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Abstract. The dynamic nature of the exohedral η6 - and the η7 -complexes of B40 with Cr(CO)3 has been
explored using density functional theory. The ab initio molecular dynamic simulations were performed at
1200 K to investigate the ﬂuxionality of the heptagonal and hexagonal faces of exohedral B40 complexes.
Our computations show that the coordination of the B40 faces with Cr(CO)3 fragment reduces its ﬂuxionality
to a limited extent. The activation barrier for the inter-conversion of the heptagonal and hexagonal rings in
(CO)3 Cr(η6 -B40 ) complex is around 15.2 kcal/mol whereas in the (CO)3 Cr(η7 -B40 ) complex, it is slightly higher
at around 19.7 kcal/mol. The coordination with another Cr(CO)3 fragment is found to be equally exergonic, with
a barrier for interconversion of 21.5 kcal/mol. The HOMO-LUMO gap is almost similar as the mono-metallated
complexes. The di-metallated complexes also show a dynamical behavior of the six and seven membered rings
at 1200 K.
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1. Introduction
The chemistry of fullerenes have been a major success story of spheroidal molecules during the last
30 years. The classical ﬁve and six membered rings
with 2c-2e bonds rendered them with robust and rigid
structures. 1 The skeletal rearrangements and fragmentation of fullerenes required extreme conditions. 2–4 Until
recently, attempts to generate similar spheroidal boron
analogs met with failure. 5 Computational studies of
boron clusters and the nature of polyhedral boranes
suggested that the surface of borospherenes may be constituted by triangular network.
Recent characterization of B40 has given an added
impetus to the study of borospherenes. 6–11 Though the
structure of B40 is approximately spherical (Figure 1a)
with 48 three membered rings, it has 2 six membered
rings juxtaposed to each other and 4 seven membered
rings. The Schlegel diagram in Figure 1b and 1c show
the arrangement of the triangular rings along with the
position of the hexagonal and heptagonal rings in B40 .
There has been several studies on the electronic structure
* For correspondence
† Dedicated to the memory of the late Professor Charusita

Chakravarty.

and stability of borospherenes. 5–11 The inevitability of
larger rings (holes) in borospherenes and borophenes
have been demonstrated. 12–17 It is possible to “close”
the larger holes by complexation to transition metal fragments. Does this make the skeleton more rigid? 16 It is
tempting to generalize that the multicenter nature of the
bonding predisposes borospherenes to dynamic reorganizations, while the classical localized 2c-2e σ-bonds
keep the carbon fullerene rigid. However, this is not the
complete story. The hydrocarbons such as bullvalene
and semi-bullvalene show unusual ﬂuxionality despite
“localized” C-C bonds, 19–21 whereas delocalized bond22
ing in B12 H−2
12 only strengthens the boron skeleton.
The borospherenes considered here are indeed ﬂoppy
molecules. 18,23
Computational studies of Guajardo et al., on B40 have
shown that though the caged structure is maintained,
the heptagonal and hexagonal rings are interconvertible to each other with a very low energy barrier of
14.3 kcal/mol. 18 The positional displacement of the
boron atoms constituting the hexagonal and heptagonal rings leads to the ﬂuxional behavior of this boron
cage. The Figure 2 shows the initial (I), Transition state
(TS, II) and one of the intermediate (III) geometries
of B40 depicting the structural changes associated during the interconversion of the seven and six membered
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Figure 1. a The molecular structure of B40 . b, c Represent the Schlegel diagram of B40
through the heptagonal and hexagonal faces.

Figure 2. The structural changes in geometry observed by Guajardo et al., 18 while simulating at 1200 K. (I) Initial geometry; (II) transition state; (III) the intermediate geometry
obtained after interconversion of the six and the seven membered rings. Rearrangement of
the boron atoms B1–B5 shown as pink spheres results in interconversion of the six to seven
membered rings.

rings. The boron atom, B2 moves from the B7 ring
towards the adjacent B6 ring. This reduces the distance
between B1 and B3 , whereas the B4 –B5 bond distance is
increased. Thus giving rise to the interconversion of the
six and seven membered rings. The presence of multicenter bonding pattern is considered to be the mediating
factor for this intercoversion. 5,18 The aromaticity of the
cage also remains conserved during the conversion.
Several strategies were examined computationally
to enhance the stability of B40 fullerene, by complexation with alkali, alkaline and transition metals
exohedrally and endohedrally. 24–28 We had shown that
the aromaticity and stability of B40 increase by exohedral complexation with transition metal-arene fragments
such as Cr(C6 H6 ), Cr(CO)3 , Mn(C5 H5 ), Fe(C4 H4 )
and Co(C3 H3 ) through the hexagonal and heptagonal
rings. 16 The Pd(PH3 )2 and Pt(PH3 )2 fragments could
effectively bind with the triangular units of B40 . It is
expected that closing the holes in B40 by complexation
may impart greater mechanical stability to the skeleton and reduce the ﬂuxionality. Here, we investigate the
dynamical behavior of the η7 - and η6 - exohedral complexes of B40 with Cr(CO)3 fragment and compare the

results with the parent system using ab initio molecular
dynamic simulations (AIMD) at ﬁnite temperature.

2. Computational details
The exohedral complexes of B40 with Cr(CO)3 fragments
were optimized at PBE0/Def2-SVP 29–32 using Gaussian
09 package. 33 Frequencies were calculated at the same
level of theory. The Nucleus-independent chemical shift
(NICS) values of the complexes were computed using gaugeindependent atomic orbital method. 34 The ab initio dynamic
simulations were done using PBE 35 functional and plane
wave basis set with Vienna ab initio simulation package
(VASP). 36–39 PAW pseudopotentials were used to treat the
electron ion interactions. 37 The energy cutoff for the plane
wave basis set was 400 eV and the k points were set to
gamma points only for all computations. The electronic
energy convergence threshold was set to 10−6 eV for energy
and 10−3 eV/Å for force. The ab initio molecular dynamic
simulations were performed for 16 ps with canonical (NVT)
ensemble using the algorithm of Nose 40 at ﬁnite temperature
of 1200 K with a time step of 1.0 fs (since B40 was found to
show dynamical behavior at this temperature). 18 The initial
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Figure 3. The structural changes in the η6 - and η7 -exohedral complexes of B40 with
Cr(CO)3 fragment. The zero-point corrected relative energy values in kcal/mol are mentioned. (IV)–(VI) denote the initial, TS and the ﬁnal geometries for η6 -exohedral complex.
(VII)–(IX) denote the initial, TS and the ﬁnal geometries for η7 -exohedral complex. The
rearrangement of boron atoms in the B40 cage leading to the interconversion of six and seven
membered rings are denoted as B1 to B5 .
structures were built up from the corresponding optimized
molecular structures obtained from Gaussian output.

3. Results and Discussion
The diagrammatic representation of the initial, TS and
the intermediate geometries of the exohedral η6 - and
η7 -B40 complexes with Cr(CO)3 fragment, observed
during the dynamic simulations at 1200 K are shown in
Figure 3. Zero-point energy corrected relative energies in kcal/mol are also given here. The ab initio
dynamic simulations of the two complexes show a
behavior similar to that of B40 . Interconversion of the
heptagonal and hexagonal rings for both the exohedral complexes at 1200 K are shown in the movie
SM1 and SM2 (supplementary information). The interconversion follows a similar pathway, where one of
the boron atoms (B2 in Figure 3) of the heptagonal
rings interchange its position with a boron of a three
membered ring. In our calculations, the interconversion between the heptagonal and hexagonal rings for
both the complexes are observed after 12 ps from the
initial time period. The detailed transformation pathway and the involved energetics are investigated using
Gaussian package. The TS geometries have similarity
with that of TS geometry seen for un-complexed B40
(Figure 2). In (CO)3 Cr(η6 -B40 ) (IV) after rearrangement of the hexagonal and heptagonal rings, the relative

energy of the intermediate structure increases by
7.8 kcal/mol. In this geometry (VI), the two hexagonal rings acquire an adjacent position within the cage,
unlike the starting geometry where the two hexagonal rings are present opposite to each other. The TS
in this case is found to be around 15.1 kcal/mol higher
in energy with respect to the starting geometry (IV). In
the η7 -exohedral complex (VII), the relative energy of
the intermediate structure (IX) w.r.t. the initial structure is around 12.1 kcal/mol. The rearrangement of the
boron atoms in the transition state geometry (VIII) connecting VII and IX is similar to the transition state
structures obtained for (CO)3 Cr(η6 -B40 ) complex and
the un-complexed B40 . The activation barrier is around
19.1 kcal/mol, slightly higher than that observed for η6 complex. In order to correlate the barrier heights for
interconversion of the B6 and B7 rings in the two exohedral complexes to that of the un-complexed B40 , we have
recalculated the optimized energies of the initial, TS and
the intermediate geometries for B40 as shown in Figure 2,
using similar functionals and basis sets. The activation
barrier in this case is found to be around 15.2 kcal/mol,
whereas the intermediate geometry (Figure 2c) is around
11.5 kcal/mol higher than that of the initial structure (I).
These relative energy values are in close resemblance
to the previous report (activation barrier is reported to
around 14.8‘kcal/mol and relative energy of the ﬁnal
geometry is computed to around 11.2 kcal/mol w.r.t.
the initial structure). 18 The activation barrier for the η6 -
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Figure 4. The exohedral B40 complexes with two Cr(CO)3 fragments. (X) Two adjacent
B7 rings of B40 are coordinated. (XI) The two B7 rings oriented opposite to each other are
coordinated. (XII) One of the B7 and B6 rings are bound to the metal-ligand fragment. (XIII)
The two hexagonal rings are coordinated. (XIV) The ﬁnal structure formed from 3a during
simulation, where one of the heptagonal ring is transformed to the hexagonal ring. The relative
energy values in kcal/mol are given.

complex is almost equivalent to the un-complexed B40 .
However, for the η7 -complex, the activation barrier for
interconversion increases slightly. This trend is anticipated due to the better overlap between the B7 ring
of B40 with Cr(CO)3 fragment, in comparison to the η6 complex. 16 The relative differences in energy between
the intermediate (IX) and the initial (VII) geometries
for the η7 -complex is nearly similar to the un-complexed
B40 , whereas in η6 -complex the corresponding relative
energy difference is reduced as shown in Figure 3.
Since exohedral complexation with a single Cr(CO)3
fragment brings in only marginal changes in the dynamical behavior, we have further studied the dynamical
behavior of B40 coordinated to two Cr(CO)3 fragments
(Figure 4, X-XIII). The attachment of another Cr(CO)3
fragment to (CO)3 Cr(η7 -B40 ) would result in three isomers and (CO)3 Cr(η6 -B40 ) would provide two isomers.
However, one of the isomers from (CO)3 Cr(η6 -B40 ) is
same as the one isomer obtained from (CO)3 Cr(η7 B40 ). Thus, total four non-equivalent possibilities are
obtained for the exohedral complexes with two Cr(CO)3
fragments as shown in Figure 4. Table 1 reports the
HOMO-LUMO gaps and the NICS values at the approximate centroid for all the isomers. The relative energy
differences between the isomers are very less as seen

earlier for the mono-metallated η6 - and η7 -complexes
of B40 . 16 The two complexes (X and XI), where two
adjacent or the opposite heptagonal faces of B40 are
coordinated to the Cr(CO)3 fragments have the highest
stability.
B40 + (CO)3 Cr(η6 -C6 H6 ) → (CO)3 Cr(ηn -B40 )+C6 H6
H : −23.5 kcal/mol, n = 7 (IV)
−20.5 kcal/mol, n = 6 (VII)
(1)
7
6
(CO)3 Cr(η -B40 ) + (CO)3 Cr(η -C6 H6 )
→ (CO)3 Cr(η7 -B40 -η7 )Cr(CO)3 + C6 H6
H : −23.3 kcal/mol, for X
−21.3 kcal/mol, for XI
(2)
6
6
(CO)3 Cr(η -B40 ) + (CO)3 Cr(η -C6 H6 )
→ (CO)3 Cr(η6 -B40 -η7 )Cr(CO)3 + C6 H6
H : −19.5 kcal/mol, for XII
(3)
6
6
(CO)3 Cr(η -B40 ) + (CO)3 Cr(η -C6 H6 )
→ (CO)3 Cr(η6 -B40 -η6 )Cr(CO)3 + C6 H6
H : −15.7 kcal/mol, for XIII
(4)
The other two isomers where the adjacent hexagonal
and heptagonal faces or both the hexagonal faces (complex XI and XII) coordinate to Cr(CO)3 fragments are
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Table 1. The HOMO-LUMO gap (in eV) and the NICS values (in ppm) at the center of the B40
complexes calculated at PBE0/Def2-SVP using Gaussian g09 package. 29–33
Complex

HOMO-LUMO gap (eV)

NICS at the center (ppm)

B40 (I)
(CO)3 Cr(η6 -B40 ) (IV)
(CO)3 Cr(η7 -B40 ) (VI)
(CO)3 Cr(η7 -B40 ) (VII)
(CO)3 Cr(η6 -B40 ) (IX)
(CO)3 Cr(η7 -B40 -η7 )Cr(CO)3 (X)
(CO)3 Cr(η7 -B40 -η7 )Cr(CO)3 (XI)
(CO)3 Cr(η7 -B40 -η6 )Cr(CO)3 (XII)
(CO)3 Cr(η6 -B40 -η6 )Cr(CO)3− (XIII)
(CO)3 Cr(η7 -B40 -η6 )Cr(CO)3 (XIV)

3.1
2.9
2.6
2.6
2.5
2.6
2.5
2.6
2.6
2.4

−41.6
−49.1
−48.1
−44.9
−48.2
−49.4
−44.5
−52.6
−48.3
−49.2

The HOMO-LUMO gaps calculated for C60 Pd(PH3 )2 and C60 Pt(PH3 )2 at the same level of theory
and basis set are around 2.7 and 2.6 eV, respectively.

less stable by 7.34 and 11.12 kcal/mol than complex X
respectively. This is due to the better overlap between
the seven membered rings of B40 with Cr(CO)3 fragment
compared to the B6 rings.
Near-isodesmic equations (eqs. 1–4) show that the
coordination of second Cr(CO)3 fragment to the
(CO)3 Cr(η7 -B40 ) and (CO)3 Cr(η6 -B40 ) is equally exergonic as the coordination of one Cr(CO)3 fragment
with B6 or B7 ring of B40 . The attachment of one
Cr(CO)3 fragment to the heptagonal or hexagonal face
is exothermic by about 23.5 and 20.5 kcal/mol (eq. 1)
respectively. The exothermicity of the near-isodesmic
equation for coordination of another Cr(CO)3 fragment
ranges between 23.3 to 15.7 kcal/mol as shown in eqs. 2
and 3. The HOMO-LUMO separations for the four isomers are also almost equivalent to the (CO)3 Cr(η6 -B40 )
and (CO)3 Cr(η7 -B40 ) complexes and the C60 complexes
with Pd(PH3 )2 and Pt(PH3 )2 fragment (Table 1). The
negative NICS values for all the isomers at the center of the cage shows the presence of aromatic ring
current. These NICS values vary from −49.4 ppm in
X to −48.3 ppm in XIII. In order to investigate the
dynamical behavior of these B40 complexes with two
Cr(CO)3 fragments, the complex X was simulated at
1200 K. The movie SM3 (see Supplementary Information) provides an overview of the dynamic nature of
this complex. During the simulation, several intermediate structures were seen. Here, we have calculated the
optimized geometry of one such intermediate structure
as shown in XIV, where one of the heptagonal rings
attached with the Cr(CO)3 fragment has converted into
a hexagonal ring. The relative energy difference with
that of the initial conformation is around 9.4 kcal/mol,
calculated at PBE0/Def2-SVP. The NICS value for this
intermediate structure is around −49.2, quite similar to

the initial structure (X). The transition barrier connecting the complex X to the intermediate structure XIV is
calculated to be around 21.5 kcal/mol.
In the exohedral complexes, the B40 bonding orbitals
are stabilized slightly and the aromatic nature is enhanced
as shown in the previous studies. 16 Thus, the delocalized bonding picture of B40 remains unaffected after
complexation. The ﬂuxionality of the six and the seven
membered rings in B40 is found to be a consequence of
its delocalized bonding picture. 18 Since complexation
does not bring drastic changes in the bonding pattern of
the B40 cage, the dynamic behavior remains largely preserved. However, the extent of overlap between the B40
faces and the Cr(CO)3 fragment affects the activation
barrier slightly, going from 15.1 to 21.5 kcal/mol. The
aromaticity as judged by the NICS values for B40 and
in various transition metal complexes remains largely
invariant. Further complexation with Cr(CO)3 might
reduce the ﬂuxional behavior of B40 . Thus, we plan to
study borospherenes with further complexation to see
the effect on their rigidity.

4. Conclusions
The dynamical behavior of the η6 - and η7 - complexes
of B40 with Cr(CO)3 fragment has been investigated
using ab initio molecular dynamic simulations. The
computations show that coordination of one of the two
hexagonal faces of B40 with Cr(CO)3 fragment does not
affect the activation barrier height for interconversion
of the hexagonal ring to the heptagonal ring considerably, in relation to the uncomplexed B40 . However, for
the exohedral η7 -B40 complex, the activation barrier is
increased to around 19.7 kcal/mol due to better overlap
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of the heptagonal face with the Cr(CO)3 fragment. The
dynamic nature of B40 remains preserved after coordination of another Cr(CO)3 fragment with the other faces of
the exohedral B40 complexes. The attachment of another
Cr(CO)3 fragment to the η7 -exohedral complex of B40
is equally stabililizing. The near-isodesmic equations
connecting the mono-metallated η7 -exohedral complex
of B40 to the dimetallated complexes are exothermic
in nature with H varying within the range of −23.3
to −15.7 kcal/mol (the H value for attachment of
one Cr(CO)3 fragment to one of the seven membered
rings to form η7 -complexes is around −23.5 kcal/mol).
The HOMO-LUMO gaps are substantial and comparable to the mono-metallated B40 complexes and the
fullerene complexes with Pd(PH3 )2 and Pt(PH3 )2 fragments. Thus, these exohedral complexes of B40 could be
observed experimentally. Since the delocalized bonding
picture in B40 remains un-altered after complexation, as
indicated by the NICS values calculated at the approximate centroid, the dynamic nature of the η6 - and η7 - or
the dimetallated B40 complexes.
Supplementary Information (SI)
Computational data including cartesian coordinates, variation of root mean square displacements and multimedia ﬁles
of molecular dynamics (SM1.mp4, SM2.mp4 and SM3.mp4)
are provided as the supplementary information, available at
www.ias.ac.in/chemsci.
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