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Maximizing the Solar Energy Storage of the
Norbornadiene-Quadricyclane System:
Mono-Heteroatom Effect by DFT Calculations

E. Vessally
Payame Noor University (PNU), Zanjan, Iran

An attempt was made to maximize the solar energy storage in a norbornadiene
(1)/quadricyclane (2) system, through the angling of mono-heteroatoms at C1,
C2, or C7 atoms of 1 and 2 and calculating the corresponding energies at the
B3LYP/6-311++G(3df,2p) level of theory. Free energy gaps between 1nX and 2nX,
� G(1nx) - (2nx), as well as solar energy storage was the most for 11As (–24.20),12N
(–32.48), and 17As (–29.77) in kcalmol–1 from group V of the Periodic Table.

Keywords Energy storage; mono-heteroatom effect; norbornadiene; quadricyclane; so-
lar energy

INTRODUCTION

Solving today’s energy problems through the employment of environ-
mentally safe “solar energy” has received much attention.1 Intramolec-
ular photochemical [2π −2π ]-cycloaddition of norbornadiene, 1, to
quadricyclane, 2, has been studied from a mechanistic point of view.2–4

The 1/2 system has been used for solar energy storage,5–7 in molec-
ular switching,8–10 in optoelectronic devices,11–14 as a data storage
compound,15,16 as photodynamic chemosensor for metal cations,17,18

as a potential photoresponsive organic magnet,19–21 and as an ener-
getic binder for solid rocket propellants.22 This system has an inherent
disadvantage that 1 cannot absorb a visible wavelength of sunlight. Us-
ing sensitizers and chromophores are two improvements to solve this
problem. An iridium complex has been proposed as the sensitizer for
π − π∗ excitation.4 The donor-acceptor chromophores have been placed
at the double bond of the norbornadiene molecule. The water soluble
carbamoyl and carboxyl derivatives of 1 and 2 have also been used to ab-
sorb light of wavelengths longer than 300 nm.23 Ab initio calculations
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2308 E. Vessally

have been used to study the energetics of 1 and 2 conversions.4,24,25

Density functional calculations with the hybrid B3LYP function have
been used to study the ground state of 1 bound to the photosensitizer
[Cu(8-oxoquinolinato)].26

As a continuation of our research,27,28 we studied the photochemical
energy storage in the ground states of 1/2 system with exchanging of
mono-heteroatoms at C1, C2, or C7 atoms of 1 and 2.

COMPUTATIONAL METHODS

The molecular structures of norbornadienes (1nX) and quadricyclanes
(2nX), shown in Scheme 1, were studied using ab initio methods. Ge-
ometry optimizations were carried out by HF and B3LYP29,30 methods
using 6-31G* basis set of the Gaussian 98 system of programs.31 In or-
der to find thermochemistry parameters including thermal energy (E),
thermal enthalpy (H), and Gibbs free energy (G), keyword “Freq” was
used. The Berny algorithm was employed for all minimizations using
redundant internal coordinates.32 For minimum state structures, only
real frequency values were accepted. The calculations exhibit system-
atic errors and thus benefit from scaling. Thermodynamic functions,
obtained through frequency calculations, were multiplied by a Hehre
et al.33 scaling factor of 0.89 for HF; and by 0.99 scaling factor of Rauhut

SCHEME 1 Storage of solar energy in norbornadiene (1nX)/quadricyclane (2nX)
system; where n = 1, 2 or 7 and X = N, P, and As.
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Mono-Heteroatom Effect by DFT Calculations 2309

and Pulay34 for B3LYP. This is to account for the difference between
the harmonic vibrational calculations and the anharmonic oscillations
of the actual bonds.

RESULTS AND DISCUSSION

Recently we have reported theoretical investigations on the electronic
effects involved in the solar energy storage, for substituents “indirectly”
attached to the C2 of 1 and/or 2, and “direct” attachment of the sub-
situents at C1, C2, or C7 atoms of 1 and 2.27,28 However, the effects of
exchanging the “heteroatom” at C1, C2, or C7 of 1 and 2, which appear
of “practical interest” to those whose primary goal is to replace fossil
fuel and/or nuclear energy with the most economical and very available
solar energy, have been not investigated. In this manuscript we studied
the photochemical energy storage in the ground states of the 1/2 system
with exchanging of the heteroatom at C1, C2, or C7 of 1 and 2.

The zero-point energies (ZPE), thermal and electronic energies (E),
enthalpies (H), and Gibbs free energies (G) for optimized structures of
1nX and 2nX (X = N, P, As; X is a heteroatom that replaced carbons C1,
C2, or C7: n = 1, 2 or 7, respectively) were calculated at B3LYP/6-31+G*
and B3LYP/6-311++G(3df,2p) levels of theory. Considering the size of
molecules probed and the consistency of the results obtained, these ab
initio levels are considered to be appropriate. For the sake of brevity,
only the data acquired through the highest level of theory (B3LYP/6-
311++G(3df,2p)) is reported (Table I). All calculations were presented
for the phase. However, the aggregative state of the compounds in
which form they might be employed for solar energy storage is liquid.
The pressure and temperature of calculations are 1 atmosphere and
298 K, respectively. B3LYP/6-311++G(3df, 2p) calculations indicated
that the stability of all norbornadienes, 1nX, seem to be more than their
corresponding quadricyclanes, 2nX. Also, the stablity of 1nX is the most
when the N atom is attached at C2 carbon (X = N, n = 2), and the least
when N atom is attached at C1 carbon atom (X = N, n = 7) (Table I).
However, the stablity of 1nX is the most when the P and As atoms are
attached at C1 carbon (X = P and As; n = 1), and the least when N
atom is attached at C2 carbon atom (X = N, n = 2) (Table I). Morever,
the stablity of 2nX is the most when the X atoms (X = N, P, and As)
are attached at C2 carbon (n = 2), and the least when X atoms are
attached at C7 carbon atom (n = 7) (Table I). The stability of 2nX by
replacing of heteroatoms X (X = N, P, and As) at cyclopropyl rings is
mostly explained by the Walsh orbital model, where cyclopropyl rings
may act both as good π donors and good π acceptors.27,35
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2310 E. Vessally

TABLE I The B3LYP/6-311++G(3df,2p) Zero-Point Energies (ZPE),
Thermal and Electronic Energies (E), Enthalpies (H), and Gibbs Free
Energies (G), in kcalmol−1, for Optimized Norbornadienes (1nX) and
Quadricyclanes (2nX); Where n = 1, 2, or 7, while X = N, P, and As

nX (n = 1, 2, 7) ZPE/kcalmol−1 E/kcalmol−1 H/kcalmol−1 G/kcalmol−1

1n−X

1-N −178511.68 −178508.72 −178508.14 −178529.10
1-P −356597.40 −356593.99 −356593.40 −356615.44
1-As −1533509.51 −1533505.85 −1533505.26 −1533528.21
2-N −178532.39 −178529.46 −178528.87 −178549.81
2-P −356589.42 −356586.13 −356585.54 −356607.45
2-As −1533500.30 −1533496.83 −1533496.25 −1533519.01
7-N −178517.42 −178514.44 −178513.85 −178534.86
7-P −356588.10 −356584.73 −356584.15 −356606.12
7-As −1533501.47 −1533497.88 −1533497.29 −1533520.18

2n−X

ZPE/kcalmol−1 E/kcalmol−1 H/kcalmol−1 G/kcalmol−1

1-N −178498.96 −178496.17 −178495.59 −178516.24
1-P −356574.00 −356570.81 −356570.23 −356591.88
1-As −1533485.43 −1533482.02 −1533481.43 −1533504.00
2-N −178500.04 −178497.25 −178496.66 −178517.33
2-P −356580.76 −356577.63 −356577.04 −356598.61
2-As −1533493.89 −1533490.55 −1533489.96 −1533512.41
7-N −178497.92 −178495.15 −178494.56 −178515.17
7-P −356562.34 −356559.17 −356558.59 −356580.24
7-As −1533471.84 −1533468.46 −1533467.88 −1533490.41

The extent of the solar energy stored in this system is measured
simply by calculating the energy difference between the ground states
of 1nX and 2nX. Evidently, there was no practical need to consider the
excited states and/or the type(s) of the mechanism involved. Thermal
energy separations, � E(1nx)−(2nx), enthalpy gaps, � H(1nx)−(2nx), and free
energy splittings, � G(1nx)−(2nx), in kcal mol−1, between norbornadienes
(1nX) and their corresponding quadricyclanes (2nX) was presented us-
ing B3LYP/6-311++G(3df,2p) level of theory (Table II). Free energy
gaps between 11X and 21X, � G(11x)−(21x), were increased from X = N
to X = As (Table II), while free energy gaps between 12X and 22X, �

G(12x)−(22x), were decreased from X = N to X = As (Table II). Further-
more, free energy gaps between 17X and 27X, � G(17x)−(27x), increased
from X = N to X = As (Table II). Calculated free energy gaps between
1nX and 2nX, � G(1nx)−(2nx), indicate the extent of the solar energy storage
in norbornadienes (1nX), and their corresponding quadricyclanes (2nX)
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Mono-Heteroatom Effect by DFT Calculations 2311

TABLE II The B3LYP/6-311++G(3df,2p) Calculated Zero-Point
Energy Gaps, � ZPE(1nx)–(2nx), Thermal Energy Gaps, � E(1nx)–(2nx),
Enthalpy Gaps, � H(1nx)–(2nx), and Free Energy Gaps, � G(1nx)–(2nx), in
kcalmol−1, Between Norbornadienes (1nX) and Their Corresponding
Quadricyclanes (2nX); Where n = 1, 2, or 7 and X = N, P, and As

B3LYP/6-311++G*

nX (n = 1, 2, or 7) �ZPE (1nx)–(2nx) �E(1nx)–(2nx) �H(1nx)–(2nx) �G(1nx)–(2nx)

1-N −12.72 −12.55 −12.55 −12.86
1-P −23.40 −23.17 −23.17 −23.56
1-As −24.07 −23.83 −23.83 −24.20
2-N −32.35 −32.21 −32.21 −32.48
2-P −8.65 −8.50 −8.50 −8.85
2-As −6.41 −6.29 −6.29 −6.60
7-N −19.50 −19.29 −19.29 −19.69
7-P −25.75 −25.56 −25.56 −25.89
7-As −29.63 −29.41 −29.41 −29.77

system. Therefore, the extent of solar energy storage is the most for 11As
(–24.20 kcalmol−1),12N (–32.48 kcalmol−1), and 17As (–29.77 kcalmol−1)
by replacing of heteroatoms at carbons C1, C2, or C7 at the B3LYP/6-
311++G(3df,2p) level, respectively. The highest calculated free energy
gaps, � G(1nx)−(2nx), between 1nX and 2nX, could be related to stabil-
ity and/or instability of each 1nX and/or 2nX. However, we could not
conveniently compare the absolute energies for compounds with dif-
ferent molecular formulae. The stability and/or instability each of 1nX
and/or 2nX may be described through comparison of their correspond-
ing relative energies (Table I). By comparison of relative energies,
one could conclude that the highest � G(1nx)–(2nx) (in where n = 1
or 7) is attributed to raise the stability of Gibbs free energy of 11X
and17X from X = N to X = As more than for 21X and 27X, respectively
(Figure 1a). While, the highest � G(1nx)−(2nx) (in where n = 2) is at-
tributed to increase the stability of Gibbs free energy for 12X from X =
As to X = N more than for 22X (Figure 1b). Increasing the stability of
Gibbs free energy of 12X from X = As to X = N is related to the insta-
bility of 12X when X is P and As. The instability of 12X with replacing of
heavy atoms has been reported by Kutzelnigg36: “Single bonds between
first row elements are weak and multiple bonds are strong, whereas for
the second or higher row elements single bonds are strong and multiple
bonds weak.” Therefore, P and As atoms construct weak double bonds
and lead to instability compounds of 12P and 12As.
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2312 E. Vessally

FIGURE 1 Reaction coordinate diagram for norbornadienes (1nX) and quadri-
cyclanes (2nX): (a) n = 1, 7; (b) n = 2.

CONCLUSION

DFT calculations were carried out to maximize the solar energy storage
in the norbornadiene (1)/quadricyclane (2) system, through the exhange
of mono-heteroatoms at C1, C2, or C7 atoms of 1 and 2, and calculating
the corresponding energies at the B3LYP/6-311++G(3df,2p) level of
theory. Free energy gaps between 1nX and 2nX, � G(1nx)−(2nx), or solar
energy storage were the most for 11As (–24.20),12N (–32.48), and 17As
(–29.77) in kcalmol−1 from group V of the Periodic Table. The highest
� G(1nx)−(2nx) (in where n = 1 or 7) is attributed to an increase in the
stability of Gibbs free energy of 11X and17X from X = N to X = As
more than for 21X and 27X, respectively (Figure 1), while, the highest �

G(1nx)–(2nx) (in where n = 2) is attributed to increasing the stability of
the Gibbs free energy for 12X from X = As toward X = N more than for
22X.
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