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ABSTRACT: With the rapid development of modern electronic technology, the demand for the fundamental electronic devices 
of logic gate circuits have been growing increasingly in the last decades. Metallo-organic compounds with unique chemical 
structures and optical and electronic properties are an important type of organic semiconducting materials for logic gate 
circuits. On the one hand, the excellent optoelectronic response characteristic of metallo-organic compounds allows them be 
able to achieve elementary logic functions. On the other hand, the structural diversity and adjustability of metallo-organic 
compounds could be utilized for simulating versatile high-speed, low-power logic operations by different types of stimuli. Up 
to now, various metallo-organic compounds such as metal complexes, organic-inorganic hybrid perovskites and MOFs mate-
rials have been explored and applied in logic gate circuits with attractive application potentials in fields of wearable electron-
ics, sensors and artifical intelligence (AI), etc. In this review, we first introduce the basic concepts and classification of logic 
gate circuits, and then focus on analyzing the application principles and advantages of metallo-organic compounds including 
metal complexes, organic-inorganic hybrid perovskites and MOFs materials in logic gate circuits. Finally, we outline recent 
specific application cases of the above materials in logic gate circuits, demonstrating their potential in the design of high-
performance logic gate circuits, and summarizes their challenges and future development trends. This review aims to provide 
a comprehensive overview of the research and application of metallo-organic compounds in the field of logic gate circuits.

1. Introduction
Logic gates, as the basic building blocks of digital

electronic circuits, play a vital role in the fields of computer 
science, communication technology and digital electronics, 
etc. It is well known that traditional silicon-based materials 
have been widely used to manufacture logic gates and 
integrated circuits (IC). However, with the continuous 
progress and growing demands in the field of modern 
information technology (IT), silicon-based ICs have been 
encountering severe problems of physical limitation of 
miniaturization and heat dissipation. Therefore, 
researchers have begun to explore new materials and 
technologies to improve performance, reduce size and 
increase energy efficiency of logic gates to meet the needs 
of future advanced ICs. 

Metallo-organic compounds (also known as 
organometallic compounds) are generally defined as metal 
complexes containing at least one metal-carbon (M-C) 
bond,1 where metals may also be substituted by boron, 
silicon, phosphorus, and other elements. Metallo-organic 
compounds possess excellent physicochemical properties, 
including chemical stability, structural diversity, and 
unique photoelectrochemical properties. The first metallo-
organic compound, KPtCl3(CH2=CH2) salt,2 was synthesized 
by Zeise in 1827.3 Throughout the history of metallo-organic 
compounds, this field of research has often been associated 
with the concept of free radicals. For example, organic 
compounds of alkali metals or other electropositive 
elements have long been used to generate persistent or 
active organic radicals through formal metal–carbon bond 
cleavage, which have been applied in electronics, materials, 
pharmaceuticals, and petrochemicals, etc.4 Organic 
compounds, as the building blocks of organic 
semiconductor devices, play key roles in realizing electron 
transport and optoelectronic properties.5 Devices based on 
metal-organic compound semiconductors have received 

extensive attention and research.6 These devices combine 
the advantages of organic segments and metal elements, 
and they show enhanced extraordinary optoelectronic 
properties, which the individual component does not 
possess. The adjustability of their electronic structures and 
properties gives them broad application potential in 
electronic devices. In the research of logic gate circuits, the 
introduction of metallo-organic compounds provides a new 
way to achieve low power consumption, high performance, 
versatility and reconfigurability.7-9 Optoelectronic devices 
based on small molecular metal complexes,10,11 metal 
polymers,12,13 organic-inorganic hybrid perovskites 
(OIHPs),14,15 and metal-organic frameworks (MOFs)16,17 
have shown broad prospects and applications in logic 
circuits. These materials not only have the advantages of 
mechanical flexibility, high optical transparency, and easy 
fabrication, but also have tuneable optical and electrical 
properties that can achieve functions such as sensitive 
photoresponse and light modulation, which provide new 
options and possibilities for the design and optimization of 
logic circuits. 

Logic gate circuit, that can implement Boolean logic 
operations, is the basis of modern electronic technology.18 
Logic gate circuits can be divided into elementary logic 
gates (such as NOT gates, AND gates, OR gates, etc.)19,20 and 
composite logic gates (such as NAND gates, NOR gates, XOR 
gates, etc.).21,22 They can achieve various complicated 
functions through different combinations. The research on 
logic gate circuits began in the early 20th century. Vacuum 
tubes were first used as switching elements.23 Later, new 
materials and technologies such as transistors, ICs, and 
optoelectronic devices were developed. In recent several 
years, many research groups have made significant 
progress in the design, preparation, and practical 
application of metallo-organic compounds in logic gates.24,25 
These studies aim to push the frontier of logic gate 
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technology, improve the efficiency of computing and 
information processing, and open up new possibilities for 
the development of future electronic devices and systems. 

Figure 1. (a) W. C. Zeise (1789–1847). (b) The molecular struc-
ture of the first organometallic compound KPtCl3(CH2=CH2). 
Reproduced with permission from ref. 3. Copyright© 2019, 
WILEY-VCH. 

Hence, with the rapid advancement of modern 
electronics, there is an increasing demand for new materials 
for logic gate applications. Undoubtedly, due to their unique 
structures and properties, metallo-organic compounds 
possess important potential in logic gate research and will 
continue to lead innovation in the field of electronic 
technology. This review briefly introduces the classification 
and functions of logic gate circuits, focusing on the 
application of metal complexes, OIHPs and MOFs materials 
in logic gate circuits. These metallo-organic compounds 
exhibit diverse structural features and excellent 
performance, enabling the design of high-speed, low-power 
and multifunctional logic gate circuits. Finally, the 
challenges and development of logic gate circuits based on 
metal-organic compounds are summarized, which might 
further inspire researchers to make breakthroughs in 
organic logic gate circuits and artificial intelligence (AI) in 
the future. 

2. Concepts of Logic Gates
In the mid-19th century, mathematician George

Boole introduced logical algebra, also known as 
Boolean algebra,26 in his study of the laws of thought. 
Logic equations in Boolean algebra are often 
implemented using semiconductor devices. A truth 
table represents all possible combinations of input 
binary variables and their corresponding outputs in a 
logic system. Logical expressions in truth tables 
describe the relationship between system inputs and 
outputs. Logical algebra has become an important tool 
in the analysis and design of digital systems 

A logic gate is a physical element used as the basic 
unit in digital circuits that performs logical operations 
on binary inputs and produces a single binary output. 
These gates typically use p-n diodes or metal-oxide-
semiconductor field-effect transistors (MOSFETs) 
made of silicon, which are already widely used in 
commercial production.27 Its types include resistor-
diode logic,28 direct-coupled transistor logic,29 and four-
layer device logic30 with different characteristics. 
Complementary metal-oxide-semiconductors (CMOSs) 
based on MOSFETs technology have been identified as 
the fundamental technology for logic processing 
devices. In 1960, Mohamed M. Atalla and Dawon kang 

created CMOS technology using p-type and n-type 
transistors.31 This low-power switching transistor 
paved the way for CMOS logic technology, which 
enables millions of logic gates to be packed into an 
integrated chip. Electronic circuits used to implement 
logical relationships are called gate circuits. At present, 
most of the commercial logic circuit components are 
metal oxides. With the development of new organic 
materials, organic semiconductor logic circuit 
components have gradually attracted people’s 
attention. They have the low cost, printable, and 
bendable advantages and are expected to play an 
important role in the fields of flexible electronics, 
wearable devices, and photoelectric sensors. 

Figure 2. Seven common logic gate circuits. (a) AND gate. (b) 
OR gate. (c) NOT gate. (d) NAND gate. (e) NOR gate. (f) XOR 
gate. (g) XNOR gate. 

As shown in Figure 2, logic gates include AND, OR, 
NOT, NAND, NOR, XOR, XNOR,32 which can be divided 
into elementary logic gates and composite logic gates. 
These elementary gates can be combined to form 
composite logic circuits capable of performing various 
logical computing functions. In digital systems such as 
computers, different voltage levels are often used to 
indicate a logic "0" or logic "1" state. In a positive logic 
system, a high level represents a "1" and a low level 
represents a "0", while in a negative logic system, a high 
level represents a "0" and a low level represents a "1". 
Positive logic systems are the general convention 
unless otherwise stated. It should be noted that the high 
level and low level refer to voltage ranges rather than 
specific values. In addition, a logic "0" or logic "1" state 
can also be combined with an optical signal and 
photoelectric coordination signals to implement logical 
operations.33 

2.1 Elementary Logic Gates 
The AND, OR and NOT gates are the most elementary 

logic gate that can be used to perform AND, OR, and NOT 
operations, respectively. 



 

2.1.1 AND gate 
Figure 3a shows the two-input AND gate circuit. A and B 

are input logic variables and F is the output. D1 and D2 are 
diodes, UCC is power source and R is for resistance. As long 
as one of the inputs A and B is low level, there must be a 
diode conducting to make the output F low level. The output 
of the AND gate takes high level only if all inputs are at the 
high level. In all other cases, the output is low level. When 
interpreted as a positive logic system, this means that the 
output of the AND gate is only a logic “1” if all inputs are in 
a logic “1” state. The AND operation, which is also called 
logic product, with two independent inputs A and B is 
written as F=A·B. Figure 3b and Figure 3c are the logical 
symbol and truth table of the AND gate. 

 
Figure 3. (a) Diodes AND gate circuits. (b) logic symbol of AND 
gate. (c) Truth table of AND gate.  

 

2.1.2 OR gate 
Figure 4a shows the two-input OR gate circuit. As long 

as one of inputs A and B takes high level, output F is at high 
level in a logic “1” state. Output F is in logic “0” state only if 
all inputs are at logic level of “0”. The OR operation, which is 
also called logic addition, with two independent inputs A 
and B is written as F=A+B. Figure 4b and Figure 4c are the 
logical symbol and truth table of the OR gate. 

 

Figure 4.  (a) Diodes OR gate circuits. (b) Logic symbol of OR 
gate. (c) Truth table of OR gate. 

 

2.1.3 NOT gate 
Figure 5a shows the one-input NOT gate circuit, which is 

also known as a “complementing circuit” or an “inverting 
circuit”. The output is always the complement of the input, 
namely, a logic “0” at the input produces a logic “1” at the 
output, and vice versa. When the input A is at low level, the 
transistor is cut off, and the output F is high level. When 
input A is at high level, choose R1 and R2 reasonably, the 
transistor works in saturation state, and output F is low 
level. The NOT operation is written as F=𝑨𝑨�. Figure 5b and 
Figure 5c are the logical symbol and truth table of the NOT 
gate. Here, T is transistor. 

Figure 5. (a)Transistor NOT gate circuits. (b) Logic symbol 
of NOT gate. (c) Truth table of NOT gate.  

 

2.2 Composite logic gates 

In practical applications, AND gate, OR gate and NOT 
gate are usually combined in different ways to constitute 
various logical gate circuits and achieve composite logic 
operations. The common composite logic gate circuits are 
NAND, NOR, XOR, XNOR and AND-OR-INVERT gates. 

2.2.1 NAND gate 

Cascading a NOT gate at the output of the diode AND 
gate creates a NAND gate circuit. Figure 6a shows the truth 
table of a two-input NAND gate. As long as one of inputs A 
and B takes low level, the output F will be at high level; only 
when inputs A and B are at high level simultaneously, the 
output F is at low level. The NAND operation with two 
independent inputs A and B is written as F=𝑨𝑨𝑨𝑨����. Figure 6b 
shows the logical symbol of NAND gate. 

 

Figure 6. (a) Truth table of NAND gate. (b) Logic symbol of 
NAND gate.

 

2.2.2 NOR gate 
Similarly, cascading a NOT gate at the output of the 

diode OR gate creates a NOR gate circuit. The truth table of 
a two-input NOR gate is shown in Figure 7a. As long as one 
of inputs A and B takes low level, the output F will be at high 
level; only when both inputs A and B take the high level, the 
output F will be at low level. The NOR operation with two 
independent inputs A and B is written as F=𝑨𝑨 + 𝑩𝑩��������. Figure 
7b shows the logical symbol of the NOR gate. 

 

Figure 7. (a) Truth table of NOR gate. (b) Logic symbol of NOR 
gate.

 

2.2.3 XOR gate (Exclusive-OR) 



 

The logical expression of XOR gate is F=𝑨𝑨�𝑩𝑩 + 𝑨𝑨𝑩𝑩� ,also 
recorded as 𝑭𝑭 = 𝑨𝑨⨁𝑩𝑩. The truth table for the XOR gate is 
shown in Figure 8a. When two variables take the same value, 
the result of the operation is 0; when two input variables 
take different values, the result of the operation is “1”. If a 
XOR gate extends to multiple variables, when the number of 
“1” in the variables is even, the operation result is “0”; when 
the number of “1” in the variables is odd, the operation 
result is “1”. The logical symbol of the XOR gate is shown in 
the Figure 8b. 

 

Figure 8. (a) True table of XOR. (b) Logic symbol of XOR.
 

2.2.4 XNOR gate (Exclusive-NOR gate) 
The logical expression for the XNOR operation is 𝑭𝑭 =

𝑨𝑨�𝑩𝑩� + 𝑨𝑨𝑨𝑨 = 𝑨𝑨⨀𝑩𝑩. Figure 9 shows the logical symbol of the 
XNOR gate, which is the complementary of the XOR gate, 
corresponding to the XOR gates followed by a NOT gate. 

 

Figure 9. (a) True table of XNOR. (b) Logic symbol of XNOR.
 

2.2.5 AND-OR-INVERT gate 
The AND-OR-INVERT gate circuit is equivalent to a 

combination of two AND gates, one OR gate and one NOT 
gate. Figure 10 shows the logical symbol for the four inputs 
AND-OR-INVERT gate, and the logical expression of which 
is 𝑭𝑭 = 𝑨𝑨𝑨𝑨 + 𝑪𝑪𝑪𝑪������������. 

 

Figure 10. (a) True table of AND-OR-INVERT. (b) Logical sym-
bol of the AND-OR-INVERT. 

 

3. Logic gates application of metallo-organic com-
pounds 

Organic semiconducting materials are showing 
increasing promise in integrated circuits due to their rich 
structural diversity and solution processability.34 As metal 
elements are introduced into the molecular backbone, some 
new properties and phenomena will appear. Therefore, as 
shown in Figure 11, metallo-organic compounds including 
small molecular metal complexes, metal-polymers, MOFs, 
and OIHPs exhibit mechanical flexibility, high optical 
transparency, ease of fabrication, and tuneable optical and 
electrical properties for sensitive photo response and light 
modulation, which have extensive application perspectives 
in novel logic circuits.35 

 

 

Figure 11. Simple classification of metallo-organic compounds.
 

Generally, optoelectronic devices that are capable of 
performing physicochemical changes as reaction to 
external stimulus can serve as switches or Boolean logic for 
fabrication of logic gate circuits in information processing 
and computing at the microelectronic or molecular level. To 
gain a profound insight into the working mechanism of 
organic logic gates, the current-voltage (I-V) or capacitance-
voltage (C-V) curves should be first tested to understand 
their elctrical behaviors under either or both of the 
electrical and optical stimuli. The optical testing such as 
ultraviolet-visible spectroscopy (UV-Vis), fluorescence 
spectroscopy, and Raman spectroscopy is normally 
conducted to explore the optical properties of organic 
materials within circuits. Surface analysis techniques such 
as scanning electron microscopy (SEM) and atomic force 
microscopy (AFM) facilitate the observation of material 
microstructures, elucidating their impact on circuit 
performance. Dynamic testing yields crucial information on 
parameters like response time, power consumption, and 
stability of logic gate circuits. Furthermore, through 
computer simulation and modeling methods like density 
functional theory (DFT) and quantum chemical calculations, 
we can delve deeply into the electronic structure, energy 
level distribution, charge transport, carrier transport, and 
other physical processes of organic materials, offering vital 
theoretical and experimental support for optimizing and 
designing organic logic gate circuits. The following 



 

describes the application of different types of metallo-
organic compounds in logic gate circuits. 

3.1 Logic gate applications of metal complexes 
Metallo-organic compounds can be used to prepare 

resistance switching memories that implement multi-level 
storage and simple Boolean logic operations. In 2019, Zhang 
et al. synthesized a conjugated polymer PFTPA-Fc by 
introducing the redox-active moieties of triphenylamine 
(TPA) and ferrocene (Fc) onto the pendants of fluorene 
skeleton through Suzuki coupling polymerization and “Click” 
chemistry (Figure 12a). It can be seen clearly that the 
resultant polymer PFTPA-Fc exhibits triple oxidation 
behaviour and interesting memory-resistance switching 
properties in either the high resistance state (HRS) or low 
resistance state (LRS) due to the coexistence of TPA and Fc 
moieties(Figure 12b and c).36 HRS currents monitored 
between 2 V show four distinguishable stages which are 
useful for the realization of multilevel memory, while LRS 
currents exhibit consecutive modulation and can be utilized 
in information processing applications. Then, authors 
analysed the resistive switching behaviour in detail and 
attempted to explore the simple Boolean logic operations 
for PFTPA-Fc based memristor device. As shown in Figure 
12d, in the implementation of the Boolean logic OR gate, the 
authors defined the voltage applied to the top and bottom 
electrodes as input A and input B, respectively. The initial 
device current (10.36 μA) read at a specific voltage (0.2 V) is 
used as the criterion for distinguishing the output signal. If 
the device current at 0.2 V is higher than 10.36 μA after some 
operations, the output logic value is “1”, otherwise the result 
is “0”. 

 

Figure 12. (a) Chemical structure of PFTPA-Fc. (b) Current–
voltage curves of the ITO/PFTPA-Fc/Pt device; Realization of 
the OR logic gate function with PFTPA-Fc memristor. (c) Defi-
nition for the logic inputs/outputs and truth table. (d) Experi-
mental results of the PFTPA-Fc device. Reproduced with per-
mission from ref. 36. Copyright© 2019, Nature Publishing 
Group.

 

The truth table and experimental results of the above 
device current in response to different combinations of 
input pulses indicate that applying the input logic “1” to the 
top or bottom electrodes, or both, can change the device 
current to higher than 10.36 μA and gives the output logic 

“1”. On the other hand, applying input logic “0” to both 
electrodes keeps the device current below 10.36 μA and 
results in output logic “0”. This is very similar to the OR gate 
operation of the Boolean logic algorithm. Compared to the 
OR gate circuits in Figure 2, which require multiple 
components, this work achieves similar functionality on a 
single device with the simpler circuit structure, providing a 
feasible pathway for increasing IC density in the future. 

The input signal for implementing a Boolean logic gate 
is not only limited to the electrical excitation signal, other 
external stimuli that can change the physical and/or 
chemical properties of the materials can also be used as 
input signals for logic gate applications. In 2017, Yang et al. 
designed and synthesized Eu3+/Tb3+ cation-doped Cd-based 
long-afterglow coordination polymers (CPs), Eu-Cd-CPs, 
which exhibit tuneable excitation-dependent emission and 
tribochromic photoemission, and then obtained a new 
three-input, three-output optical logic gate based on the 
mechanism of the change in structural symmetry.37 The 
design and achievement strategy of this logic gate is by 
defining time dependent, excitation-dependent and state-
dependent luminescent properties as the input signals 
based on the long-afterglow and tribochromic 
photoemission, and normalized intensity values (the ratio 
of detected intensity to the maximum for each emission 
wavelength) at different wavelength as output signals O1 

(Output 1), O2 (Output 2) and O3 (Output 3), respectively. In 
this logic gate, the effective discrimination threshold is set 
as 30% of the maximum fluorescence intensity.  

 

Figure 13. (a) Truth table for all of the possible strings of the 
three-input and three-output logic gate. (b) Normalized inten-
sity outputs of Eu-Cd-CP at 615, 400, and 510 nm with eight var-
ious combinations obtained by the three crucial factors. Yellow 
dotted line represents the normalized intensity threshold 
value. (c) Three-input and three-output logic gate system for 
the Ln-Cd CPs. Reproduced with permission from ref. 37. Cop-
yright© 2017, American Chemical Society. 

 

When the normalized intensity is lower than 30%, the 
output signal is defined as OFF state “0”. Otherwise, the 
result is “1”. Figure 13a and Figure 13b show the truth table 
values of this logic gate which includes eight different 
combinations obtained by three crucial factors. Figure 13c 
shows the truth table values for output 1 forming an AND 
logic gate, the values of output 2 forming a NAND-AND logic 
gate, and the values of output 3 forming a NOT logic gate. 

（a）

（b） （c）



 

 

Figure 14. (a) Schematic diagram of the luminescent variation 
of complex [(Bpq)2Ir(Phen)]PF6 around the anode electrode 
triggered by fluoride and the electric field. (b) Schematic dia-
gram of the formation and breakage processes of the B–F bond 
for complex[(Bpq)2Ir(Phen)]PF6 triggered by fluoride and the 
electric field and Logic circuit for a fundamental two-input, 
one-output INH. Reproduced with permission from ref. 38. 
Copyright© 2015, The Royal Society of Chemistry.

 

The fluorescence switching and spectral changes of 
metal complexes can also be utilized to realize different 
types of logic gate functions. In 2015, Lin et al. reported two 
phosphorescent Ir(III) complexes containing triarylboron 
moieties as shown in Figure 14a.38 The phosphorescence of 
the complexes can be quenched by F- through the formation 
of B-F bonds and restored through the rupture of B-F bonds 
under an electric field, therefore the phosphorescent 
switching can be achieved (Figure 14b). Based on this 
characteristic, authors proposed an inhibit (INH) logic gate 

with F- and electric fields as the two inputs, and 
phosphorescence of the solution around the anode as the 
output signals. The corresponding truth table and the logic 
gate system for the INH function are shown in Figure14c. 
The INH gate was constructed by integration of NOT, YES 
and AND gates. This INH logic function takes logic state of 
“1” only when the phosphorescence of the solution around 
the anode is “quenched” in the presence of F- ions (input 1) 
and in the absence of an electric field (input 2). Otherwise, 
phosphorescence can be observed in other cases. 

The response of metallo-organic compounds to external 
stimuli is not limited to light and electric fields. The 
influence of chemical ions on their absorption spectra and 
fluorescence emission bands can also realize implement 
logic functions. In 2010, Liu et al. synthesized a square-
planar Pt(II) terpyridyl complex which possesses three 
ordered intraligand charge transfer (ILCT), ligand-to-ligand 
charge transfer (LLCT), and metal to ligand charge transfer 
(MLCT) states, and the integrated logic functions were 
therefore achieved in a single molecular system (Figure 15a 
and b).39 Herein, authors chose H+, 1.0 equiv. of Fe3+ and Zn 
powder as three inputs I1, I2 and I3, respectively, while the 
molar extinction coefficient values of the absorption at 405 
nm (MLCT as O1), 500 nm (ILCT as O2), 645 nm (LLCT as O3) 
and 850 nm (ligand-to-metal charge transfer (LMCT) as O4) 
were noted as outputs (the threshold values for O1 and O2 
were set as 7.6 × 103 dm3 mol-1 cm-1 and the threshold values 
for O3 and O4 were set as 3.5 × 102 dm3 mol-1 cm-1), to 
construct a three-input-four–output logic circuit.  

Figure 15. (a) UV–vis–NIR absorption spectra of a = 1, b = 1+HBF4, c = 1+Fe(ClO4)3 (1.0 equiv.), d = 1+ HBF4+Fe(ClO4)3 (1.0 equiv.), e 
= 1+Fe(ClO4)3 (excess), and f = 1+HBF4 + Fe(ClO4)3 (1.0 equiv. or excess) + Zn in acetonitrile at room temperature. (b) the switching 
cycles associated with the four-state 1. (c) The combinational logic circuit. Reproduced with permission from ref. 39. Copyright© 
2010, The Royal Society of Chemistry. 

When the observed value is higher than the threshold 
value, it is set to signal “1” while a lower value produces 
signal “0”. Thus, the molecular switch reads s string of three 
binary inputs and writes a specific combination of four 
binary outputs (Figure 15c). Truth table illustrates all the 
possible combinations of input data and the corresponding 
output string. The logic function equivalent to the truth 
table can be expressed as: O1 = I1I2I3�  (AND), O2 = I1�  +I3 
(OR), O3 = I2�  + I3 (OR), O4 = I2I3�  (AND). So the operations 
executed by the four-state molecular switch is equivalent to 

that of a combinational logic circuit integrating seven logic 
functions such as AND, OR and NOT. This work manifests 
that Pt(II) or other metal complexes can act as candidates 
for smart systems, which can integrate multiple switchable 
functions into a single molecule. 

In 2017, Maurya et al. synthesized a novel 4-hydroxy-6-
methyl-chromenone-based molecular receptor (2a), as 
shown in Figure 16a, which can selectively recognize Co2+ 
through a 2:1 binding mode between the ligand and Co2+ 
(2a-Co2+complex) with the characteristic absorption peak 



 

blue shifted from 344 nm to 332 nm, as shown in Figure 
16b.40 Due to the strong binding ability of CN- to Co2+, 2a-Co2+ 

complex can further coordinate with CN- on the axial 
position, which results in two new peaks at 289 nm and 274 
nm as well as the blue shift from 332 nm to 314 nm in the 
absorbance spectrum, and enhanced emission band at 431 
nm. Then to fabricate an optical logic circuit, the Co2+ and 
CN- are classified as two inputs in emission mode, a strong 
fluorescence intensity at 431 nm is considered as the “ON” 
state (output = 1), while a weak fluorescence intensity as 
“OFF” state (output = 0). 70% of the maximum fluorescence 
intensity of 2a (21000 a.u.) was taken as the threshold value. 
These results correspond to an IMPLICATION (IMP) logic 
gate and the working principle of the IMP logic gate is 
demonstrated in Figure16c. 

 

Figure 16. (a) Suggested sensing mechanism of 2a for Co2+ and 
the resulting complex for CN- (b) Alteration in the emission 
spectra (c) The output intensities (bar chart) of 2a with Co2+ 
and CN- as chemical inputs. Reproduced with permission from 
ref. 40. Copyright© 2017, The Royal Society of Chemistry.

 

The fluorescent switching properties of bimetallic 
terbium complexes can be used to achieve transfer and 
suppression logic functions. In 2015, Wang et al. synthesized 
a dimetallic terbium complex (L·Tb) with a new tripodal 
substituted-salicylic ligand (H3L) and found that this 
carboxylate ligand is highly effective in the activation of 
Tb(III) emission, as shown in Figure 17a.41 By taking L·Tb 
and H2PO4- as two chemical inputs, authors constructed a 
logic gate with TRANSFER and INH logic functions in the 
L·Tb-H2PO4- system. In the absence of two inputs, no 
fluorescence band in the range of 300-575 nm was observed 
(Figure 17b and c). Therefore, both output-1 and output-2 
produce signals of “0” (entry 1). When L-Tb exists as input-
1, three fluorescence bands appeared in the range of 300-
575nm, which can be attributed to the ligand and Tb(III)-
centred 5D4 excited state to 7FJ transitions with J = 6 and 5, 
respectively. Thus, output-1 and output-2 are both “1” 
(entry 2). When H2PO4- was introduced as input-2, no 
fluorescence bands were observed and both output-1 and 

output-2 become “0” (entry 3). However, in the presence of 
both inputs, the fluorescence band at 359 nm was observed 
but the two characteristic bands of Tb(III) ions at 495 and 
550 nm were quenched, thus, output-1 produces signal of “1” 
and output-2 become “0”. This is because that the "antenna" 
effect between the ligand and Tb(III) centre is suppressed 
due to the addition of phosphate anion, resulting in 
fluorescence bands turning “ON” to “OFF” significantly. 

 

Figure 17. (a) Logic gate system using L·Tb and phosphates as 
inputs and the intensity of the fluorescence emission at 359 or 
at 495 and 550 nm as the outputs. (a) Fluorescence spectra at 
different input states: (1) no inputs, (2) L·Tb, (3) H2PO4-, and (4) 
L·Tb + H2PO4-; (b) The combined logic circuit diagram; (c) truth 
table of logic gate. Reproduced with permission from ref. 41. 
Copyright© 2015, American Chemical Society. 

 

In 2015, Mondal et al. reported the surface-confined 
heterometallic molecular triads (SURHMTs) (Os-
PT/Cu/Ru-PT/Cu/Fe-PT) as fabricated on SiOx-based solid 
substrate by using optically rich and redox-active Fe-, Os-, 
and Ru-based terpyridyl complexes as metallo ligands and 
Cu2+ ions as linkers (Figure 18a).42 Since Os2+/Fe2+ centers 
and pyridyl moieties in the assembly can be oxidized and 
quaternized by NO+ and then restore to initial spectrum by 
adding Et3N and deionized water, therefore, a molecular-
scale logic gate based on reversible optical property 
changes can be constructed. In order to develop such 
devices, three chemical inputs (NO+ as input1, H2O as input2, 
Et3N as input3) and two optical outputs (absorbance at 577 
nm and MLCT at 501 nm) were coded with Boolean logic 
functions, where the OFF and ON state are signal “0” and “1”, 
respectively (Figure 18b). If monitoring the oxidation of 
centre in the assembly, time can be regarded as another 
input to construct more complex logic gates at the 
molecular scale with NO+ as input1, time as input2, H2O as 
input3, Et3N as input4 and monitoring the emission 
intensity of the MLCT band at 501 nm as output. The truth 
table and four input-based logic circuit diagram (a 
combination of AND−NOR−AND gates) for this gate are 
exhibited in Fig 18c. 
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Figure 18. (a) Most plausible mechanism of oxidation/reduction and quaternization /dequaternization of Os-PT/Cu/Ru-PT/Cu/Fe-
PT on glass substrates; neutral form of triad (1), quaternized form of triad upon reaction with NO+ (2), and quaternized−oxidized 
form of the metal centers (Os3+, Fe3+) in the triad (3). (b) Truth table (left) and schematic (right) for a Boolean logic gate on the basis 
of the Os-PT/Cu/Ru-PT/Cu/Fe-PT heterotriads. The gate has NO+, H2O, and Et3N as inputs, namely, In1, In2, and In3, respectively, 
while absorbance at 577 nm serves as output (out1). (c) (left) Truth table for the heterotriad based logic gate with all possible vari-
ations according to 2n rule, where n=4. (right, upper) Reproduced with permission from ref. 42. Copyright© 2015, American Chem-
ical Society. 

 

By taking advantages of the multi-level redox process and 
near-infrared absorption signals of bimetallic complexes, 
ternary memories and logic circuits can be achieved. In 2015, 
Cui et al. designed and synthesized a diruthenium complex 
with a redox-active amine bridge, which shows three well-
separated redox processes with exclusive near-infrared 
(NIR) absorbance at each redox state (Figure 19a and b).43 
Using NIR absorption signal as an output has the advantages 
of being low-energy, non-destructive, and low- interference 
with substrates. Through reductive electropolymerization 
of 3(PF6)4 on indium-tin-oxide (ITO) surface, poly-3n+ film 
was produced to further fabricate flip-flop and flip-flap-flop 
or ternary memory. Herein, three kind of flip-flop memories 
can be built from the poly-3n+ film by using any two redox 
states of poly-33+ (In1 at 0.35 V), poly-34+ (In2 at 0.75 V), 

poly-35+ (In3 at 1.30 V) as inputs and their corresponding 
NIR absorbance wavelengths as outputs. For the flip-flap-
flop or ternary memory, three electrochemical inputs (In1 
at 0.35 V, In2 at 0.75 V, and In3 at 1.30 V) were first 
converted into three new input sequences (I1, I2, and I3) 
with three OR gates, then three cross-coupled NOR gates 
were followed to provide the memory and three optical 
outputs (Out1 at 750 nm, Out2 at 1170 nm, and Out3 at 1680 
nm). Each output signal can display three levels of 
absorbance, which indeed mimics a truly ternary memory 
with the high, medium, and low absorbance of each output 
treated as the +1, 0, -1 level, respectively. The equivalent 
logic circuit of the device, truth table and corresponding 
logic memory operations are shown in the Figure 19c.

(c)



 

Figure 19. (a) Schematic representation for the reductive electropolymerization of 3(PF6)4. (b) Absorption spectra and film picture 
of the poly-3n+/ITO film at different redox states (Γ=5.0×10-9 mol cm-2). (c) the flip-flap-flop or ternary memory based on the poly-
33+/ITO film (Γ=1.4×10-9 mol cm-2, about 15–20 nm thick). Reproduced with permission from ref. 43. Copyright© 2015, WILEY-VCH.

3.2 Logic gate applications of organic-inorganic hy-
brid perovskites(OIHPs) 

The crystal structure of OIHPs materials is usually ABX3 
type, where A is commonly an organic cation, B is a metal 
ion (usually Pb, Sn, etc.), and X is a halogen anion (such as 
Cl, Br, I, etc.). Organic cations are usually contained in the 
interstices of the perovskite structure and interact with the 
inorganic part through ionic or hydrogen bonds. Due to the 
excellent light absorption, long electron-hole diffusion 
length, ambipolar charge transport, unusual defect physics 
and tuneable band gap, OIHPs have been widely used in 
optoelectronics, such as solar cells, photodetectors, lasers, 
light-emitting diodes, transistors, etc. More recently, 
researchers reported the applications of perovskites for 
nonvolatile resistive switching random access memory 
(RRAM) and corresponding logic gate circuit. Benefiting 
from the excellent light response of OIHPs materials, In 2015, 
Lin et al. designed and prepared a light-sensitive logic gate 
device ITO/PEDOT:PSS/CH3NH3PbI3/Cu with OR gate 
characteristics (the inputs A and B are the electric field and 
light illumination, respectively, and the output C is the 
current level).44 Figure 20 shows the photo-induced logic OR 
device and its logical operation mechanism. In this logic 
gate device, due to the light-response induced two resistive 
states of perovskite material, authors employ the external 
electrical field and light illumination as input sources. The 
positive and negative electric fields are defined as the signal 
‘‘0” and ‘‘1”, respectively, for input A; the light off and on 

states correspond to the signal ‘‘0” and “1”, respectively, for 
input B; the low and high current levels are defined as the 
signal “0” and “1”, respectively, for output C. The output is 
“0” (low current level) only when both inputs are signal “0”. 
The output signal is always “1” (high current level) if one or 
both of the inputs are signal “1”. 

OIHP is also a type of photoelectric memory material 
that uses light to assist in low-voltage switching, storage 
and logic operations. In 2018, Zhou et al. also demonstrated 
an optoelectronic RRAM integrated with sensing and logic 
operations by adopting CH3NH3PbI3-xClx as active layer. As 
shown in Figure 21a, this perovskite-based memory device 
exhibits low operation voltage of 0.1 V with the assistance 
of light illumination and can realize AND and OR logic gate 
functions.45 Through the detailed spectral and energy level 
analysis, authors found that the photo-assisted low voltage 
switching is due to the large number of electron-hole pairs 
produced in perovskite under light illumination (Figure 21b 
and c). And these electron-hole pairs can be separated with 
a small bias of 0.1 V. The hole trap states at the 
perovskite/Au interface can capture photon-generated 
holes, shift the Fermi level of perovskite to the valence band, 
and lead to a lowered Schottky barrier. Meanwhile, more 
holes from the Au electrode can also be injected into the 
hole trap states in the perovskite, which further reduces the 
Schottky barrier and can form a quasi-ohmic contact 
between Au and perovskite corresponding to the low 
resistance state (LRS). 



 

Figure 20. Photo-induced logic OR device. (a) Schematic diagram of the light illumination induced logic OR gate. (b) State diagram 
of the logic OR device with two types of input sources and one output terminal. For the input source A, which is the electrical field, 
signals ‘‘1’’ and ‘‘0’’ represent the negative field and the positive field, respectively. For the input source B, which is the light illumi-
nation, signals ‘‘0’’and ‘‘1’’ represent light off and light on states, respectively. Reproduced with permission from ref. 44. Copyright© 
2015, The Royal Society of Chemistry. 

In the design of logic gates, for the inputs, the authors 
defined light pulse (> 3.2 mW cm-2, 1 s) and electrical pulse 
(0.13 V, 100 µs) as logic “1”, light pulse (<0.3 mW cm-2, 1 s) 
and electrical pulse (0.01 V, 100 µs) as logic “0”, respectively. 
For the outputs, HRS and LRS are defined as logic “1” and 

logic “0”, respectively. Similarly, OR logic gates are 
implemented in a similar manner. The OIHP-based device 
not only achieves data storage but also offers application 
potentials in optical digital computation and optical 
quantum information.  

Figure 21. (a) Photo-assisted switching mechanism including four states: (I) initial state corresponding to HRS: hole trapping centers 
locate at the perovskite surface; (II) SET process: hole trap states are filled, shifting the Fermi level to the valence band; (III) remove 
light electricity: a lowered barrier and quasi ohmic contact are resulted corresponding to LRS; and (IV) electrical reset: holes are 
extracted from the trap states and a transition from LRS to HRS occurs. (b) A demonstration of AND logical operation. (c) A demon-
stration of OR logical operation. HRS and LRS are defined as logic “1” and logic “0” in both AND and OR logic operations. Reproduced 
with permission from ref. 45. Copyright© 2018, WILEY-VCH. 

The bipolar spectral photo-responsive characteristics of 
OIHPs based self-powered photodetectors can also be used 
to realize high-speed, efficient, and multi-functional 
optoelectronic logic gate systems. In 2022, Woochul Kim et 
al. utilized the advantages of photodiodes such as large 
bandwidth and fast data transfer speed for construction of 
opto-electronic logic gates (OELGs).46 They proposed a 

novel all-in-one OELG through employing the bipolar 
spectral photo-responsive characteristics of a self-powered 
perovskite photodetector (SPPD) with a back-to-back p+-i-
n-p-p+ diode structure. 

The SPPD consists of vertically stacked low-frequency-
band perovskites (FA0.5MA0.5Pb0.4Sn0.6I3, near infrared-Perov 
(NIR-Perov)) and high-frequency-band perovskites 



 

(MAPbI3, visible-Perov (Vis-Perov)) (Figure 22a). It can be 
observed from the transmission electron microscopy (TEM) 
image that a PCBM layer was inserted as an n-type 
semiconductor between visible-calcite and NIR-calcite. 
Figure 22b illustrates the energy band diagram of the SPPD, 
which was investigated based on the UV photoelectron 
spectroscopy (UPS) results involving heavily doped p-type 
PEDOT:PSS,47 Spiro-OMeTAD,48 and n-type PCBM.49 The Vis-
Perov layer exhibits intrinsic (i-type) properties, while the 
NIR-Perov layer is slightly doped as p-type. Due to the low 
interfacial energy barrier, PCBM can transfer electrons into 

the Vis-Perov layer or the NIR-Perov layer at each 
heterojunction. The additional density of states (DOS) 
below the conducting band exists at the interface between 
the perovskite and PCBM layers, as calculated by density-
functional theory (DFT). The bipolar spectral 
photoresponse is provided by a symmetric energy band 
structure consisting of two back-to-back p+-i-n-p-p+ 
perovskite diodes, a structure that critically supports 
charge transfer in both directions that can be responsive to 
irradiation conditions such as wavelength and power 
density. 

Figure 22. Characterization of the back-to-back SPPD. (a) Schematic of vertically stacked SPPD and its corresponding cross-sectional 
TEM image. (b) Energy band diagram of the p+-i-n-p-p+ structure. Reproduced with permission from ref. 46. Copyright© 2022 Nature 
Publishing Group. 

Based on the bipolar spectral photoresponse of SPPDs, 
the researchers proposed a novel OELG system, which can 
perform five basic logic operations in the case of a single 
SPPD, i.e., "OR", "AND", "NAND”, "NOR" and "NOT" (Figure 
23a and b). The key element in the system is the "light gate 
modulator", and the core concept of which is to use light 
with different wavelengths and intensities as inputs. When 
two different wavelengths of light have similar 
photoconductance gains, fine-tuning the opposite 
photocurrent shift by light intensity modulation becomes a 
key strategy to realize the logic function. As an example, 625 
nm light and 940 nm light are utilized for the next logic gate 
operation because their photoconductance gains (0.007 and 
0.008, respectively) are well matched. 

The polarity of the photocurrent of the SPPD can be 
adjusted by grating modulation. As shown in the Figure 23c, 
the output state of "1" or "0" is determined by the output 
positive or negative photocurrent, respectively. The output 
discrimination of the SPPD-OELG is based solely on the 
polarity of the photocurrent, not on the difference between 
the unipolar photoresponse and the reference level, which 
improves the accuracy and reliability of the logic gate device, 
and thus are independent of current variations or electrical 
noise. The OELG array platform with 64 SPPD pixels runs all 
five logic gates at 100% yield. 

 
Figure 23. Symbolic schematics of five OELGs executed with 
single SPPD. (a) “OR” and “AND” gates using two visible light 
inputs (625 nm) under NIR light (940 nm) gate modulations. (b) 
“NOR”, “NOT”, and “NAND” gates using NIR light inputs (940 
nm) under visible light (625 nm) gate modulations. I is an out-
put photocurrent. (c) Truth table of the five OELGs for the four 
input combinations. Reproduced with permission from ref. 46. 
Copyright© 2022, Nature Publishing Group. 

 

 



 

3.3 Logic gate applications of metal–organic frame-
works (MOFs) 

The emergence of MOFs has been one of the most 
important events in chemistry and materials science over 
the past two decades. MOFs are multidimensional periodic 
reticular skeletons consisting of inorganic metal ions 
connected with organic ligands with controllable 
morphology, high specific surface area, abundant voids, and 
multifunctionality, and the MOFs materials can be self-
assembled directly through the coordination of inorganic 
units with organic units. These organic units are usually 
multivalent organic carboxylates, which, when attached to 
metal units (e.g., Zn2+, Co2+, Cu2+, Mg2+, Ni2+, Al3+, etc.), can 
produce porous structures with well-defined pore size 
distributions and high specific surface areas.50 

The unique advantages of MOFs with the activity of 
metal ions, flexible organic ligands that are functional 
groups with specific and excellent physical or chemical 
properties, as well as the presence of a regular three-
dimensional spatial structure formed by the metal and 
organic ligands make MOFs highly versatile and 
controllable. Herein, MOFs, as a type of emerging 
multifunctional materials, have great potential in a number 
of important fields such as gas storage and separation, 
optical, electrical, and magnetic materials, chemical sensing, 
catalysis, and biomedicine, etc. Although most of the 
previously reported MOFs exhibit low conductivity or even 
insulating properties, a series of MOFs with semiconducting 
properties have still been successfully explored so far. The 
established semiconducting MOFs are mainly assembled by 
coordination reactions between transition metal ions (e.g., 
Fe, Co, Ni, Cu, etc.) and organic ligands with functional 
groups (e.g., -NH2, -OH, and -SH).51 

A logic gate based on a silicon circuit, whose output and 
input are electrical signals, can realize the logic operation of 
an electronic computer. Logic gates can convert input 
signals into specific output signals through Boolean logic 
operations. Recently, in addition to the application in the 
field of electronic computers, logic gates have also been 
used in the field of molecular computing, which breaks the 
limitations of traditional computers and can realize logic 
operations of various analytes in complex environment. 
Molecular logic gates are mainly composed of three parts: 
input-logic unit-output.52-54 In general, most reaction 
processes are complex and require more precise 
mathematical models to describe the various nonlinear 
relationships among variables. The "threshold" introduced 
in the logic gate can distinguish between two different 
states in the reaction process. For example, different 
concentrations of analytes are used as input signals for 
fluorescence analysis, resulting in different fluorescence 
intensities as output signals. For the input signal, the 
presence or absence of input is defined as "1" and "0" 
respectively. If the resulting output intensity value is above 
or below the threshold, the logic gate will output "TRUE" 
(the true value of the Boolean logic operation is "1") and 
"FALSE" (the true value of the Boolean logic operation is 
"0"), respectively. 

Especially, luminescent metal-organic frameworks 
(LMOFs) is a novel class of MOFs with luminescent 
properties, exhibiting both dye-doping capabilities and 

tuneable morphologies.55 Their structures contain metal 
ions or ligands that have luminescent properties and are 
therefore capable of emitting visible or near-infrared light. 
LMOFs are often designed for applications of optical sensing, 
fluorescent labelling, photocatalysis, etc. Most logic gates 
based on LMOFs depends on the change of fluorescence 
intensity. The switch between "ON" and "OFF" of the logic 
gate can be controlled by different fluorescence quenching 
or enhancement effects (Figure 24a and b). LMOFs with π-
conjugated structures or other aromatic ligands usually 
have strong fluorescence effects. Some guest species, such 
as quantum dots (QDs), organic dyes, and some metal 
compounds, can be encapsulated into LMOFs to generate 
luminescent effects. Using different fluorescent effects, 
"ON" and "OFF" states as well as different logic operations 
can be designed and achieved, such as AND, IMP,INH XOR, 
etc.56,57 

 

Figure 24. (a) Luminescent MOF as a molecular logic gate 
based on fluorescence changes. (b) Related mechanisms of 
quenching or enhancement effects of logic gates based on 
MOFs. Reproduced with permission from ref. 56. Copyright© 
2015, The Royal Society of Chemistry. 

 

In 2021, Zhang et al. constructed DNAzyme logic circuits 
for the analysis and imaging of multiple microRNAs in living 
cells using Cu/ZIF-8 nanoparticles (NPs) as nanocarriers for 
logic gate modules and Cu2+ cofactors for Cu2+-dependent 
DNAzyme.58 In this work, ZIF-8 NPs are utilized as a 
versatile vehicle to improve the intracellular performance 
of DNA logic circuits. The operations of Boolean logic are 
implemented using DNA molecules as input and output 
logic gate modules. The DNA logic circuits are designed 
based on the toehold-mediated strand displacement (TMSD) 
reaction, which allows for the conversion of a single 
nucleotide input signal into an output signal through chain 
migration and chain substitution reactions with logic gate 
modules. The TMSD reaction is entropy-driven and relies on 
the Watson-Crick base-pairing principle. The DNAzyme 
logic circuit mechanism proposed in this study is by 
utilizing the Cu2+-dependent DNAzyme as the logic gate. 
Cu2+ is chosen as the effective cofactor for the Cu2+-
DNAzyme, and ZIF-8 NPs serve as nanocarriers for the 
delivery of the DNA logic gate elements into the cell. The 
Cu2+ ions are released from the ZIF-8 NPs, activating the 
Cu2+-DNAzyme logic circuit. The logic gate modules are 
immobilized on the surface of the ZIF-8 NPs through 
electrostatic adsorption. The release of Cu2+ and the 
activation of the logic circuit are achieved through TMSD 
reaction. The DNA logic circuits implemented in this work 



 

allow for the analysis and imaging of multiple microRNAs in 
living cells. The intracellular microRNAs, such as miRNA-
155 and miRNA-21, serve as the biomolecular inputs, 
triggering the operation of "AND" and "OR" DNAzyme logic 
gates (Figure 25a and b). The logic gates are designed to 
respond to specific combinations of microRNAs, providing 
a means to detect and identify different microRNAs in 
complex cellular environments. The use of ZIF-8 NPs as a 
delivery vehicle for DNA logic gate modules addresses 
issues such as deficient delivery platforms, low delivery 
concentration, and degradability in complex biological 
environments. 

 

Figure 25. (a) "AND" schematic of a DNAzyme logic gate. (b) 
"OR" a schematic of a DNAzyme logic gate utilizing nanoscale 
Cu/ZIF-8 NPs to provide a logic gate module. Reproduced with 
permission from ref. 58. Copyright© 2021, American Chemical 
Society. 

 

As mentioned above, LMOFs are a class of MOFs 
materials with fluorescent properties that can be combined 
with molecular logic gates to achieve high sensitivity, rapid 
response and intelligent recognition of biomolecules. In 
2019, Dalapati et al. successfully synthesized a HfIV–based 
MOFs with hexanuclear UiO-66 topology by one-step 
solvothermal method using 3-methyl-4-phenylthieno[2,3-b] 
thiophene-2,5-dicarboxylic acid (H2MPTDC) as a ligand.59 
Compared with conventional blue-emitting fluorescent 
materials, this blue-emitting MOFs material with wide 
energy bandgap exhibits higher efficiency and larger color 
gamut due to its adjustable 3D structure and π-conjugated 
backbone. It is known that, in addition to the intrinsic 
luminescent characteristic of metal ions and organic ligands, 
the optical properties of MOFs are also affected by weak Van 
der Waals interactions of MOFs with guest molecules 
through ligand bonding, π-π stacking or hydrogen bonding. 
Due to the reversible "on-off-on" switching properties of the 
fluorescence intensities of this MOFs material, it can be 
applied for the detection of Fe3+ and ascorbic acid (AA).60 It 
was found that this HfIV–based MOFs exhibits high 
selectivity for Fe3+, which is induced by the internal 
filtration effect (IFE). The MOF-Fe3+ system can be used for 
the selective fluorescence-triggered sensing of AA in 
aqueous media by eliminating the Fe3+ induced IFE. In the 
presence of AA, Fe3+ is reduced to Fe2+ by AA, which partially 
restores the initial blue fluorescence of MOFs. By utilizing 
different bioactive cations and small molecules (Fe3+, AA, 
Fe2+/H2O2) as inputs, the corresponding signal changes of 
the MOFs material as outputs, authors constructed a 
number of basic logic gates (e.g., NOT, YES, and OR), 
general-purpose logic gates (e.g., NAND and NOR), and 
multi-inputs logic gates to understand the complex 
fluorescence system. 

Figure 26. (a) Higher logic system built with the combination of NOT, OR and INH logic gates using a three-input system for fluores-
cent 1’. (b)Higher logic systembuilt with the combination of NOT, NAND and AND logic gates using a three-input system for fluores-
cent 1’. Reproduced with permission from ref. 59. Copyright© 2019, WILEY-VCH. 

As shown in Figure 26a, Fe3+, AA, Fe2+/H2O2 are taken as 
three inputs, the corresponding fluorescence emission 
intensities act as outputs. Those exceeding the fluorescence 
intensity threshold are defined as the output "1", and those 
not exceeding the threshold are defined as the outputs "0". 
When Fe3+ or Fe2+/H2O2 is present, the fluorescence is 
quenched, similar to an OR logic gate. In addition, AA 
treatment of the Fe3+ compound system restores 

fluorescence, forming a YES logic gate. In NOR logic 
operation, the output "1" is observed only when there is no 
input. The fluorescence is quenched under presence of Fe3+, 
Fe2+/H2O2, or both, which is in accordance with the NOR 
logic gate, as shown in Figure 26b. Similarly, NAND logic 
gates fluorescence is unaffected when there is no input or 
only one input, and quenches when both inputs are present. 
The research and logic gate design based on fluorescent 



 

MOFs can be widely used in areas such as selective sensing 
of biomolecules and ions. 

In the same year, Sun et al. designed a logic gate using 
lanthanide based LMOFs (Eu0.059Tb0.051Gd0.8) system.61 When 
excited with light of a specific wavelength, this LMOFs 
material is capable of emitting fluorescence at three 
different wavelengths (415 nm, 544 nm, and 616 nm). By 
introducing different ions as input and monitoring the 
fluorescence output, the authors demonstrate the ability to 
perform various Boolean logic operations. The NOR logic 
gate is first demonstrated (Figure 27a and b), which 
produces an output of 1 only when both inputs are 0. This is 
achieved by adding Fe3+ and VO43- ions to this LMOFs 
solution. When Fe3+ is added alone, it quenches the emission 
at 616 nm, resulting in an output of 0. Likewise, when VO43- 
is added alone, it quenches the emission at 415 nm, again 
resulting in an output of 0. However, when both Fe3+ and 
VO43- are added together, the emission at both wavelengths 
is quenched. 

XOR and INH logic gates can also be generated by 
introducing a third kind of ions as another input to the 
system (Figure 27c and d). The XOR gate produces an output 
of 1 when the input is 1/0 or 0/1 and an output of 0 when 
the input is 0/0 or 1/1. The INH gate produces an output of 
1 on only one specific input (Figure 27e and f). These logic 
gates were realized by combining different combinations of 
Fe3+, VO43- and S2- ions with the MOFs and analyzing the 
fluorescence output. In addition to individual logic gates, 
the researchers also demonstrated the ability to build 

complex logic circuits with multiple inputs and outputs. By 
combining different combinations of Fe3+, VO43- and S2- ions 
with MOFs materials, the authors were able to generate 
multiple outputs from two or three inputs. This allows 
multiple analysis of different ions by using the same analyte 
input (Figure 27g and f). 

 

Figure 27. Truth tables of the double input Boolean logic gates 
(a) Fe3+ + VO43-, (c) Fe3+ + S2-, (e) VO43- + S2- and (g) Fe3+, VO43-, 
and S2-. Electronic equivalent circuitries of the double input 
Boolean logic gates (b) Fe3+ + VO43-, (e) Fe3+ + S2-, (h) VO43- + S2-

and(g) Fe3+, VO43-, and S2-. Reproduced with permission from 
ref. 61. Copyright© 2019, The Royal Society of Chemistry. 

 

 

Figure 28. (a) Column diagram of the normalized fluorescence intensities and the setting of threshold. (b) Specific circuitry of the 
logic gate operation. (c) Corresponding fluorescence, level for the concentrations of CIP. (d) Truth table of the 2-to-1 logic gate Gate 
1. (e) Truth table of the 3-to-1 logic gate Gate 2. Reproduced with permission from ref. 62. Copyright© 2020, The Royal Society of 
Chemistry. 

 

In 2020, Wang et al. designed and synthesized gallium-
MOF (Ga-MOF1) as a turn-on fluorescent probe for the 
detection of ciprofloxacin (CIP) in urine.62 They combine 
europium ions (Eu3+)-containing Ga-MOF1 hybrid with 
molecular logic gates for a real-time CIP concentration 
evaluation by intelligent discrimination. In the presence of 

CIP, the fluorescence intensity of the probe is selectively 
enhanced, allowing the detection of the compound in urine, 
as shown in Figure 28a. To further enhance the sensing 
capability, the researchers integrated two logic gates (Gate 
1 and Gate 2) into the probe system to analyse the level of 
CIP in urine (Figure28b and c). Gate 1 is a two-to-one logic 

（a） （b）

（c）

（e）（d）



 

gate that requires two inputs (CIP concentration and 
excitation wavelength) to be satisfied to generate an output 
signal. Gate 2 is a three-to-one logic gate that takes the 
output of gate 1 as an additional input. If all three inputs are 
satisfied, the series logic gate system will continue to 
operate and produce an output signal (Figure 28d and e). 
The "low", "normal" and "high" three different output states 
are defined based on the analysis of CIP levels in urine. The 
integration of logic gate operation with turn-on fluorescent 
probe can simplify the detection process without complex 
operations and expensive instruments. This probe system 
exhibits high sensitivity to CIP, which is not interfered by 
urine components and is suitable for practical applications. 

Deviations from normal levels of singlet oxygen (1O2), 
hypochlorite ion (ClO−), and copper ions (Cu2+) in the 
human body may lead to severe health issues, such as lipid 
peroxidation,63 arteriosclerosis,64 and Alzheimer's disease.65 
Consequently, developing LMOFs logic circuit enables 
precise discrimination of these analytes in the clinical 
application, bearing considerable practical significance. In 
2020, Gong and coworkers synthesized a whole-visible-
spectra fluorescent nano-sized MOFs material (MOF-181) 
by incorporating three carboxyl-containing red-green-blue 
(RGB) dyes including TCPP (meso-tetra(4-carboxyphenyl) 
porphine), 5-AF (5-aminofluorescein) and DPA (5,5’-
(anthracene-9,10-diyl) diisophthalicacid) into the core 
material MOF-181, as shown in Figure 29.66 Employing 
chemical signals such as 1O2, ClO−, and Cu2+ as control inputs, 
the selective fluorescent response of DPA, 5-AF and TCPP 
acting as outputs, fundamental INH gates, complex half-
adders, and multiple-input multiple-output (MIMO) logic 
circuits are successfully achieved on this platform (Figure 
30a and b). The experimental results revealed that upon the 

generation of 1O2, the intensity of the blue fluorescence 
channel diminishes, followed by a "domino" signal response 
in the green and red fluorescence channels due to 
fluorescence resonance energy transfer (FRET) effect, as 
displayed in Figure 30c. Similarly, in the presence of ClO− or 
Cu2+, the fluorescence signals of the RGB channels also alter 
due to the suppression of corresponding FRET effect. Based 
on this responsive mechanism, a novel MIMO logic circuit 
was designed by combining MOF-801-57 NPs and OR, INH, 
and NOR gates with appropriately set thresholds to achieve 
the desired logic operations. Notably, the fluorescence of 
these nanoscale MOFs is minimally influenced by various 
cations, anions, and amino acids within the human body, 
underscoring their reliability for applications in 
biomedicine. Figure 30d shows the truth table of a 
compound logic circuit with three-inputs and three-outputs. 

 

Figure 29. Schematic illustration for the synthesis of dyes-
doped MOF-801 NPs using an in situ one-pot synthetic strategy. 
Fumaric acid acts as the ligand of MOF-801, and three func-
tional dyes (DPA, 5-AF and TCPP) serve as the co-modulators 
to form the framework. Reproduced with permission from ref. 
66. Copyright© 2020, The Royal Society of Chemistry. 

 

 

Figure 30. (a) Fluorescent spectra of MOF-801–57 NPs (50 μg mL−1) before and after the separate treatment of 1O2, ClO− and Cu 2+ in 
HEPES buffer solution. (b) Column diagram of the fluorescent intensities at B440, G513 and R655 towards different signals: 1O2, ClO− 
and Cu2+, and the dashed lines show the thresholds (B440:230; G513:140; and R655:35) of the Boolean logic gates. (c) Logic represen-
tation and (d) the truth table of a compound logic circuit with three-input and three-output fluorescence. Reproduced with permis-
sion from ref. 66. Copyright© 2020, The Royal Society of Chemistry. 
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4. Conclusions and Perspectives 
To conclude, this review summarized the development 

of metallo-organic compounds such as small molecular 
metal complexes, OIHPs and MOFs materials in logic gate 
circuits in recent years, focusing on the working principles 
of basic and complex Boolean logic operations. Unlike the 
traditional silicon-based circuits whose output and input 
are only electrical signals, metallo-organic compounds-
based logic gates can use light, electrical and chemical 
stimuli as inputs to implement complex logic circuits. In 
addition to the application in the field of optoelectronic 
devices, metallo-organic compounds-based logic gates have 
also been used in the field of molecular computing. It holds 
great prospective to break the limitations of traditional 
computers encountered and can realize smart and 
composite logic operations in complex environments. 
Different metal-organic materials with different device 
architectures have enabled significant advances in logic 
gates, eventually leading to innovations in multifunctional 
and integrated circuits. However, there are still several 
challenges need to be addressed and overcome to further 
exploit high performance metallo-organic logic gates and 
propel the industrialization of them for practical application. 

Based on the research and investigation in the 
references, we outline several future challenges and 
directions in metallo-organic logic gates, providing some 
suggestions to researchers working in related disciplines. (1) 
The electronic interaction between the metal centre and 
organic framework has an important impact on the 
photoelectric properties of the material, but the intrinsic 
mechanism of some of them is still unclear and requires 
further research and exploration. This will help us 
rationally design materials with specific optoelectronic 
properties for pre-defined logic gate circuits. (2) Many 
metallo-organic compounds are prone to undergo 
decomposition or degradation under high temperature, 
high humidity or long-term use, thus affecting the reliability 
and lifetime of their electronic devices. In addition, there 
are also some constraints of metal-organic materials, such 
as the purity of the material, the uniformity of the film, and 
the difficulty of large-area preparation. Therefore, the 
further develop of new metallo-organic compounds with 
better solubility and new manufacturing techniques is 
necessary to improve the quality of films and device 
performance based on metallo-organic compounds. (3) 
Although metallo-organic compounds exhibit superior 
structure adjustability and flexibility, their electron 
mobility and conductivity are still low as compared to 
silicon and metal oxides, which need to be boosted to allow 
them suitable for application in high-performance 
electronic devices. (4) In-situ structure and property 
characterization techniques should be explored and 
conducted to disclose the working mechnism of metallo-
organic logic gates under electrical and optical stimuli, 
especially for those with non-volatile memory 
characteristics. 

Overall, metallo-organic compounds are expected to 
become an important component of next-generation logic 
devices in the future. Further research on logic gate circuits 

based on metallo-organic compounds is likely to achieve 
major breakthroughs and open up innovative prospects for 
applications in green electronics, degradable devices, 
flexible biosensors, and neuromorphic computing, etc. 
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