\__ AL L W, .
2(k) 0.0 \ /-"’ A
v
-0.1+ ®)
0.1F (exp) y
(theory)
00\ m/n“-\ = Sy W
: \/ N WY T
-0.1f ©
4 6 i [A-I] 8 10 12

Fig. 11. Experimental and calculated absorption coefficient functions y(k) for (a)
flat graphene clusters and (b) bent clusters. (¢) Linear combination of the Fe-2N and
Fe-4N spectra for structures with the lowest substitution energy optimized to fit to
the xexp(k). The resulting curve contains 22.26% and 77.74% contributions from the
Fe-2N and Fe-4N configurations, respectively.

203
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186 171

Fig. 12. (up left) Top view of the Ni-doped cone and (up right) (4,4) CNT. (down) Extended MOs of the Ni-doped cone with a large metallic content. (left to right) The MOs
with large composition of the 5s Ni-orbital (Ezo3 = 2.64eV), the 11 px Ni-orbital (Ej93 = 1.06 eV) and the 6s Ni-orbital (E1g = 0.24 eV). (last) The HOMO is more spread on

the cone and less away from it (E17;1 = —5.55eV).
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Fig. 13. Dependence of the neutral Ni-doped nanocone MO energies on the strength
of the electric field & The HOMO and the LUMO are shown by thick lines. The
extended Ni-orbitals drop fast with &. (inset) The HOMO at electric field of 15.4 V/nm
that contains mostly Ni s orbital contribution.

shows the best agreement with xexp(k). In the optimization, we use
a least-square-fitting method that gives the composition ratio of
o/ B = 0.29 between the chosen Fe-2N and Fe-4N configurations.
The combined spectrum shows that the two types of sites might be
observed in the experiments [65].

11.3V/nm

13.4V/nm

Catalytic activity of transition metal macrocyclic complexes
towards oxygen reduction is often correlated with a first ionization
potential of the complexes, since the electron is extracted from the
d-states of the metal atom. Vertical ionization potentials of metal-
doped CNTs are found to be in the range of 4.5 to 5.75 eV, depending
on CNT curvature [65], which is well below the reported values for
Fe-porphyrins of 6.36 eV [140]. The ionization potentials of pristine
CNTs are about 4.86-5.08 eV [65](experiment 4.6-4.8 eV [141]). The
lower IP of metal-doped CNTs relative to Fe-porphyrins is due to the
hybridization of iron d-states and carbon p-states, as indicated by
out molecular orbital results. The lower ionization potential is often
related to a lower redox potential and a higher oxidation activity
[92]. Therefore, we expect Fe-4N complexes in CNTs to be more
active in ORR as compared to other iron macrocycles. Our prelim-
inary calculations of dioxygen adsorption on iron atom in Fe-4N
structures give O, binding energies of 0.78 eV for (7,0) CNT cluster,
which is similar to that of porphyrins [92].

6.2. Electric field control of atom adsorption on doping metallic
sites

Spatially extended Rydberg states that form in atoms and
molecules can have numerous applications [142,143]. We have sug-
gested that extended states could also form above metallic CNT
[144,145], when electrons spin around their mirror images in the
CNTs. Recently, these “tubular image states” with long lifetimes
were observed in photo-excitation experiments [146]. Here, we

10.3V/nm

20.6V/nm

Fig. 14. (Up left to right) Extraction of the electron density from the Ni-doped nanocone in the static electric field £ = 11.3, 13.4 and 15.4 V/nm. (down) Extraction of the
electron density from the Ni-doped (4,4) CNT in £ = 10.3 (left) and 20.6 V/nm (right). In all the structures, the electrostatic potential in the interval ¢ = (-5.4, +5.4)V is

mapped on the surface of the constant electron density 0.0004 e/Bohr3.
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show that extended electronic states formed above metal-doped
carbon nanostructures can be controlled by using external electric
field [66]. We also show how one can use electric fields to control
ion adsorption to and desorption form the metallic sites.

In Fig. 12 (up), we present the Ni-doped tip of cone 3 (Fig. 4) and
wall of a (4,4) single-wall CNT. In the left structure, Ni is attached
to the four pyrrole rings [63], as in metallo-porphyrins [53], but the
four connecting methine linkers are removed. In the right structure,
two C atoms are replaced with the Ni atom and the four adjacent
C atoms are substituted with four N atoms [47]. Cone 3 is selected
because it has only one axial ligand coordination site [63]. Both
complexes are ended with H atoms that eliminate their dangling
bonds. Their electronic structures and geometries are calculated
and optimized (in static electric fields) in the singlet states by using
B3LYP/6-311G*[69,68,75,76].

In Fig. 12(down), we show several extended molecular orbitals
(MO) with a significant 4-6s Ni-atomic orbital composition and a
large probability density formed above the surface of the neutral
nanocone, in the absence of electric field. These MOs are less spread
on the cone than the HOMO, shown last, and are shifted ~ 6 eV
above it, in the unbound part of the spectrum. In order to facilitate
their population by one-photon processes, we can shift them closer
to the HOMO by electric fields £ in the Stark effect [147].

In the linear Stark effect [147], the energy of a state (.|\V) with
no parity shifts in the static electric field £ by AE = —&(W|d|¥),
where d = er is the dipole operator. Other states might be shifted
by the quadratic Stark effect [147]. Note that although carbon-
capped single-walled CNTs are, in principle, stable at fields £ < 20
V/nm [148,149], their states are in fact metastable and can sig-
nificantly emit electrons by tunneling at fields £ > 3 — 5vV/nm
[150].

In Fig. 13, we present the electronic spectrum around the HOMO
in the Ni-doped nanocone from Fig. 12, calculated in electric fields,
0 < £ < 20 V/nm, oriented up along its axis. While the absolute
shift of all the MOs depends on the position of the center of mass

of the structure used in ab initio calculations (e ¢- term), the rela-
tive positions of the MOs are invariant on the center position. We
can see that some virtual orbitals move faster and form avoided
crossing regions with other MOs on their way. The slowly shift-
ing MOs are mostly composed of atomic orbitals of the aromatic
carbon atoms. If electric field is applied parallel to the plane of
benzene, the fastest energies fall at a rate of E ~ 0.4 eV per V/nm
[151], which is close to E ~ 0.3 eV per V/nm valid for these MOs in

Fig. 13.
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Fig. 15. Dependence of the Ni atom Mulliken charge and the average Ni-N distance
on the strength of the electric field for the Ni-doped nanocone. (inset) Dependence
of the electric field needed for the filling of the extended states on the length of the

nanocone (number of CNT’s elementary cells).
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The fast moving MOs in Fig. 13 are mostly composed of the
extended 4-6s Ni-orbitals with large dipole matrix elements. They
shift by the nonlinear Stark effect that dominates at higher fields.
The zero-field 186-th MO, depicted in Fig. 12, moves the fastest,
at a rate of E ~ 0.7eV per V/nm, which is close to that of the 4s
Li-orbital in such fields, equal to E ~ 1.1 eV per V/nm [152]. These
MOs eventually reach the HOMO and become populated. At fields
£~ 10 — 11V/nm, an avoided crossing between the new LUMO (186-
th MO moving down) and the HOMO is formed, which leads to
shrinking of the HOMO-LUMO gap. At fields £ > 15V/nm, this MO
moves below the HOMO. Large electric-field-induced effects were
also observed in BN nanotubes [153] and linear semiconductor
nanocrystals [154].

The fast shifting extended MOs become eventually populated.
In Fig. 14 (up left to right), we show the total electron density in the
neutral Ni-doped nanocone for the electric field £ = 11.3, 13.4 and
15.4 V/nm, respectively. One can see the extraction of charge and
formation of an extended “electron bag” above the cone, formed by
the populated extended MOs. In Fig. 14(down), we show the same
in the metal-doped wall of the (4,4) single-walled CNT from Fig. 12,
for the fields £ = 10.3 and 20.6 V/nm, oriented orthogonal to the
plane with the four Ni atoms.
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Fig. 16. Binding of the Cl~ and Na* ions to the cone. (left) Extraction of Cl~ at £~
+2.6V/nm and Na* in £ = +10.3 V/nm. (right) The Ni-Cl and Ni-Na distances as a
function of the field strength.
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Coulombic coupling between the extended (populated) and
other MOs leads to restructuralization of the system. As we illus-
trate in Fig. 15, in the field 0 < £ < 11 V/nm, the positive Ni-atom
charge gradually decreases, whereas the average Ni—-N bond length
increases. In the fields £~ 12 — 15 V/nm, these changes become
much larger, since the HOMO gains a Ni character. At £ ~ 12.5 and
15V/nm, we can see breaks both in Figs. 13 and 15. At £ ~ 15V/nm,
the Ni-states continue to move down and the HOMO is formed by
other states. Finally, above E = 20 V/nm, the Ni-N bonds cleave.

In the inset of Fig. 15, we show the dependence of the “minimum
field” necessary for the electron extraction on the number of CNT
elementary cells, N, in the nanocone (N¢ = 2 in the structure from
Fig. 14(up)). The field is substantially decreased for longer cones,
since their polarization is larger, which means that they could pro-
vide more electrons to the tip of the cones. In this way, one could
populate the extended MOs even before the field gets too large, and
the field-induced electron emission becomes significant, especially,
if this process is combined with their photo-excitation.

The electric field needed for filling of the extended MOs also
depends strongly on the charge of the cone. For the cone in Fig. 14
with the charge of +2e, +1e, —1e and —2e the extraction field is
18.2,13.8,7.5and 6.5 V/nm, respectively (structures with odd num-
ber of electrons are calculated in triplet states). Its decrease with
the increase of the number of electrons is due to the shift of the
HOMO up, leading to the formation of the avoided crossing with the
extended states at lower fields. Also, the electron extraction from
positively charged cones requires higher field because the MOs of
cations are bound stronger. These results agree with the decrease
of the extraction field for longer cones, shown in the inset of Fig. 15,
where more electrons are effectively available at the cone tips at
weaker fields, as the cone length is increased.

In the fields of several V/nm, these extended MOs could have
field-emission lifetimes of tens of fs, in analogy to other 4-6s atomic
orbitals [152]. On the other hand, CNTs in the field of £ =3V/nm
have field-emission currents of j~ 1 nA [150], i.e. one electron
leaves every ~ 160ps. This slow electron emission very likely goes
from a localized state [155] or adsorbate on the CNT [156,157]
that are slowly repopulated after each event. Since filling of the
extended states in metal-doped nanocones might be more eas-

( J,V J‘IJ‘

ily controllable, they could be used in tunable electron emitters
[148,149,156].

The metal-doped nanocones might also be used to manipulate
chemical bonds, ions, atoms or molecules, in analogy to scanning
tunneling microscopy (STM) [158], atomic force microscopy (AFM)
[159] and other techniques [160]. In Fig. 16, we present the binding
of Cl-and Na*(from NaCl) to the cone tip at varied field strength.
In Fig. 16(right), we show that CI~ anion binds to the positively
charged Ni in the range of fields: —15.4 < £ < +2.6 V/nm, where
the Ni—Cl bond length is varied (the charged structure is calculated
in the singlet state). Chloride detaches from the cone tip at £ + 2.6
V/nm. In the field range +5.1 < £ < +10.3 V/nm, Na* forms a weak
bond with Ni. In Fig. 16(left), we show that by increasing the field to
£ = +10V/nm in the Na*-nanocone system causes extensive extrac-
tion of the electron density. These electrons bind the Na* and Ni,
but at fields £ < +5V/nm they “return” to the structure, causing
the release of Na*. Thus, electric fields can control bonding and
releasing of ions to the metal-doped nanocone.

6.3. Light-harvesting antennas

In Fig. 17, we also present a light-harvesting antenna based on
the metal-doped nanocones and nanocapsules [64]. We can see the
HOMO-2 (next nearest to the HOMO), HOMO and LUMO diagrams of
this system (Hy5CgsN1gs2RuReOs). In order to spatio-energetically
separate its active quantum states, we order the metals so that the
polyimine moiteies have decreasing metal-to-ligand charge trans-
fer state energies, from Re(I) and Ru(II) to Os(11) [161,162]. Therefore,
the system is formed by a cone [63] containing an Os(Il) atom on
the tip thatis coordinated to a 2,2’-bipyrimidine ligand (bpm) [163].
The latter is coordinated at the top to the Ru(Il)-doped tip of a cap-
sule derived from 21, while the other tip of the capsule is doped
with a Re(I) atom coordinated to a 4,4’-dithiopheno-2,2’-bipyridine
(dtbpy) ligand. The capsule of this closed-shell neutral antenna con-
tains four B atoms as in capsule 21 and one B atom in para position.
The B-doping mode of capsule 21 is selected because it yields the
largest HOMO-LUMO gap in series C (Table 3). The B atom doping at
the para position yields the most stable structure among capsules
16-19.
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Fig. 17. (left) Frontier molecular orbitals HOMO-2, (middle) HOMO and (right) LUMO of a sandwich-like light-harvesting antenna.
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Fig. 18. (Top) A nanomechanical system formed by two extended capsules coor-
dinated to a bpm ligand. The system can be displaced from its equilibrium bent
conformation by bending and twisting. (bottom) The relative energy of the nanome-
chanical system for twisting and bending. The E and E, are the total energies of the
bent (twisted) and optimized structures, respectively.

This sandwiched system allows large spatial separation of its
frontier orbitals, necessary in photovoltaic conversion [164]. Its
HOMO-LUMO energy gap is 1.38 eV, and the energy of the HOMO-
2 is 0.21 eV lower than the HOMO. The B-doping and thiophene
covalent bonding increase the HOMO-LUMO gap by ~0.8 eV, shift-
ing it near the visible light range relative to the structure that
contains capsule 2 and bpy. Chen et al. have shown that the
electron-rich thiophene moiety covalently bonded to bpy increases
the HOMO-LUMO gap of Ru(Il) photosensitizers [165]. The light-
induced electronic transitions can occur from the HOMO and
HOMO-2 that contain large Re-dtbpy and Ru-capsule orbital contri-
butions, respectively, to the LUMO. The latter is strongly localized
on the carbon part of the nanocone [63] and should allow efficient
charge collection at the electrode. The system is also highly rigid,
preventing thus parasitic effects, such as electron tunneling.

6.4. Nanomechanical systems

Finally, we present in Fig. 18 (top) a nanomechanical system
(HgC118N1gNiyRuy ), formed by two bimetallic capsules 5 and 6,
having two Ru and two Ni atoms, coordinated via a bridging
tetradentate bpm ligand. We use the fourth period d® Ru atoms

instead of d® Ni atoms, because the former can better accommo-
date the five-coordinate ligand environment. The ground state of
this structure is a heptet and its energy gap is 0.68 eV. The equi-
librium bending of the structure is caused by different symmetries
of the capsules (threefold) and the ligand (twofold) around the two
Ru atoms as well as by the different capsule coordination sites. In
a series of single-point calculations, we calculate the energies of
bending about angles &1 and o3, as well as twisting (spinning) about
angles ¢ and ¢,. The spinning axes for ¢; and ¢, are defined as
the median lines for the lower left and upper right capsules (inclu-
sive of Ru, Ni and CN), respectively. The bending for «; and «; is
done in the plane defined by the Ni atoms at the bottom left and
top right, respectively, as well as the 2 Ru atoms. In the optimized
structure, the values of 7 and «, are 146.2 and 144.5 °, respectively.
The angles are varied one at a time, while the rest of the structure
remains unchanged.

In Fig. 18(bottom), we show the dependence of the system total
energy on the twisting and bending angles, where the zero values
of ¢1 and ¢, correspond to the optimized structure. The ¢;-angle
twisting barrier is higher than the ¢,-barrier by 5.0 kcal/mol. The
bending energy dependence shows that the system is more rigid
with respect to angle o than «;. The system is more rigid towards
decreasing of o7 and «, than towards increasing them relative to
the optimized values. The complex resembles a joint in arms or legs
and might be used in nanomechanics.

7. Conclusions

We have reviewed ab initio results obtained for metal, nitrogen
and boron doped graphene, CNTs, carbon nanocones and nanocap-
sules. The results can be summarized as follows:

1. Iron binding in both Fe-2N and Fe-4N embedded in graphene
and CNT is stronger than in the pristine structures. The strongest
Fe binding is predicted to occur in pyridine-like Fe-4N config-
urations. The agreement between experimental and simulated
EXAFS spectra allows us to conclude that Fe-4N are the most
probable active sites present in experimental systems [65]. Such
active sites might provide unique catalytic activity, particularly
where substrate hydrophobicity and electrical conductivity are
critical. The geometry of these nanoporous catalysts provides
confined spaces decorated with transition metal atoms, which
offers new opportunities for shape selectivity.

2. Metallo-pyrrole and metallo-pyridine moieties embedded in the
tips of carbon nanocones allow for controlled binding of impor-
tant ligands. The increase in the nanocone size causes a decrease
in the metal atom charge and enhances its ability to bind lig-
ands through m-backbonding and o-donation. The carboneous
skeleton of the presented structures provides possibilities for
electronic control of the axial ligands [63].

3. In metal-doped nanocapsules, the preferred metal doping pat-
terns contain metal atoms that are not in close proximity,
whereas the preferred B-doping sites have B atoms separated by
2 Catoms. Additional B and N doping increases the ground state
spin multiplicity, binding energy and HOMO-LUMO gap, thus
increasing capsule stability. The CLs can selectively encapsulate
heavy metal ions. For the CL that is structurally related to Csg,
Th(IV) forms the most effective bonding, suggesting that these
structures could be used as size-selective sequestration agents
[64].

4. These nanostructures could be used in catalysis [65] and various
multifunctional devices, such as nanomagmets, light-harvesting
antenna or nanomechanical systems [64]. The extended elec-
tronic states formed above metal-doped carbon nanostructures
and controlled by using electric field can be employed for bind-
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ing of ions and molecular ligands, and be used in catalysis and
nanodevices [66].

Although, we have designed and modeled the metal-doped
nanostructures by standard first principle methods, precise
description of these systems might be done more efficiently by spe-
cialized techniques. In general, the ligand binding preferences of
complex multifunctional systems can be predicted by using reac-
tivity descriptors based on the hard and soft acid and base (HSAB)
theory. This has been demonstrated for extended carboneous sys-
tems [166-173] and other surfaces [174,175].

The described metal-doped carbon nanostructures might be
experimentally realized with advanced chemical methods [176],
allowing substitutions of selected carbon atoms or via a direct step-
wise synthesis. In the first step of such a synthetic approach, one
could prepare the structure framework with a nitrogenated rim(s).
The opening can be realized by electron beam cutting or by etch-
ing in solution [177]. The subsequent nitrogenation can be done
by using transient arc discharge [47]. In the second step, we could
coordinate the transition metal atom to the nitrogenated rim. More
refined structures might be possible to prepare in a series of ring
closure “molecular surgery” reactions [178-180]. The metal bind-
ing to various ligands can be optimized by introducing further B
and N substitutions [181]. The chemical vapor deposition method of
Yang et al. for preparation of Fe—4N catalytic site built-in CNT walls
could be extended to fullerenes [138]. The solvent-free approach
for synthesis of pyrogallol[4]arene nanocapsules is also attractive
[182].

The introduction of transition metal atom binding sites into
non-metallic nanostructures has a potential for producing active
nanosystems. These metal sites allow binding of ligands that bring
the additional functionality. The doped cones, capsules and tubes
might be applied in chemistry, as novel catalysts or drug carri-
ers, and could form a large mosaic of universal building blocks
ready for use in molecular electronics and nanoscale machinery.
These systems form a bridge between traditional nanostructures
and molecules encountered in organic chemistry and biochemistry,
and should be of great interest for their potential role in future
nanodevices.
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