
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/327920847

Structural characterization of a fluorescein hydrazone molecular switch with

application towards logic gates

Article  in  New Journal of Chemistry · September 2018

DOI: 10.1039/C8NJ03817A

CITATIONS

0
READS

186

5 authors, including:

Some of the authors of this publication are also working on these related projects:

New cathode materials for SOFC View project

Materials and nanostructures: Electronic, optical, magnetic and transport properties View project

Richard Fernando D'vries

Universidad Santiago de Cali

56 PUBLICATIONS   374 CITATIONS   

SEE PROFILE

Mario Alberto Macias

Los Andes University (Colombia)

75 PUBLICATIONS   154 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Richard Fernando D'vries on 16 November 2018.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/327920847_Structural_characterization_of_a_fluorescein_hydrazone_molecular_switch_with_application_towards_logic_gates?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/327920847_Structural_characterization_of_a_fluorescein_hydrazone_molecular_switch_with_application_towards_logic_gates?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/New-cathode-materials-for-SOFC?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Materials-and-nanostructures-Electronic-optical-magnetic-and-transport-properties?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard_Dvries2?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard_Dvries2?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universidad_Santiago_de_Cali?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard_Dvries2?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario_Macias?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario_Macias?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Los_Andes_University_Colombia?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mario_Macias?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Richard_Dvries2?enrichId=rgreq-199f8cc939f7d61b68b78879522c6b40-XXX&enrichSource=Y292ZXJQYWdlOzMyNzkyMDg0NztBUzo2OTM2MDAxNjU4Mzg4NTFAMTU0MjM3ODU3NDM4Mw%3D%3D&el=1_x_10&_esc=publicationCoverPdf


18050 | New J. Chem., 2018, 42, 18050--18058 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018

Cite this: NewJ.Chem., 2018,

42, 18050

Structural characterization of a fluorescein
hydrazone molecular switch with application
towards logic gates†

Juan D. Villada,a Richard F. D’Vries,b Mario Macı́as,c Fabio Zuluagaa and
Manuel N. Chaur *a

A fluorescein acylhydrazone (2) and its metal complexes with Zn2+, Ni2+ and Cu2+ ions were synthesized

and characterized via NMR (1H, 13C and 2D experiments), UV-Vis, fluorescence, and FT-IR spectroscopy

and single crystal X-ray diffraction. Compound 2 crystallizes in the P%1 triclinic space group with two

fluorescein acylhydrazone (2) conformers and one water molecule per symmetric unit. The fluorescein

acylhydrazone (2) and its metal derivates were analysed via cyclic voltammetry to determine the

relationship between the shift in their redox potential upon the quenching of their fluorescence.

Emission and UV-Vis absorption logic gates were fabricated based on the metal ion binding of 2 and its

behaviour at different pH values. Compound 2 exhibited ‘‘on–off’’ behaviour in its fluorescence emission

with the addition of triethylamine (TEA), and this effect was highly enhanced by the coaddition of Zn2+.

Conversely, its fluorescence is highly quenched by the addition of trifluoroacetic acid (TFA) or Ni2+ ions,

which allows the fabrication of an AND gate using TEA and Zn2+ as inputs and an INHIBIT gate with the

addition of TFA or Ni2+, both using the fluorescence emission as outputs. The addition of Cu2+ results in

a fluorescence emission at 525 nm, which is red-shifted with the addition of TEA. This behaviour

allowed the construction of an XOR gate with the fluorescence emission at 525 nm as the output and

the addition of Cu2+ and TEA as inputs. The absorption of 2 in the visible region was used to create AND

gates with the addition of Cu2+ ions and TEA or Ni2+ and TEA as inputs. The INH, AND, XOR gates were

manipulated by the controlled addition of different metal cations, TEA and TFA as inputs, and

fluorescence emission and visible absorption as outputs, allowing the creation of three different

combinatorial circuits, in which we highlight a new molecular switch ‘‘Half-Adder’’.

1. Introduction

The miniaturization of silicon semiconductors has resulted
in the improvement of speed and computational capabilities
of information devices.1,2 In recent years, miniaturization
processes have started to slow down due to quantum phenomena
such as tunnelling currents and decrease in the breakdown
voltages that impact the performance of semiconductors at the
nanoscale. Considering this physical limitation, it is foreseeable

that in a few years the miniaturization of information devices
will be impossible, at least using semiconductor systems.3

Accordingly, molecular switches are promising candidates for
the replacement of silicon systems because their size is already
in dimensions lower than the nanometer scale, their properties
can be controlled from chemical modifications, and their
manufacture is simple and easily scalable.4

Similarly to silicon systems, molecular switches receive
information through external inputs (e.g., pH changes, UV-Vis
irradiation, and metal ions), then translate it into a binary
language (0 = FALSE, OFF or 1 = TRUE, ON) and process it
through different logic gates to generate a physical or chemical
response (absorbance, fluorescence, potential, or current).5

Several switches have been tested for the simple logic operations
NOT, AND, and OR and even some complicated circuits such as
Half-Adder and Half Subtractors.6–12

Most chemical logic systems are based on fluorophores
and chromophores controlled by the attachment of different
organic molecules.13,14 These systems allow the design and

a Facultad de Ciencias Naturales y Exactas, Departamento de Quı́mica,

Universidad del Valle, A.A 25360, Cali, Colombia.

E-mail: manuel.chaur@correounivalle.edu.co
b Facultad de Ciencias Básicas, Universidad Santiago de Cali, Calle 5 No 62-00,

Cali, Colombia
c Departamento de Quı́mica, Universidad de los Andes, Carrera 1 No 18A-12,
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synthesis of adaptable compounds capable of recognizing different
inputs. Fluorescein derivatives are of great interest for the
construction of these logic systems due to their photophysical
properties (high extinction coefficient, excellent quantum yield
and great photostability)15–17 and the ability to tune them by
structural modification. In fact, based on the spirolactam ring
opening as the model for the design of fluorescein switches,
multiple systems have been used for data processing and cation
sensing.18–21

One of the most important challenges in the design of full
molecular information devices is the communication among
the systems. Thus, to address this issue, two different strategies
have been used: (i) the combination of different molecular logic
gates that can respond to the same chemical stimuli,10,22 and
(ii) the addition of different Boolean functions into the same
molecule.23 The latter can be achieved with molecules that can
process different inputs simultaneously to produce different
outputs, increasing the amount of data that can be processed
by the molecular circuit.24

Molecular switches seem promising for the generation of
computation at the nanoscale. However, the total replacement
of semiconductors in electronic devices seems to be a long-term
goal. For example, many of these molecular switches work
in solution. This hurdle requires a big change in hardware
development in order to be used for computational purposes.25

Despite this, molecular switches that resemble the way biological
systems handle information have become a new way to run
computation in cells and different biological systems in which
semiconductors cannot be used.

From this perspective, molecular switches are the ideal
technology to process different chemical and biochemical
signals with a highly specific response in biological systems.
This ability has been used for sensing biological analytes,26,27

in the diagnosis of different diseases,28 and to generate new
therapeutic systems.29,30

With this in mind, herein, we report the synthesis and
electrochemical characterization of a fluorescein acylhydrazone
(2) and the structural analysis of a new polymorph. This compound,
which has been used as a fluorescent probe for cations and anions,31

presents a hydrazone moiety capable of metal ion coordination,32–35

which can be used as inputs in the design of logic gates. Furthermore,
the presence of acidic protons on the structure allows even more
control of the fluorescence emission and UV-Vis absorption for the
integration of complex logical circuits, in which we highlight the
design of the operator ‘‘Half-Adder’’.

2. Results and discussion
Molecular and supramolecular analysis

To obtain fluorescent switching behaviour, fluorescein hydrazine 1
was synthetized and reacted with 2-pyridinecarboxaldehyde to give
the fluorescein-acylhydrazone 2 in 70% yield. The 13C NMR spectra
of 1 and 2 show a signal at 65 ppm, which corresponds to a
quaternary aliphatic carbon, indicating the presence of the spiro
group in the molecule (Fig. 1).

The anisotropic displacement ellipsoid plots for compound
2 and the corresponding atomic numbering schemes are
shown in Fig. 2. Details of the data collection, refinement
and crystallographic data for this compound are summarized
in Table S1 (ESI†).

Single crystals of fluorescein-acylhydrazone (compound 2)
were obtained by the slow evaporation of ethanol. Unlike the
previously reported fluorescein molecule,31 this compound
crystallizes in the P%1 space group with two crystallographically
independent molecules of fluorescein (conformers A and B)
and one water molecule per unit cell (Fig. 3). Conformer A
presents a greater torsion angle between the pyrrolidine ring
and the pyridinyl hydrazone group with a torsion angle value of
22.1(8)1 (C20–N1–N2–C22). Conformer B presents configura-
tional disorder around the imine bond; therefore, a planar
torsion angle is observed between the pyrrolidine ring and the
pyridinyl hydrazone with values of 7.6(3) (C40–N4–N5B–C47B)
and �176.2(1)1 (C40–N4–N5A–C47A). This dynamic configura-
tional disorder leads to a loss in planarity in the xanthene group
going from 2.7(1)1 for conformer A to 13.3(2)1 for conformer B
(Fig. 2). Also, as confirmed by 13C NMR, the spiro group is present
in the structure, where a comparative superposition near the
spiro carbon shows a deviation in the atom positions in both
conformers with an RMSD value of 0.9491 (Fig. 4).

Both conformers are joined by hydrogen bonds between the
hydroxyl (conformer B) and carbonyl (conformer A) groups with

Fig. 1 Synthesis of fluorescein hydrazine (2) and its transition metal
complexes.

Fig. 2 Anisotropic displacement ellipsoid plots at 50% probability for the
fluorescein-hydrazone compound.
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a distance O8–H8� � �O1 = 2.771(6) Å. Also, they are joined through a
crystallization water molecule with distances O4–H4� � �O9 and
O9–H9B� � �O5 = 2.699(1) and 2.860(2) Å and angles D–H� � �A of
157.8(6)1 and 117.4(1)1, respectively. This arrangement gives rise to
dimeric conformer subunits with an R2

3(22) graph-set representa-
tion of three donors and two acceptors ring set (Fig. 5).

Each dimeric subunit is joined along the [100] direction by
O2H2� � �N3 and O6–H6� � �O5 hydrogen bonds with a distance
of 2.925(8) and 2.828(7) Å, respectively. These interactions
between the dimeric subunits give rise to supramolecular
chains along the [100] direction (Fig. 6).

The 3D supramolecular structure can be explained in terms of
weak C–H� � �A interactions and van der Waals interactions, which
is possible to observe in the Hirshfeld analysis (HA)36 (Fig. 7a).
The HA is based in the analysis of interactions shorter than the
sum of the van der Waals radii areas (dnorm Hirshfeld surface).
This surface gives an idea of the donor and acceptor area in

the molecule. Also, 2D-fingerprint plots are obtained from the
Hirshfeld surface, which are used to quantify the interactions in a
molecule.37 In this case, the results of the HA and 2D-fingerprints
plots show the significant presence of O� � �H/H� � �O and
N� � �H/H� � �N interactions in each conformer and the dimeric
subunits (Fig. 6). The mentioned interactions enable the formation
of dimers and supramolecular chains. Weak C� � �H/H� � �C, H� � �H
and C� � �C interactions are present in the crystal packing, which
represent around of 70% of all the interactions.

A search in the CDS database showed us a report of one
polymorph of the fluorescein acylhydrazone compound crystal-
lising in the monoclinic space group P21/c, with two molecules
of fluorescein acylhydrazone and one molecule of methanol in
the asymmetric unit.31,38 In this case, the superposition of
both conformers present in the asymmetric unit shows more
agreement between the atoms of the conformers with an RMSD
value of 0.9771 (Fig. 8).

The crystalline behaviour of both polymorphs shows a
significant difference in the crystal packing and molecular
geometry. As is clearly noted, the obtained compound and that
previously reported crystallize in different crystalline systems
and space groups, indicating strong molecular differences that
affect their crystal packing. As expected, in terms of supramo-
lecular interactions, the QAVVAM whole molecule is governed
by strong O� � �H/H� � �O and N� � �H/H� � �N interactions with values
of 18.7% and 6.4%, respectively, and weak C� � �H/H� � �C, H� � �H
and C� � �C interactions with a total value of around 71%, similarly
with the values obtained for compound 2.

Application as molecular logic gates

Fluorescein acylhydrazone 2 contains a binding pocket that can
chelate different metal cations. The metal complexes formed with
these cations produce different effects in its UV-Vis and fluores-
cence spectra. Furthermore, the acidic protons in the fluorescence
moiety can be used to modulate the aforementioned responses, as
has been studied by Huo et al.31,38 This behaviour can be trans-
lated into a binary code and used in the generation of different
logic gates. Additionally, by adding the chemical inputs in differ-
ent orders, different gates can be linked together and used for the
formation of complex logic circuits.

3-Input INHIBIT gate

Fluorescein acylhydrazone 2 works as an ‘‘OFF–ON’’ switch
driven by the addition of a base (TEA), with the appearance of

Fig. 3 Conformers A and B present in the unit cell.

Fig. 4 Loss in planarity in xanthene in the molecules of conformers A and
B present in the unit cell and superposition of both conformers (blue:
conformer A; red: conformer B).

Fig. 5 Dimeric conformer subunits with an R2
3(22) graph-set representation

of the three donors and two acceptors ring set.

Fig. 6 Supramolecular chains formed along the [100] direction.
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a fluorescence emission at around 525 nm. The emission can
be enhanced by the addition of Zn2+ ions setting a threshold at
QY = 0.10, and only the presence of TEA and Zn2+ will generate a
‘‘high’’ signal (Table 1) working as an AND gate. This gate
requires both inputs to be present (1) for the output to be high (1),

and any other combination will result in a low output (0), as seen
in Table 1.

To increase the complexity of the logic circuit we can use the
effect of acid media (TFA) to create an INHIBIT (INH) gate with
the result of the AND gate. An INH gate can be simplified as a
AND gate in which one of its inputs has been reversed (Fig. 9B).
In our case, the fluorescence signal will be high when the base
and the Zn2+ cation are both present, but the presence of TFA
will block the base-related signal due to an acid–base reaction
and will also make compound 2 release the metal via protona-
tion of the pyridine ring.32,39–41 This will inhibit the output
signal, hence working as an INH function for the fluorescent
output (Fig. 9B).

2 Inputs-INH and AND gate

The interaction between the Ni2+ cation and ligand 2 at high pH
can be used to create a completely new combinatorial logical
circuit using the absorbance as the output. This combinatorial
circuit is based on a two input/two output system. The threshold
for the fluorescent output is set at QY 4 0.05 unlike in the last case
to obtain a high signal (1) with the addition of TEA (Table 2).
In this case the addition of Ni2+ will inhibit the fluorescence due to
the charge transfer phenomena occurring between the protonated
probe and the metal cation, resulting in an INH gate for the
fluorescence emission (Fig. 10A). For this circuit, the absorbance
band at 510 nm will be used as a second reading channel. The
absorbance signal will be high (1 when A 4 0.5) when both Ni2+

and TEA are present, creating an AND gate (Fig. 10B).

Half-Adder

Compound 2 behaves as a Half-Adder when the cation Cu2+ and
base TEA are used as inputs and the fluorescence emission at
525 nm and the absorption band at 510 nm are used as output
channels. A molecular Half-Adder is created by the combi-
nation of an XOR gate and an AND gate. The XOR or exclusive
OR gate was created using the fluorescence emission at 525 nm.
Notably, the emission is high (QY 4 0.05) when one of the
inputs (Cu2+ and TEA) is present, but low when both are present
(Table 3). The AND gate was created using the UV-Vis absorption as
the output. All possibilities for the inputs are listed in Table 3 and
the combinatorial circuit in Fig. 11.

Table 3 shows that the interaction of the fluorescein
hydrazone 2 with the Cu2+ cation results in an increase in
fluorescence (QY 0.26). This enhancement has been observed
in similar systems bearing fluorescein and rhodamine moieties.

Fig. 7 (a) Whole molecule Hirshfeld surface and finger print plot, (b)
conformer A HS and 2D FPP and (c) quantitative results of the interactions
present in compound 2.

Fig. 8 Superposition of the conformers present in the compound
QAVVAM.31,38

Table 1 Truth table for the AND and INH logic gates fabricated with Zn2+,
TEA and TFA as inputs

Inputs Output

TEA TFA Zn2+ E525nm

1 1 1 0 (0.01)
0 0 0 0 (0.01)
1 0 0 0 (0.07)
1 1 0 0 (0.01)
1 0 1 1 (0.15)
0 1 1 0 (0.01)
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Those systems present spirocyclic rings, which are susceptible to
present a ring opening fluorescent enhancement when grouped
with the right metal cation. To prove this ring opening behaviour
in our system, we ran different FT-IR experiments for the free
ligand and the complexes formed with the different metal
cations used in this work. The results show a decrease in the
carbonyl stretching in the Cu2+ complex (see Fig. S13, ESI†). This
behaviour is related with the ring opening of the organic ligand
in the complex, which explains the fluorescence increase with
the addition of Cu2+.42–45

To be able to translate switching behaviour into a binary
code, a threshold and a logical system must be set. In our
systems, a positive logic was used. In this logic, a signal above
the threshold will result in a positive signal (‘‘1’’ or high).

On the other hand, different thresholds can be set to trigger
different behaviours and to generate different circuits. In the
case of the Half-Adder, a higher limit could be set to trigger a
more specific signal for the fluorescence output, but it would be
impossible to create the XOR gate, which is necessary for the
development of the Half-Adder circuit.

Half-Adders allow computational systems to mathematically
perform the addition operation with different binary inputs to
increase the signal or decrease a signal.10 The binary numbers
to be added are represented by the combination of Cu2+ and
TEA as inputs. The result is read as a two bit number, i.e. 1 from
the AND gate and 0 from the XOR gate, to give the answer 10,
allowing the mathematical operation of both inputs, as in 1 +
1 = 10 (Table 3).46,47

Electrochemical behaviour

Cyclic voltammetry experiments were conducted in DMF with
NBu4PF6 as the supporting electrolyte using a 3 mm-diameter
glassy carbon disk as the working electrode, silver wire as the

Fig. 9 (A) Three input AND/INHIBIT logic gates based on the acylhydra-
zone (2) when monitoring fluorescence at 525 nm and (B) schematic of the
logical gate.

Table 2 Truth table for the AND and INH logic gates fabricated with Ni2+

and TEA as inputs

Input Output

TEA Ni2+ E525nm A510nm

0 0 0 (0.01) 0 (0.00)
1 0 1 (0.07) 0 (0.06)
1 1 0 (0.01) 1 (1.09)
0 1 0 (0.01) 0 (0.00)

Fig. 10 (A) Two-input AND logic gate based on acylhydrazone (2) when
monitoring fluorescence at 525 nm. (B) Two-input INH logic gate based on
acylhydrazone (2) when monitoring absorbance at 510 nm. (C) Schematic
of the logical gate.

Table 3 Truth table for the Half-Adder fabricated with Cu2+ and TEA as
inputs

Input Output

TEA Cu2+ E525nm A510nm

0 0 0 (0.01) 0 (0.00)
1 0 1 (0.07) 0 (0.08)
0 1 1 (0.26) 0 (0.08)
1 1 0 (0.01) 1 (1.64)
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pseudo-reference electrode and platinum wire as the counter
electrode. Ferrocene was added at the end of the experiments as
an internal reference.

Table 4 shows the peak potentials of each cathodic and
anodic event. Fluorescein and its derivatives 1 and 2 exhibit
three irreversible reduction potentials (Fig. 12). These potentials
are cathodically shifted for the derivatives due to the prevalence of
the spiro isomer in these compounds. This moiety adds an sp3

carbon to the structure, breaking the conjugation between the
aromatic rings. Even if there is also a lactone form of fluorescein,
which also presents a spirocyclic ring with an sp3 carbon,

it is well-known that in solution, at neutral pH, the p-quinoid
form is predominant over the lactone isomer.48

As is reported in the literature, the first reduction potential
of compound 1 is attributable to the N atom with the lowest
electron density in the (N–N) bond.49 Even though the
reduction of acylhydrazine is normally easier than normal
hydrazones due to the presence of the electron withdrawing
carbonyl; in the case of 1 the first reduction potential is at
�2.80 V, and this highly negative reduction is related to the
electron donor (–CH–) group bound to the nitrogen atom. The
first reduction potential in compound 2 is anodically shifted
compared with precursor 1, suggesting that it may follow a
different reduction mechanism. There are reports of hydra-
zones that undergo reduction on the imine (–CQN–) group,
followed by stabilization via delocalization of the negative
charge in the pyridine ring.50,51 This stabilization may be the
reason for the anodic shifting; however, future EPR studies
should be carried out to confirm this hypothesis.

Complexation of 2 also alters the electrochemical behaviour.
The first reduction peaks of complexes of 2 are anodically
shifted compared with that of the free ligand. The metal cations
have an electron withdrawing effect, which helps with
the stabilization of the negative charge. The copper complex
exhibits a reduction peak at �0.47 V, which is assigned to the
reduction of Cu(II) to Cu(I) of the metal cation. After the
reduction, the Cu(I) ions undergo chemical decomposition, which
results in the deposition of metallic copper on the electrode.52,53

This metallic copper oxidizes again at 0.15 V (see ESI†).
The reduction peaks of all the synthetized compounds were

studied at different scan rates. The increase in the scan rates also
increase the difference between the cathodic and anodic peak
potentials, which is common in non-reversible events (ESI,† Fig. S7).

Compounds 1 and 2 present irreversible oxidation potentials
at +0.83 V and +0.84 V, respectively, which are assigned to the

Fig. 11 (A) Two-input XOR logic gate based on acylhydrazone (4) when
monitoring fluorescence at 525 nm. (B) Two-input AND logic gate based
on acylhydrazone (2) when monitoring absorbance at 510 nm. (C) Schematic
of the Half-Adder.

Table 4 Peak potentials in V for the cathodic and anodic events

Compound Ep,Oxd(1)
a Ep,Red(1)

a Ep,Red(2)
a Ep,Red(3)

a Ep,Red(4)
a DEb

Fluorescein — — �1.82 �2.69 �2.96 —
(1) 0.83 — �2.80 �3.09 �3.51 �3.63
(2) 0.84 — �2.24 �2.58 �3.3 �3.08
(2)-Zn 0.67 �1.35 �2.22 �2.57 — �2.02
(2)-Ni 0.85 �1.47 �1.89 �2.50 �3.34 �2.32
(2)-Cu 0.91 �0.47 �1.81 �2.24 �2.48 �1.38

a Redox events are reported as peak potentials due to irreversibility of
the events and are reported vs. ferrocene. b DE in volts calculated by the
difference between the first oxidation potential minus the first
reduction potential.

Fig. 12 Cyclic voltammograms of fluorescein, derivatives 1 and 2 and
complexes (2) Zn, (2) Ni and (2) Cu. Solvent: DMF; electrolyte: (n-Bu4)NPF6;
scan rate: 100 mV s�1.
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N–N bond.54 These potentials remain almost constant with the
complexation of Ni2+, but shift cathodically in the Zn2+ complex
and anodically in the Cu2+ complex. The difference in the
oxidation potentials of the metal complexes reveals a different
mechanism for the oxidation of these compounds. The oxida-
tion potential is considered a rational principle in the predic-
tion of fluorescein-like probes with high quantum yields.
Nagano and co-workers proposed that fluorescein derivatives
follow a fluorescence quenching mechanism based on a photo-
induced electron transfer (PET) from the acyl benzene region to
the xanthene-like fluorophore55 due to the orthogonal position
of these groups and the lack of ground state interaction between
them.56 For this reason, compounds with high oxidation
potentials will have less PET and less fluorescence quenching.
Actually, 1.23 V vs. Fc/Fc+ (1.70 V vs. SCE) has been set as the
threshold for high values of quantum yield.56 Our compounds
exhibit values lower than 0.91 V vs. Fc/Fc+, which explain the low
quantum yields of the synthetized compounds. From the analysis
of the electrochemical band gaps, is it clear that the interaction
with the metal cations results in a decrease in DE, which is
presumably due to the electronic interactions between the ligand
and the metal cation.

The full voltammograms can be found in the ESI† (Fig. S6).
These experiments were performed in the cathodic direction,
which resulted in the presence of an oxidation wave at around
�0.5 V for all the compounds. This redox event is only present
when the CV is taken in a cathodic direction and is an
indication that the negatively charged species (radical or
negatively charged) is very stable and that its re-oxidation
follows a different mechanism.

The electrochemical studies show that there is a different
response on the electrochemical gap, which depends on the
nature of the metal cation. This gap is a hint of the behaviour of
the HOMO–LUMO, which is an indication of how the metal
cations affect the electronic orbitals and can explain the
difference in the absorption and emission spectra used to
develop the different logic gates.

3. Conclusions

A fluorescein acylhydrazone (2) and its M2+ (M = Zn, Ni and Cu)
metal complexes were successfully synthesized and characterized.
A new fluorescein acylhydrazone polymorph was obtained by
slow solvent evaporation, which crystallizes in the P%1 triclinic
space group. The asymmetric unit is formed by two conformer
molecules of fluorescein acylhydrazone and one molecule of
water. The Hirshfeld analysis reveals that the supramolecular
structure of this compound is governed by O� � �H/H� � �O, N� � �H/
H� � �N and weak H� � �H interactions.

The electrochemical properties show a cathodic shift of the
first reduction potential of compounds 1 and 2 compared to the
commercial fluorescein. This increases the DE, which may be
related to the preference of these systems to stay in the
spirocyclic forms. The anodic shift present in the complexes
compared with the free ligand results in DE values closer to that

found for commercial fluorescein, which explains the photo-
physical properties of these compounds. All our synthetized
compounds exhibited low oxidation potentials, which are
characteristic of systems in which the fluorescence is highly
quenched by a photoinduced electron transfer mechanism,
resulting in emissions of low quantum yields. The photophysical
studies showed a wide range of behaviours of compound 2 and its
metal complexes at neutral and basic pH. These responses were
used in the design of several logic gates and combinatorial
circuits, including a brand-new Half-Adder. The simplicity of its
synthetic procedure and wide pool of interactions make our
compound suitable for use in the design of information storage
and processing devices.

4. Experimental
Materials and general methods

Reagents for the syntheses were purchased from Sigma Aldrichs

and used without additional purification. FT-IR, NMR (1D and
2D experiments), UV-Vis, and fluorescence spectroscopy and
elemental analysis were performed on a Shimadzu FTIR-8400
spectrophotometer, NMR 400 MHz Bruker Ultra Shield, Pharma
Spec Shimadzu JASCO V-730 UV-VIS Spectrophotometer, JASCO
FP-8500 Spectrofluorimeter, and Thermo FlashEA #1112 series
instrument with a CHN analyser, respectively. Electrochemical
experiments were performed on a three-electrode system using
silver wire as the pseudo-reference electrode, platinum wire as the
auxiliary electrode and glassy carbon as the working electrode.
Peak potentials were reference versus ferrocene. All data was
recorded on an Autolab PGSTAT302N potentiostat.

Single crystal structure determination

Single-crystal X-ray data for fluorescein-acylhydrazone was
collected at room temperature on a Rigaku Oxford Diffraction
SuperNova diffractometer using MoKa radiation (0.71073).
Data reduction was carried out using CrysAlisPro.57 The structure
was solved using the SUPERFLIP software58 and then refined by
SHELXL-201459,60 included in WinGX61 and Olex2.62 Non-hydrogen
atoms of the molecules were clearly resolved and full-matrix least-
squares refinement with anisotropic thermal parameters was
conducted. Aromatic and methyl hydrogen atoms were stereo-
chemically positioned and refined with the riding model (with
Uiso(H) = 1.2Ueq and 1.5Ueq). The anisotropic displacement ellipsoid
plots were prepared with the Diamond63 and Mercury64 software
packages. The TwinRotMat routine in the Platon software65 was
used to observe the presence of a twin and apply the twin law
matrix (1 0 0, 0 1 0, 0 0 0) for the refinement of the structure.

Synthesis

Fluorescein hydrazine (1). A suspension of commercial
fluorescein (519 mg, 1.56 mmol) in methanol was stirred for
10 minutes in reflux, then an excess of hydrazine monohydrate
was slowly added to obtain a light orange solution, which was
stirred under reflux. After 8 h, the excess hydrazine monohydrate
was evaporated under reduced pressure. Compound 1 was

NJC Paper

Pu
bl

is
he

d 
on

 2
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 S

A
O

 P
A

U
L

O
 o

n 
11

/1
6/

20
18

 1
:2

4:
38

 P
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nj03817a


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem., 2018, 42, 18050--18058 | 18057

obtained as a light-yellow solid in 80% yield by precipitation using
a mixture of EtOH/H2O. 1H-NMR (400 MHz, DMSO-d6) d: 9.82 (2H,
s), 7.79–7.77 (1H, m), 7.51–7.46 (2H, m), 6.99 (1H, dd, J = 7.4, 5.1
Hz), 6.59 (2H, d, J = 1.8 Hz), 6.43 (4H, dt, J = 19.3, 5.2 Hz), 4.38 (2H,
s). 13C NMR (101 MHz, DMSO-d6) d = 165.9, 158.6, 152.8, 151.9,
133.1, 129.7, 128.8, 128.3, 123.8, 122.8, 112.4, 110.4, 102.8, 99.4,
65.1. M.p.: 256 1C. Elemental analysis: found C, 69.46; H, 4.27; N,
8.39 C20H14N2O4 calculated C, 69.36; H, 4.07; N, 8.09.

(2-Fluorescein-phenyl)-2-pyrinilhydrazone (2). 2-Pyridin-
carboxaldehyde (PyCHO) (100 mL, 1.05 mmol) was added to a
stirring suspension of compound 1 (319 mg, 0.92 mmol) in
ethanol to produce an orange suspension. The reaction mixture
was stirred under reflux for 5 h. The orange solid was filtered
from the crude of the reaction. Compound 2 was obtained as a
white powder in 70% yield. Slow evaporation of an ethanol
solution of 2 resulted in crystals suitable for X-ray diffraction.
1H-NMR (400 MHz, DMSO-d6) d: 10.00 (2H, s), 8.54 (1H, s), 8.49
(1H, d, J = 4.5, 1.3 Hz), 7.97 (1H, dd, J = 7.8, 1.1 Hz), 7.80 (1H, td,
J = 7.7, 1.7 Hz), 7.69–7.61 (3H, m), 7.34 (1H, ddd, J = 7.4, 4.8,
1.2 Hz), 7.13 (1H, d, J = 7.5 Hz), 6.70 (2H, d, J = 2.3 Hz), 6.55 (2H, d,
J = 8.6 Hz), 6.48 (2H, dd, J = 8.6, 2.4 Hz). 13C-NMR (101 MHz,
DMSO-d6) d = 164.6, 159.2, 153.6, 152.3, 151.5, 149.9, 146.9, 137.4,
134.9, 129.6, 128.3, 128.2, 124.9, 124.1, 123.9, 119.6, 113.0, 109.9,
103.1, 65.3. M.p.: 335 1C. Elemental analysis: found: C, 71.70; H,
4.01; N, 9.68% C26H17N3O4 calculated C, 71.72; H, 3.94; N, 9.65%.

Transition metal complex preparation

Complexes of ligand 2 were obtained by adding a solution
of the respective metal ion salt (8.4 mg of Zn(BF4)2�8H2O;
CuCl2�2H2O and NiCl2�6H2O (0.022 mmol)) in 1 mL of ethanol
to a stirring suspension of 10 mg of fluorescein-acylhydrazone
(2) (0.022 mmol). The resulting solution was stirred for 24 h and
a solid was obtained by the slow addition of diethyl ether.

2-Zn. A yellow powder was obtained by the slow evaporation
of diethyl ether. 1H-NMR (400 MHz, DMSO-d6) d: 9.97 (2H, s),
8.52 (1H, s), 8.47 (1H, d, J = 8.47 Hz), 7.94 (1H, d, J = 8.00 Hz),
7.78 (1H, m), 7.66–7.59 (3H, m), 7.32 (1H, m), 7.10 (1H, d,
J = 7.10 Hz), 6.67 (2H, d, J = 8.6 Hz), 6.53 (2H, d J = 2.4 Hz), 6.45
(2H, dd, J = 8.6, 2.4 Hz). Elemental analysis: found C, 41.56; H,
2.88; N, 5.64. [(C26H17N3O4)(Zn)(H2O)2](H2O)2 (BF4)2 calculated:
C, 41.83; H, 3.38; N, 5.63.

2-Cu. A red-orange solid was obtained in 85% yield. 1H-NMR
(400 MHz, DMSO-d6) d/ppm: 9.97; 8.06; 7.72; 7.61; 7.24; 6.65;
6.41 (see Fig. S4, ESI†). Elemental analysis: found C, 51.55;
H, 3.27; N, 6.79 for [(C26H17N3O4)(Ni)(Cl2)](H2O)2 calculated: C,
51.54; H, 3.49; H, 1.01.

2-Ni. An orange powder was obtained by slow evaporation of
diethyl ether in 90% yield. 1H-NMR (400 MHz, DMSO-d6) d/ppm:
10.51; 10.01; 9.32; 8.50; 7.93; 7.64(m); 7.46(s); 7.31(m); 7.09; 6.84;
6.51; 6.47(d) (see Fig. S5, ESI†). Elemental analysis: found C, 50.29;
H, 3.91; N, 6.44 [(C26H17N3O4)(Ni)(Cl2)](H2O)3 calculated: C, 50.44;
H, 3.74; N, 6.79.

Spectroscopic analysis.

Solutions of compound 2 and its metal complexes 2-Zn, 2-Ni,
and 2-Cu with an effective concentration of 50 mM in ethanol

were used in the UV-Vis and emission studies at neutral pH. For
the basic pH studies, a solution of 0.5 M of trimethylamine in
ethanol was used as the solvent. Stock solutions of 1.56 � 102 M
of Zn(BF4)2, NiCl2 and CuCl2 and 0.5 M of triethylamine (TEA)
and trifluoroacetic acid (TFA) were used for the titration curves.
All UV-Vis and emission spectra were measured in a quartz
optical cell with a 1 cm optical path length at room temperature.
The titration experiments with an increasing amount of TEA,
TFA or metal cation solution of 2 or its metal complexes were
maintained at 50 mM. Fluorescence experiments were carried out
using an excitation wavelength of 490 nm.
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