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The application of lithium in portable electronic devices, medical field, catalysts, and so on has increased in recent

years because of the unique properties of lithium. Therefore, detection and sensing of lithium ions are very

important in chemical, environmental and biological processes. Sensors as high-rate detecting tools have been

widely used for the detection of lithium ions under a variety of conditions. Among different kinds of sensors,

photochemical sensors with easy control capabilities have been used as smart systems with rapid response to

light as a physical stimulus. Photochemical sensors have attracted much attention due to their advantages such

as real-time, fast, cost-effective, and optical detection. Photochromic and fluorescent compounds in contact

with the stimulus, with changes in optical properties such as color or fluorescence intensity, can be used as

optical sensors with a high detection speed and accuracy. Many fluorescent compounds have been used to

prepare photochemical sensors of lithium such as spiropyran, nitrobenzoxazole, coumarin, porphyrin, etc.

Herein, we provide an overview of the mechanisms of lithium ion adsorption and desorption by these optical

sensors. We have discussed the performance of photochemical sensors considering their structural properties.

Moreover, the issue of lithium ion storage is highlighted according to the chemical structure of the probes.
1. Introduction to photochromic
compounds and fluorescent sensors

Lithium cations (Li+) have a small ionic diameter and a charge
density of (1.47 q. Å−1), and are coordinated by electron donor
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nitrogen and oxygen atoms.1,2 The specic physical, chemical,
and electrochemical properties of lithium and its compounds
have made it attractive in many elds. For example, lithium-ion
batteries have received great attention due to their unique
properties such as high energy capacity, light weight, fast
charging, low self-discharge, and good chemical stability.3–5 On
the other hand, lithium-based compounds have been used
more widely in clinical applications.6–8 They are used in
a common treatment for psychosis9,10 and bipolar disorders,11,12

skin diseases,13 and Alzheimer's disease.14,15
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Lithium is very reactive and does not exist in nature in its
pure form. Primary sources for lithium extraction are obtained
from spodumene ores16 and some salt lakes.17,18 The increase in
mining activity and the extraction of lithium from lithium
mines in the last few decades has caused environmental
destruction and endangered the health of wildlife and local
populations.19,20 Thus, the detection of lithium in environ-
mental samples is required to control each step of the extraction
processes. In the applied form, excessive consumption of Li+

drugs causes harmful effects on the nervous system, brain, and
liver.21,22 Therefore, due to side effects and toxicity, the devel-
opment of suitable methods such as optical sensors with fast
and reliable determination of Li+ ion concentration in biouids
such as blood and saliva is required. Moreover, lithium
resources in the world are limited and non-renewable. This
increases the price of lithium and faces serious problems in the
development of different industries.23 Also, the process of
extracting raw materials and producing technologies has
created many problems and contamination of the environ-
ment.24 In such cases, the detection of lithium in environmental
samples is required to fully control the recycling process of
lithium-based products.25

In the last two decades, the use of sensors to improve the
quality of human life has increased signicantly. Scientists have
always been trying to improve the quality of sensors in terms of
their lifetime, sensitivity, and accuracy for chosen
applications.26–28 There are many factors to consider when
choosing a sensor. However, the selection of the sensor begins
with the physical parameter to be measured. Aer determining
the measurement parameter, several important factors such as
the sensor performance range, accuracy level, and cost should
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be considered.29–31 Sensors can be classied from different
perspectives such as the type of output signal, type of function,
type of measured physical parameters, power source, tech-
nology used for their operation, type of building, and the
installation location.31

Photochromic compounds are able to show the color change
and uorescence emission simultaneously between two states
of OFF and ON in response to light in one place and time.32

When an interaction between the target analyte and the sensor
element occurs, photometric sensors are used to instantly
record this change in color and uorescence intensity.33,34

Detection with the naked eye, short analysis time, low detection
cost (cheapness), simplicity of the system, selectivity, revers-
ibility, and no need for complex tools are the advantages of
these sensors.35 The structure and isomerization of the most
important and widely used photochromic compounds such as
spiropyran, spirooxazine,36 azobenzene37 and diarylethene38 are
shown in Fig. 1, which can be used in the design of optical
detectors.

The important subject in optical sensors is the reversible,
very fast, and sensitive response of these compounds to stimuli.
Variation in functional groups affects the interaction of these
compounds with their surroundings (including metal ions) in
terms of rate and accuracy in detecting the analyte.39 The
response of photochromic compounds in molecules before
applying the stimulus is oen observed in the form of a non-
polar structure, unconjugated structure, and colorless form,
and aer induction of the external stimulus, it leads to the
creation of a polar isomer, conjugated structure, and colored
form. Isomerization between two states with different electron
structures is done by bond breaking (ring opening) or bond
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Fig. 1 Chemical structure and response to the stimulus of (a) spiropyran, (b) spirooxazine, (c) azobenzene, and (d) diarylethene.
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formation (ring closing). According to the structure of photo-
chromic compounds, these materials have various applications
in drug delivery systems, colorimetric sensors, optical memo-
ries, and photo-patterning.40,41

Fluorescent compounds contain special chemical structures
that immediately show uorescence emission resulting from
electron transfers between different energy levels aer
absorbing light radiation, and when the light source is cut off,
uorescence emission is also turned off due to the end of
electron transfer.42 It should be noted that conjugated chemical
This journal is © The Royal Society of Chemistry 2023
structures (substituted with electron-withdrawing and electron-
donating groups) with appropriate electron density and reso-
nance are required to observe uorescence emission. Fluores-
cence emission can be affected by a wide range of chemical or
physical properties such as the length of the conjugated struc-
ture, the nature of substituted groups (electron donating or
withdrawing power), intensity and wavelength of radiation,
transparency or turbidity in colloidal solutions, size in the
system colloids, concentration, and polarity of the surrounding
environment (interaction between uorescent molecules with
J. Mater. Chem. A, 2023, 11, 26371–26392 | 26373
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Fig. 2 Chemical structure of the most important fluorescence compounds: rhodamine, fluorescein, naphthalimide, boron dipyrromethene,
perylene diimide, 4-hydroxycoumarin, nitrobenzoxadiazole, and pyrene.
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solvent molecules or polar groups of the polymer matrix).43

Fluorescent compounds are classied into organic dyes,44 rare
earth metal complexes,45 quantum dots,46 polymer dots,47 and
supramolecular structures,48 and each of them has a potential
application in the preparation of chemical sensors.

In recent years, the use of photochromic and uorescent
compounds in a single (unit) system has led to advanced
materials that can be the beginning of new elds of study for the
design and construction of chemical sensors. In fact, the use of
compounds containing smart organic materials can be more
economical and more accessible than complex polymer
synthetic systems such as polymer dots, carbon dots,49 quantum
dots, and in general nanoscale materials.50,51 Organic uores-
cent compounds are considered as a signicant group of uo-
rescent materials that have some special properties such as
a conjugated chemical structure, electronic resonance, and
electron-withdrawing or electron-donating groups in the form
of substituted functional groups. Changing any of the
mentioned factors can signicantly affect the optical properties
of the uorescence compound, especially the uorescence
emission in solution. The uorescence emission and its color
are a function of the energy absorbed by the electrons and the
transitions that take place between energy levels, all of which
depend on electron resonance and conjugation. On the other
26374 | J. Mater. Chem. A, 2023, 11, 26371–26392
hand, all the mentioned factors can be affected by intra-
molecular and intermolecular interactions of uorescence
compounds, solvent molecules, and also the surrounding
environment. Therefore, a wide range of uorescent
compounds that emit different colors can be developed based
on the chemical structure as well as the polarity of the envi-
ronment, which have potential applications in technologies
related to the preparation of uorescence chemical sensors.51,52

Some of the most important uorescent organic compounds
including rhodamine,53 uorescein,54 naphthalimide,55 boron
dipyrromethene,56 perylene diimide,57 4-hydroxycoumarin58,
nitrobenzoxadiazole,59 and pyrene60 are shown in Fig. 2. In
recent years, studies have been conducted in the eld of
preparing chemical sensors using uorescent compounds and
investigating their effect on the performance or improvement of
chemical detectors. Similar to photochromic compounds, these
materials can be chemically or physically incorporated into the
polymer substrates.

Fluorescent sensors have high accuracy and selectivity and
are widely used in clinical diagnosis,61,62 food safety,63 and
detection of heavymetal ions.64,65 Fluorescent sensors have been
proven to be the most suitable option for the detection of metal
ions.66 A uorescent sensor consists of a uorophore moiety
and a guest acceptor in a spaced or integrated scaffold (Fig. 3).
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Fluorescent sensor model (a) with and (b) without a spacer.
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When the analyte binds to the guest acceptor, the photophysical
properties of the sensor change through mechanisms such as
photo-induced electron transfer (PET), intramolecular charge
transfer (ICT), uorescence resonance energy transfer (FRET),
etc.67–69

Photochromic and uorescence compounds that have been
used as lithium ion sensors have different adsorption mecha-
nisms in the presence of lithium ions. These sensors have
shown different behaviors according to their chemical struc-
tures. In ongoing sections, different compounds with simulta-
neous abilities of uorescence emission and lithium ion
adsorption–desorption are surveyed.

2. Spiropyran-based chemical
sensors

In recent years, studies have been conducted in the eld of
preparing optical sensors using uorescent and photochromic
Table 1 Spiropyran derivatives as lithium ion adsorbents

Structure Derivatives
lem
(nm)

lex
(nm)

LO
(m

620 550 4.

R1 = 627
532 —R2 = 647

R3 = 637

630 532 —

This journal is © The Royal Society of Chemistry 2023
compounds and examining them in terms of performance or
improving chemical detectors. Spiropyran is one of the most
widely used photochromic compounds, which has been
welcomed by many researchers due to its quick response (in
polar environments) to temperature,70 pH,71 and light.72 The
change in the isomerization states of spiropyran is accompa-
nied by the observation of a relatively broad partial peak in the
range of 450–750 nm in the ultraviolet-visible (UV-vis) region.73

Before applying the desired stimulus, the structure is a non-
polar, colorless, and closed spiro form. Aer applying the
stimulus, the ring-opening isomerization reaction occurs with
the breaking of the spiro bond between carbon and oxygen
atoms, which turns into the highly polar and colored structure
of merocyanine (MC).74 For example, Kang et al.75 synthesized
a uorescent probe for lithium ions by using spiropyran deriv-
atives as uorophores and combining them with azo-12-crown
ether as a lithium recognition site. Lithium ions caused isom-
erization of spiropyran from a colorless spiro form to a colored
merocyanine, to release oxygen negative ions, which were
combined with crown ether under the coordination effect. An
increase in UV-vis absorption was observed between 450 and
600 nm. The limit of detection was calculated to be 4.67 mM.
This system was used for biological imaging in living cells. The
results of several other similar structures are given in Table 1.
The mechanism of lithium ion adsorption and desorption in
crown ether modied spiropyran sensors regardless of crown
ether size is shown in Fig. 4. The important point is that
D
M) Application pH Solvent

Concentration
(mM)

Temperature
(°C) Ref.

67 Medical 7.4
PBS : CH3CN
(1 : 1 v/v)

0.250 — 75

Sensor — Acetonitrile 0–500 25 21

Sensor —
Acetonitrile,
H2O:acetonitrile

0.1–1 — 79

J. Mater. Chem. A, 2023, 11, 26371–26392 | 26375
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Fig. 4 General mechanism in crown ether-modified spiropyran-based sensors (Reproduced with permission from ref. 75. Copyright 2023,
Elsevier).
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spiropyran with the crown ether part in the presence of lithium
ions with or without UV irradiation tends to isomerization to
the merocyanine form.74,76,77 Aer adding Li+ ions, the crown
ether part in the sensor structure chelates with Li+ ions to form
the corresponding complex.21,75–79
Fig. 5 Behavior of HPBO in the presence of lithium ions (Reproduced
with permission from ref. 81. Copyright 2023, Royal Society of
Chemistry).

Fig. 6 Mechanism of lithium ion adsorption by (a) PTCDA (Reproduced
(Reproduced with permission from ref. 89. Copyright 2023, Royal Socie

26376 | J. Mater. Chem. A, 2023, 11, 26371–26392
3. Nitrobenzoxazole-based chemical
sensors

Qin and coworkers80 synthesized a special uorescent
compound for the detection of lithium ions based on 2-(2-
hydroxyphenyl)benzoxazole (HPBO). Based on the coordination
reaction between HPBO and lithium ions (Fig. 5), the uores-
cence intensity increased dramatically with the addition of
lithium ions, which is consistent with the lowest excited singlet
changing from n–p* to p–p* and the increase in the rigidity of
the molecule. The detection limit of lithium ions by this uo-
rophore was calculated to be 0.1 mM. In structures like 2-(2-
hydroxyphenyl)-naphthoxazole (HPNO), the mechanism of
lithium ion adsorption is the same.81,82
with permission from ref. 87. Copyright 2023, Elsevier) and (b) NTCDA
ty of Chemistry).

This journal is © The Royal Society of Chemistry 2023
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4. Coumarin-based chemical sensors

Kumari et al.83 synthesized a coumarin-indole dyad, N-((7-
hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-indole-2-
carboxamide sensor. Lithium ions were added to the synthe-
sized compound and the results showed the binding of lithium
Fig. 7 Mechanism of lithium ion adsorption by (a) PTCDI, (b) naphthalen
permission from ref. 94. Copyright 2023, European Chemical Societies P

This journal is © The Royal Society of Chemistry 2023
to amidic N–H and indolic N–H. The binding energy (BE)
calculation showed that the binding of lithium ions to amidic
N–H is more thermodynamically preferable than indolic N–H.
When the coumarin-indole dyad sensor was coordinated with
Li+ through the amide–N and indolic–N moieties, the uores-
cence intensity increased due to the inhibition of PET. In the
e diimide, and (c) pyromellitic diimide (Reproduced with open access
ublishing).

J. Mater. Chem. A, 2023, 11, 26371–26392 | 26377
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absence of Li+, the lone pair electrons on the amide–N in the
coumarin ring were transferred. This led to the non-radiative
decay of the excited state and the uorescence was turned off.

5. Chemosensors with anhydride
functional groups

Other common uorescent compounds are perylenes. Perylene
tetracarboxylic diimide/dianhydride (PDI or PTCDI/PTCDA) and
their derivatives are suitable molecular structures for use in
sensors to detect alkali metal cations, inorganic anions, etc.84

due to excellent optical and photochemical stability, high
absorption of visible light, and uorescence properties.85,86

PTCDA is a 5-ring aromatic structure with a perylene core and
two anhydride groups.87 PTCDA was investigated as a model
system to explain the mechanism of alkali metal storage by
anhydride functional groups. It is reported that lithium can
Table 2 Naphthalene diimide derivatives as lithium ion adsorbents

Structure A

B

B

R1 = Me R1 = H B
R2 = H R2 = H

Table 3 PTCDI derivatives as lithium ion adsorbents

Structure Application

R1 = H Batteries

Batteries

Batteries

Batteries

26378 | J. Mater. Chem. A, 2023, 11, 26371–26392
react with carbonyl oxygen and increase the electron density
around the carboxylic oxygen (Fig. 6a). Therefore, the electron
density of the perylene core increases and due to the interaction
with lithium, features such as strong bond bending are
observed.88,89 This mechanism is true for naphthalene tetra-
carboxylic dianhydride (NTCDA) (Fig. 6b), which has an anhy-
dride functional group.89

6. Chemosensors with imide
functional groups

PTCDI was investigated as a model system to explain the
mechanism of alkali metal adsorption by imide functional
groups. Aer adding lithium, Li+ replaced the hydrogen atoms
in the imide group and interacted with the imide nitrogen of
PDI. Unlike PTCDA, Li+ showed a weak interaction with oxygen
of the carbonyl group90–92 (Fig. 7a). Structures such as
pplication Solvent Ref.

atteries N-Methyl-2-pyrrolidone (NMP) 94

atteries EC:DMC, DOL:DME 92

atteries — 91

Solvent Temperature (°C) Ref.

— — 90

DCM 25 97

EC/DMC (1 : 1 molar ratio) — 95

NMP — 94

This journal is © The Royal Society of Chemistry 2023
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naphthalene diimide (Fig. 7b) and pyromellitic diimide (Fig. 7c)
that have an imide functional group follow this mechanism.93,94

A number of similar structures are given in Tables 2 and 3.
In multi-carbonyl perylene diimide derivatives, during

lithiation/delithiation processes, the carbonyl groups in the
perylene core and other carbonyl groups from the moieties
connected to the imide and bay regions (such as 2,6-dia-
minoanthraquinone) are suitable places for Li+ ions storage. As
a result, carbonyl groups (C]O) are converted into lithium
enolate (C–O–Li) groups (Fig. 8a).95,96 In polycarbonyl naphtha-
lene diimide derivatives, the mechanism of lithium adsorption
is the same (Fig. 8b).92
7. Cyclic 1,2-diketone-based
chemical sensors

In order to investigate the lithiation/delithiation behavior of
cyclic 1,2-diketones, pyrene-4,5,9,10-tetraone, which contains
Fig. 8 Mechanism of lithium ion adsorption by multi-carbonyl (a)
perylene diimide and (b) naphthalene diimide derivatives (Reproduced
with permission from ref. 95. Copyright 2023, Royal Society of
Chemistry).

This journal is © The Royal Society of Chemistry 2023
two 1,2-diketone units, was studied as a model system. By
reduction of two electrons of a 1,2-diketone unit, two negatively
charged oxygen atoms were created and then a carbon–carbon
double bond was formed. These two oxygen atoms with negative
charge are suitable active sites for coordination with Li+ ions. In
fact, each carbonyl group (C]O) has the ability to adsorb one
lithium ion (Fig. 9).98–102
8. BODIPY-based chemical sensors

In boron dipyrromethane (BODIPY)-based sensors, crown ether
and aza crown ether are attached to BODIPY as ionophores. Two
examples of these structures are given in Table 4. These sensors
were designed based on the ICT process. Aer photoexcitation,
electron transfer from the electron donor (amino group or
oxygen) to the electron withdrawing group (BODIPY) took place
under the ICT process. The interaction of the cation (Li+) with
the electron donor (nitrogen atom of aza crown ether or oxygen
atom of crown ether) inhibited the charge transfer (CT) process
and caused a change in the uorescence intensity. In this
sensor, lithium ions caused spectral changes in the range 0–5
mM.56,103
9. Porphyrin-based chemical sensors

In porphyrins, hydrogen atoms attached to the nitrogen in the
porphyrazine ring are hydrolyzed by the solvent. Then, nitrogen
atoms contain non-bonding electron pairs due to losing the
attached hydrogen. When the lithium ion enters the ring, this
pair of non-bonding electrons forms a dative bond with the
lithium ion. Finally, a coordination structure is formed and
nitrogen atoms act as ligands (Fig. 10).105–110
10. Calix[4]arene-based chemical
sensors

Gulino et al. synthesized a (4-pyridylazo)-25,26,27-
tris(ethoxycarbonylmethoxy)-28-hydroxycalix[4]arene immobi-
lized monolayer (PyAzoC4-IM) (Fig. 11a). This optical chemo-
sensor detected lithium ions at the ppm level (2.5–33.0 ppm)
even in the presence of other cations (Fig. 11b). Among other
cations, lithium ions were placed as a guest inside the calix[4]
arene cavity.111,112
11. 1,10-Phenanthroline-based
chemical sensors

Another type of photochemosensor for lithium ions is based on
1,10-phenanthroline derivatives. The groups at 2 and 9 posi-
tions affect coordination ability with lithium ions. These
substitutions provided the possibility of selective coordination
for lithium ions by forming a small cavity, where a strong
interaction between nitrogen atoms and lithium ions was
established (Fig. 12).113,114
J. Mater. Chem. A, 2023, 11, 26371–26392 | 26379
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Fig. 9 Lithiation/delithiation behavior of (a) cyclic 1,2-diketones and (b) pyrene-4,5,9,10-tetraone (Reproduced with permission from ref. 98.
Copyright 2023, American Chemical Society).

Table 4 BODIPY derivatives as lithium ion adsorbents

Structure
lem
(nm)

lex
(nm) Mechanism

LOD
(mM) Application pH Solvent

Concentration
(mM)

Temperature
(°C) Ref

700 589 ICT 0–5 Sensor — CH3CN 0–5 25 103

— 525 ICT 0.1–100 Sensor 7.4 Water 0.1–100 — 104
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12. Other photochemical sensors

Hangarge and coworkers93 synthesized the chemical sensor of
aza-12-crown-4 ether-substituted naphthalene diimide (NDI-12-
C-4). The aza-12-crown-4 moiety was used for selective binding
of lithium ions (Li+). The uorophore naphthalene diimide
(NDI) has caused signicant optical changes in the presence of
26380 | J. Mater. Chem. A, 2023, 11, 26371–26392
monovalent lithium ions. UV-vis absorption, emission uores-
cence, and naked eye-detection clearly conrmed the selective
and sensitive binding of lithium ions. The detection limit for Li+

ions was calculated to be 5.0 mM. The increase in uorescence
emission indicated that in the absence of lithium ions, photo-
induced electron transfer (PET) occurred from aza-crown to the
NDI uorophore, which resulted in uorescence quenching. On
This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Mechanism of lithium ion adsorption by porphyrins (Reproduced with permission from ref. 109. Copyright 2023, Elsevier).

Fig. 11 (a) Structure of PyAzoC4-IM and (b) absorbance of PyAzoC4-IM in the presence of various cations (Reproducedwith permission from ref.
112. Copyright 2023, European Chemical Societies Publishing).

Fig. 12 Mechanism of Li+ ion adsorption by 1,10-phenanthroline
derivatives (Reproduced with permission from ref. 113. Copyright
2023, Royal Society of Chemistry).
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the other hand, in the presence of Li+, the suppression of PET or
in other words “PET-OFF” from aza-crown ether to NDI was
occurred, which increased the uorescence emission.93,115

Grabchev et al.116 synthesized a polyamidoamine dendrimer
modied with 4-hexylamino-1,8-napthalimide as a uorescent
and photochromic sensor for the detection of lithium ions.117 In
the alkaline media (in the presence of NaOH), deprotonation of
the hexylamino groups at the C-4 position of the 1,8-naph-
thalimide structure was performed. Then, the lithium ion
attacked the negative charge created in the nitrogen atom,
which led to its neutralization and as a result the color changed
from red to yellow and increased uorescence intensity
(Fig. 13). It is noteworthy that only in the alkaline medium (in
the presence of NaOH) the dendrimer core was coordinated
with the Li+ cations. The detection range of this sensor for Li+

ions was 1–30 mM. The increase in uorescence intensity aer
this concentration was very negligible.

Li et al.118 synthesized two organic molecules 1,3,5-tri(9,10-
anthraquinonyl)benzene (TAQB) (Fig. 14a) and 5,7,12,14-pen-
tacenetetrone (PT) (Fig. 14b) as cathode electrodes used in
lithium ion batteries. The adsorption mechanism of lithium
This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 26371–26392 | 26381
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Fig. 13 Mechanism of lithium ion adsorption by polyamidoamine dendrimer modified with 4-hexylamino-1,8-napthalimide (a), change of the
absorption spectra (b), and fluorescence spectra (c) of dendrimer + NaOH upon addition of Li+ cations (C = 0–30 mM) (Reproduced with
permission from ref. 116. Copyright 2023, Elsevier).
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ions in these two organic molecules was conducted by the
coordination between lithium ions and the oxygen of the
carbonyl group. During the redox reactions, the C]O bonds in
TAQB and PT became the = C–O bonds of enolate groups. This
process was repeated continuously during the charging and
discharging cycle of the battery. The color change in both
organic molecules was observed with the naked eye and the
intensity of the absorption peaks in the UV-vis diagrams
increased with the binding of lithium ions to the desired
molecules.118

Due to their small size and strong hydration in aqueous
environments, lithium alkali metals exhibit weak coordination
ability in aqueous environments.119 Also, common sensors for
lithium ion detection, which are based on cryptands,120 crown
26382 | J. Mater. Chem. A, 2023, 11, 26371–26392
ethers121 and other organic chromophores, show poor bonding
properties in aqueous environments due to their insolubility in
water.122 Therefore, they are only used in organic phases. Kaur
and coworkers synthesized an optical sensor based on uores-
cent organic nanoparticles. This sensor successfully detected
lithium ions in aqueous environments. The synthesized sensor
was based on the Biginelli compound which was made in the
form of organic nanoparticles (ONPs) through a “bottom-up”
technique. In binding Li+ ions with the receptor, the uores-
cence intensity increased due to strong interactions between Li+

ions and ONPs. Li+ ions interacted with the nitro group of the 2-
nitrophenyl moiety and by suppressing the PET, the uores-
cence was switched on (Fig. 15). As the amount of Li+ increased,
This journal is © The Royal Society of Chemistry 2023
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Fig. 14 Mechanism of lithium ion adsorption by (a) PT and (b) TAQB (Reproduced with permission from ref. 118. Copyright 2023, Wiley).
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the uorescence intensity increased linearly. The detection
limit of this sensor for Li+ ions was calculated to be 122 nM.123

Li et al. synthesized two stable bifunctional perylene imide
radicals for use in organic lithium batteries in order to increase
Fig. 15 Mechanism of lithium ion adsorption by ONPs (Reproduced with

This journal is © The Royal Society of Chemistry 2023
capacity and high energy efficiency. Perylene diimide (PDI) was
modied from bay and imide positions and two compounds
perylene-1-(4-hydroxy-2,6-di-tert-butylphenyl)-3,4:9,10-tricar-
boxylic-3,4:9,10-bis(2,6-diisopropylphenyl)imide (PTBI) and
permission from ref. 123. Copyright 2023, Royal Society of Chemistry).

J. Mater. Chem. A, 2023, 11, 26371–26392 | 26383
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Fig. 16 Mechanism of lithium ion adsorption by bifunctional perylene
imide (Reproduced with permission from ref. 124. Copyright 2023,
European Chemical Societies Publishing).
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benzo[ghi]perylene-1-mono(4-hydroxyphenyl)-3,4,6,7,9,10-hex-
acarboxylic3,4:6,7:9,10-tri(2,6-diisopropylphenyl)imide (BPHI)
were obtained and bifunctional radicals (PTBI)c and (BPHI)c
were prepared through chemical/electrochemical reactions. The
proposed mechanism for PTBI and BPHI is that rst the pure
phenoxyl radical (PTBIc) was transformed into its lithium
Fig. 17 Behavior of rotaxane in the presence of lithium ions (Reproduce
Society).

26384 | J. Mater. Chem. A, 2023, 11, 26371–26392
phenolate salt by taking a lithium ion and an electron. Then,
the two carbonyl groups in the PDI skeleton are coordinated
with lithium ions. In BPHI, in addition to these reactions, due
to the presence of maleimide units and as a result two other
active carbonyl groups in the bay position, another reaction was
performed with lithium ion s(Fig. 16).124

Tarazi et al.125 modied a heptamethine cyanine dye (IR-786)
with crown ether (15-crown-5) (JCM-15C5) and investigated its
spectral properties. By complexing lithium ions with the iono-
phore (crown ether) moiety of the dye, its photophysical prop-
erties changed. In fact, lithium ions decreased the uorescence
intensity of JCM-15C5. It was proved by Barzykin that Li+ ions
formed complexes with benzocrown-5-ether moieties of the
ligand.126 Intramolecular charge transfer (ICT) from the donor
moiety (amino group) to the acceptor moiety (N+ of the pyr-
idymerine ring) caused the uorescence emission of JCM-15C5.
The detection range of this sensor for Li+ ions was 7.43 × 10−2

ppb.125 Hiratani and coworkers127 synthesized rotaxane through
covalent bond formation. In this compound, a small 3D cavity is
created by the ring and chain connected to the macrocycle. This
cavity had several ether oxygen atoms and amide groups.
Lithium ions with the smallest ionic radius among other alkali
metal ions were placed inside the formed 3D cavity as a guest
species. Lithium ions reacted with polyether and carbonyl
d with permission from ref. 127. Copyright 2023, American Chemical

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Mechanism of Li+ ion adsorption by (a) thiacalix[4]crown (Reproduced with permission from ref. 129. Copyright 2023, Royal Society of
Chemistry), (b) salophen-UO2 homodimeric complex (Reproduced with permission from ref. 130. Copyright 2023, American Chemical Society),
and (c) ruthenium-based metallacrown complex (Reproduced with permission from ref. 131. Copyright 2023, Royal Society of Chemistry).
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amide oxygen atoms and the uorescence intensity increased
greatly (Fig. 17).

Gunnlaugsson et al. synthesized a uorescent chemosensor
for lithium ion detection, which consists of moieties such as
diaza-9-crown-3 as an acceptor, naphthalene as a uorophore,
and a chiral methyl substituted spacer. With Li+ ion complex-
ation, protons in crown ether, a-CH2 (present in pendent arms),
protons of chiral centers, and amide were also affected. Most
likely, the lithium ion was placed in the lower part of the crown
ether aer binding, where the amide also participated in the
binding.128 In optical chemosensors based on thiacalix[4]
This journal is © The Royal Society of Chemistry 2023
crown,129 salophen-UO2 homodimeric complex,130 and
ruthenium-based metallacrown complexes,131 according to the
position of the oxygen atom in the crown ether ring, two cova-
lent bonds were observed by connecting to the surrounding
atoms. However, it still has 2 pairs of non-bonding electrons.
When Li+ entered this ring, due to higher electronegativity of
the oxygen atom, it shared its non-bonding electron pair as
a dative bond with Li+ (Fig. 18).

In optical chemosensors based on derivatives of 14-crown-4
containing chromogens such as nitrophenol and azophenol,
lithium ions were placed inside the crown ether cavity (Fig. 19).
J. Mater. Chem. A, 2023, 11, 26371–26392 | 26385
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Fig. 19 Mechanism of Li+ ion adsorption by derivatives of 14-crown-4 (Reproduced from ref. 132, Copyright 2023, Chemical Society of Japan).

Fig. 20 Mechanism of Li+ ion adsorption by the arsenic salt Thoron
(Reproduced with permission from ref. 133. Copyright 2023, Elsevier).
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Aer the formation of the lithium ion complex with the nitro-
phenol crown, a color change from pale yellow to dark yellow
was observed, and with the azophenol crown, a color change
from yellow to orange was observed.132

Trautman et al. introduced the arsenic salt Thoron for the
detection of lithium in blood serum. Lithium ions were
coordinated with the nitrogen atom of the azobenzene group
26386 | J. Mater. Chem. A, 2023, 11, 26371–26392
as well as the oxygen atoms of the phenolate and arsenate
groups (Fig. 20), which led to a bathochromic shi at
480 nm.133

13. Conclusions

Herein, photochemical sensors of lithium ion detection have
been surveyed considering the effect of the chemical structure
on the performance of sensors. A number of chemical sensors
for lithium ion detection based on crown ethers and organic
chromophores are surveyed. Crown ether derivatives contain-
ing a uorescent moiety are attractive tools for optical sensing
of metal ions. In the ionophore section of all chemical sensors,
one of the two electron-donating atoms of oxygen and nitrogen
is necessarily present, which has caused a change in the
optical properties of the sensor through coordination with
lithium ions. In the presence of both electron-donating atoms,
the nitrogen atom has a greater tendency to coordinate with
the lithium ion. The presence of nitrogen-containing func-
tional groups such as amides, imides, amines, azo
compounds, etc. or oxygenated functional groups such as
aldehydes, ketones, quinones, esters, anhydrides, carbonyls,
This journal is © The Royal Society of Chemistry 2023
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etc. makes suitable active sites for coordination with lithium
ions. In conclusion, the use of lithium ion sensors for the
detection of ion concentration in different systems makes it
able to predict the system performance in the elds of appli-
cation such as lithium ion batteries, medical and pharma-
ceutical applications, etc. This can be performed successfully
using oxygen- and nitrogen-containing functional groups in
the structure of sensors that help coordination of lithium ions
with the sensor structure.
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(LiAlSi4O10)
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Petalite

(PET)
 Photo-induced electron transfer

(ICT)
 Intramolecular charge transfer

(FRET)
 Fluorescence resonance energy transfer

(SP)
 Spiropyran

(MC)
 Merocyanine

(UV-vis)
 Ultraviolet-visible

(HPBO)
 2-(2-Hydroxyphenyl)benzoxazole

(HPNO)
 2-(2-Hydroxyphenyl)-naphthoxazole

(BE)
 Binding energy

(PDI or
PTCDI)
Perylene-3,4,9,10-tetracarboxylic diimide
(PTCDA)
 Perylene-3,4,9,10-tetracarboxylic dianhydride

(NTCDA)
 Naphthalenetetracarboxylic dianhydride

(PMDA)
 Pyromellitic dianhydride

(NDI-12-C-4)
 Aza-12-crown-4 ether-substituted naphthalene

diimide

(NDI)
 Naphthalene diimide

(TAQB)
 1,3,5-Tri(9,10-anthraquinonyl)benzene

(PT)
 5,7,12,14-Pentacenetetrone

(ONP)
 Organic nanoparticles

(PTBI)
 Perylene-1-(4-hydroxy-2,6-di-tert-butylphenyl)-

3,4:9,10-tricarboxylic-3,4:9,10-bis(2,6
diisopropylphenyl)imide
(BPHI)
 Benzo[ghi]perylene-1-mono(4-hydroxyphenyl)-
3,4,6,7,9,10-hexacarboxylic3,4:6,7:9,10-tri(2,6-
diisopropylphenyl)imide
(IR-786)
 Heptamethine cyanine dye

(JCM-15C5)
 (IR-786) modied with 15-crown-5

(BODIPY)
 Boron dipyrromethane

(CT)
 Charge transfer

(PyAzoC4-
IM)
(4-Pyridylazo)-25,26,27-
tris(ethoxycarbonylmethoxy)-28-hydroxycalix[4]
arene immobilized monolayer
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G. Bocci, Valproate and lithium: Old drugs for new
pharmacological approaches in brain tumors?, Cancer
Lett., 2023, 216125, DOI: 10.1016/j.canlet.2023.216125.

9 P. E. Keck, S. L. McElroy, S. M. Strakowski, et al.,
Antipsychotics in the treatment of mood disorders and
risk of tardive dyskinesia, J. clin. psychiatry., 2000, 61, 33–38.

10 C. Lennkh and C. Simhandl, Current aspects of valproate in
bipolar disorder, Int. Clin. Psychopharmacol., 2000, 15, 1–11,
DOI: 10.1097/00004850-200015010-00001.

11 R. Jope, Anti-bipolar therapy: mechanism of action of
lithium, Mol. Psychiatry., 1999, 4, 117–128, DOI: 10.1038/
sj.mp.4000494.

12 J. K. Rybakowski, Response to lithium in bipolar disorder:
clinical and genetic ndings, ACS Chem. Neurosci., 2014,
5, 413–421, DOI: 10.1021/cn5000277.

13 N. J. Birch, Inorganic pharmacology of lithium, Chem. Rev.,
1999, 99, 2659–2682, DOI: 10.1021/cr9804240.
J. Mater. Chem. A, 2023, 11, 26371–26392 | 26387

https://doi.org/10.1021/cr00090a003
https://doi.org/10.1021/cr00002a003
https://doi.org/10.1016/j.est.2023.109311
https://doi.org/10.1016/j.jelechem.2023.117831
https://doi.org/10.1016/j.est.2023.107836
https://doi.org/10.1038/nature15526
https://doi.org/10.3390/life13020537
https://doi.org/10.1016/j.canlet.2023.216125
https://doi.org/10.1097/00004850-200015010-00001
https://doi.org/10.1038/sj.mp.4000494
https://doi.org/10.1038/sj.mp.4000494
https://doi.org/10.1021/cn5000277
https://doi.org/10.1021/cr9804240
https://doi.org/10.1039/d3ta06113b


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
6 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 0
6.

02
.2

02
6 

13
:2

6:
56

. 
View Article Online
14 J. Zhong and W.-H. Lee, Lithium: a novel treatment for
Alzheimer's disease?, Expert Opin. Drug Saf., 2007, 6, 375–
383, DOI: 10.1517/14740338.6.4.375.

15 C. J. Phiel, C. A. Wilson, V. M.-Y. Lee, et al., GSK-3a
regulates production of Alzheimer's disease amyloid-
b peptides, Nature, 2003, 423, 435–439, DOI: 10.1038/
nature01640.

16 K. Berman, J. Dziuba, C. Hamilton, et al., The Lithium Ion
Battery and the EV Market: the Science behind what You
Can't See. BMO Capital Markets Report. 2018.

17 S. E. Kesler, P. W. Gruber, P. A. Medina, et al., Global
lithium resources: Relative importance of pegmatite,
brine and other deposits, Ore Geol. Rev., 2012, 48, 55–69,
DOI: 10.1016/j.oregeorev.2012.05.006.

18 J. F. Song, L. D. Nghiem, X.-M. Li, et al., Lithium extraction
from Chinese salt-lake brines: opportunities, challenges,
and future outlook, Environ. Sci.: Water Res. Technol.,
2017, 3, 593–597, DOI: 10.1039/C7EW00020K.

19 T. G. Goonan, Lithium Use in Batteries, 2012, DOI: 10.3133/
cir1371.

20 H. Ambrose and A. Kendall, Understanding the future of
lithium: Part 2, temporally and spatially resolved life-cycle
assessment modeling, J. Ind. Ecol., 2020, 24, 90–100, DOI:
10.1111/jiec.12942.

21 D. Stubing, S. Heng and A. Abell, Crowned spiropyran
uoroionophores with a carboxyl moiety for the selective
detection of lithium ions, Org. Biomol. Chem., 2016, 14,
3752–3757, DOI: 10.1039/C6OB00468G.

22 A. Besekar and R. J. Immanuel, Detection of Lithium
Carbonate: A Deadly Medicines and its Effects in Human
Body, International Journal of Novel Research and
Development, 2023, 8(8), e51–e85, DOI: 10.1729/
Journal.35942.

23 J. R. Geddes and D. J. Miklowitz, Treatment of bipolar
disorder, The lancet, 2013, 381, 1672–1682, DOI: 10.1016/
S0140-6736(13)60857-0.

24 M. Dry, Extraction of lithium from brine—old and new
chemistry, Extraction, 2018: Proceedings of the First Global
Conference on Extractive Metallurgy, Springer, 2018, DOI:
10.1007/978-3-319-95022-8_187.

25 L. Zhang, Z. Xu and Z. He, Electrochemical relithiation for
direct regeneration of LiCoO2 materials from spent lithium-
ion battery electrodes, ACS Sustain. Chem. Eng., 2020, 8,
11596–11605, DOI: 10.1021/acssuschemeng.0c02854.

26 A. Zardehi-Tabriz, Y. Ghayebzadeh, A. E. Gerdroodbar,
M. Golshan, H. Roghani-Mamaqani and M. Salami-
Kalajahi, Polyampholyte polymers-based sensors: a review
on stimuli and applications, Macromol. Mater. Eng., 2023,
2300179, DOI: 10.1002/mame.202300179.

27 S.-A. Safavi-Mirmahalleh, M. Golshan, B. Gheitarani,
M. S. Hosseini and M. Salami-Kalajahi, A review on
applications of coumarin and its derivatives in
preparation of photo-responsive polymers, Eur. Polym. J.,
2023, 198, 112430, DOI: 10.1016/j.eurpolymj.2023.112430.

28 B. Gheitarani, M. Golshan, S.-A. Safavi-Mirmahalleh,
M. Salami-Kalajahi, M. S. Hosseini and A. A. Alizadeh,
Fluorescent polymeric sensors based on N-(rhodamine-
26388 | J. Mater. Chem. A, 2023, 11, 26371–26392
6G) lactam-N'-allyl-ethylenediamine and 7-(allyloxy)-2H-
chromen-2-one for Fe3+ ion detection, Colloids Surf., A,
2023, 656, 130473, DOI: 10.1016/j.colsurfa.2022.130473.

29 A. Nag, R. B. Simorangkir, D. R. Gawade, et al., Graphene-
based wearable temperature sensors: A review, Mater.
Des., 2022, 110971, DOI: 10.1016/j.matdes.2022.110971.

30 J. R. Stetter, W. R. Penrose and S. Yao, Sensors, chemical
sensors, electrochemical sensors, J. Electrochem. Soc.,
2003, 150, S11, DOI: 10.1149/1.1539051.

31 R. Paolesse, S. Nardis, D. Monti, et al., Porphyrinoids for
chemical sensor applications, Chem. Rev., 2017, 117,
2517–2583, DOI: 10.1021/acs.chemrev.6b00361.

32 H. Jiang, S. Kelch and A. Lendlein, Polymers move in
response to light, Adv. Mater., 2006, 18, 1471–1475, DOI:
10.1002/adma.200502266.

33 P. Shende, B. Prabhakar and A. Patil, Color changing
sensors: A multimodal system for integrated screening,
TrAC, Trends Anal. Chem., 2019, 121, 115687, DOI:
10.1016/j.trac.2019.115687.

34 A. P. VS, P. Joseph, K. D. SCG, et al., Colorimetric sensors for
rapid detection of various analytes,Mater. Sci. Eng. C., 2017,
78, 1231–1245, DOI: 10.1016/j.msec.2017.05.018.

35 Z. Gerdan, Y. Saylan and A. Denizli, Recent Advances of
Optical Sensors for Copper Ion Detection, Micromachines,
2022, 13, 1298, DOI: 10.3390/mi13081298.

36 H. Xia, K. Xie and G. Zou, Advances in spiropyrans/
spirooxazines and applications based on uorescence
resonance energy transfer (FRET) with uorescent
materials, Molecules, 2017, 22, 2236, DOI: 10.3390/
molecules22122236.

37 L. Xue, Y. Pan, S. Zhang, et al., Fluorescent azobenzene-
containing compounds: from structure to mechanism,
Crystals, 2021, 11, 840, DOI: 10.3390/cryst11070840.

38 T. Ichikawa, M. Morimoto, H. Sotome, et al.,
Photochromism of diarylethene derivatives having
benzophosphole and benzothiophene groups, Dyes Pigm.,
2016, 126, 186–193, DOI: 10.1016/j.dyepig.2015.11.023.

39 S. Oak, Mechanical Properties of PDMS and the Use of Hybrid
Polymer-Graed Carbon Microspheres as Stimuli-Responsive
Lubricating Particles, Tulane University School of Science
and Engineering, 2020.

40 K. Ichimura, Photochromic polymers, Physicochemical
Studies, Biological Applications, and Thermochromism,
Organic Photochromic and Thermochromic Compounds,
2002, vol 2, pp. 9–63.

41 M. Golshan, B. Gheitarani, M. Salami-Kalajahi and
M. S. Hosseini, Synthesis and characterization of
uorescence poly(amidoamine) dendrimer-based
pigments, Sci. Rep., 2022, 12, 15180, DOI: 10.1038/s41598-
022-19712-5.

42 T. Rasheed, M. Bilal, F. Nabeel, et al., Fluorescent sensor
based models for the detection of environmentally-related
toxic heavy metals, Sci. Total Environ., 2018, 615, 476–485,
DOI: 10.1016/j.scitotenv.2017.09.126.

43 D. Wu, A. C. Sedgwick, T. Gunnlaugsson, et al., Fluorescent
chemosensors: the past, present and future, Chem. Soc.
Rev., 2017, 46, 7105–7123, DOI: 10.1039/C7CS00240H.
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1517/14740338.6.4.375
https://doi.org/10.1038/nature01640
https://doi.org/10.1038/nature01640
https://doi.org/10.1016/j.oregeorev.2012.05.006
https://doi.org/10.1039/C7EW00020K
https://doi.org/10.3133/cir1371
https://doi.org/10.3133/cir1371
https://doi.org/10.1111/jiec.12942
https://doi.org/10.1039/C6OB00468G
https://doi.org/10.1729/Journal.35942
https://doi.org/10.1729/Journal.35942
https://doi.org/10.1016/S0140-6736(13)60857-0
https://doi.org/10.1016/S0140-6736(13)60857-0
https://doi.org/10.1007/978-3-319-95022-8_187
https://doi.org/10.1021/acssuschemeng.0c02854
https://doi.org/10.1002/mame.202300179
https://doi.org/10.1016/j.eurpolymj.2023.112430
https://doi.org/10.1016/j.colsurfa.2022.130473
https://doi.org/10.1016/j.matdes.2022.110971
https://doi.org/10.1149/1.1539051
https://doi.org/10.1021/acs.chemrev.6b00361
https://doi.org/10.1002/adma.200502266
https://doi.org/10.1016/j.trac.2019.115687
https://doi.org/10.1016/j.msec.2017.05.018
https://doi.org/10.3390/mi13081298
https://doi.org/10.3390/molecules22122236
https://doi.org/10.3390/molecules22122236
https://doi.org/10.3390/cryst11070840
https://doi.org/10.1016/j.dyepig.2015.11.023
https://doi.org/10.1038/s41598-022-19712-5
https://doi.org/10.1038/s41598-022-19712-5
https://doi.org/10.1016/j.scitotenv.2017.09.126
https://doi.org/10.1039/C7CS00240H
https://doi.org/10.1039/d3ta06113b


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
6 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 0
6.

02
.2

02
6 

13
:2

6:
56

. 
View Article Online
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