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DFT calculations are employed to investigate the effects of the addition of a photoisomerizable
stilbene unit to Aida’s molecular scissors on relative energies, dipole moments, and kinetic sta-
bility according to HOMO—LUMO energy gaps and amplitude of the open-close motion of
blade moieties. The most obvious finding emerging from this study is the coming into exis-
tence of a new pair of molecular scissors operated by two photoswitchable units. Based on
photoisomerization of azobenzene and stilbene units, four conformations appear for these new
molecular scissors: cis—cis, cis—trans, trans—cis, and trans—trans. The HOMO—LUMO
energy gaps promise that all isomers are kinetically stable. The other important finding is that
in these new molecular scissors the dihedral angle between the two blade moieties can be con-
trolled and measured through the open-close motion and the blade parts can adopt two middle
states in addition to open-close forms.
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Keywords: molecular scissors, photoisomerization, DFT, azobenzene, stilbene, open-close
motion.

INTRODUCTION

Configurational changes [ 1], in particular cis—trans isomerization of double bonds, have been
extensively studied [ 2, 3 ]. Although this small amplitude motion is not generally sufficient for direct
exploitation as a machine, it can supply an infinitely useful photoswitchable control mechanism for
more complex systems. The photoisomerization of stilbenes, which has been greatly studied for well
over 50 years [4 ], and the photoisomerization of azobenzenes [ 5] are the examples of this type of
systems which can be controlled by the external stimulus. The simultaneous existence of these photo-
isomerizable units in a molecule causes four structures: a) trans-azobenzene, cis-stilbene b) cis-
azobenzene, cis-stilbene c) cis-azobenzene, trans-stilbene d) trans-azobenzene, trans-stilbene (Fig. 1).

Designing and preparing new molecular motors and machines which are operated by these photo-
switchable units attract great attention, not only for basic researches but also for growth and develop-
ment of nanoscience and related investigations to nanotechnology [ 6 ]. Among molecular machines,
molecular scissors have specific importance due to their repeated function. These molecular machines
are recognized as a host sustaining segments and pieces in its two arms. The design of the first light-
driven chiral molecular scissors was reported by Aida et al. in 2003 [ 7 ]. In this new molecular device,
the motion of photoisomerizable azobenzene unit could be exploited to regulate the movement of the
blade parts under photochemical control [ 8 . DFT calculations indicated that in trans configuration of
azobenzene unit the blade parts were closed, while in cis configuration they were open [ 9 ]. In this
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scissors-like molecule, the blade parts could not be in a middle state between the open-close forms. In
a new design, in this paper, some structural changes were created in the previous molecular scissors by
exploiting the stilbene unit as another photoisomerizable part which could be connected with
azobnzene unit through ethylene linkage to give the blade moieties two middle-states in addition to
open-close motion.

COMPUTATIONAL DETAILS

The geometric parameters of the stationary points were optimized utilizing density functional
theory (DFT). To obtain the minimum, the optimizations without symmetry constraints were per-
formed. The Becke three-parameter exchange functional with the correlation functional of Lee, Yang,
and Parr (B3LYP) [ 10—12 ] and the 3-21g* basis set [ 13, 14 ] were employed for the geometry op-
timizations. The natures of various stationary points were checked by the number of imaginary fre-
quencies obtained from harmonic vibrational frequency calculations [ 15]. The DFT approach was
also applied to gain 0.97 scaled zero point vibrational energy corrections. All calculations were per-
formed with the Gaussian03 program package [ 16 ]. Optimized coordinates of whole structures are
included in the Supporting Information.

RESULTS AND DISCUSSION

Inspired by Aida’s molecular scissors operated by one photoswitchable azobenzene unit, in this
work we suggested a new design of molecular scissors operated by two photoswitchable azobenzene
and stilbene units. Aida’s molecular scissors consisted of two phenyl groups as the blade moieties,
1,1',3,3'-tetrasubstituted ferrocene as the pivot part, and two phenylene groups as the handle parts,
which were linked with an azobenzene unit through ethylene linkages. In this scissors-like molecular
machine the cis—trans photoisomerization of the azobenzene unit was exploited to induce the angular
motion of the ferrocene unit, resulting in the open-close motion of the blade moieties. The cis isomer
was caused by light irradiation of A = 350 nm, while the exposure to visible light (A > 400 nm) again
led to the trans isomer.

Initially, we decided to calculate the b
basic information about Aida’s molecular
scissors using B3LYP and the 3-21G* ba-
sis set for comparison with the new de-
signed dihedral—angle—controlled mole- uv
cular scissors. Fig. 2 shows the optimized

I

Fig. 2. Structural formula and graphic repre-
sentation of Aida’s molecular scissors based on
the photoisomerization of azobenzene trans cis
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Table 1 structures of the trans (left) and cis

B3LYP/3-21G* Energies of molecules (kcal/mol), (right) fqrms of Aidﬁl’S molecular scis-
relative energies (AE,, kcal/mol) along with their dipole Sors, Whlch we obtained from the DFT
moments (D), HOMO—LUMO energy gaps (eV), calculation, and the schematic represen-
and dihedral angles (deg.) for Aida's molecular scissors tation of the open-close motion induced
by the photoisomerization of the azoben-
Structure E AE.q D | AEwomo-rumo | C—C—C—C .

zene unit.
cis ~2061633.32 | 15.55 | 3.49 3.31 58.1 In the trans form, the blade moieties
trans | -2061648.87 | 0.00 | 0.41 3.00 8.9 were close to each other with a bite angle

of 8.9°. On the other hand, the blade
phenyl groups in the cis form were separated from each other with a bite angle of 58.1°. Table 1 lists
the energies for cis—trans molecules, relative energies (AE,), dipole moments, magnitude of
HOMO—LUMO energy gaps, and bite angles of the blade phenyl groups (C—C—C—C dihedral an-
gel) for Aida’s molecular scissors. As can be seen, the cis isomer was about 15.55 kcal/mol less stable
than the #rans isomer and showed a larger dipole moment relative to the trans form of Aida’s molecu-
lar scissors (3.49 and 0.41, respectively). High HOMO—LUMO energy gaps confirmed the kinetic
stability of cis—trans isomers.

Then in a new innovation we exploited azobenzene and stilbene units in molecular scissors simul-
taneously to produce a more controlled and measured mechanical motion. By that work, a new design
of molecular scissors was created which consisted of two phenyl groups as the blade moieties,
1,1',3,3'-tetrasubstituted ferrocene as the pivot part, and azobenzene and stilbene units as the handle
parts, which were connected with each other through the ethylene linkage. The involvement of two
photoswitchable units isomerized at separate wavelengths from each other for operating the mechani-
cal motion in this new molecular scissors caused the development of the open-close motion of the
blade parts and the dihedral angle between the two phenyl groups in the blade moieties could be con-
trolled and measured through the open-close motion. With these observations, by geometry optimiza-
tions using B3LYP and the 3-21G* basis set, four minimum optimized structures were obtained:
a) cis-azobenzene, cis-stilbene b) cis-azobenzene, frans-stilbene c¢) cis-azobenzene, trans-stilbene
d) trans-azobenzene, trans-stilbene (Fig. 3).

The dihedral angles between the phenyl groups in the blade parts of these structures are 70.2°,
38.1°, 0.66°, and 0.22° respectively (Table 2). As compared to Aida’s molecular scissors (Table 1), the

3%

cis—cis cis—trans trans—cis trans—trans

v

Fig. 3. Optimized conformations of

photoisomerizable chiral molecular

scissors (top) and schematic repre-

sentation of its open—close motion

induced by the photo isomerization

of the azobenzene and stilbene units
(bottom)

7
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Table 2

B3LYP/3-21G* Energies of molecules (kcal/mol), relative energies (AE.., kcal/mol)
along with their dipole moments (Debye), HOMO—LUMO energy gaps (eV),
and dihedral angles (deg.) for the studied molecular scissors

Structure E AE,q D AExomoromo | ¢(—C—C—C
cis—cis -2060858.81 | 21.28 | 3.60 3.58 70.2
cis—trans -2060862.29 | 17.81 | 3.11 3.47 38.14
trans—cis —2060879.69 0.40 | 0.56 3.19 0.66
trans—trans | —2060880.09 0.00 | 0.40 3.12 0.22

amplitude of the open-close motion of the blade parts increased (70.2—0.22°) and had two middle
values of 38.1° and 0.66°. Among these four isomers, the trans—trans isomer was the most stable one.
Trans—cis and cis—trans isomers were about 0.40 and 17.81 kcal/mol less stable than the frans—
trans one. The cis—cis isomer was the least stable one (higher in energy than the trans—trans isomer
by 21.28 kcal/mol). These results are due to the fact that the isomerization process involves a decrease
in the distance between the two carbon atoms in position 4 of the aromatic rings of azobenzene and
stilbene units. Trans-azobenzene and tfrans-stilbene are almost flat, whereas the cis isomers show an
angular geometry since the steric interactions force the aromatic rings out of the plane and hinder con-
jugation (Fig. 4) [ 17, 18].

The dipole moments of these isomers were 3.60 D, 3.11 D, 0.56 D and 0.40 D respectively. Gene-
rally, the isomerization in particular cis—trans isomerization of azobenzene causes a change in the
dipole moment of about 0.5 Debye in the trans forms in comparison with 3.1 Debye in the cis forms
[19]. As can be seen, this fact was confirmed by the results. The HOMO—LUMO energy gaps for
a) cis-azobenzene, cis-stilbene b) cis-azobenzene, trans-stilbene c) cis-azobenzene, trans-stilbene
d) trans-azobenzene, trans-stilbene were similar to the HOMO—LUMO energy gaps of Aida’s mo-
lecular scissors and showed 3.58 eV, 3.47 ¢V, 3.19¢eV, and 3.12 eV respectively. The HOMO—
LUMO energy gap can be related to the kinetic stability of various & electron systems [ 20 |. The high
HOMO—LUMO energy gaps, which were calculated in this study, promised that all isomers were
kinetically stable (Table 2).

CONCLUSIONS

This computational study showed that an increase in a new photoswitchable part, such as stilbene
which isomerized at a separate wavelength from azobenzene, as compared to the previous molecular
scissors, introduced a new pair of molecular scissors. Under the photochemical process, the dihedral
angle between the two phenyl groups of the blade moieties could be controlled and measured through
the open-close motion. In these calculations, the azobenzene and the stilbene units isomerized into
their cis—trans conformations under UV—VIS irradiation. DFT computations predicted four opti-
mized structures for these new molecular scissors, which were kinetically stable.

The development of molecular devices that can perform specific mechanical works by means of
photoswitchable units plays an important role in the improvement of molecular machines operated by
two moving components. This study shows a new gate for the development of molecular scissors con-
sisting of many joint parts induced by two photoresponsive units.
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