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In this study, we report the molecular design of chiral Schiff base Fe(II) complexes with and
without azobenzene moieties, their structural optimization using density functional theory
(DFT), and their interaction with laccase. The UV-vis and polarized IR spectra of the
complexes were simulated using time-dependent density functional theory (TD-DFT),
demonstrating that irradiation with linearly polarized ultraviolet light can induce specific
supramolecular arrangements within the chiral laccase matrix. This study highlights the
importance of computational chemistry in predicting the structure of metal complexes,
protein binding behavior, and light absorption properties, thereby enabling the evaluation

of expected functionalities prior to experimental investigation.
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1. Introduction

Laccase [1-3] is used as an enzyme at the cathode of biofuel
cells [4-7], where oxygen is reduced to water via a four-electron
reaction. To improve the energy production efficiency of biofuel
cells, it is necessary to improve electron transfer from the
electrode to the enzyme (especially the electron-receiving T1
site [1] in the case of laccase).

To overcome this limitation, a mediator is usually placed
between the cathode and the enzyme. Nanoparticle mediators
have spatial advantages because they are incorporated into
protein molecules; however, they exhibit a low current density.
On the contrary, metal complex mediators [6] have the advan-
tage of high current densities; however, their molecular size
and shape render them incompatible with protein molecules
and generally limit electron transfer over long distances.

Therefore, there remains a pressing need for metal
complexes with well-defined spatial architectures, as well as for
convenient strategies to achieve precise spatial control and
organization [8-10]. In addition to conventional applications
using photoisomerization [11], our laboratory has extensively
investigated the incorporation of organic/inorganic hybrid
materials consisting of functional metal complexes and

azobenzene moieties [12,13] into polymer films, where optical
anisotropy (i.e. anisotropic molecular orientation) can be
induced by linearly polarized UV light via the Weigert effect
[14,15]. These systems were developed to prepare bidentate
chiral Schiff base complexes [12,13], salen-type chiral Schiff
base complexes [16,17], nonchiral complexes [18,19],
complexes with azobenzene fractions [20,21], and materials
without azobenzene fractions (where the dipole moment of the
metal complex is large) [21,22].

Synthetic polymer films, as well as protein films [22,23],
have been used as templates, and the binding of metal-protein
complexes has been discussed [22,24]. Furthermore, recent
reports have revealed the existence of UV-induced circularly
polarized supramolecular chirality or photoinduced helical
supramolecular arrangements [18,25]. Therefore, polarization-
induced molecular orientation may be a promising method to
control the spatial orientation of metal-protein complexes and
their binding to protein surfaces [26].

In this study, we treated Fe(Il) salen-type Schiff-based
chiral complexes (Figure 1) with and without azobenzene
moieties. We discuss the results of structural optimization
using density functional theory (DFT) and the docking results
with laccase for these Fe(II) complexes.
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Figure 2. Structural optimization of azo-containing meso-o-vaniline-Fe(II) complex. The colors of the atoms were as follows: white (H), gray (C), blue (N), red

(0), and the central atom purple (Fe).

The motivation of this study was to use computational
chemistry to verify whether expected functions could be
realized with respect to the structure of the metal complex,
protein binding, and light absorption before conducting actual
experiments.

2. Experimental
2.1. Instrumentation

Quantum chemical calculations were performed using
Gaussian 09W (Revision D.01, Gaussian, Inc.) [27] on the chiral
salen-type Schiff base Fe(Il) complexes synthesized with and
without azobenzene moieties. The optimized structures of the
salen-type Fe(II) complexes depend on the central metal ion, its
oxidation state, and the ligand environment. Using the obtained
ground-state optimized structures, we performed docking
calculations for the laccase and Fe(II) complex using GOLD [28].
Furthermore, docking simulations were performed using the
1GYC crystal structure [3] obtained from the PDB using the
GOLD program [28] at the CCDC. A Windows PC was used for all
calculations.

2.2. Theoretical studies

For molecular modeling, the initial input structures of the
salen-type Fe(Il) complexes were constructed based on
experiments using condensation of salicylaldehyde, o-vanillin,
and 1,2-diphenylethylenediamine (meso, R,R, and S,S) to form
the corresponding Schiff base ligands, which subsequently
coordinated to the metal center. Geometry optimization was
performed using the B3LYP functional. The LANL2D2 basis set
was used for Fe atoms and the 6-31+G(d) basis set was used for
H, C, N, and O atoms. Furthermore, using the optimized
structures, energy analyses of the initial (HOMO) and late
(LUMO) orbitals were performed at the same theoretical level
(B3LYP/LANL2DZ for Fe and 6-31+G(d) for H/C/N/O) to

compare the electronic states. Based on a recent report [29], the
search region was set to a pocket around the T1 site with a
search radius of 15-19 A. The calculations were performed
using the B3LYP functional method, which has been widely
used in many studies because of its excellent computational
efficiency and accuracy [30,31], and the LANL2DZ basis set
[30,32], which effectively incorporates relativistic effects to
accurately analyze the heavy elements in the metal ion moiety
of the complex.

To confirm that the optimized structure represents the true
energy minimum, vibrational frequency calculations were
performed simultaneously with structure optimization using
the same calculation parameters. During the optimization
process, molecular electrostatic potential (MEP) maps and
HOMO and LUMO surfaces were constructed to investigate the
chemical reactivity and biological potential of the metal
complexes. Analysis of the energy gap between the HOMO and
LUMO regions provides insight into their electronic properties
[30]. Furthermore, the geometries of the synthesized
compounds (complexes) were optimized using DFT, providing
a reliable foundation for the construction of accurate docking
models. Prior to the docking simulations, crystallographic
water molecules were removed from the protein structure.
These procedures enhanced the accuracy and reliability of the
docking analysis, thereby enabling more robust and consistent
docking simulations [30].

3. Results and Discussion
3.1. DFT

Geometry optimization (Figures 2-5), energy analyzes of
the initial (HOMO) and late orbitals (LUMO) (Figures 6-9), DFT-
simulated UV-Vis and IR spectra (Figures 10-13), as well as
docking simulations of PDB 1GYC using the GOLD program [28]
at the CCDC (Figures 14 and 15) are indicated below.
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Figure 3. Structural optimization of azo-containing R,R-o-vaniline-Fe(II) complex. The colors of the atoms were as follows: white (H), gray (C), blue (N), red (0),

and the central atom purple (Fe).

Figure 4. Structural optimization of azo- free meso-o-vaniline-Fe(II) complex. The colors of the atoms were as follows: white (H), gray (C), blue (N), red (0), and

the central atom purple (Fe).

b

Figure 5. Structural optimization of azo-free R,R-o-vaniline-Fe(II) complex. The colors of the atoms were as follows: white (H), gray (C), blue (N), red (0), and the

central atom purple (Fe).

Frontier molecular orbital (FMO) analyzes were performed
to clarify the electronic properties and reactivity of compounds
such as salen complexes. Salen complexes, which are typically
Schiff base ligands coordinated to a central metal ion, have been
widely studied for applications in catalysis, molecular
recognition, and materials science. FMO analyzes, including
HOMO and LUMO, were performed to determine the chemical
stability of the molecules [30]. These analyses revealed the
ability of the molecules to act as electron donors or acceptors,
providing valuable insight into their reactivity and distinctive
structural features. The HOMO-LUMO energy gap (4E) plays an
important role in the kinetic stability, chemical reactivity, and
biological activity of molecules. A smaller AE increases the
efficiency of intramolecular charge transfer along conjugated
pathways and facilitates electron transfer from electron-
donating groups to electron-accepting groups within the
molecule [30]. Compounds with narrower AE generally exhibit
higher chemical reactivity and biological activity, but lower
kinetic stability. Conversely, compounds with wider energy

gaps tend to exhibit lower reactivity and biological activity, but
higher kinetic stability [30]. The AE values of these Fe(Il)
complexes were measured to be approximately 2.5-3.5 eV
(Figures 6-9).

Frontier molecular orbital analysis of the optimized
complex revealed important features of its electronic structure.
HOMO was primarily located in the metal center and the
phenolate moiety, whereas LUMO was distributed throughout
the m-conjugated ligand framework. The calculated HOMO-
LUMO energy gap for the Ni(Il) complex is 3.112 eV, which is
comparable to the values reported for the Fe(II) and Ni(Il)
complexes with similar ligand environments. The slightly
smaller energy gap compared to that of the Ni(Il) analog
suggests higher chemical reactivity and lower kinetic stability.
In contrast, similarity to the Fe(Il) complex indicates similar
electronic properties. These findings suggest that the electronic
structure of this complex is strongly influenced by the ligand
field and m-conjugation [33].
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Figure 7. HOMO/LUMO of an azo-containing R,R-o-vaniline-Fe(II) complex.

To estimate the solution structures of the Fe(Il) complexes,
geometry optimizations were performed using time-dependent
density functional theory (TD-DFT). On the basis of the
optimized structures, simulated IR and UV-Vis spectra were
generated (Figures 10-13). The simulated spectra adequately
reproduced the main features of the experimental data,
consistent with previously reported procedures [16]. The

simulated infrared spectra peaks for each Fe(Il) ion appeared
at approximately 3000, 1500, 1000, and 500 cm-*. Vibrational
bands were identified at approximately 3391 cm-! for v(OH)
and approximately 1610 cm-! for v(CH=N-, azomethine) [30]. A
sharp characteristic band corresponding to the v(CH = N) band
of the coordinated Schiff base ligand was identified at
approximately 1610 cm-! [30].
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Absorption bands due to aromatic groups appeared in all
complexes in the range of approximately 2928-2980 cm-1,
corresponding to stretching vibrations [30]. Absorption bands
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Figure 8. HOMO/LUMO of an azo-free meso-o-vaniline-Fe(II) complex.
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Figure 9. HOMO/LUMO of an azo-free R,R-o-vaniline-Fe(Il) complex.
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were observed in the range of about 3400-3000 cm-! and about
634-658 cm™1, attributed to hydrogen bonding involving non-
coordinated and lattice water molecules.
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Figure 10. Infrared spectra of the azo-containing and azo-free meso-o-vaniline-Fe(II) complex.
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Figure 11. Infrared spectra of the azo-containing and azo-free R,R-o-vaniline-Fe(II) complex.

Furthermore, two new absorption bands appeared in the IR
spectrum of the complex; one attributable to v(M-0) in the
range of about 547-556 cm-1 [30].

CD spectra of the simulated ions using TD-DFT confirmed
that linearly polarized UV irradiation induces specific
supramolecular arrangements in the chiral laccase matrix and
that the circular polarization response differs between the R,R-
and S,S-enantiomers. The main absorption band (419 nm, from
HOMO-1(189) to LUMO+3(191)) is also correlated with the
experimentally observed increase in current density. The
HOMO/LUMO distribution varied depending on the presence
and absence of azo groups, with the azo-binding system
stabilized near T1. The CD spectrum of the azo-containing
Fe(II)-meso-o-vanillin complex was not analyzed in further
detail because a reliable circular polarization signal could not
be obtained under current computational conditions.

The calculated IR spectra (Figures 10 and 11) of the Fe(II)
complexes (both with and without azo groups) showed
characteristic absorption bands corresponding to C=N and
phenolic C-O stretching vibrations. The C=C stretching
vibration appears around 1500 cm-. Additionally, the C=N
stretching vibration appears around 1640 cm-! and is shifted
compared to the free ligand, suggesting coordination via the
imine nitrogen atom. A phenolic C-O stretching vibration was
observed between 1000 and 1300 cm, suggesting
deprotonation and coordination through the oxygen atom. The
calculated IR spectra showed bands corresponding to ligand
vibrations in the 1000-1300 cm region, although individual
assignments were complicated by vibrational mode coupling.

Similar IR spectral features have been reported for related
Zn(I1) Schiff base complexes, in which coordination occurs via
the imine nitrogen and phenolic oxygen atoms. This agreement
with reported trends supports the proposed coordination mode
for this complex [34].

The calculated UV-Vis spectra (Figure 12) of the Fe(Il)
complex show intense absorption bands in the 200-300 nm
region, which can be assigned to ligand-centered m — m*
transitions and metal-to-ligand charge transfer (MLCT)
transitions. Compared with the reported Ni(Il) salen-type
complexes, which typically exhibit absorption bands around
245 nm attributed to d-d and LMCT transitions, the present
Fe(I) complex shows (red-shifted/blue-shifted) features [33].
Furthermore, previous studies have shown that the UV-Vis
spectra of Co(Il), Zn(II), Ni(II), and Mn(II) complexes exhibit
strong absorption bands in the 300-500 nm region. Compared
with these Co(II), Zn(II), Ni(II), and Mn(II) complexes, the
present Fe(II) complex shows slightly shifted absorption bands,
which may be attributed to differences in d-electron
configuration and ligand field strength [33].

The calculated CD spectra (Figure 13) exhibit characteristic
Cotton effects corresponding to the chiral coordination
environment around the Fe(Il) center. These Cotton effect
arises from the asymmetric ligand field generated by the chiral
arrangement (e.g., S,S configuration) of the Schiff base ligands,
which creates a distinct chiral environment around the metal
ion.
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Table 1. Goldscore of the azo-containing meso-o-vaniline-Fe(II) complex.

75

Fitness External HBond weighted External Vdw weighted Internal torsion weighted Internal Vdw weighted
0 3.9204 -81.7794 -11.2044 -148.4519
0 9.6952 -78.6192 -18.1134 -67.4596
0 15.8422 -77.1869 -15.5685 -97.3477
0 4.1453 -39.3579 -11.9539 -241.3694
0 4.1137 -70.0727 -14.2245 -106.1535
0 1.7289 -72.9590 -9.6715 -80.0025
0 1.7289 -66.1080 -13.0600 -88.9897
-588.3286 0.1658 -579.3802 -8.5255 -2.4786
0 9.2627 -72.7619 -11.8065 -22.7276
0 10.2606 -59.0027 -18.3663 -111.1212
Table 2. Goldscore of the azo-containing R,R-o-vaniline-Fe(II) complex.
Fitness External HBond weighted External Vdw weighted Internal torsion weighted Internal Vdw weighted
0 0 -68.1665 -12.7801 -44.9824
0 7.2498 -52.0478 -12.4736 -85.0352
-1056.9372 0.3707 -1043.0452 -10.1402 -16.9840
0 0 -65.2523 -8.9471 -49.5390
0 2.2482 -75.7469 -15.8369 -72.0884
0 12.2677 -83.4247 -9.4388 -34.0074
0 5.5214 -50.7599 -11.1923 -80.1842
0 16.2184 -64.6390 -9.9759 -96.9922
-1001.1189 1.7901 -993.0854 -8.9249 -13.4677
-986.1426 0 -964.0376 -7.4771 -27.1969
25000
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Figure 12. UV-vis spectra of azo-free -o-vaniline-Fe(II) complex (meso, R,R, and S,S).
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Figure 13. CD spectra of the azo-free -o-vaniline-Fe(II) complex (meso/R,R/S,S).

In previous studies, similar CD spectral features have been
reported for related Co(1I), Zn(II), Ni(1I), and Mn(II) Schiff base
complexes, indicating that the chiral ligand arrangement
significantly influences the electronic transitions. This
agreement with reported trends suggests that the optimized
structure reasonably reproduces the stereochemical and chiral
environment of the complex.

3.2. GOLD docking simulation

Using Fe(II) complexes and molecular docking simulations,
the potential biological activities of the compounds were
explored, and their binding affinity and interactions with target
biomolecules were elucidated (Tables 1-4, Figures 14-17) [30].
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Table 3. Goldscore of the azo-free meso-o-vaniline-Fe(II) complex.

Fitness External HBond weighted External Vdw weighted Internal torsion weighted Internal Vdw weighted
-502.2433 0 -485.7224 -11.2047 -9.2003
-659.1095 0 -637.8439 -11.1305 -14.0193
-544.6001 0 -514.9437 -9.0740 -24.4666
-645.9620 0.3157 -625.5825 -12.3702 -11.9591
-717.9764 1.929 -699.0083 -10.4480 -14.0619
-803.1063 0 -786.1431 -11.6950 -8.8810
-833.7972 0.7594 -800.7869 -10.1742 -27.2085
-1204.6324 10.0824 -1176.7585 -11.8723 -29.6969
0 14.6178 -88.9944 -19.1826 -15.9132
-827.7444 15 -810.8282 -22.9022 -12.6269
Table 4. Goldscore of the azo-containing R,R-o-vaniline-Fe(II) complex.

Fitness External HBond weighted External Vdw weighted Internal torsion weighted Internal Vdw weighted
0 1.4077 -950.8532 -2.6788 -39.9198
-1132.0041 13.5607 -1139.9534 -2.0459 -21.9035
-836.3586 1.1181 0774.9293 -2.3778 -78.5076
-763.8683 13.5105 -728.5566 -2.4755 -64.6847
-917.9970 1.1468 -851.7061 -2.2121 -83.5635
-1299.5886 3.2509 -1293.0650 -2.8144 -25.2981
-879.2548 1.9445 -816.1708 -2.4546 -80.9120
-1225.7357 4.8970 -1164.6404 -2.5441 -81.6534
0 13.3780 -106.8642 -1.1478 -40.0252
-1678.2578 4.0842 -1647.6200 -4.4298 -48.4974

Figure 15. Structures of Fe(II) complexes with azobenzene moieties (meso).

Computational approaches predict the preferred binding
mode and identify key residues and functional groups involved
in interactions [30]. Furthermore, by analyzing docking scores
and visualizing molecular poses, promising candidate
compounds with favorable binding profiles were identified
[30]. These compounds can be further optimized to clarify their
efficacy and mechanistically analyze their binding to their
targets [30]. Molecular docking simulations were performed to
study the compounds. This advanced computational method
not only confirms the observed biological activity, but also
reveals important interactions in the binding mechanism [30].

The molecular docking results showed that the azo-
containing Fe(II) complex exhibited a higher GOLD score than

the non-azo-containing Fe(II) complex, indicating good binding
affinity to laccase. This high score suggested that the complex
could form stable interactions within the active site, including
hydrogen bonding and hydrophobic interactions. Such
interactions are expected to contribute significantly to the
overall stability of the ligand-protein complex.

Hydrophobic and hydrogen-bonding interactions between
Fe(Il) complexes and the protein play an important role in
stabilizing the enzyme-inhibitor complex and maintaining the
integrity of the active site, as evidenced by the strong binding
affinity of these compounds toward the enzyme active site [30].

In particular, these interactions are reinforced by an
extensive network of strong hydrogen bonds and hydrophobic

2026 - European Journal of Chemistry - CC BY NC - DOI: 10.5155/eurjchem.17.1.69-78.2776
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contacts, suggesting the potential of these compounds as
effective enzyme inhibitors [30].

N7 L b = . T

Figure 17. Structures of Fe(Il) complexes with azobenzene moieties (R,R).

Molecular docking results showed that the azo-containing
Fe(II) complex exhibited a higher GOLD score than the azo-free
Fe(Il) complex, indicating stronger binding affinity to the target
protein. Previous docking studies (including those with Cu(II)
complexes) have demonstrated that higher GOLD scores
indicate stronger binding interactions and improved stability of
the ligand-protein complex. This high score suggests that the
azo-containing complex formed stable interactions within the
active site, including hydrogen bonds and hydrophobic
contacts. These interactions are expected to contribute
significantly to the stability of the ligand-protein complex, thus
supporting the proposed binding mode [35].

4. Conclusions

In summary, we have investigated chiral Fe(II) salen-type
Schiff base complexes that potentially exhibit the Weigert effect
(anisotropic molecular orientation) upon irradiation with
polarized ultraviolet (UV) light, with or without azobenzene
molecules. We then performed structural optimization using
DFT and discussed the results of co-binding with laccase. These
complexes bind to laccase in a surface pocket near the T1 site.
Computational results showed that irradiation of this Fe(II)-
laccase complex with polarized UV light significantly increased
the current density by controlling the molecular orientation of
the laccase. We believe that this photocontrolled intermediate

represents a promising new molecular design strategy for
applications in biofuel cell cathodes. Further research on this
method and similar materials is currently underway.
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