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Abstract A set of supramolecular cage-structures—
spherophanes—was studied at the density functional
B3LYP level. Full geometrical structure optimisations were
made with 6–31G and 6–31G(d) basis sets followed by
frequency calculations, and electronic energies were evaluated
at B3LYP/6–31++G(d,p). Three different symmetries were
considered: C1, Ci, and Oh. It was found that the bonds
between the benzene rings are very long to allow π-electron
delocalisation between them. These spherophanes show portal
openings of 2.596 Å in Spher1, 4.000 Å in Meth2, 3.659 Å in
Oxa3, and 4.412 Å in Thia4. From the point of view of
potential host–guest interaction studies, it should also be noted
that the atoms nearest to the centre of the cavities are carbons
bonded to X groups. These supramolecules seem to exhibit
relatively large gap HOMO−LUMO: 2.89 eV(Spher1),
5.26 eV(Meth2), 5.73 eV(Oxa3), and 4.82 eV(Thia4). The
calculated ΔH°f (298.15 K) values at B3LYP/6–31G(d) are
(in kcal mol−1) 750.98, 229.78, −10.97, and 482.49 for
Spher1, Meth2, Oxa3, and Thia4, respectively. Using
homodesmotic reactions, relative to Spher1, the sphero-

phanes Meth2, Oxa3, and Thia4 are less strained by
−399.13 kcal mol−1, −390.40 kcal mol−1, and −411.38 kcal
mol−1, respectively. Their infrared and 13C NMR calculated
spectra are reported.
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Introduction

Great interest is currently being devoted to the design and
synthesis of new molecular cage materials, since these
may be used to encapsulate molecules, radicals, ions, and
atoms inside their cavities. This encapsulation feature is
very useful for chemical applications as well as for
industry. This technique has been widely used for isolating
very unstable species, for example, by Warmuth et al. [1,
2] to isolate cyclohepta-1,2,4,6-tertaene and o-benzyne
inside carcerands, and by Cram et al. [3] to isolate
cyclobutadiene, also inside carcerands. Dolgonos et al.
have demonstrated theoretically that the normally unstable
smallest fullerene C20 acquires a certain stability when it is
inserted inside large fullerenes [4] or inside the nearly
spherical cavity of the tetraureacalix[4]arene dimer self-
assembled molecular capsule [5].

Separation of reactive compounds by their encapsulation
inside cavities has also been achieved. This approach has
allowed spectroscopic studies and characterisation of
reaction intermediates [6–8]. For example, the rearrange-
ment of singlet phenylnitrene to 1-azacyclohepta-1,2,4,6-
tetraene inside hemicarcerand has been achieved by
Warmuth et al. [6].

The building blocks that are widely used for the
preparation of molecular cages include (among others):
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calixarenes [9, 10], resorcinarenes [11, 12], glycorils [13,
14], and spherands [15]. In order to facilitate the formation
of the cage and avoid side compounds, preorganisation of
the subunits is necessary and the use of template com-
pounds is usually recommended [13, 14, 16, 17].

A fundamental difference between the many supramo-
lecular cages that now exist is the bonding type assuring
cohesion of the cage. These bonds determine the chemical,
physical and chemical-physics properties of the cage.
Covalent bonding leads to very stable supramolecules that
are capable of permanently encapsulating guest molecules
[18]. Non-covalent bond types such as hydrogen bonds,
charge transfer interactions, van der Waals interactions, and
metal coordination are weak and much less strong than
covalent bonds. Thus, the relative stability of capsules
made of these types of interactions is due only to the
cooperative effects of the many existing interactions [19,
20]. Generally, these latter types of molecular capsules
allow reversible capture of guests.

In this study, we consider a set of molecular containers.
Formally, these molecules may be obtained by replacing
each summit of a cube by a benzene ring. Spherophane1
(Spher1; molecular structure C48H24) is the simplest
spherical molecule obtained by such a manipulation.
Spher1 may be derived by adding 24 hydrogen atoms to
the C48 fullerene studied by Dunlop and Taylor [21] or the
designed structure 24(4,6,8) with 12 squares, eight hex-
agons and six octagons in the reference [22].

The electronic and geometrical structures of this spher-
ophane were investigated at different model chemistries. In
addition to Spher1, three other spherophanes, in which the
edges of the cube are replaced by a linker, were considered
(Fig. 1): a –CH2– group, yielding methanospherophane2
(Meth2); an –O– group, giving oxaspherophane3 (Oxa3);
and an –S– group yielding thiaspherophane4 (Thia4). The
molecular formulae of Meth2, Oxa3 and Thia4 are C60H48,
C48H24O12, and C48H24S12, respectively [23, 24]. Such a

manoeuvre enhances the volume of the inner cavity of
Spher1 while decreasing its strained energy. This study will
help to highlight these features.

All four spherophanes were studied theoretically with
the aid of a quantum chemical ab initio method. Their
geometrical parameters, electronic energies, and molecular
orbital levels as well as their normal mode frequencies and
thermochemistries were evaluated using different model
chemistries.

Computational methods

Given the fixed purposes of this present study and the
size of the molecules under consideration—more than 48
heavy atoms—we have used the following computational
procedures.

First, complete optimisations of the geometrical param-
eters were performed using the well known density
functional theory (DFT) combination Becke’s three param-
eters hybrid functional (B3) with the Lee, Yang, and Parr
(LYP) expression of non-local correlation (B3LYP) [25–27],
with the Pople split-valence basis sets 6–31G and 6–31G(d)
[28]. The B3LYP method has proven its accuracy in
determining geometrical parameters [29, 30], electronic
energies and thermochemical properties [31–34], and is
used widely for studying structures and the stability of large
molecules, fullerenes, and supramolecules [22, 29, 35, 36].
The basis sets 6–31G and 6–31G(d) have also been
recommended for purposes such as the present study. From
their study of 184 molecules, Scott and Radom [32] pointed
out that B3LYP/6–31G(d) is a successful procedure in the
prediction of harmonic fundamental vibrational frequencies.
This level has also been recommended by Kassaee et al.
[30] for the evaluation of entropies, and by Ventura et al.
[37] for thermochemistry calculations.

B3LYP, which includes electron correlation effects, is
ideally suited to the evaluation of thermochemical property
values [31, 37]. Since determination of these parameters is
also one of our objectives, frequency calculations were
performed at both levels: B3LYP/6–31G and B3LYP/6–
31G(d). Although relatively sophisticated computational
resources were available. some frequency calculations took
up to 10 days.

In order to eliminate systematic errors due to ab initio
calculations, harmonic vibrational frequency scaling factors
were used. These scaling factors depend only on the
method and the basis set used. Because they are determined
by comparing experimental and theoretical results of a set
of molecules, slightly different values of such factors are
found in the literature [30, 32, 38, 39]. Frequency
calculations confirm the minimum states of the optimised
geometries, and compute zero point energies, thermal

Fig. 1 Structures of the spherophanes considered in this study:
Spher1 Spherophane 1, Meth2 Methanospherophane 2, Oxa3 Oxas-
pherophane 3, and Thia4 Thiaspherophane 4
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corrections to internal energy, enthalpies, Gibbs free
energies, and entropies as well as the constant heat
capacities of these spherophanes. Scaling factors taken
from the literature were also used to correct these
properties.

To improve the accuracy of the calculated electronic
energies, single point calculations were performed using the
same method with the large basis set 6–31++G(d,p), which
is 6–31G augmented with diffuse and polarised functions
on all atoms.

All calculations were performed using the set of
programs G03 [40]. For spatial representations and viewing
of vibrations and orbitals, GaussView and Molden [41]
were used.

Results and discussion

Geometrical structures

Complete geometrical structure optimisations were made at
B3LYP level with the basis sets 6–31G and 6–31G(d). The
molecules were placed in the symmetries Oh, Ci, and C1
during these calculations. For each spherophane type, the
different symmetries seemed to exhibit almost the same
values of bond lengths and angles. The values for
geometrical parameters obtained at both levels of calcula-
tion of the octahedral molecules are given in Fig. 2.

From this figure, the results of bond lengths C–C, C–O,
and C–S values obtained with the 6–31G(d) basis set are a

Fig. 2 Geometrical parameters
of the spherophanes at octahe-
dral symmetry obtained at
B3LYP/6–31G (upper values in
italics) and at B3LYP/6–31G(d)
(lower values). Bond lengths are
in Ångstroms and angles in
degrees

Fig. 3 Diameter at the entrance
of the pores in the four spher-
ophanes studied, evaluated at
B3LYP/6–31G(d)
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bit less than those obtained with 6–31G, while Ph–H bonds
are underestimated by the latter basis set. Furthermore, C–S
and C–O bond lengths are more influenced by the
introduction of the polarisation functions, although the C–O
(or C–S) bond diminishes from 1.4228 Å (1.8630 Å)
obtained with 6–31G to 1.3953 Å (1.8058 Å) obtained with
6–31G(d) basis set. However, the polarisation functions have
hardly any affect on valence angles.

Figure 2 shows also that the nature of the linker between
the phenyl rings affects the geometrical regularity of the
benzenes. The valence angles show that the benzenes are
more regular in the case of Thia4, while they are more
distorted in the Spher1 molecule. The bond lengths between
the benzene rings show that there is almost no π-electrons
delocalisation out of the rings. Moreover, in the case of
Spher1, these values seem to be a bit higher than the regular
C–C simple bond length value, reflecting the fact that this
spherophane is very strained.

It is also interesting to know the dimension of the pores.
Thus, in Fig. 3 and Table 1, we report the distances between
hydrogen atoms at the entrance of the holes. Distances
dH1,H2 and dH1,H3 in the case of Thia4 and Oxa3,
respectively, are more influenced by the polarisation func-
tion. The results show that dH1,H2 and dH1,H3 increase with
the radius of the linker: Spher1λτ;λτ;Oxa3<Meth2<Thia4.
In Fig. 3, we have drawn circles at the entrance of the
spherophanes—the diameters correspond to dH1,H3. Interac-
tions between these hydrogen atoms are stronger in Spher1
than in the other three molecules. This perturbs the rest of the
molecule and deforms the benzene ring structure.

Let us consider, for simplicity, the designation Ca, Cb,
Hg , and Xd and their corresponding symmetric atoms C

0
a,

C
0

b, C
0
g , and C

0

d with respect to their respective molecular

centres. The distance between each atomic pair is shown in
Table 2. The reported results show that the linker atoms (X)
are further from the molecular centre than all the other
atoms, while the designated Ca carbon atoms are closest. In
the case of Thia4, the Ca and Cb atoms are almost the
same distance from the centre of the molecule. Thus, for
subsequent guest insertion studies, these atoms must be
considered first.

Electronic energies

Electronic energies, highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
as well as the energy gaps ELUMOHOMO obtained with the
four model chemistries B3LYP/6–31G//B3LYP/6–31G,
B3LYP/6–31G(d)//B3LYP/6–31G(d), B3LYP/6–31++G(d,
p)//B3LYP/6–31G, and B3LYP/6–31++G(d,p)//B3LYP/6–
31G(d) are reported in Tables 2 and 3. Again, almost the
same electronic energy values were found within the
different symmetries. Such very small differences (less than
0.5 kcal mol−1) are not sufficient to make any decision about
the symmetry of the fundamental ground state.

Analysis of the results in Table 3 indicates that polar-
isation functions affect very strongly the values of the total
electronic energies of the spherophanes. The difference
between the electronic energies obtained with the basis sets
6–31 and 6–31G(d) is 270 kcal mol−1, 339 kcal mol−1,
489 kcal mol−1, and 489 kcal mol−1 in the case of Spher1,
Meth2, Oxa3, and Thia4, respectively. Furthermore, the
value of the electronic energy diminishes in the order 6–
31G//6–31G, 6–31G(d)//6–31G(d), 6–31++G(d,p)//6–31G,
and then 6–31++G(d,p)//6–31G(d). This fact demonstrates
that a single point calculation improves the accuracy of the
energy.

The kinetic stability of a system is measured by the
energies of the HOMO, LUMO, and by the gap ELUMOHOMO.
Table 4 lists the energies of the HOMO and LUMO obtained
at B3LYP/6–31++G(d,p)//6–31G(d), and the ELUMOHOMO

energy gaps of the studied spherophanes. The values
obtained vary slightly with the model chemistry used.
Moreover, the single point calculations affected the gaps by
decreasing gap values obtained at the optimised level. This
effect becomes more appreciable when the basis set used for
optimisation is small. From the model B3LYP/6–31G//6–

Table 1 dH1,H2 and dH1,H3 distances (Å) obtained at the B3LYP
level. Atom designations are shown in Fig. 3. Spher1 Spherophane 1,
Meth2 Methanospherophane 2, Oxa3 Oxaspherophane 3, and Thia4
Thiaspherophane 4

Spher1 Meth2 Oxa3 Thia4

6–31G H1...H2 1.8397 2.8347 2.6460 3.1916
H1...H3 2.6017 4.0089 3.7420 4.5136

6–31G(d) H1...H2 1.8359 2.8282 2.5873 3.1197
H1...H3 2.5963 3.9997 3.6590 4.4119

Table 2 Distances (Å) between atoms obtained at B3LYP/6–31G(d). C
0
a, C

0

b , C
0
g , and C

0

d are the corresponding symmetric atoms of Ca , Cb ,
Cg , and Cd , respectively, relative to the molecular centre

Distances Spher1 Meth2 Oxa3  Thia4 
C C ′  7.280  8.837 0.437  9.270 
Cβ

α

 C ′  7.426  8.833 8.473  9.282 
Hγ H ′  8.268  9.754 9.416 10.204 
Xδ

β

α

γ

δ X ′  / 10.152 9.633 11.090 
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31G to B3LYP/6–31++G(d,p)//6–31G [respectively, from
B3LYP/6–31G(d)//6–31G(d) to B3LYP/6–31++G(d,p)//6–
31G(d)] the ELUMOHOMO gap decreases at least by 0.21 eV
(respectively by 010 eV), 0.32 eV (0.21 eV), 0.18 eV
(0.17 eV), and by 0.35 eV (0.19 eV) for Spher1, Meth2,
Oxa3, and Thia4, respectively.

These gap energies depend strongly upon the nature
of the linker between the benzene rings. At the B3LYP/
6–31++G(d,p)//6–31G(d) level, these gaps are, in in-
creasing order: 2.89 eV (no linker), 4.82 eV(X = S),
5.26 eV(X = CH2), and 5.73 eV(X = O). Compared to the
gaps obtained in the case of fullerenes, these spherophanes

seem to exhibit large LUMO−HOMO gaps. Shao et al.
[42]. have reported this property for thousands of isomers
of some 27 fullerene types; the highest gap values
obtained at PBE1PBE/6–311G*//DFTB are 2.88 eV for
C60, 2.86 eV for C70, and 2.64 eV for C72. Some authors
consider that the ionisation potential of a molecule is the
value of the HOMO’s energy taken with sign ’+’.
Following this consideration, the ionisation potentials of
Spher1, Meth2, Oxa3, and Thia4 are 5.71 eV, 6.21 eV,
7.39 eV, and 6.89 eV, respectively.

Figure 4 shows the energetic diagrams of the octahedral
spherophanes obtained at B3LYP/6–31++G(d,p)//6–31G(d)

Table 3 Electronic energies of the spherophanes obtained at B3LYP with different basis sets (given in Hartree)

6–31G// 6–31++G(d,p)// 6–31G(d)// 6–31++G(d,p)//

Molecule Symmetry 6–31G 6–31G 6–31G(d) 6–31G(d)

Spher1 Oh −1,842.63903 −1,843.16097 −1,843.06919 −1,843.161424
Ci −1,842.63837 −1,843.16036 −1,843.06854 −1,843.160819
C1 −1,842.63835 −1,843.16035 −1,843.06856 −1,843.160882

Meth2 Oh −2,314.85500 −2,315.52479 −2,315.39309 −2,315.525067
Ci −2,314.85492 −2,315.52531 −2,315.39299 −2,315.525628
C1 −2,314.85488 −2,315.52539 −2,315.39298 −2,315.525602

Oxa3 Oh −2,745.27780 −2,746.16568 −2,746.06488 −2,746.178066
Ci −2,745.27811 −2,746.16604 −2,746.06497 −2,746.178586
C1 −2,745.27794 −2,746.16611 −2,746.06501 −2,746.178671

Thia4 Oh −6,621.01469 −6,621.87247 −6,621.80055 −6,621.897708
Ci −6,621.01419 −6,621.87292 −6,621.80009 −6,621.898161
C1 −6,621.01409 −6,621.87312 −6,621.80015 −6,621.89846
Th −6,621.01469 −6,621.87247 IFa IFa

a One imaginary frequency was found at B3LYP/6–31G(d)

Table 4 Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) orbital energies obtained at B3LYP/6–
31++G(d,p) of the different molecules studied as well as the gaps (ELUMOHOMO) evaluated with different basis sets. Results were obtained at the
correlated B3LYP and are given in electron volts

6–31++G(d,p)//6–
31G(d)

Gap (eV)

Molecule Symmetry HOMO LUMO 6–31G//6–31G 6–31++G(d,p)//6–31G 6–31G(d)//6–31G(d) 6–31++G(d,p)//6–31G(d)

Spher1 Oh −5.71 −2.82 3.10 2.89 2.99 2.89
Ci −5.71 −2.82 3.10 2.89 2.99 2.89
C1 −5.71 −2.82 3.11 2.90 3.00 2.89

Meth2 Oh −6.21 −0.94 5.57 5.25 5.47 5.26
Ci −6.21 −0.94 5.57 5.25 5.47 5.26
C1 −6.21 −0.94 5.58 5.25 5.47 5.26

Oxa3 Oh −7.38 −1.65 5.95 5.77 5.90 5.73
Ci −7.39 −1.66 5.95 5.77 5.90 5.73
C1 −7.39 −1.66 5.95 5.77 5.91 5.73

Thia4 Oh −6.88 −2.06 5.31 4.96 5.01 4.82
Ci −6.89 −2.07 5.31 4.96 5.01 4.82
C1 −6.89 −2.07 531 4.96 5.01 4.82
Th a a 5.31 4.96 IFa IFa

a One imaginary frequency has been found at B3LYP/6–31G(d)

Table 4 Highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) orbital energies obtained at
B3LYP/6–31++G(d,p) of the different molecules studied as well as the

gaps (ELUMOHOMO) evaluated with different basis sets. Results were
obtained at the correlated B3LYP and are given in electron volts
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level by representing, for clarity, only the border levels:
HOMO−2, HOMO−1, HOMO, LUMO, LUMO+1, and
LUMO+2. The chemical reactivity of the studied systems is
related to their HOMO and LUMO energies. This figure
demonstrates, by considering the Fukui border orbitals
principle, that, against nucleophile reactants, the reactivity
of the spherophanes decreases in the order Spher1, Thia4,
Oxa3, and then Meth2. However, against electrophiles their
reactivity decreases in the order Spher1, Meth2, Thia4, and
Oxa3.

By examining closely the shape of the HOMO and
LUMO orbitals (Fig. 4), it was noted that, for Spher1 and
Meth2, these doubly degenerated molecular orbitals corre-
spond exactly to π-HOMO and π*-LUMO of a free

benzene ring and their symmetries are eu (HOMO) and eg
(LUMO). This is in agreement with what was previously
deduced from the bond lengths study: each benzene ring
keeps its own π-electrons. A very big difference was noted
in the case of the Oxa3 molecule, where the HOMO
corresponds to the π-HOMO of the benzenes; however, in
the LUMO, the 4s and 4p orbitals of the oxygen atoms
present a very small contribution, which could be
neglected. In the case of Thia4, the LUMO of symmetry
eg corresponds to π*-LUMO of the benzenes; on the other
hand, the HOMO is completely different. The HOMO of
Thia4 has a symmetry of a2g and essentially corresponds to
a combination with the same coefficients of two 3p orbitals
of each sulphur atom.

Fig. 4 Energetic diagram of the
octahedral spherophanes. Only
border orbitals are shown as
well as a schematic form of the
highest occupied molecular or-
bital (HOMO) and the lowest
unoccupied molecular orbital
(LUMO)
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The molecular nomenclatures of the octahedral spher-
ophanes according to their orbital symmetries are given in
Table 5.

Vibrational frequencies and spectroscopy

The fundamental normal modes vibrational frequencies
of the four spherophanes were estimated at B3LYP with
the basis 6–31G and 6–31G(d) and scaled by the factors
0.962 [39] and 0.9613 [40], respectively. Table S1 in the
Supplementary material lists all the scaled fundamental
vibrational frequencies values calculated at B3LYP/6–
31G(d). Due to the high considered Oh symmetry, there
is only a limited number of infrared and Raman active
normal modes. Within this symmetry, only the t1u modes
are infra-red (IR) active and only t2g, eg, and a1g modes
are active in Raman. The scaled frequencies of these
active modes for the different spherophanes are listed in
Table 6.

IR intensities calculated at the B3LYP/6–31G(d) level
are shown in Fig. 5. Figure 6 shows the 13C NMR shift
values obtained at B3LYP/6–31G(d), with tetramethylsilane
(TMS) as a reference peak. Due to the high symmetry under
consideration, the IR spectra are very simple. The 13C
NMR spectra show two and three types of carbon atoms.
One can see that the high electronegativity of oxygen has
affected the shifts of the carbons. However, in the case of
Thia4, the peaks of the carbons are closer, which could be
due to the long C–S distance and to the electronegativity
values of the S and H atoms.

Thermochemistry and strain energy

The standard molar enthalpies of formation of the different
spherophanes were calculated at all the levels considered. This
property describes the thermodynamic stability of the com-
pound at given conditions of pressure and temperature.
Generally, two types of reactions are used to determinate the
enthalpy of formation of a compound: isogyric reactions (spin
conservation) and, most commonly, isodesmic reactions
(bonds types conservation). Such reaction types lead to
substantial cancellation of systematic errors due to the ab
initio calculations, thus they give values close to the
experimentally determined Δf H°. For the present study, we
considered the set of isodesmic reactions shown in Table 7.
The experimental standard enthalpies of formation of the
auxiliary simple molecules in these reactions are also given in
this table. For molecules CH4, C6H6, C3H8, CH3–O–CH3, and
CH3–S–CH3, we performed DFT calculations with the same
models as those used for the spherophanes in each case.

Table 6 Infra-red (IR) and Raman active normal modes scaled frequencies obtained at B3LYP/6–31G(d)

Molecule Γi Vibrational frequencies (cm−1)

Spher1 t1u IR active 293, 412, 586, 652, 712, 848, 916, 980, 1111,1169,1349, 1538, 3152, 3180
t2g Raman active 138, 222, 415, 524, 645, 745, 813, 836, 961, 1074, 1142
eg Raman active 182, 470, 511,869, 928,1169,1378, 1534, 3180
a1g Raman active 362, 693, 895, 1002, 1198, 3180

Meth2 t1u IR active 172, 230, 322, 487, 543, 635, 731,857, 865, 891, 972, 979, 1152, 1253, 1296, 1438, 1457,
1590, 2933, 2973, 3047, 3050

t2g Raman active 88, 159, 254, 468, 571, 657, 726, 840, 868, 930, 977, 1137, 1161, 1249, 1299, 1450, 1460,
1595, 2933, 3043, 3048

eg Raman active 63, 258, 323, 461, 703, 853, 891, 954, 1152, 1439, 1458, 1597, 2933, 2973, 3050
a1g Raman active 203,579, 735, 893, 980, 1258, 1457, 2934, 3051

Oxa3 t1u IR active 197, 258, 382, 481, 556, 633, 705, 831, 870, 982, 992, 1110, 1270, 1483, 1578, 3116, 3121
t2g Raman active 109, 178, 277, 463, 593, 648, 707, 815, 854, 960, 983, 1096, 1276, 1432, 1588, 3112, 3116
eg Raman active 67, 287, 379, 455, 711, 862, 930, 1094, 1431, 1594, 3121
a1g Raman active 230, 531, 708, 875, 990, 1270, 3121

Thia4 t1u IR active 152, 191, 229, 371, 417, 537, 678, 765, 871, 901, 972, 1091, 1102, 1377, 1536, 3102, 3103
t2g Raman active 72, 135, 228, 367, 412, 565, 670, 765, 863, 892, 969, 1085, 1102, 1382, 1539, 3100, 3102
eg Raman active 44, 196, 262, 383, 596, 768, 905, 1103, 1380, 1541, 3103
a1g Raman active 164, 393, 685, 881, 975, 1103, 3104

Table 5 Spin-orbital symmetry of the octahedral spherophanes

Molecule Symmetry of the electronic spin orbitals

Spher1 24eu, 42t1g, 72t1u, 72t2g, 48t2u, 28eg, 10a2u, 2a1u,
12a1g, 2a2g

Meth2 28eu, 48t1g, 90t2g, 96t1u, 66t2u, 40eg, 12a2u, 4a2g,
18a1g, 2a1u

Oxa3 28eu, 66t2u, 90t2g, 54t1g, 40eg, 96t1u, 4a2g, 16a1g,
12a2u, 2a1u

Thia4 6a2g, 84t2u, 66t1g, 78eg, 114t1u, 32eu, 108t2g,
20a1g, 14a2u, 2a1u
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The calculated standard enthalpies of formation values at
298.15 K are given in Table 8. The formation of
oxaspherophane is exothermic while the formation reac-
tions of the other three spherophanes are endothermic.
Δf H° of these spherophanes diminishes in the order
Spher1>Thia4>Meth2>Oxa3.

In order to calibrate the results presented here, we
propose to estimate—at the same level of calculation, i.e.
B3LYP/6–31G(d)—the enthalpies of formation of a set of
related structure molecules: biphenyl (PhPh), diphenyl-
methane (PhCH2Ph), diphenyl ether (PhOPh), and diphenyl
sulphide (PhSPh). Complete optimisations of these mole-
cules and frequency calculations were performed. Using
isodesmic reactions (Reactions 5–8 in Table 7) with similar
auxiliary products, we determined the following enthalpies
of formation (in kcal mol−1): 43.43 (PhPh), 32.88
(PhCH2Ph), 12.38 (PhOPh), and 55.23 (PhSPh), which
are very close to the experimental values given in Table 7.

In the diphenyl derivatives there is no strain energy.
Their optimised structures show that the angle CPh–X–CPh

is equal to 114.76° in the case of PhCH2Ph, 120.90° in
PhOPh, and 103.66° in PhSPh, and the angle formed

between the planes of the benzene rings is 40.08° in PhPh,
88.37° in PhCH2Ph, 67.78° in PhOPh, and 69.80° in PhSPh.

The stability of the spherophanes and their diphenyl
derivatives relative to free benzene rings is shown by means
of the calculated enthalpies of reactions reported in Table 7;
Reactions 9–12 show a negative ΔH of reaction, which
means that dissociation of the spherophanes into their
corresponding diphenyls is exothermic.

Now let us discuss the relative strain energy between the
studied spherophanes. Consider first isodesmic Reac-
tion (13) (Scheme 1).

The reaction enthalpy of (13), ΔHr(13) = −7.78 kcal
mol−1, is a measure of the enthalpy variation when the
sulphur bridge between the phenyl rings is replaced by an
ether bridge.

In Reaction (14) (Scheme 2), the bridges between the
spherophanes and the diphenyls are interchanged. If the
replacement of the ether bridges by sulphur bridges in the 12
diphenyl ether molecules involves the same variation in
enthalpy as when this replacement occurs in Oxa3, and vice-
versa, then ΔHr(14) would be equal to zero. In that case, the
difference between the enthalpies of formation of Thia4 and

Fig. 6 13C NMR spectra of the
octahedral spherophanes
obtained at B3LYP/6–31G(d).
Zero corresponds to the shift of
tetramethylsilane (TMS) [HF/6–
31G(d)]

Fig. 5 Infra-red (IR) spectra of the octahedral spherophanes obtained at B3LYP/6–31G(d)
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Oxa3 is 12 times that between diphenyl sulphide and
diphenyl ether, since

ΔHr 14ð Þ ¼ ΔHf Thia4ð Þ �ΔHf Oxa3ð Þ� �þ 12

� ΔHf PhSPhð Þ �ΔHf PhOPhð Þ� �
:

However, the reaction enthalpy of (14) is found to be
equal to −20.98 kcal mol−1, and the difference
ΔHf Thia4ð Þ �ΔHf Oxa3ð Þ� �

is 11.51 times the difference
ΔHf PhSPhð Þ �ΔHf PhOPhð Þ� �

. Reaction (14) may be

considered as the sum of 12×Reaction (13) and Reaction
(15) (Scheme 3), with ΔHr(15) = 72.38 kcal mol−1.

Reaction (15) is isodesmic and ΔHr(15) is a measure of
the dissociation/formation of the spherophane cages and of
the dissociation/formation of the bridged diphenyls (PhSPh
or PhOPh) to/from dimethylether or dimethylsulphide and
benzene.

Reaction (14) is a homodesmotic reaction and its
reaction enthalpy corresponds to the relative strain energy
between Thia4 and Oxa3. ΔHr(14) is negative, therefore
Thia4 is less strained than Oxa3 by 20.98 kcal mol−1.

Table 8 Standard molar enthalpies of formation at 298.15 K of the spherophanes obtained at B3LYP and different basis sets. The values are in
kcal mol−1

Molecule Symmetry 6–31G// 6–31G 6–31++G(d,p)// 6–31G 6–31G(d)// 6–31G(d) 6–31++G(d,p)// 6–31G(d)

Spher1 Oh 594.65 598.02 750.59 602.50
Ci 595.05 598.39 750.98 602.86
C1 595.10 598.43 750.98 602.83

Meth2 Oh 129.27 140.99 229.78 145.92
Ci 129.18 140.53 229.68 145.40
C1 128.06 139.33 229.76 145.49

Oxa3 Oh −110.72 −68.04 −10.97 −72.65
Ci −110.62 −67.97 −10.78 −72.73
C1 −110.67 −68.18 −10.81 −72.80

Thia4 Oh 401.18 410.10 482.49 399.35
Ci 401.27 409.60 482.54 398.83
C1 401.38 409.52 482.49 398.63
Th 401.18 410.10 IFa IFa

a One imaginary frequency was found at B3LYP/6–31G(d)

Table 7 Isodesmic reactions used for calculation of standard molar enthalpies. Experimental standard enthalpies of formation (Δf H°; 298.15 K)
values of the auxiliary compounds used are also listed [43]

Reaction Calculated molar enthalpy
of reactions (kcal mol−1)

1 C48H24 + 18 CH4 ———→ 8 C6H6 + 6 C3H8 −421.23
2 C60H48 + 24 CH4 ———→ 8 C6H6 + 12 C3H8 56.42
3 C48H24O12 + 24 CH4 ———→ 8 C6H6 + 12 CH3OCH3 69.44
4 C48H24S12 + 24 CH4 ———→ 8 C6H6 + 12 CH3SCH3 −3.56
5 C12H10 + (3/2) CH4 ———→ 2 C6H6 + (1/2) C3H8 10.44
6 C13H12 + 2 CH4 ———→ 2 C6H6 + C3H8 17.40
7 C12H10O + 2 CH4 ———→ 2 C6H6 + CH3OCH3 18.92
8 C12H10S + 2 CH4 ———→ 2 C6H6 + CH3SCH3 11.06
9 C48H24 + 12 CH4 ———→ 4 C12H10 + 4 C3H8 −463.27
10 C60H48 + 16 CH4 ———→ 4 C13H12 + 8 C3H8 −11.78
11 C48H24O12 + 16 CH4 ———→ 4 C12H10O + 8 CH3OCH3 −6.03
12 C48H24S12 + 16 CH4 ———→ 4 C12H10S + 8 CH3SCH3 −47.69
Experimental standard enthalpies of formation
Compound Δf H°298K(kcal mol−1) Compound Δf H°298K(kcal mol−1)
Biphenyl (C12H10) 43.36 CH4 −17.83
Diphenylmethane (C13H12) 33.22 C3H8 −25.02
Diphenylether (C12H10O) 12.43 C6H6 19.82
Diphenylsulphide (C12H10S) 55.3 CH3OCH3 −44.00

CH3SCH3 −8.96
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Scheme 3 Isodesmic reaction (15)

Scheme 2 Homodesmotic reaction (14)

Scheme 4 Homodesmotic reaction (16)

Scheme 1 Isodesmic reaction (13)
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The relative strain energies between Meth2 and Oxa3
may be calculated via the homodesmotic Reaction (16)
(Scheme 4).

Reaction (16) is endothermic, with a variation of
enthalpy of 8.73 kcal mol−1, thus Oxa3 is more strained
than Meth2 by that quantity of energy. Finally, the
homodesmotic Reaction (19) (Scheme 5) is very exother-
mic and Spher1 is highly strained than Meth2 by
399.13 kcal mol−1.

To summarise, the least strained spherophane is Thia4,
followed byMeth2, then Oxa3, and the most strained is Spher1.

Summary and outlook

The current study studied the electronic and geometrical
structures of a set of novel cage-structure supramolecules—
spherophanes—at the hybrid functional B3LYP level.

The results show that there is no π-electron conjugation
between the phenyl rings, and that the nature of the linker
between the benzene rings affects the geometrical parameters
of the spherophanes. The geometrical structure of the

benzenes is more distorted when the linker is a simple C–C
bond and is more regular in the case of Thia4; this could be
related to long-distance interactions between hydrogen atoms.
Furthermore, the size of the inner cavity of these spherophanes
increases in the order Spher1<Oxa3<Meth2<Thia4.

It was also found that, relative to C60 and C70

fullerenes, which exhibit high HOMO−LUMO gaps, the
energy gaps of these spherophanes are higher. This gap
increases in the order: Spher1<Thia4<Meth2<Oxa3. Apart
from the HOMO of thiaspherophane, the border molecular
orbitals HOMO and LUMO of these spherophanes have the
same structures as those of benzene. However, the HOMO
of Thia4 is constituted essentially by a combination with
the same proportions of two 3p orbitals of the sulphur
atoms.

The normal modes active in IR and Raman were also
determined. 13C NMR and IR spectra were also reported.
Isodesmic reactions were used to evaluate standard molar
enthalpies at 298.15 K. The results show that the formation of
Oxa3 is exothermic. However, the strain structure of Spher1
is the more endothermic, its Δf H°(298.15 K) is 595.24 kcal
mol−1. Using homodesmotic reactions, relative to Spher1, the

Table 9 Results of B3LYP/6–31G(d) calculations. Uther (kcal mol−1) Thermal energy, CV (cal mol−1 Kelvin) heat capacity, S (cal mol−1 Kelvin)
internal thermal correction to the energy

6–31G(d) 6–31G(d) a

Molecule Symmetry U ther Cv S U ther Cv S

Spher1 Oh 364.10 136.84 161.40 361.06 127.18 145.40
Ci 364.07 137.33 172.46 361.05 127.60 152.95
C1 364.09 137.35 172.06 361.06 127.62 152.82

Meth2 Oh 586.60 193.63 229.87 525.99 65.04 95.22
Ci 586.38 193.85 237.52 525.82 65.10 101.63
C1 586.44 193.89 237.93 525.90 65.08 101.63

Oxa3 Oh 399.48 180.32 216.35 399.48 180.32 216.35
Ci 399.73 180.06 222.58 399.73 180.06 222.58
C1 399.72 180.08 222.59 399.72 180.08 222.59

Thia4 Oh 385.17 201.09 262.49 366.64 143.94 164.94
Ci 384.92 201.31 272.38 366.40 144.12 171.51
C1 384.90 201.37 272.27 366.38 144.17 171.55

a Corrected by the contribution of some of the low vibrational modes

Scheme 5 Homodemotic reaction (19)
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spherophanes Meth2, Oxa3, and Thia4 are less strained by
−399.13 kcal mol−1, −390.40 kcal mol−1, and −411.38 kcal
mol−1, respectively. For use in future experimental studies,
Table 9 list the entropy, heat capacity, and internal thermal
correction to the energy for each spherophane.

Further investigations, consisting of studying the capa-
bility of these spherophanes to store small molecules such
as hydrogen, are in progress.
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