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Abstract: Ferrocene has a unique structure, i.e., a central iron atom neatly sandwiched between
two cyclopentadienyl rings, which has revolutionized the chemists’ views about how metals bind
to organic π-systems. This structural arrangement leads to some fascinating chemical and pho-
tophysical properties. The last three decades, there were reports about receptor molecules that
could be considered to perform simple logic operations via coupling ionic bonding or more complex
molecular-recognition processes with photonic (fluorescence) signals. In these systems, chemical
binding (‘input’) results in a change in fluorescence intensity (‘output’) from the receptor. It has been
proven that molecules respond to changes in their environment, such as the presence of various
ions, neutral species, pHs, temperatures, and viscosities. Since their first realization by de Silva,
molecular logic gates have been intensively experimentally studied, with purely theoretical studies
being less common. Here, we present the research that has been conducted on Molecular Logic Gates
(MLGs) containing ferrocene and their applications. We categorized such systems into three families
of MLGs: long-chain molecules (oligomers or polymers) that incorporate ferrocene, medium-sized
molecules that incorporate ferrocene, and systems where ferrocene or its derivatives are used as
external additives. Furthermore, MLGs including metal cations without the ferrocene moiety are
briefly presented, while computational methodologies for an accurate theoretical study of MLG,
including metal cations, are suggested. Finally, future perspectives of MLGs containing ferrocene
and their applications are also presented.

Keywords: ferrocene; molecular logic gates; Fe; transition metal cation; sensors; organometallic
compounds

1. Introduction

Logic Gates: Logic gates are devices used to perform binary arithmetic and logical
operations and thus constitute the basis of modern computers. They perform Boolean
logic operations on one or more inputs to produce an output. Each type of logic gate
possesses a specific input–output signal correlation pattern described in the so-called truth
table, which lists all the possible combinations of input–output states. Generally, molecular
switches convert input stimulations into output signals. Therefore, the principles of binary
logic can be applied to the signal transduction operated by molecular switches. It is not
necessary for the inputs and outputs to share the same logic convention; thus, different
conventions applied to the same molecular device can lead to different logic functions. The
most common logic operators are YES, NOT, AND, OR, NOR, NAND, INHIBIT, and XOR,
and they process the truth or falsity of one or two statements in characteristic ways [1–3].

Molecular Logic Gates: Before the landmark publication by de Silva et al. in 1993 [4],
there were already reports [5–8] about receptor molecules that could be considered to
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perform simple logic operations by coupling ionic bonding or more complex molecular-
recognition processes with photonic (fluorescence) signals. In these systems, chemical bind-
ing (the ‘input’) results in a change in fluorescence intensity (the ‘output’) from the receptor.

Photo-induced electron transfer has become established as an important principle in
photochemistry. In 1985, de Silva et al. showed how this principle could be profitably
applied to solve several problems concerning fluorescent pH indicators. Most are phenols,
anilines, or heterocyclic derivatives where the acid-base site is an integral part of the chro-
mophore. The aminomethyl–anthracene derivatives under study formed fluorescent pH
indicators with spectral properties independent of substituents and pH except for the fluo-
rescent quantum yield, showing that their pKa* values are identical to the corresponding
pKa values [5].

In 1988, Aviram theoretically studied the potential use of a conjugated molecule of
at least 50 Å long as a pro-conductor or a conductor when placed between two metallic
electrodes with the long axis of the molecule perpendicular to the metal surfaces. The
spiro bridge proposed in this work was rather unique, as it could localize an electron
on one side of a molecule by providing a large tunneling barrier. The same bridge was
also flexible toward electron transfer in electric fields, above the threshold. Additionally,
the exchange of the conductivity properties of the terminal groups did not go unnoticed,
leading to possible device application in areas of signal processing at the molecular level.
The results of the dipole switching due to the action of the field above the threshold and
the simultaneous collapse of the tunneling barrier were found to be complementary to each
other. Calculations that were performed indicated that the proposed model has the device
properties that were presented and Aviram felt that the model could serve as a blueprint
for molecular electronics [9].

In 1993, de Silva et al. opted for an anthracene derivative as the receptor of the
molecular logic gate they synthesized. Anthracene derivatives had previously been shown
to undergo Photoinduced Electron Transfer (PET) processes via the separate actions of
tertiary amines and benzocrown ethers. These transfer processes could be suppressed
by the injection of protons and sodium ions, respectively, to cause the ‘switching on’ of
fluorescence. This molecule was based on the ‘fluorophore-spacer1-receptor1-spacer2-
receptor2′ format. Therefore, the fluorescence of the molecule would occur only when
the tertiary amine and the benzocrown ether units received proton and sodium ion input,
respectively. This molecule successfully operated as a two-input AND logic gate, as
tertiary amines and benzocrown ethers are highly selective for protons and sodium ions,
respectively. Thus, each receptor will accept its designated ion independently and both
receptors are independently capable of quenching the emission via excited state electron
transfer. This means that the molecule in the solution behaves as an AND logic gate, with
H+ and Na+ being “inputs” and the emission intensity serving as the output. Consequently,
the molecule can self-select its input ionic signals into the appropriate site as soon as
it is provided with high enough concentrations of protons and sodium ions, which are
chosen by the operator. The fluorescence signals from single molecules can be received and
analyzed by spectroscopy [4].

It has been proved that molecules respond to changes in their environment. The
presence of various ions, neutral species, pHs, temperatures, and viscosities, among other
factors, result in color or emission changes because of the complex interplay of many
excited state processes and environmental parameters [10].

Ferrocene: Ferrocene (Fc) was synthesized in 1951 by Kealy and Pauson [11], while its
structure was revealed in 1952 by Wilkinson et al. [12]. Ferrocene has a unique structure, i.e.,
a central iron atom neatly sandwiched between two cyclopentadienyl rings, which has revo-
lutionized the chemists’ views about how metals bind to organic π-systems (Figure 1). This
structural arrangement leads to some fascinating chemical and photophysical properties.
Its electronic structure and ultraviolet-visible (UV-visible) light absorption spectra have
been extensively analyzed [13–15]. Pure ferrocene is a very stable light orange powder,
while, upon cooling, the color changes from orange to lemon yellow [13]. The orange
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color results from a forbidden dipole absorption at 440 nm and a shoulder at 528 nm. The
strongest absorption peak is observed at 202 nm in solution and 196 nm in the gas phase.
The oscillator strength of the allowed absorption is 350 times stronger than that of the peak
at 440 nm [13–16].
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ferrocene and “Fc” will be used interchangeably and the ferrocene moiety in compounds mentioned
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Ferrocene can easily donate an electron in a molecular system designed according to
the principles of modular photoelectron transfer, i.e., in the ‘fluorophore−spacer−receptor’
or ‘fluorophore−spacer−receptor1−spacer−receptor2′ format via redox chemistry. Thus,
ferrocene derivatives have potential applications as MLG systems [17–20].

In the present review, novel synthesized and/or calculated ferrocene-based molecular
logic gates are described are described in Section 2, in which their structural, photochemical,
and electrochemical characteristics are analyzed. In Section 3, MLGs including metal
cations without the ferrocene moiety are briefly presented. In Section 4, computational
methodologies for an accurate theoretical study of MLGs including metal cations are
suggested. Finally, in Section 5, the conclusions and future perspectives are discussed.

2. Work on Ferrocene-Based MLGs

Since their first realization by de Silva, logic gates at have been intensively experi-
mentally studied at the molecular level, with purely theoretical studies being less common
and such work mainly being carried out to complement the experimental findings. The
same applies to MLGs that incorporate the ferrocene moiety in one way or another. Ex-
perimental studies of such systems can be roughly categorized into three distinct families
of MLGs: (1) long-chain molecules (oligomers or polymers) that incorporate ferrocene,
(2) medium-sized molecules that incorporate ferrocene, and (3) systems where ferrocene or
its derivatives are used as external additives. These three families are elaborated below.

2.1. Long-Chain Molecules as Logic Gates (LC-MLG)

This first family of MLGs includes oligomeric molecules that form self-assembled
monolayers (SAMs) or polymeric materials that integrate a ferrocene moiety. In the latter
case, a medium-sized MLG, see below, is synthesized in such a way that it can be subse-
quently attached to a polymer chain; otherwise, the ferrocene moiety belongs a priori to
the polymer chain as part of the monomer being used. In both cases, it is apparent that
such MLG systems are easily scalable and transformable to a device. The bibliography is
not as rich in comparison to the second family (see below), presumably due to the more
delicate chemical handling required for such systems, which is, of course, not possible for
the optoelectronics and physics communities, which are usually studying such systems.
Thus, quite straightforwardly, a rich field of prosperous collaborations between different
scientific communities appears.

A recent and informative example of such an LC-MLG featuring SAMs is that of Li,
Nijhuis, del Barco et al. [20], who reported a prototype single-electron logic calculator
(SELC) based on the oligomer Au-S-(CH2)3-Fc-(CH2)9-S-Au. This was used as a bridge
between two gold nanoelectrodes, ultimately tuning the way electrons are transferred. Its
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operating principle is based on predictable and reliable current conversions modulated
by voltages crossing the stable Coulomb blockade regime, avoiding dependence on an
absolute current and improving function reproducibility. Compared to other approaches,
the non-conjugated asymmetric Fc-based molecule naturally provides logic operations via
its robust and unique Coulomb blockade characteristics. The authors managed to exploit
the system’s properties and bring out all possible 1- and 2-input logic operations (YES, NOT,
PASS_1, PASS_0 and AND, XOR, OR, NAND, NOR, INT, XNOR) through a fine interplay
between gate voltage and bias voltage, which were the two inputs. For the two-input logic
gates, phase control between the two voltages was the key.

Polymeric materials featuring ferrocene are closer to the chemist’s mindset and have
been an area of study, due to their logical behavior, for quite some time. One of the first
such studies was that of Matsui, Miyashita, and coworkers [21], who used assemblies based
on polymeric nanosheets that contain ferrocene and [Ru(bipy)3]2+ in their monomeric units.
The chemical structure of the polymers is represented below (Figure 2A). Cathodic and
anodic photodiodes based on these polymers were the heart of the device and, overall,
the devices could be used as OR and XOR MLG. Excitation light from either side of
the device was used as the two-input scheme and the measured photocurrent was the
system’s output.
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diodes and (B) the metallogelator featuring the gelation transition as the output of the logic function.

Another interesting example is that of a metallogelator yielding a logic gate operation,
reported by Afrasiabi et al. in 2012 [22]. The molecule undergoes a gel formation procedure
in acetone upon sonication and exhibits responsiveness to external signal-inputs. The
molecular structure of it is presented below (Figure 2B), while two simpler analogues were
used by the authors to further investigate the validity of their claims. NOT and XOR logic
operations could be realized depending on the redox conditions used.

In 2019, Magri et al. [23] demonstrated a family of naphthalimide-based fluorescent
logic gates, represented by PASS 0, PASS 1, YES (H+ TRANSFER), and AND logic functions,
in solution at the molecular level and covalently bound onto TentaGel polymer beads at the
micrometer level. Ferrocene acts as the electron donor in the molecules that were designed
according to the ‘electron-donor–spacer1–fluorophore–spacer2–receptor–linker–bead’
format. The ground and excited state electronic structures were computed via Density
Functional Theory (DFT) methodology using Unrestricted Hartree–Fock (UHF), DFT, and
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TD-DFT methods, i.e., UHF/TZVPP2 and DFT(B3LYP)/TZVPP2, in good agreement with
the corresponding experimental data.

Following this, Magri et al. [24] synthesized a medium-sized molecule based on
previously developed design principles (see the MS-MLG family), which can be readily
attached to a polymeric bead (Figure 3). The final logic system exhibits the INHIBIT logic
function, with enhanced fluorescence serving as an output only when oxidant levels are
high and proton levels remain low. The non-polar environment of the polymer beads was
said to contribute further to the output enhancement.
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coupled with the amine pendant-group of a polymeric bead (black circle). The system features the
following format: electron-donor–spacer–fluorophore–spacer–receptor, which has been shown to
yield desirable and manageable results with respect to logic gate functionality.

Overall, this field of long-chain molecules that are able to perform logic operations
seems to be underdeveloped, with few examples (see also References [25–29]). Neverthe-
less, the possibility of synthesizing such macromolecules with tailor-made characteristics
appears quite attractive. Such systems occupy the whole breadth of logic operations, and
thus it seems worthwhile to work on this area. Furthermore, systems such as that of
Ref. [20] may be the most prominent concerning their applicability, as they can be tuned to
every logic gate virtually with only minor changes.

2.2. Medium-Sized Molecules as Logic Gates (MS-MLG)

The second family of ferrocene-based MLG presented in this work seems to be the
most studied compared to the other two. As such, this family will be broken up into parts
that are approximately based on the fluorophore of the molecule. This categorization seems
to be the most appropriate since the fluorophores of such molecules have not seen much
“experimentation”. Anthracene and naphthalimide are two well-studied fluorophores, and
thus will represent two categories by themselves. A third category will be that of other
fused heterocycles, and finally a fourth category will encompass molecules that do not fit
to the previous three. Moreover, such studies involving medium-sized molecules allow for
the computational description of the system based on useful theoretical models such as
DFT, and thus a handful of such reports combine theory and experiment.

I. Fc-based MS-MLG containing anthracene as fluorophore.

The use of the anthracene moiety as a fluorophore has long been realized in the
realm of ferrocene-based MLGs, although its implementation has not been that successful
compared to naphthalimide. This can be rationalized based on the synthetic difficulties of
molecules based on anthracene and the comparatively bad tunability of anthracene’s optical
and redox properties. Nevertheless, such compounds were important for the development
of the field and useful design guidelines were created for the improvement of these sensors.

The first example of anthracene-containing MS-MLG and one of the first works of
ferrocene-based MLG is presented in the report by Fang, Yan et al., in 2008 [30] (Figure 4).
The authors exploited ferrocene’s great redox characteristics to control the PET process,
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along with its solubility and cost-effectiveness. An AND logic gate could be realized using
acidic and oxidizing conditions as inputs and the fluorescence of the molecule as an output.
Only when both inputs are high does the molecule surpass the PET-quenching effect of
ferrocene and emit at 438 nm with a three-fold enhancement.
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Figure 4. Three ferrocene-based molecular logic gates based on the fluorescence properties of anthracene,
Refs. [30–32].

Two other examples in 2013 [31] and 2014 [32] from the team of Magri are rather
informative (Figure 4). In 2013, they synthesized an AND MLG with a similar molecular
engineering as presented above: electron donor–proton receptor–fluorophore. Again, only
when both proton and oxidizing concentrations were high was the fluorescence output also
high. A remarkable fivefold increase in the fluorescence intensity of around 400 nm was
reported, which is also observable with the human eye. The same group, in 2014, reported
another AND MLG, which featured the “lab-on-a-molecule” approach reported previously
by de Silva. Using this molecule, a three-input MLG can be constructed (Na+, H+ and Fe3+)
where the output is again the fluorescence from the anthracene moiety. The three-fold
fluorescence enhancement can be exploited in numerous circumstances where MLGs with
more than two inputs are necessary, such as corrosion detection and tumor cell diagnosis.
The fluorescence peaks were again ca. 400 nm.

II. Fc-based MS-MLG containing naphthalimide as fluorophore.

The majority of work on the MS-MLG family includes the use of naphthalimide
(NA) as the fluorophore of the MLG, mostly because of the available synthetic procedures
involving this moiety and the desirable tunability of its redox/fluorescence properties.
Due to the symmetry degeneration induced by its structure, NA-based MLGs appear in
different fashions, as shown below (Figure 5). These modular structures result in a plethora
of tunable characteristics for the obtained MLG, as can be seen in the following discussion.
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Zhu et al. reported, in 2012 [33], one of the first examples of a molecule that contains
both the NA and Fc moieties that is able to show “logic”. Although not involving molecular
logic gate studies, this work showed the successful combination of NA and Fc, where
oxidation of the Fc moiety can result in PET quenching and therefore yield the ON-OFF (1-0)
states of fluorescence. Irradiation with a specific wavelength could induce photocyclization
of the bisthienylethene. Overall, gated photochromism could be realized, and five different
states could be achieved from a single molecular platform (Figure 6).
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Zhang et al. [35] reported 2 (Figure 7), which could provide human-eye detection of 
Cu2+ and Hg2+ ions. They showed that the detection process is not pH-dependent and can 
readily be used in aqueous solutions. The ion interaction of compound 2 and the two an-
alytes is selective in the presence of other competitive cations used in the study. The mol-
ecule acted as a binding site for Hg2+, while Cu2+ induced PET-quenching through the ox-
idation of the Fc moiety. Although explicit logic gate experiments have not been con-
ducted, its ability to act as an MLG is apparent.  

During the last decade, Magri’s group has made considerable progress towards the 
realization of efficient MLGs containing ferrocene as the redox probe of the system. Using 
the NA moiety as the fluorophore is common practice in their work and they have man-
aged to successfully introduce many logic processes using this molecular design. The as-
sembly of an MS-MLG incorporating both NA and Fc is shown in Figure 8. As can be seen, 
all the different ways (Figure 5) that the Fc group can be introduced relative to the NA 
moiety are realized. Thus, a plethora of results are obtained for the logic operations. 
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In 2015, Zhu, Marken, and James et al. [34] used this efficient combination of NA
and Fc to synthesize molecule 1, as shown in Figure 7. The way the NA and Fc moieties
are attached is the same, but in this case the molecule contains a boronic acid site, which
is able to sense F− ions and stick to polymeric substrates. The piperazine group has not
been studied for its potential proton-sensing properties, but rather acted as a linkage. The
studies involved the molecule as a multi-input logic gate, with the inputs being the Fe3+

and F− ions and sodium L-ascorbate (LAS), the latter acting as a reducing agent. As a
two-input MLG, the authors used Fe3+ and LAS or F−, yielding an INHIBIT logic gate.
Using all three inputs, a combinational NOR and AND logic circuit could be realized.
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Zhang et al. [35] reported 2 (Figure 7), which could provide human-eye detection of
Cu2+ and Hg2+ ions. They showed that the detection process is not pH-dependent and
can readily be used in aqueous solutions. The ion interaction of compound 2 and the
two analytes is selective in the presence of other competitive cations used in the study. The
molecule acted as a binding site for Hg2+, while Cu2+ induced PET-quenching through
the oxidation of the Fc moiety. Although explicit logic gate experiments have not been
conducted, its ability to act as an MLG is apparent.

During the last decade, Magri’s group has made considerable progress towards the
realization of efficient MLGs containing ferrocene as the redox probe of the system. Using
the NA moiety as the fluorophore is common practice in their work and they have managed
to successfully introduce many logic processes using this molecular design. The assembly
of an MS-MLG incorporating both NA and Fc is shown in Figure 8. As can be seen, all the
different ways (Figure 5) that the Fc group can be introduced relative to the NA moiety are
realized. Thus, a plethora of results are obtained for the logic operations.

Clearly, structures 3 [36], 7 [17] and 8 [17] can be readily compared due to their
structural similarities, i.e., the Fc group is attached through a methylene-linker to the
N-atom of the NA backbone, while the proton acceptor group resides on the other side; see
Figure 8. As before, the fundamental molecular engineering is based on the PET quenching
process, resulting from the oxidation of the Fc moiety. The additional part is the way the
proton receptor behaves upon protonation and the implications for fluorescence due to
this potential change. In the case of 3, protonation leads to a twisted conformation of the
piperazine group, yielding a non-emissive, excited Internal Charge Transfer (ICT) state.
Thus, a 13-fold emission enhancement is realized only when protonation and oxidation
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occur simultaneously, leading to an AND logic gate. Similarly, compounds 7 and 8 also
present examples of AND MLG, featuring a 16-fold and 10-fold fluorescent enhancement,
respectively. The report for these two compounds included time-resolved fluorescence
spectroscopy, along with DFT calculations, which both corroborated with an advantageous
driving force of charge transfer assisted by a positive electric field at the four-amino end
of the fluorophore, featured in all three compounds. Compound 8 was designed with an
‘electron-donor–spacer1–fluorophore–spacer2–receptor’ format. All theoretical calculations
were carried out employing the UHF and DFT(B3LYP)/TZVPP2 methodology.
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Compound 9 [37], featuring the “lab-on-a-molecule” design (the first one with an NA
fluorophore scaffold), resembles the previous three compounds in that all are synthesized
with the “electron-donor–spacer–fluorophore–spacer–proton-acceptor” motif. Moreover,
it features an ion-receptor as an extra functional group and thus can serve as a multi-
input logic gate. The molecule’s logical behavior was tested under acidic and oxidizing
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conditions, with Na+ ions present. Only when all three inputs were high was a record
25-fold fluorescent enhancement observed, even with the human eye; its quantum yield
was of an order of magnitude greater than the group’s previous results. Based on their
results, we can highlight that this molecule could also act as an AND MLG in the presence
of only H+ and Fe3+ ions, pointing to this molecular design as a privileged motif for AND
logic gates.

Along with 7 and 8, molecules 5 [17] and 6 [17] were also studied, which feature the
regioisomers of the first two. In this case, no fluorescence enhancement was observed
due to a negative electric field at the imine field, abetting the PET process. Overall, these
two regioisomers fall short of a profound logic gate function, as, in all cases, the molecular
design leads to excited state quenching and behaves as a PASS 0 logic gate.

Compounds 4 [38] and 10 [39] also bear a similar motif, where both the electron donor
and proton acceptor are localized on the same side and on the back of the fluorophore.
Compound 4 can feature either a methyl or a n-butyl group at the N-end of the NA moiety.
Both molecules feature a lower fluorescence quantum yield compared to previous results,
but the yield was still not insignificant. The study included time-resolved fluorescence
spectroscopy and the authors compared their findings with previously designed molecules.
As before, two AND logic gates were obtained, featuring a fourfold emission enhance-
ment due to the ICT and PET quenching when both inputs are high. Compound 10, on
the other hand, is not emissive in its initial form. Designed according to the “electron
donor–spacer–fluorophore–receptor” format, upon oxidation of the Fc moiety, a 14-fold
fluorescent enhancement is observed, which is then quenched upon H+ addition. The result
is a Fe3+-enabled, H+-disabled INHIBIT logic gate. Theoretical calculations also confirmed
that the switching mechanism is a PET process with the use of DFT methodology at the
B3LYP/6–31+G(d,p) level of theory.

Tzeliou and Tzeli [18] studied theoretically, via DFT/TD-DFT calculations, the photo-
physical properties of a three-input AND molecular logic gate that presents an enhanced
fluorescence spectrum. It was found that the geometry conformation at an N atom of the
piperazine group is the key factor for the correct calculation of the absorption spectra of
the calculated structures. Its geometry is between tetrahedral and planar, while changes in
the corresponding CNCC dihedral angle of about 10 degrees can cause significant shifts in
the main peak of the absorption spectra of up to 100 nm. They explained the unusually en-
hanced fluorescence of a MLG, while they concluded that molecular systems with N atoms,
whose geometry is between planar and tetrahedral, can be ideal molecules in sensors and
molecular logic gates. Their calculated absorption and emission spectra were in excellent
agreement with the available experimental data [37].

Tzeliou and Tzeli [19] studied, via DFT and TD-DFT, the photophysical properties of
metallocene-4-amino-1,8-naphthalimide-piperazine molecules (1-M2+), and their oxidized
and protonated derivatives (1-M3+, 1-M2+-H+, and 1-M3+-H+), where M = Fe, Co, and
Ni, employing three functionals, i.e., PBE0, TPSSh, and wB97XD. The calculated systems
had not been investigated before. Also, the molecular system has the potential to be
used as a sensor. Specifically, both the 1-Co2+ and 1-Co3+ can be used as a simple NOT
molecular logic gate where the input is the protonation. Additionally, the 1-Co2+-H+ can
also be used as an NOT MLG, with the oxidation being the input. Finally, the 1-Co2+ can
be considered as a two-input NAND MLG when the oxidation and the protonation are
considered as inputs.

III. Fc-based MS-MLG containing other fused heterocycles as fluorophore.

The group of Magri has also reported on other MS-MLGs based on fused heterocy-
cles with more extensive conjugated systems [40] (Figure 9). In these three molecules,
the fluorophores are symmetric; thus, no regioisomers exist. In molecules 11 and 12, the
perylenediimide (PDI) backbone affords a considerably longer conjugation, which is ex-
pected to alter the photophysics of the compound and its general logical function. Both
compounds function as AND logic gates, where the inputs are the H+ and Fe3+ ions. The
quantum yields and emission enhancement are not special compared to previous reports,
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but the PDI scaffold performs exceptionally well considering the fluorescence wavelength.
The emission output is around 500 nm, excluding the presence of inner filter effects at high
Fe3+ concentrations, and thus yielding a robust analytical tool. The authors showed the
successful use of 12 in a polyurethane coating, which is able to detect premature corrosion.
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Figure 9. Magri’s work on a ferrocene-based MLG featuring extensive polyaromatic systems
as fluorophores.

Compound 13 [41] resembles 11, but with a smaller polyaromatic system, similar to
fluorophore. In contrast to previous molecular architectures, both 11 and 13 are modulated
by PET mechanisms, rather than a combination of PET and ICT. For 13, the naphthalenedi-
imide (NDI) scaffold completely alters the logic function of the molecule, yielding a PASS-0
logic gate with H+ and Fe3+ as inputs. The authors justified the results on the grounds of
paramagnetic and/or inner filter effects, which NDI is very sensitive to.

Other interesting work, based on the use of fused aromatic rings as the fluorophores
of the system, was carried out by the group of Thakur, as shown in Figure 10.

Inorganics 2024, 12, x FOR PEER REVIEW 10 of 22 
 

 

The group of Magri has also reported on other MS-MLGs based on fused heterocycles 
with more extensive conjugated systems [40] (Figure 9). In these three molecules, the fluor-
ophores are symmetric; thus, no regioisomers exist. In molecules 11 and 12, the perylene-
diimide (PDI) backbone affords a considerably longer conjugation, which is expected to 
alter the photophysics of the compound and its general logical function. Both compounds 
function as AND logic gates, where the inputs are the H+ and Fe3+ ions. The quantum 
yields and emission enhancement are not special compared to previous reports, but the 
PDI scaffold performs exceptionally well considering the fluorescence wavelength. The 
emission output is around 500 nm, excluding the presence of inner filter effects at high 
Fe3+ concentrations, and thus yielding a robust analytical tool. The authors showed the 
successful use of 12 in a polyurethane coating, which is able to detect premature corrosion.  

 
Figure 9. Magri’s work on a ferrocene-based MLG featuring extensive polyaromatic systems as 
fluorophores. 

Compound 13 [41] resembles 11, but with a smaller polyaromatic system, similar to 
fluorophore. In contrast to previous molecular architectures, both 11 and 13 are modu-
lated by PET mechanisms, rather than a combination of PET and ICT. For 13, the naphtha-
lenediimide (NDI) scaffold completely alters the logic function of the molecule, yielding 
a PASS-0 logic gate with H+ and Fe3+ as inputs. The authors justified the results on the 
grounds of paramagnetic and/or inner filter effects, which NDI is very sensitive to. 

Other interesting work, based on the use of fused aromatic rings as the fluorophores 
of the system, was carried out by the group of Thakur, as shown in Figure 10.  

 
Figure 10. Three MS-MLGs developed by the group of Thakur featuring fused aromatic rings as the 
fluorophoring part of the molecule. 
Figure 10. Three MS-MLGs developed by the group of Thakur featuring fused aromatic rings as the
fluorophoring part of the molecule.

To the best of our knowledge, 14 [42] represents the first MLG containing two ferrocene
moieties in the molecular scaffold, which can both be oxidized in the presence of Fe3+,
following the “redox_unit1−spacer1−receptor1−spacer2−redox_unit2−spacer3−recep-
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tor2−spacer4−fluorophore” format. The fluorescence signal could be modulated by the
combination of one cation binding event with the heavy metal Hg2+ and one chemical
redox reaction where Fe(ClO4)3 was the oxidant and sodium L-ascorbate was the reduc-
ing agent. The logic function of 14 corresponds to an INHIBIT logic gate when either
Fe3+ and Hg2+ or Fe3+ and LAS are used as inputs. When all three inputs are used, the
result is a combinational NOR-AND logic circuit. It is important to note the geometrical
rearrangement of the molecule, while ligating the Hg2+ ion and the constant increase
in emissions despite the high concentrations of Fe3+, which would otherwise decrease
fluorescence due to the inner filter effects. Theoretical studies with DFT supported the
quenching of a PET process between the Fc and coumarin moieties as the reason for emis-
sion enhancement. More specifically, DFT calculations were carried out using Gaussian 09
software at the B3LYP/def2-SVP/CPCM level of theory in acetonitrile for the optimization
of geometry without any symmetry constraints, as well as TD-DFT calculations at the
B3LYP/def2-SVP/CPCM level of theory in acetonitrile.

For compound 15 [43], a plethora of metal ions were used to test its UV-visible
absorption, where only Hg2+ showed a significant effect. The molecule was shown to
be an excellent mercury detector (limit of detection, LOD = 2.7 ppb), even with the human
eye. The presence of mercury also enhanced the fluorescence output of the system, as it
blocked the C=N bond isomerization upon excitation. It was further shown that H+ also
leads to fluorescence enhancement, which can be regulated in an ON-OFF manner with
OH−. INHIBIT and OR logic gates were developed, using H+ and OH− as inputs in the
former, and H+ and Hg2+ in the latter. These two logic gates were then further attached to
form an INHIBIT−OR combinational gate. DFT calculations with the B3LYP functional
were performed to reveal the structural and electronic parameters that control the responses
of compound 15 toward Hg2+ and to optimize the geometry of the protonated species,
while TD-DFT was also employed and CH3CN was the solvent of choice.

Similarly, compound 16 [44] yielded a combinational AND-OR logic circuit with
Fe3+, Cu2+ and LAS as inputs. This probe was very specific toward Fe3+ via a reversible
redox process, while it detected Cu2+ via irreversible oxidation. The addition of Fe3+ and
Cu2+ ions resulted in the fluorescence emission of the probe showing a “turn-on” signal
due to the inhibition of the PET process from a ferrocene donor unit to an excited-state
fluorophore. A reducing agent, sodium L-ascorbate (LAS), is added and causes fluorescence
“turn off” for Fe3+ due to PET process restoration, but this is not true for Cu2+ as it oxidizes
the ferrocene unit to a ferrocenium ion with its concomitant reduction to Cu+, which
further complexes with the probe. Absorption was perturbed only in the presence of Fe3+,
Cu2+, and Cu+, where Cu+ was shown to form a coordination compound with 16. More
specifically, the use of Fe3+ and LAS as inputs yielded an INHIBIT logic gate, while the
use of Fe3+ and Cu2+ yielded an OR gate. The authors used these two ions as oxidizing
agents rather than binding agents. Complexation–decomplexation of the Cu+ ion could
also regulate fluorescence emissions from the system. DFT calculations were performed
using the B3LYP/LANL2DZ/conductor-like polarizable continuum model (CPCM) level
in CH3CN to obtain detailed theoretical aspects of the structural and electronic parameters
of the probe before and after the oxidation and complexation with the corresponding
metal ions.

IV. Fc-based MS-MLG containing other fluorophores.

Molecules based on ferrocene that exhibit logic behavior are ubiquitous, and thus
many examples exist that do not fall into any of the previous categories. Such examples are
presented in Figure 11 and will be discussed below.

In 2010, Wu et al. [45] reported the synthesis of compound 17 and exploited its
excited states of metal-to-ligand charge transfer (MLCT), intraligand charge transfer (ILCT),
ligand-to-ligand charge transfer (LLCT), and ligand-to-metal charge transfer (LM’CT),
where M and M’ indicate Pt and Fe, respectively. The multitude of different excited
states was delicately used to produce a combinational AND-OR-NOT logic circuit. This
three-input–four-output system involved alterations in the dominancy of each excited state
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in the presence of H+, Fe3+, and Zn-powder. The four outputs were the emission peaks for
the abovementioned states. The protonation of the pendant amine group, along with the
oxidation/reduction of the Fc moiety, results in stark changes in the molecular orbitals, and
therefore the ordering of the excited state, thus representing a handy way to modulate the
emission properties of the system.
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Figure 11. MS-MLGs based on ferrocene that feature other fluorophores that were not described in
the previous three categories.

The groups of Wu, Wu, and Zhao reported, in 2016 [46], compounds 18–20, in which
the dyads of Fc and Bodipy are present, and the Fc group acts as a modulator of Bodipy’s
excited states. Although not studied for their logic gate application, a very interesting study
was conducted on their ON–OFF switch behavior with either electrochemical or chemical
oxidation–reduction. Two mechanisms were found to be responsible for this behavior, PET,
and triplet–triplet energy transfer, resulting in triplet state quenching. Upon oxidation of
the Fc moiety, these are quenched and a fluorescence enhancement is observed. Compound
19 does not show such a switch functionality as the quenching effects are more intricate
and lead to there being no triplet–triplet annihilation upconversion.

Zhu et al. [47] reported, one year later, compound 21, which also features an ON–OFF
logic functionality, with both PET and ICT mechanisms taking place. Electrochemical
modulation of the oxidation state of Fe in the Fc group results in a fine interplay between
the two electron-transfer pathways, with Fe3+ leading to the fluorescent state.

In the same year, the group of Magri [48] studied compounds 22–24, where a spacer
was included between the electron donor and the fluorophore, in comparison to Wu’s
previous example, where the spacer was between the fluorophore and receptor. An INHIBIT
logic gate was developed, with Fe3+ and H+ as inputs. All three compounds yielded a
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high output only when Fe3+ was present. However, the region of emission was near where
Fe3+ absorbs.

Dewangan et al. [49] used a solvent-free solid-state method to synthesize a 1,1′-
unsymmetrical ferrocene-based turn-on fluorescent hydrazone molecular system. DFT
calculations and a spectroscopic analysis were performed to establish the interaction be-
havior of the unsymmetrical ferrocene-based rhodaminyl organometallic receptor. The
observations of significant intracellular metal recognition and imaging characteristics in-
dicate their potential in applications involving the bioimaging of heavy metal ions. The
fluorometric molecular compound was found to lead to an INHIBIT MLG, OR MLG, and a
combinational logic operation. DFT calculations including the geometry optimization of
the compounds under study were carried out in gas phase at the B3LYP/LANL2DZ level
of theory.

Tamulis et al. [50] presented logic gates of molecular electronics digital computers, with
maximal length of four nanometers and a maximal width of 2.5 nm. Light-driven logically
controlled (OR, AND) molecular machines were composed of organic photoactive electron
donor dithieno[3,2-b:2′,3′-d]thiophene and ferrocene molecules, an electron-accepting
tetracyano-indane molecule, and a moving azo-benzene molecular fragment. DFT and
TD-DFT calculations were carried out at the B3PW91/6-311G level of the theory to obtain
the absorption spectra of the designed molecular gates.

V. Fc-based MS-MLGs not in the other categories.

Tokunaga et al. [51] presented a practical procedure which combines aspects of classical
electrostatics and DFT calculations to simplify the molecular shapes for device design. They
applied this method to a library of biferrocenium dimers with a three-input junction. It
was theoretically obtained that a covalently bonded parallelogram dimer responds to
precisely six different patterns of nanoscale electric fields and can work correctly as a
device cell in both AND and OR logic gates. This procedure was applied to quasi-square
tetrametallic Ru complexes as well, and it was found that these complexes do not work as
logic gates. This procedure expands the range of existing candidate molecules from squares
to parallelograms and facilitates screening for implementation.

Alzahrani et al. [52] designed and synthesized a novel triphenylamine (TPA)-based
sensor 1-(4-diphenylamino)phenyl)-3-(p-tolyl)thiourea) (TTU) that exhibited reversible
mechanochromic- and aggregation-induced emission enhancement (AIEE) properties. The
AIEE active sensor was employed for the fluorometric detection of Fe3+ in aqueous medium,
with high selectivity. The sensor showed a highly selective quenching response towards
Fe3+ that is ascribed to its complex formation with paramagnetic Fe3+. Subsequently, the
TTU-Fe3+ complex acted as a fluorescence sensor for the detection of deferasirox (DFX). The
subsequent addition of DFX to the TTU-Fe3+ complex led to the recovery of the fluorescence
emission intensity of sensor TTU, which was attributed to the displacement of Fe3+ by
DFX and the release of sensor TTU. DFT calculations were performed to understand the
theoretical perspective of the interaction between sensor TTU and analyte Fe3+.

In sum, although MS-MLG is the most studied family of molecular logic gates in-
corporating the Fc moiety, straightforward design principles remain unknown. This is
understandable in terms of the synthetic difficulties, along with the newness of this field.
Some basic guidelines exist that make some systems more privileged than others, i.e., the
NA scaffold appears to be the best choice for an MS-MLG, as it can provide symmetry
degeneracy or even be incorporated into a bigger aromatic scaffold. It should already
be clear that the presence of the Fc group greatly enhances the redox properties of these
molecules, and their synthetic tunability as well. Ferrocene can replace other redox-centers
that are employed in the usual organic MLGs to further expand the library of MS-MLGs,
and other metallocenes can also be incorporated. The present state represents a great chance
for the experimental and theoretical community to join forces and systematically search for
design principles.
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2.3. Miscellaneous MLG Systems Using Ferrocene

The desirable characteristics of ferrocene make it a great addition to a system show-
ing logic characteristics, even if it is not incorporated promptly. Many such systems
exist [53–57], which mainly use ferrocene or its derivatives as external additives. Its elec-
trochemical character makes it a proper input for the logic operation. Some informative
are as follows. Liu et al. [58] used ferrocene–methanol as an input because of its ability to
influence the system’s electrochemiluminescence. Yang et al. [59] reported on an indium tin
oxide featuring ferrocene as an electroactive dye. Based on its diffusivity, an electrochemical
MLG could be developed. Li and coworkers [60] used ferrocene as a reducing agent for
an Au electrode, which, upon oxidation, would quench the electrochemiluminescence
of the system.

In 2018, Magri published a short review where he presented the progress in molecular
logic so far, more specifically focusing on molecules capable of sensing acidity and oxi-
dizability. AND logic gates that provide a high fluorescence output when simultaneously
protonated and oxidized were included, as well as molecules with three-input variants
and molecules that function as INHIBIT logic gates. Photochemical concepts such as PET
and ICT are used as the favorite design concepts. This review highlights the evolution
of Pourbaix sensors with anthracene, pyrazoline, and naphthalimide fluorophores, while
ferrocene is the electron donor mentioned in most molecules [61].

In 2021, Magri published a review paper on the evolution of fluorescence sensing at
the University of Malta in the context of molecular-logic-based computation. PET was the
design principle, while redox-driven switching was highlighted, as well as traditional acid-
base and ion-binding phenomena. Cross-pollination with ICT further affords intelligent
molecules, with properties classified according to the sophistication of the logic function
from one-, two- and three-input systems including the concepts of Pourbaix sensors, lab-
on-a-molecules and polymer tagged logic beads. There are references to an H+, Fe3+-driven
AND logic gate, three-input AND logic gates, Lab-on-a-Molecules, and redox-driven
INHIBIT logic gates, where either Fe or the ferrocene unit take part. Ferrocene was found
in many of the molecules they studied as it is representative of electron donor units that
can be singly oxidized [62].

All the above show that the very interesting behavior of ferrocene has led many
researchers to incorporate it into various type of structures with different combinations
of units and chemical elements, and to try out different numbers and types of inputs to
synthesize and study MLGs with properties that make them prominent candidates for
practical use. Finally, a summary of the previous experimental and theoretical MLG studies
on compounds containing the ferrocene moiety is presented in Table 1.

Table 1. Summarized results of MLGs with Fc presented in this work.

Logic Operation MS–MLG [Ref.] a LC–MLG [Ref.] a

1-input
YES [52] (expt + th) [23] (expt)
NOT [19] (th) [20] (expt + th); [22] (expt)

PASS 5 [17] (expt + th); 6 [17] (expt + th); 13
[41] (expt) [20] (expt + th); [23] (expt + th)

2-input

AND

3 [36] (expt); 4 [38] (expt); 7 [17] (expt +
th); 8 [17] (expt + th); 9 [37] (expt); [18]

(th); 11 [40] (expt); 12 [40] (expt); [50] (th);
[51] (th); [30] (expt); [31] (expt); [32]

(expt)

[22] (expt + th); [23] (expt + th); [26]
(expt); [28] (expt); [60] (expt)

NAND [19] (th) [20] (expt + th); [60] (expt)

OR 15 [43] (expt); 16 [44] (expt + th); [50] (th);
[51] (th)

[20] (expt + th); [21] (expt); [28] (expt);
[60] (expt)
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Table 1. Cont.

Logic Operation MS–MLG [Ref.] a LC–MLG [Ref.] a

NOR [20] (expt + th); [60] (expt)
XOR [20] (expt + th); [21] (expt); [22] (expt)

XNOR [20] (expt + th)

INHIBIT
1 [34] (expt); 10 [39] (expt + th); 14 [42]
(expt + th); 15 [43] (expt + th); 16 [44]

(expt + th); 22–24 [48] (expt)
[24] (expt); [49] (expt + th); [60] (expt)

Combinational
NOR-AND 1 [34]; 14 [42] (expt + th)

INHIBIT-OR 15 [43] (expt + th); [49] (expt + th) [49] (expt + th)

AND-OR 16 [44] (expt + th); [50] (expt + th); [51]
(th)

AND-OR-NOT 17 [45] (expt)
AND-INHIBIT-YES [58] (expt)
AND-INHIBIT-YES-

IMPLICATION [58] (expt)

ON/OFF
[33] (expt); [46] (expt); [47] (expt)

a expt: experimental; th: theory calculations.

3. MLGs including a Metal Cation without the Ferrocene Moiety

Akkaya et al. [63] experimentally studied multivalent–multitopic bodipy derivatives,
with metal ion–ligand pairs based on known affinities, and thus PET and ICT processes
could be manipulated as desired. They obtained a molecular equivalent of a three-input
AND logic gate exploiting the differential binding affinities of metal ions for different
ligands. This resulted in a range of signals that are useful in molecular logic design, and
offered enticing potential for multianalyte chemosensors. Tzeli et al. [64,65] theoretically
studied, via DFT and TD-DFT, the photophysical processes of a styryl–bodipy derivative
that acts as a three-receptor fluorophore and is a candidate for a three-input AND molecular
logic gate in the emission mode. The inputs were the Ca2+, Zn2+, and Hg2+ cations that
present high selectivity, i.e., they were complexed in specific part of the molecule. Different
solvents were considered for the computational study and it was found that the molecule
can act as a three-input AND MLG only in specific solvent conditions. The photophysical
properties of the MLG were explained, while the cruciality of solvent selection to allow for
a species to act as an MLG candidate was highlighted.

Velmurugan et al. [66] synthesized an amine dangled Schiff base quinoline–morpholine
conjugate (QMC), which selectively detects Pb2+-ions with large blue-shift fluorescent
emissions through ICT processes. The QMC and QMC + Pb2+ complex structures were
optimized using DFT at the B3LYP/LANL2DZ level of theory. An INHIBIT molecular logic
function was constructed by using Pb2+ and EDTA as chemical inputs.

Bahta and Ahmed [67] theoretically studied a novel colorimetric and ratiometric
fluorescent chemosensor for Hg2+ ions, employing DFT (B3LYP/6–31G(d)LANL2DZHg)
and TD-DFT (CAM-B3LYP/6–31G(d)LANL2DZHg).

Fu et al. [68] designed and synthesized a reversible dual-channel sensor for the de-
tection of Cu2+. Calculations were performed on the molecules of the sensor and the
sensor with Cu2+ using DFT at the B3LYP/6-311 + G* level of theory. Fluorescence changes
in the sensor upon the addition of Cu2+ and EDTA were applied as an ultrasensitive
IMPLICATION logic gate at the molecular level.

Mukherjee and Betal [69] synthesized a new, simple, small-molecule hydrazone from
the reaction of pyrene-1-aldehyde and 2-hydrazinobenzoic acid. It was investigated as a
reversible, turn-on luminescent chemosensor for copper ion (Cu2+) in an aqueous envi-
ronment via DFT(B3LYP/6–31+G(d,p)C,N,O 6–31+GH LANL2DZCu. TD-DFT calculations
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were also carried out using DMSO solvent. In the presence of Cu2+, the ligand exhibits a
reversible change in emission pattern with oxalate (C2O4

2−), and thus Cu2+ and C2O4
2−

could be used as chemical inputs on a molecular ‘INHIBIT’ logic gate.
Ray et al. [70] studied the dye-containing Cu(II)-Schiff base complex for the easy

monitoring of D-penicillamine (D-PA), a tri-functional organic compound (thiol, amine,
and carboxylic acid) which is used as a chelating drug for many serious diseases, such as
Wilson’s disease. The synthesized Cu(II)-salicylaldehyde rhodamine B hydrazone complex
was characterized with Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic
resonance (NMR), mass spectrometry, UV–Vis, and fluorescence titrations, while DFT
calculations were carried out to optimize the crystal structure of the complex. An NAND-
type molecular logic gate was developed.

All the studies presented above indicate that, while ferrocene is very effective as an
electron donor, there are plenty of molecules that exhibit interesting behavior: they detect
ions (in most cases) and act as MLGs. Thus, there is a wide variety of molecules that could
be explored to effectively act as the electron donor and result in various types of MLGs.
The most effective electron donors can be found in this way and categorized depending on
the system under study and the properties we aim for the system to have.

4. Computational Methodologies Used for MLG Prediction

In the last decade, computational chemistry has been applied for the evaluation of
compounds as MLG candidates. Their geometries, not only of their global minimum
structures but also of their local minimum isomers and conformers, are computed via
quantum chemical calculations. Additionally, their electronic structure, bonding, and mag-
netic properties, and their absorption, emission, infrared (IR), and electron paramagnetic
resonance (EPR) spectra, are also predicted [71–78]. Furthermore, the plot of the frontier
molecular orbitals can assist in explaining the photophysical and photochemical properties
of the metallic complexes and their reaction properties, while useful information can be
obtained regarding the prediction of favorable pathways for their synthesis, their catalytic
role in synthetic reactions with the activation of certain bonds, etc. [71–82]. Furthermore,
calculations can explain how the molecules respond to changes in their environment, such
as the presence of various ions, neutral species, pHs, temperatures, and viscosities.

The correct calculation of the electronic structure and of both the absorption and
emission spectra of the molecules is crucial for characterizing a molecule as an MLG
candidate. When there are experimental data regarding the absorption or fluorescence
spectrum of an MLG candidate, researchers search for an appropriate methodology to
reproduce the experimental data. However, the question is how someone can correctly
predict the MLG candidates. Usually, except theoreticians, many non-experts use one of
the many user-friendly software packages which apply sophisticated quantum–chemical
methods to calculate the geometry, the electronic structure, and both the absorption and
fluorescence spectra. However, very often, errors occur due to misunderstandings of the
methodologies of computational chemistry, the technical settings and the technical details of
the calculations, and the technical aspects of the quantum chemical methodologies. In what
follows, the commonly used theoretical methodologies are described and recommendations
are made for the accurate prediction of MLG candidates.

The most popular methodology is DFT, as it is less time-consuming compared to
other methodologies, it is not difficult to use, at least at a basic level, and accurate data
can be obtained when applied cautiously. The choice of functional and basis sets for
the calculations is very important and varies depending on the problem. If not chosen
appropriately, the results will be significantly affected. For this reason, a preliminary
investigation is recommended, where different combinations of functionals and basis sets
will be applied concerning the parameters of geometry and the absorption spectra. The
obtained data should be compared with either accurate multireference techniques or the
experimental data. This process will lead to the determination of the most appropriate
functional and basis sets for the theoretical calculations.
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The most popular functional used in computational chemistry is B3LYP [83], which
provides generally satisfactory results regarding geometry and can usually predict the ab-
sorption spectra correctly. B3LYP has been used for theoretical calculations of ferrocene [16].
However, PBE0 is the functional that has yielded the most accurate results in the predic-
tion of the ferrocene properties [19]. The Minnesota family functionals M06 [84] have
also become very popular, while long-range corrected hybrid functionals wB97, wB97X,
wB97X-D, and wB97X-2 could be used as well. These include a full Hartree–Fock exchange
at long-range interelectron distances, leading to a reduction in the self-interaction errors. If
dispersion correction is necessary in either B3LYP or PBE0, it can be properly added with
the use of semiempirical corrections, such as Grimme’s -D3 corrections, which are available
for both [85].

Regarding the basis sets, depending on the size of the system, an augmented double
zeta quality basis set is appropriate for large complexes of about 100–150 atoms. For
instance, the 6–31+G(d,p) family of basis sets [86], combined with a basis set including
pseudopotentials such as LANL2DZ for the metals [87], or the Def2-SVP [88] for all atoms,
is a good choice. For smaller complexes, an augmented triplet quality basis set, such as
def-2TZVP [88] or aug-cc-pVTZ(-PP) [89,90], would work accurately.

The MLG compounds are solved in a variety of solvents. In calculations, the solvent
can be included via the dielectric constant (implicitly), [91] as molecules (explicitly), or as
dielectric constant and molecules simultaneously (hybrid model). The inclusion of a solvent
via dielectric constant does not significantly affect the geometry or the spectra. However, in
some cases, mainly in polar solvents, the gas phase spectra can be shifted when the solvent
is added implicitly. On the contrary, the explicit inclusion of one or more solvent molecules
may significantly affect the spectra [18]. Furthermore, the linear response corrections [92]
are important to consider, especially when the solvent is only added implicitly. They can
lead to shifts in the absorption peaks, mainly the emission peaks, and especially in cases
where charge transfer excitations or de-excitations are involved.

Another option for the accurate calculation of the absorption and emission spectra
is the application of an accurate ab initio methodology. In general, while DFT method-
ologies calculate the geometry correctly, when it comes to the calculation of the excited
electronic states, difficulties arise in their accurate prediction with the use of DFT. In this
case, geometries can be calculated with an appropriate combination of functional and basis
sets, and then the electronic structure should be calculated via a multireference ab initio
methodology. A very good choice is the complete active space self-consistent field method
(CASSCF) [93], followed by the second-order perturbation treatment (CASPT2), or by a
second-order perturbation treatment of the dynamic electron correlation (NEVPT2 [94]).

Finally, both population analysis and the plot of the frontier molecular orbital can
provide useful information regarding charge or electron transfer processes. Mulliken
population analysis is extensively used, mainly because it is the default analysis in many
computational programs; however, Mulliken charges may show basis set dependency or an
underestimation of the ionic character [95,96]. On the other hand, the natural population
analysis (NPA) method is almost independent of the basis set but can also present some
problems [97] and overestimate the ionic character of the atoms [98]. Other population
analyses includes the Hirshfield and its extension CM5 model [99].

Overall, computational chemistry is a powerful tool for predicting compounds’ po-
tential as MLG candidates, while assisting in the explanation of the photochemical and
photophysical properties of the compounds.

5. Conclusions and Future Perspectives

In the last four decades, much research has been conducted to investigate and design
molecular systems that can process information. Additionally, many reviews have been
written reporting the latest advancements on this topic, while they provide novel ideas
and discuss different possible future directions [10,100–107]. In the coming decade, many
applications are expected to be developed in a variety of research fields, ranging from
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medicine, in which the MLGs will be applied in photodynamic therapy, for intracellular
uses, and in biomedical applications [108,109], to material science [110], and, of course,
information security, where the semiconductors which are used in the Information Tech-
nology (IT) industry will be replaced by MLGs [10]. Note that many issues that occur
when semiconductors are applied in nano-dimensions via the use of MLGs, as they will
be overwhelmed [10]. Furthermore, MLGs can be used in environmental analysis, for
instance, in water quality monitoring and heavy metal ion detection, as well as for securing
food safety [111]. In sum, MLGs have broad development potential; studies on MLGs will
remain active in the coming decades, and researchers’ creativity can significantly increase
the applications of MLGs.

Significant advances have been made in the development of Fc receptors capable of
selectively sensing metal cations [111]. Ferrocene can easily donate an electron in molecular
systems designed according to the principles of modular photoelectron transfer. The
ferrocene–ferrocenium couple is a versatile redox switch [112] and can easily be used as
an input in the MLGs. The redox chemistry of Fc, in conjunction with the stability of
the molecular systems, their solubility in solvents of varying polarity, and their ease of
functionalization can lead to the design of many ferrocene-based catalysts, with many
applications in nanomedicine, biological sensing, materials science, etc.
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