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eterocycles as promising
platforms for molecular logic gate construction

Alexander Ciupa *

The field of molecular logic gates began thirty years ago with the early pioneers de Silva et al. (A. P. de Silva,

H. Q. N. Gunaratne and C. P. McCoy, Nature, 1993, 364, 42) laying the foundation for modern molecular-

scale switches and devices. Recent reports of lab-on-a-molecule and molecular calculators (Moleculators)

demonstrate the potential of this bottom-up approach. Five-membered heterocycles were central to the

first reported logic gates in 1994 and remain valuable scaffolds in the present day. This review provides

an overview of logic gate design using Boolean logic, introduces the work of the first pioneers, and

highlights recently reported five-membered heterocycle logic gates.
1 Introduction

The mid-20th century to modern day is oen described as the
information age due to technological advancement in the
creation, processing, storage, and transmission of digital
information.1 The semiconductor transistor is the foundation
of all modern electronics2 performing various functions
including switches alternating between ON and OFF voltage
states. Combining multiple transistors enables complex calcu-
lations to be performed.3,4 While early transistors were centi-
metres in size, modern transistors are nanometres enabling
billions of transistors to be combined on a single microchip.5

Society has beneted greatly from this miniaturization resulting
in portable devices (smartphones and smartwatches) with pro-
cessing powers unthinkable just two decades ago.6 Moore's law
famously states the number of transistors in an integrated
circuit doubles every two years and this has historically been
correct over the past 60 years (Fig. 1A).10 In 2016 the electronic
industry recognised current technological limits acknowledging
new approaches were required to maintain increases in pro-
cessing power (expressed as clock speed in Fig. 1A).7,7b,10 The
quest for miniaturization is not limited to transistors, the eld
of lab-on-a-chip8 involves performing laboratory analysis on the
microscale. Lab-on-a-chip devices include nuclear magnetic
resonance (NMR) (Fig. 1B)8b,c and HPLC analysis (Fig. 1C).9 This
concept of miniaturization can be expanded to the molecular
scale in the construction of molecular switches and devices. The
ability to perform laboratory analysis at the molecular level,
referred to as lab-on-a-molecule11 validates this bottom-up
approach. The rst molecular-scale transistor12a was reported
in 2009 with multiple reports of molecular-scale switches
mimicking semiconductor transistors.12b,c As we reach the
Liverpool, 51 Oxford Street, Liverpool L7
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limits of current semiconductor transistors, advancement in
the design and construction of atomic-scale devices to solve
macroscale problems remains more critical than ever. While
numerous chemical scaffolds have been adapted for molecular-
scale switches and devices, this review will focus specically on
the ve-membered heterocycles pyrazoline, pyrazole, imidazole,
and pyrrole. These simple heterocycles are well suited for
molecular logic gate construction due to their modular cong-
uration, well-established uorescence properties, and ease of
synthesis from inexpensive commercially available starting
materials. To provide a viable alternative to current semi-
conductor transistors, its essential molecular devices are man-
ufactured on a cost-effective industrial scale. The ve-
membered heterocycles offer distinct advantages to achieve
this research need. A general overview of molecular logic gate
construction and an introduction to the early pioneers from the
mid-1990s to recent developments will be discussed.
Fig. 1 Approaching the end of Moore's law (panel A),7b a lab-on-chip
NMR (panel B)8c and HPLC (panel C).9 Images reproduced from ref. 7b,
8c and 9 with permission from RSC, copyright 2019, 2005 and 2017
respectively.
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Fig. 2 Truth tables for basic logic gates using Boolean algebra.13
Fig. 4 Pyrazoline molecule B and its OR logic gate B(LG) application
reported by de Silva et al.16 in 1993.
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2 Logic gates

In 1847 George Boole devised the foundation for computer
science and the digital age, referred to as Boolean algebra.13

This type of binary (0 or 1) algebraic logic is expressed as logic
gates wherein an OUTPUT signal is triggered with specic
INPUT congurations. These logical operations are expressed
graphically in a truth table (Fig. 2). Combining multiple semi-
conductor transistor switches to create logic gates enables
complex calculations to be performed. This process can be
emulated using molecules in which the OUTPUT signal, typi-
cally uorescence emission (lem), is triggered only in the pres-
ence of certain INPUT signals. This bottom-up approach could
potentially overcome the technological limits of current semi-
conductor transistors. It is important to distinguish between
the molecule itself and the logic gate properties derived from its
response to the inputs. To that end, each logic gate will have the
additional (LG) to highlight the logic gate properties which are
mimicked under certain inputs. An AND logic gate only results
in an OUTPUT of 1 if both INPUT 1 and INPUT 2 are present.
Anthracene A with a crown ether attached via an amine spacer
(Fig. 3) was reported in 1993 by de Silva et al.14 Molecule A has
two receptor units, the amine unit can bind to INPUT 1 (a
proton) and the crown ether binds to INPUT 2 (a sodium ion).
Upon excitation in the absence of both proton (H+) and sodium
ion (Na+) photoelectron transfer (PET)15 from either the amine
or alkylbenzene unit (red arrows in Fig. 3) quenches uores-
cence. The binding of a single input (either H+ or Na+) is not
Fig. 3 Anthracene molecule A and its AND logic gate A(LG).14

10566 | RSC Adv., 2025, 15, 10565–10572
sufficient to fully deactivate the PET pathway. Both INPUT 1 and
2 are required to fully deactivate PET resulting in increased
uorescence (lem) at 428 nm. A(LG) was the rst reported AND
molecular logic gate.

An OR gate triggers an OUTPUT of 1 if either INPUT 1, 2, or
both are 1. The rst OR logic gate B(LG) (Fig. 4) was reported in
1994 by de Silva et al.16 and is based on a uorophore-space-
receptor format around pyrazoline B. In the absence of either
INPUT 1 (Ca2+) or INPUT 2 (Mg2+) the PET pathway quenches
uorescence (Fig. 4). The addition of Ca2+, Mg2+, or both deac-
tivates PET resulting in “turn on” lem at 490 nm. While AND
logic gate A(LG) operates in an organic medium, OR gate B(LG)
operates in water at pH 7.3 suggesting logic gates could serve
a valuable function for the detection of biologically important
analytes in living systems. The opposite of an AND gate is a NOR
gate, an OUTPUT of 1 is only triggered when both INPUT 1 and
INPUT 2 are 0. A variety of different congurations are possible
(Fig. 2) but the INHIBIT (INH) logic gate is of particular interest.
In the INH gate an OUTPUT of 1 is triggered when INPUT 2 is
present only (Fig. 2). If INPUT 2 and INPUT 1 are 1 then INPUT 1
inhibits the gate and the OUTPUT is 0. It is noteworthy to
highlight the symbol for the INH gate is related to an AND gate
with the addition of a small circle on the INPUT 1 line to
symbolise the inhibitory function of INPUT 1. While useful as
single units, combining logic gates allows sophisticated devices
to be constructed. A molecular keypad lock17 in which the
INPUT signals must be entered in a particular order alongside
molecular scale calculators18 has been reported. These calcula-
tors, oen referred to as Moleculators, can perform simple
arithmetic using Boolean algebra. While numerous scaffolds
have been used for logic gate construction,19 this review will
focus specically on the ve-membered heterocycles (Fig. 5).
Fig. 5 Four different five-membered heterocycles used for logic gate
construction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Pyrazoline 1 and its NOR logic gate 1(LG) application, pyrazoline
1Awith Zn2+ and Cd2+ image reproduced from ref. 23 with permission
from RSC, copyright 2012.23,24
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These simple scaffolds offer signicant advantages in future
molecular-scale switches and devices.
Fig. 8 Pyrazoline 4 and 5 off-on-off logic gates, image reproduced
from ref. 28 with permission from RSC, copyright 2021.28
3 Pyrazoline-based logic gates

Pyrazolines, a ve-membered non-aromatic heterocycle with
two adjacent nitrogen atoms, are privileged structures20 with
a diverse range of medicinal applications.21 Pyrazolines have
well-established uorescent properties22 for logic gate
construction. Pyridine-based pyrazoline 1 (Fig. 6) reported in
1999 by de Silva et al.24 was the rst NOR gate (combining a NOT
and OR logic functions) with two inputs, proton (H+) and
mercury ions (Hg2+). Logic gate 1(LG) was designed according to
the uorophore-receptor system in which uorescence output
at lem 440 nm is present only in the absence of both INPUT 1
(H+) and INPUT 2 (Hg2+) (Fig. 6).25 The presence of either or both
INPUT quenched uorescence. Pyrazoline 1 is a useful “turn
on” uorescence sensor for Zn2+ with lem 568 nm in MeCN.25

Substitution of the N1 phenyl group in 1 for a methyl unit
resulted in “turn on” sensor 1A for both Zn2+ and Cd2+ at lem
460 nm in MeCN (Fig. 6) however no logic gate properties were
reported.23 Ferrocene-based pyrazolines 2 and 3 reported by
Magri et al.26 are designed according to the electron donor-
spacer-uorophore-receptor system (Fig. 7) as INHIBIT logic
gates. In the absence of INPUT 1 (H+) and INPUT 2 (Fe3+) both 2
and 3 undergo photoelectron transfer (PET)15 quenching uo-
rescence at lem 445 and 448 nm respectively. Addition of Fe3+

inhibited PET triggering uorescence in the absence of H+. At
Fig. 7 Ferrocene-based pyrazoline 2 and 3 and their application as
INHIBIT logic gates 2(LG) and 3(LG).26

© 2025 The Author(s). Published by the Royal Society of Chemistry
high H+ (1 M H+) there is approx. 40-fold decrease in quantum
yield therefore both 2 and 3 are functioning as INHIBIT logic
gates 2(LG) and 3(LG) (Fig. 7).

Sensors that detect pH and redox conditions are also known
as Pourbaix sensors27 with 2 and 3 leading examples. N,N-
Dimethylaniline- based pyrazoline 4 was designed as an off-on-
off ternary logic gate (Fig. 8) which would respond to various
proton concentrations.28 At low pH (<10−3 M H+) the PET15

process is active quenching uorescence (red arrows in Fig. 8).
The carboxylic acid unit on 4 enabled the attachment of 4 to
silica microparticles generating pyrazoline 5 (Fig. 8) via DCC
coupling and amide bond formation.28 Excitation of 5 resulted
in blue uorescence conrming attachment to microparticles
was not detrimental to uorescence (Fig. 8). This conrmed
pyrazolines can be bound to solid substrates without loss of
function, vital for industrial applications. Naphthalimide–pyr-
azoline 6 was an INHIBIT logic gate in which Fe3+ but not H+

would trigger lem at 530 nm (Fig. 9).29 In the presence of INPUT
2 (Fe3+) PET15 was inhibited triggering a “turn on” uorescence
response (Fig. 9). The addition of INPUT 1 (H+) disrupted this
process, therefore, 6(LG) is an INHIBIT logic gate (Fig. 9). Pyr-
azoline 6 demonstrates combining the photophysical properties
of naphthalimide with the rich electron ferrocene ring to ne-
tune the desired logic gate properties.29
Fig. 9 Naphthalimide–pyrazoline 6 and its application as INHIBIT
logic gate (6LG), image reproduced from ref. 29 with permission from
RSC, copyright 2022.29

RSC Adv., 2025, 15, 10565–10572 | 10567
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Fig. 10 Naphthalimide–pyrazoline with crown ether 7 and its appli-
cation as logic gates 7(LG1) and 7(LG2), images reproduced from ref.
30 with permission from RSC, copyright 2023.30

Fig. 12 Ferrocene-pyrazole 8 and 9 and their application as logic
gates 8(LG) and 9(LG).34,35
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A further naphthalimide–pyrazoline bearing a crown ether 7
was developed as a receptor-spacer-uorophore-receptor system
(Fig. 10).30 The addition of the crown ether enables 7 to be
receptive to biologically important metal ions, for example,
sodium ions (Na+) andmagnesium ions (Mg2+) enabling a range
of different input signals to be used. In the absence of INPUT 1–
3 (H+, Na+ or Mg2+) PET is active from crown ether to pyrazoline
(red arrows in Fig. 10), and no uorescence is observed. On
addition of INPUT 2 (Na+) PET is inactive and lem 597 nm is
observed (Fig. 10). On addition of INPUT 3 (Mg2+) white light is
observed. If INPUT 1 (H+) is also present, then protonation of
the N2 on the pyrazoline ring reduces lem, and therefore 7 is
acting as an INHIBIT logic gate 7(LG1). In 7 the OUTPUT signal
is dependent on INPUT allowing this structure to selectively
detect Na+ over Mg2+ at different wavelengths. An alternative
conguration is an OR gate coupled with an INHIBIT gate to
give 7(LG2) (Fig. 10). In this arrangement the presence of either
INPUT 1 or 2 (or both) but in the absence of INPUT 3 (H+)
triggers OUTPUT 1. This unlocks the potential of 7 in medical
applications involving the detection of biological metals at low
pH. In summary, pyrazolines offer several advantages for the
construction of logic gates (Fig. 11). Pyrazolines are easily syn-
thesised from chalcone precursors enabling modular
construction and orientation of specic R1–R3 groups around
the pyrazoline ring. The pyrazoline is non-aromatic enabling
activation and deactivation of the PET pathway. The N2 on the
pyrazoline has a lone pair of electrons which can act as
a acceptor for H+ ions enabling the sensing of different pH
values (Fig. 11). Pyrazoline 5(LG) validated the application to
solid substrates28 (Fig. 8), logic gate 6(LG) demonstrated the
advantages of combining different functional units29 (Fig. 9),
Fig. 11 Properties of pyrazoline heterocycles for logic gates.

10568 | RSC Adv., 2025, 15, 10565–10572
and pyrazoline 7(LG) provided conrmation biologically rele-
vant inputs (Na+ and Mg2+) can be utilised (Fig. 10).

4 Pyrazole-based logic gates

The pyrazole heterocycle, composed of an aromatic ve-
membered ring with two adjacent nitrogen atoms, is a privi-
leged structure31 present in a diverse range of biological appli-
cations.32 Pyrazoles have unique uorescence properties33

valuable for logic gate applications. Ferrocene-based pyrazole 8
(Fig. 12) was designed for INHIBIT and NOR logic functions
based on INPUT 1 (Hg2+) and INPUT 2 (Cu2+) ions (Fig. 12).34 It is
interesting to compare the structural similarity of 8 to
ferrocene-pyrazoline logic gates 2, 3 (Fig. 7), and 6 (Fig. 9)
designed around a Fe3+ INPUT. In the presence of INPUT 1 only
(Hg2+) there is lem at 424 nm however if INPUT 2 is also present
(Cu2+) this uorescence is reduced. In the presence of INPUT 2
(Cu2+) only and not INPUT 1 (Hg2+) then lem 381 nm is present.
This logic gate approach was further developed in pyrazole 9
where the phenyl unit was replaced by a pyridine unit. Logic
gate 9(LG) is also designed around INPUT 1 (Hg2+) and INPUT 2
(Cu2+).35 Of note is that ferrocene-based pyrazoles 8 and 9
operate around a chelation-enhanced uorescence effect
(CHEF) whereas ferrocene-based pyrazolines 2, 3, and 6 operate
via disruption of the photoinduced electron transfer (PET)
effect. This highlights that while pyrazolines and pyrazole are
structurally very similar, the difference in aromaticity results in
profoundly separate uorescence mechanisms. Pyrazole 10
incorporating a pyridine unit was designed to function as an
Al3+ sensor in MCF3, a breast cancer, cell line (Fig. 13).36

In the presence of INPUT 1 (Al3+) only a uorescence
response at lem 500 nm is triggered (Fig. 13) due to the
chelation-enhanced uorescence (CHEF). If INPUT 1 (Al3+) and
INPUT 2 (picric acid, PA) are present then uorescence is
Fig. 13 Pyridine-based pyrazole 10 and 11 and their application as
logic gates 10(LG) and 11(LG).36,37

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Rhodamine-pyrazole 12 and 13 and their application as logic
gates 12(LG) and 13(LG).38,39

Fig. 15 Properties of the pyrazole heterocycle for logic gates.

Fig. 16 Diphenyl-imidazole 14 and pyridine-imidazole 15 and their
corresponding logic gates 14(LG) and 15(LG).41,42

Fig. 17 Schiff base imidazole 16 and its logic gate 16(LG).43

Fig. 18 Properties of the pyrazole heterocycle for logic gates.
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inhibited (Fig. 12). Of note are the Al3+ limit of detection of
10−7 M and conrmation 10(LG) operates in vitro demon-
strating real-world applications. Pyridine-based pyrazole 11
(Fig. 13) was conrmed as logic gate 11(LG) in vitro in H549,
a lung cancer, cell line.37 This logic gate performed an INHIBIT
function with lem at 506 nm due to CHEF in the presence of
INPUT 1 (Al3+) only, when INPUT 2 (H2PO4) was present uo-
rescence was inhibited (Fig. 13). Rhodamine-pyrazole 12 dis-
played a uorescence “turn on” response to a range of metals
including Cu2+, Fe3+, Al3+ and Hg2+ in 1 : 1 MeCN : H2O with lem

approx. 560 nm (Fig. 14).38 12(LG) functioned as an INHIBIT
logic gate in the presence of INPUT 2 (Fe3+) triggering a “turn
on” response at 560 nm (Fig. 14). If INPUT 1 and INPUT 2 (Cu2+)
are present, then lem is disrupted. The ability to function in
aqueous solution is a useful feature of 12. Rhodamine-pyrazole
13 also displayed a “turn on” response to numerous metals
including Al3+, Fe3+, and Cr3+ in 7 : 3 EtOH : H2O solution with
lem 558 nm due to CHEF (Fig. 14).39 The INHIBIT logic gate
13(LG) composed of NOT and AND functionality was con-
structed in which INPUT 1 was Al3+, Fe3+ or Cr3+ and INPUT 2
was EDTA (Fig. 14). The ability to detect metals in vitro in SiHa,
cervical cancer, cell line demonstrates real-world application of
13(LG). In summary, pyrazole-based logic gates have found real-
world logic gate applications in vitro. Pyrazolines and pyrazole
logic gates share the ability to incorporate different functional
units around a central heterocycle core. This includes the
addition of electron-rich ferrocene units, well-established
chelators, or uorescence dyes for optimised photophysical
properties. Of note is pyrazole logic gates oen differ in their
uorescence mode of action from pyrazolines and this must be
factored into future design (Fig. 15).

5 Imidazole-based logic gates

Imidazole, a ve-membered heterocycle with two nitrogen
atoms separated by a carbon displays numerous biological
© 2025 The Author(s). Published by the Royal Society of Chemistry
properties.40 Imidazoles are aromatic andmore alike to pyrazole
than pyrazolines. Simple diphenyl substituted imidazole 14 was
a “turn on” sensor for the uoride ion (F−) with lem 490 nm in
MeCN (Fig. 16).41 Upon the addition of H2O the “turn on”
response is signicantly reduced therefore 14 was developed as
a water sensor that functions as logic gate 14(LG). Upon addi-
tion of INPUT 1 (14) and INPUT 2 (F−) but not INPUT 3 (H2O)
both AND gates are satised, and OUTPUT is triggered at lem
490 nm (Fig. 16). If even small traces of H2O are present the NOT
gate is active closing the second AND gate disrupting OUTPUT.
A real-world application of applying 14 to paper test strips and
the detection of H2O in a range of food products was conrmed.
Brominated imidazole 15 was a “turn off” sensor for Cu2+ in
DMSO (Fig. 16).42 A XNOR logic gate 15(LG) was constructed in
which OUTPUT at lem 372 nm was only triggered in the absence
of both INPUT 1 (Cu2+) and INPUT 2 (EDTA) or the presence of
both Cu2+ and EDTA (Fig. 16). The presence of just Cu2+ or just
EDTA did not trigger lem 372 nm. Schiff base imidazole 16 is
a “turn off” sensor for Cu2+ and Fe2+ in DMSO.43 Logic gate
16(LG) was constructed (Fig. 17) in which OUTPUT at 320 nm is
only active in the presence of INPUT 1 (EDTA) or the presence of
both INPUT 1 and INPUT 2 (ergo the NOT gate is satised). In
this situation Cu2+ or Fe2+ are disrupting the CHEF however if
EDTA is present this sequesters the metal ion (Fig. 17). In
RSC Adv., 2025, 15, 10565–10572 | 10569
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Fig. 19 Pyrrole 17 and 18 and logic gates 17(LG) and 18(LG).45,46

Fig. 21 Properties of the pyrrole heterocycle for logic gates.
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summary, imidazole-based logic gates have been developed and
found applications within in vitro studies. The uorescence
mode of action is primarily CHEF with a modular conguration
around the heterocycle akin to pyrazoline and pyrazole logic
gates (Fig. 18).
6 Pyrrole logic gates

Pyrrole is a ve-membered aromatic heterocycle with a single
nitrogen atom with multiple useful properties.44 Pyrrole 17 is
a “turn on” sensor for Al3+ and a “turn off” sensor for Cu2+ and
Cd2+ in MeOH.45 Logic gate 17(LG) composed of a NOT and OR
gate was structured (Fig. 19) and demonstrated in the absence
of INPUT 1 (Cu2+) there was uorescence emission at lem

418 nm either with or without INPUT 2 (S2−) (Fig. 19). The “turn
off” response is triggered only in the presence of Cu2+. Revers-
ible binding was conrmed for 17 conrming it can be used for
multiple cycles of detection (Fig. 19). Additional logic gates for
Al3+ and Cd2+ were constructed and investigated.45 The appli-
cation of 17 to lter paper test strips for the detection of Al3+ in
real-world environmental and industrial settings was suggested.
Pyrazole 18 was also developed as logic gate 18(LG) for the
detection of Cu2+ using the inhibition of aggregation-induced
emission (AIE) mode of action (Fig. 19).46 A “turn off”
response at 554 nm was detected either in the absence of INPUT
1 (Cu2+) or the presence of both INPUT 1 and INPUT 2 (S2−). 18
was applied to lter paper and suggested as a useful tool for the
detection of Cu2+ in real-world applications.

Pyrrole 19 (Fig. 20) was initially designed as a phosphores-
cent probe for the uoride ion (F−) however further investiga-
tion revealed OR logic gate functionality for the hydroxide
(OH−) and acetate (AcO−) ions (Fig. 20).47 Upon addition of
Fig. 20 Pyrrole-lanthanide complex 19 and its logic gate 19(LG).47

10570 | RSC Adv., 2025, 15, 10565–10572
hydroxide and acetate ions the emission bands at 615 nm and
700 nm increase due to binding to the Eu3+ centre (Fig. 20). The
limit of detections for hydroxide and acetate were calculated as
0.7 mM and 0.87 mM in MeCN. Lanthanide based logic gates are
rapidly emerging as a promising platform for logic gate
design.19d While the number of pyrrole-based logic gates is
currently low, this scaffold has potential for a range of unex-
plored metals such as the lanthanides (Fig. 21).
7 Conclusions

Multiple logic gates have been reported over the last thirty
years19 building on the pioneering work of de Silva et al. in
1993–4.14,16 Magri et al. have expanded and advanced the pyr-
azoline scaffold further resulting in INHIBIT logic gates 2(LG),
3(LG), 6(LG), and 7(LG) with useful applications.26,28–30 The
pyrazoline “turn on” uorescence response operates via inhi-
bition of the PET pathway15 whereas the structurally related
pyrazoles operate via CHEF or CHEQ. Numerous in vitro appli-
cations have conrmed pyrazoles can perform valuable opera-
tions within living systems for example 10(LG), 11(LG), and
13(LG).36–39 Imidazole and pyrrole heterocycles have recently
emerged as useful scaffolds for the development of logic gates
enabling a range of previously unexplored inputs to be utilized.
While pyrazoline and pyrazole inputs were typically based
around proton (H+) and metal ion (Hg2+, Fe3+, Mg2+), imidazole
and pyrrole logic gates 17(LG), 18(LG) and 19(LG) have
expanded the range of inputs to other ions (S2−, F−, OH− and
AcO−).41–47 High throughput uorescent screening platforms48

enable multitudes of different inputs to be screened rapidly and
efficiently. Recent developments in articial intelligence and
machine learning in drug discovery49 could provide further
insight into the development of heterocyclic logic gates. The
algorithms developed for drug discovery could be modied for
logic gate development resulting in highly unexpected logic gate
designs and unusual inputs. While the last thirty years have
rmly proven the concept of molecular scale devices, it's likely
the next decade will focus on incorporating these cutting-edge
technologies in the search for new logic gates to replace
current semiconductor devices. The ve-membered heterocy-
cles providemany advantages and will be a valuable resource for
the foreseeable future.
Data availability

No primary research results, soware or code have been
included and no new data were generated or analysed as part of
this review.
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