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Lithium sensors based on photophysical changes of
1-aza-12-crown-4 naphthalene derivatives
synthesized via Buchwald—Hartwig aminationy
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Lithium detection is of great significance in many applications. Lithium-sensing compounds with high
selectivity are scarce and, if any, complicated to synthesize. We herein report a novel yet simple
compound that can detect lithium ions in an organic solvent through changes in absorbance and
fluorescence. Naphthalene functionalized with 1-aza-12-crown-4 (1) was synthesized via one step from
commercially available 1-bromonaphthalene through Buchwald—Hartwig amination. In order to obtain
a structure—property relationship, we also synthesized two other compounds that are structurally similar
to 1, wherein the compounds 2 and 3 include an imide moiety (an electron acceptor) and do not include
a 1-aza-12-crown-4 unit, respectively. Upon the addition of lithium ions, compound 1 displayed a clear
isosbestic point in the absorption spectra and a new peak in the fluorescence spectra, whereas the
compounds 2 and 3 indicated miniscule and no spectroscopic changes, respectively. *H NMR titration
studies and the calculated optimized geometry from density functional theory (DFT) indicated the lithium
binding on the aza-crown. The calculated limit of detection (LOD) was 21 uM. The lithium detection with
1 is selective among other alkali metals (Na*, K*, and Cs™). DFT calculation indicated that the lone pair

Received 12th September 2022 . . . . . . L .
Accepted 2nd Novernber 2022 electrons in the nitrogen atom of 1 is delocalized yet available to bind lithium, whereas the nitrogen lone
pair electrons of 2 showed significant intramolecular charge transfer to the imide acceptor, resulting in

DOI: 10.1035/d2ra05746h a high dipole moment, and thus were unavailable to bind lithium. This work elucidates the key design
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1. Introduction

For advanced electronic technology,*? lithium has served as one
of the most important elements in the past few decades. Due to
the surging demand fpr lithium-ion batteries used in personal
electronics and electric vehicles, lithium extraction technology
is garnering tremendous attention for sustainable production
of lithium. Lithium is extracted from primary sources (e.g:,
lithium-rich brine) as well as from secondary sources (e.g., spent
lithium-ion batteries), wherein organic solvents such as PC-88A
serve as extractants that acquire lithium from aqueous
solution.>® To determine the lithium concentration in the
extracted organic phase, generally ranging from a few to
hundreds of millimolar concentrations, instruments such as
ICP-OES (inductively coupled plasma-optical emission spec-
troscopy) are currently employed.®® However, these instru-
ments require prolonged sample preparation steps and
measurement time. Therefore, methods that enable more
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parameters for future lithium sensors.

efficient and prompt determination of lithium concentrations
need to be developed.

Various lithium sensing strategies, such as electrochemical
detection,®™* fiber-based sensors,” a flow-through optode,**
and  photophysical  (absorbance and  fluorescence)
transduction,”™ have been developed. Among them is the
photophysical method that exhibits superior utility owing to the
apparent optical changes without interpretation of complex
data, fast measurement time, and facile sample preparation
procedures. The working principles of these spectroscopic
lithium sensors are grounded on chelation-induced photo-
physical changes,**" including intramolecular charge transfer
(ICT),” photoinduced electron transfer (PET),* Forster reso-
nance energy transfer (FRET),>* and excited-state intramolecular
proton-transfer (ESIPT).> To build the optical sensors, chemists
design a sensor that consists of two parts: an ionophore for
selective lithium binding and a chromophore/fluorophore for
optical changes.”*** While various lithium-chelating ligands
have been developed including porphyrins,*-*® phenanthro-
lines,” and calixarenes,*®* crown ethers and their
derivatives®*~* are known to show strong affinity to lithium over
sodium and potassium, particularly in the case of 12-crown-4
and 14-crown-4 given the cavity size. Chromo- and fluo-
rophores are small molecular dyes, such as acenes,*® squaraine
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dyes,*”” BODIPY,*** coumarins,'** quinoxaline,” and naph-
thalimides."” However, these probes functionalized with crown
ethers often possess complex molecular structures that require
multiple synthetic steps to prepare.

Herein, we report a structurally simple lithium sensor (1,
referred to as Naph-Crown) containing naphthalene with 1-aza-
12-crown-4 (Fig. 1a). In spite of the simplicity, this molecule has
never been reported. To understand the structure-property
relationship, we also designed and synthesized the compounds
2 (NMI-Crown, wherein NMI stands for naphthalene mono-
imide) and 3 (NMI-Br) (Fig. 1a). Our initial hypothesis was that
the compound 2 was believed to undergo ICT upon photo-
excitation with the appearance of a longer absorption band
(ICT band), which would disappear if lithium were bound to the
crown ether. However, we observed minute absorbance and
fluorescence changes. Unexpectedly, the compound 1 exhibited
unequivocal ratiometric absorbance changes and the genera-
tion of a new fluorescence peak (Fig. 1b). The sensor was not
responsive to Na', K', and Cs" in both absorbance and fluo-
rescence, presenting selectivity among alkali metals. An addi-
tional advantage of the sensor 1 is that it can be readily
synthesized only one step from a commercially available start-
ing material through Buchwald-Hartwig amination, suggesting

the great possibility of practical applications and
commercialization.
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Fig. 1 Overview of this work. (a) Three naphthalene derivatives with
a donor (1), a donor—acceptor (2), and an acceptor (3), were synthe-
sized to test a response to lithium ions. (b) The Naph-Crown 1 showed
ratiometric absorption/fluorescence responses (only fluorescence
was indicated) upon the addition of lithium, whereas the NMI-Crown
(2) with a strong ICT characteristic had miniscule responses. NMI-Br (3)
was used as a control sensor lacking a crown ligand.
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2. Materials and methods
2.1 General

Chemicals were purchased from Sigma-Aldrich, TCI, Daejung
Chemicals, Samchun Chemicals, and Duksan Chemicals
without further purification unless noted otherwise. All reac-
tions were carried out under argon with standard Schlenk
techniques. Dry solvents were prepared with activated 4 A
molecular sieves. All 'H NMR and *C NMR are reported in ppm
on a JEOL ECS 400 MHz NMR spectrometer. "H NMR is refer-
enced to a chloroform peak (6 = 7.26 ppm) or an acetonitrile
peak (6 = 1.94 ppm) for NMR titration studies with lithium. The
multiplicity is reported as follows: s = singlet, d = doublet, dd =
doublet of doublet, t = triplet, m = multiplet or unresolved, br
= broad. Coupling constants J are reported in Hz. **C NMR is
referenced to chloroform (6 = 77.16 ppm). High-resolution
mass spectrometry (HRMS) using electrospray ionization (ESI)
in a positive mode was performed with AB SCIEX Q-TOF 5600.
UV-vis spectra were recorded on a Scinco Mega U600 UV-vis
spectrophotometer at room temperature. Fluorescence
measurements were performed at room temperature with
a Hitachi F-7000 (150 W xenon lamp).

2.2 Synthesis of 1 (Naph-Crown)

To the flame-dried Schlenk flask, 1-bromonaphthalene
(0.97 mmol, 1.00 equiv., 200 mg), 1-aza-12-crown-4 (1.11 mmol,
1.14 equiv., 193 mg), Pd,(dba); (0.0097 mmol, 0.01 equiv., 9
mg), DavePhos (0.058 mmol, 0.06 equiv., 23 mg), and NaOtBu
(1.35 mmol, 1.4 equiv., 130 mg) were dissolved in 1.7 mL of dry
toluene, and this mixture was degassed with argon. The reac-
tion mixture was heated and stirred at 90 °C for 25 h. After
cooling down to room temperature, the solvent was evaporated
in vacuo. The mixture was purified with column chromatog-
raphy (hexane : ethyl acetate = 1: 1), producing a dark yellow oil
(185 mg, 63% yield). '"H NMR (400 MHz, CDCl;) 6 8.66 (d, J =
8.2 Hz, 1H), 7.82 (dd, J = 7.4, 1.8 Hz, 1H), 7.56 (d, J = 8.1 Hz,
1H), 7.54-7.43 (m, 2H), 7.40 (t, ] = 7.8 Hz, 1H), 7.23 (d, J =
7.4 Hz, 1H), 3.83-3.73 (m, 12H), 3.46 (t, ] = 4.8 Hz, 4H). *C NMR
(101 MHz, CDCl;) 6 149.21, 135.11, 130.79, 128.11, 125.89,
125.63, 125.40, 124.77, 123.71, 117.89, 71.55, 71.05, 70.18,
54.66. HRMS (ESI) calculated for C;sH,yNO; (M + HJ)
302.1751; found, 302.1747.

2.3 Synthesis of 2 (NMI-Crown)

To the flame-dried Schlenk flask, N-butyl-4-bromo-1,8-
naphthalimide (0.60 mmol, 1.00 equiv., 200 mg), 1-aza-12-
crown-4 (0.68 mmol, 1.14 equiv.,, 120 mg), Pd,(dba);
(0.006 mmol, 0.01 equiv., 5.5 mg), DavePhos (0.036 mmol, 0.06
equiv., 14 mg), and NaO¢Bu (0.840 mmol, 1.4 equiv., 81 mg)
were dissolved in 1.5 mL of dry toluene, and this mixture was
degassed with argon. The reaction mixture was heated and
stirred at 100 °C for 20 h. After cooling down to room temper-
ature, the solvent was evaporated in vacuo. The mixture was
purified with column chromatography (dichloromethane : ethyl
acetate = 1:1), producing a dark yellow solid (75 mg, 29%
yield). Melting point 60-61 °C. "H NMR (400 MHz, CDCl;) 6 9.09
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(d,J = 8.5 Hz, 1H), 8.58 (d, J = 7.2 Hz, 1H), 8.49 (d, J = 8.2 Hz,
1H), 7.68 (t,] = 8.1 Hz, 1H), 7.31 (br, 1H), 4.17 (t,] = 7.8 Hz, 2H).
3.90-3.55 (m, 16H), 1.76-1.62 (m, 2H), 1.50-1.37 (m, 2H), 0.96 (t,
J=7.3 Hz). *C NMR (101 MHz, CDCl;) 6 164.68, 164.10, 132.07,
131.99, 131.25, 130.48, 127.10, 125.41, 122.93, 115.61, 71.31,
71.26, 69.12, 54.35, 40.08, 30.32, 20.47, 13.95. HRMS (ESI)
calculated for C,,H;,N,0;5 ([M + H]") 427.2227; found, 427.2226.

2.4 Synthesis of 3 (NMI-Br)

To the flame-dried Schlenk flask, 4-bromo-1,8-naphthalic
anhydride (3.6 mmol, 1.00 equiv., 1 g) was added and dis-
solved in 8.3 mL of ethylene glycol. n-Butylamine (5.4 mmol, 1.5
equiv., 0.53 mL) was added, and the mixture was stirred at 160 °©
C for 12 h. After cooling down to room temperature, 2 M HCI
(aq.) was added, and the mixture was extracted three times with
dichloromethane. The combined organic phase was dried over
MgSO,, filtered, and concentrated in vacuo. The crude mixture
was purified with column chromatography (hexane :ethyl
acetate = 4 : 1), producing an off-yellow solid (1.07 g, 89% yield).
Melting point 99 °C. "H NMR (400 MHz, CDCl;) 6 8.67 (dd, J =
7.3,1.2 Hz, 1H), 8.58 (dd, J = 8.7, 1.3 Hz, 1H), 8.42 (d,J = 7.8 Hz,
1H), 8.05 (d, = 7.8 Hz, 1H), 7.86 (dd, J = 8.6, 7.4 Hz, 1H), 4.18 (t,
J=7.8 Hz, 2H), 1.76-1.66 (m, 2H), 1.51-1.39 (m, 2H), 0.98 (t, ] =
7.3 Hz, 3H).

2.5 DFT calculation

The ORCA 5.0 software program® was used to calculate frontier
molecular orbitals. The gas-phase ground state molecular
geometry optimizations were carried out in B3LYP hybrid
exchange-correlation functional*® with the 6-31G* basis set.*

Cartesian coordinates of optimized structures of the
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Scheme1l Synthetic procedures to prepare the compounds 1, 2,and 3
through Buchwald—Hartwig amination.
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compounds 1, 2, and 1 + LiCl were included in ESI.{ Avogadro
software program was used to display HOMO and LUMO.

2.6 Photophysical analysis

Naph-Crown, NMI-Crown, and NMI-Br were dissolved in
acetonitrile (ACN) at a concentration of 0.01 or 0.025 mM (for
absorption) and 0.1 mM (for fluorescence). Lithium perchlorate
with a concentration of 100 mM was prepared in ACN. For the
UV-vis and fluorescence experiments, 2 mL of the solution was
aliquoted into a quartz cuvette, and the lithium solution was
subsequently added. The experiments with other alkali metals
were performed in an identical way with perchlorate salts. For
potassium and cesium, the saturated solutions were used.

3. Results and discussion

We employed naphthalene as a chromo/fluorophore and 1-aza-
12-crown-4 as a selective ligand for lithium. Although various
naphthalene-based dyes have been developed,** Naph-Crown (1)
in this work has never been reported. This molecule possesses
a nitrogen atom that is moderately conjugated to the naph-
thalene ring (Fig. 1a). To understand the effect of lithium
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Fig. 2 (a) UV-vis spectra of the compounds 1, 2, and 3. Naph-Crown
(1) showed an absorption maximum at 315 nm, and NMI-Crown (2)
indicated the significantly red-shifted maximum at 417 nm due to
strong ICT. NMR-Br (3) had an absorption maximum at 340 nm. (b)
DFT calculation and frontier molecular orbitals. Owing to the electron
acceptor, HOMO and LUMO levels were lowered and LUMO of 2 was
shifted to the imide moiety.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chelation and ratiometric sensor responses, we additionally
prepared an ICT-type molecule, NMI-Crown (2). Generally, ICT-
type sensors are known to exhibit clear ratiomentric sensor
responses,*** although our result indicated disparate behav-
iors (vide infra). The NMI-Br (3) lacking the crown ether was
selected as a control molecular sensor.

The syntheses of the compounds 1, 2, and 3 were shown in
Scheme 1. For the synthesis of 1, Buchwald-Hartwig cross-
coupling reactions were considered,’>*" and previously, N-aryl-
aza-crown ethers were prepared using a DavePhos ligand with
high yields.>” Hence, we used a similar Buchwald-Hartwig
condition. The reaction was begun with a commercially avail-
able 1-bromonaphthalene that reacted with 1-aza-12-crown-4 in
the presence of Pd,(dba); (1 mol%), DavePhos (6 mol%), and
NaOtBu (1.4 equiv.) in toluene. The isolated yield was 63%. For
the synthesis of 2, 4-bromo-1,8-naphthalic anhydride was
treated with n-butylamine to form 3 containing a naphthalene
monoimide (NMI) skeleton, followed by the Buchwald-Hartwig
amination with the same condition as in 1, resulting in the
production of 2 with the isolated yield of 29%. The compounds
1 and 2 were characterized by "H NMR, "*C NMR, and HRMS.

The UV-vis spectra of each compound were measured in
acetonitrile (Fig. 2a). Naph-Crown (1) showed the absorption
maximum at 315 nm, which was red-shifted about 40 nm from
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naphthalene.* This red-shift may be attributed to the extended
conjugation from the nitrogen atom in the naphthalene ring.
NMI-Crown (2), having an acceptor imide moiety, exhibited the
absorption maximum at 417 nm, which was far red-shifted from
1 by more than 100 nm. This large red-shift is related to a strong
ICT characteristic of the donor-acceptor type molecule 2.
Density functional theory (DFT) calculation in B3LYP functional
with 6-31G* basis set indicated the lowered HOMO (from —4.80
to —5.47 eV) and LUMO (from —0.53 eV to —1.99 eV) due to the
electron-withdrawing group (Fig. 2b). In addition, the shape of
LUMO of 2 was shifted to the imide moiety and the dipole
moments of 1 and 2 were calculated to be 2.78 D and 7.18 D,
respectively, suggesting the formation of strong ICT upon
photoexcitation. NMI-Br (3), wherein the crown ether was
replaced with a bromine atom, exhibited the absorption
maximum at 340 nm, which was far blue-shifted from 2 owing
to the diminished ICT character.

To investigate the lithium binding effect, we measured UV-
vis spectra upon the addition of lithium salt solutions
(lithium perchlorate) in each compound (Fig. 3). We used
acetonitrile as a model organic solvent. The concentration of
the compounds was kept at 0.01 mM, and the lithium salt
concentration of 100 mM in acetonitrile was prepared. Upon the
addition of the lithium solution to Naph-Crown (1), we observed

(b)

—2
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0.20 4 2 +Li( 2.9 mM)
- 2+ Li( 7.4 mM)
S ——2+Li (11.5 mM)
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Fig.3 UV-vis spectra with added lithium ions. The concentration of the compound 1, 2, and 3 was kept constant at 0.01 mM. (a) UV-vis spectra of
1 with lithium ions. The appearance of the new blue-shifted peak at 282 nm could be attributed to the local naphthalene absorption in which the
nitrogen atom was not conjugated. (b) UV-vis spectra of 2 with lithium ions. Due to strong ICT, binding of lithium and spectral changes were
minimal. (c) UV-vis spectra of 3 with lithium ions, wherein the absence of a crown ether resulted in no spectral changes. (d) Summarized sensor
responses based on the relative absorption changes over the lithium concentrations.
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the decrease of the peak at 317 nm, while a new peak at 282 nm
was generated (Fig. 3a). A clear isosbestic point was observed at
303 nm, indicating that two species are responsible for this
change. The blue-shifted new peak at 282 nm could be attrib-
uted to the naphthalene absorption without the conjugation of
the lone pair electrons on the nitrogen atom owing to the
chelation to lithium. The binding constant (K) of the compound
1 with lithium was calculated based on the following equation,
AA = [D]Ae[M]/((1/K) + [M]),>* wherein A4, [D], [M], Ae¢, and K
represent the absorption difference at a particular wavelength
upon the addition of metal ions, the dye concentration (herein
Naph-Crown), the metal ion concentration, the change in
extinction coefficient upon the addition of metal ions, and the
binding constant, respectively. The resulting plot produced the
binding constant of 127 M~ for the association between the
compound 1 and lithium (Fig. S1}). In the case of NMI-Crown
(2), there was a miniscule ratiometric change in which the
absorption at 417 nm was slightly decreased with the increased
signal at 348 nm (Fig. 3b). An isosbestic point at 388 nm was
observed. On the contrary to the previous reports on ICT-type
sensors with excellent properties,**® we found that in our
case the strong ICT feature leading to reduced basicity of
nitrogen may be detrimental to sensing properties. For NMI-Br
(3) without the crown ether, the absorption spectra presented
no changes upon the lithium addition, demonstrating that the
crown ether is necessary for sensor responses (Fig. 3c). We
calculated the relative absorbance change rate, (A; — A)/A,, and
plotted this rate (y-axis) over the lithium concentration (x-axis),
wherein A, A;, and A, represent the decreasing absorption (at
317, 417, and 354 nm in each of 1, 2, and 3), the increasing
absorption (at 282, 348, and 340 nm, ditto), and the initial
absorption without lithium (at 317, 417, and 354 nm, ditto),
respectively (Fig. 3d). The graph explicitly represents the high
sensitivity of 1 (black curve) in comparison to 2 (red) and 3
(blue).

To confirm the binding of lithium to a crown-ether moiety on
1, we performed the 'H NMR titration studies (referenced to
CD;CN at 1.94 ppm) and DFT calculation (Fig. 4). The 'H
chemical shifts of the crown-ether moiety near 3.3-3.8 ppm
exhibited significant peak broadening with the downward
chemical shift (Fig. 4a), implying that there may be fast
associative/dissociative equilibrium between the lithium and
the crown-ether, which could not be differentiated in the NMR
time scale. The peak broadening was relatively insignificant in
the naphthyl unit (Fig. 4b). The DFT calculation of the
compound 1 and lithium (chloride as anion for charge
neutrality) in B3LYP/6-31G* produced the optimized geometry
(Fig. 4c), wherein the lithium (purple) is coordinated to four
heteroatoms of the crown-ether with the distances of 2.00-2.45
A. In addition, in order to examine the effect of cyclic etherial
ligands, we synthesized the n-butylamine-substituted NMI
(NMI-NH-Bu). This compound was not responsive to lithium
ions (Fig. S2at), further demonstrating that aza-crown-ether is
necessary for lithium chelation.

A theoretical limit of detection (LOD) was estimated using
the following equation: LOD = 3(RMS,,ise/slope),” wherein
RMS,oise represents a root-mean-square noise that was

31980 | RSC Adv, 2022, 12, 31976-31984
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Fig. 4 NMR and DFT studies to elucidate the binding mode. The *H
NMR chemical shifts of 1 with the different concentrations of lithium
ions in the region of (a) the crown-ether moiety and (b) the naphthyl
unit were displayed. The chemical shifts of the crown-ether moiety
showed significant peak broadening. (c) DFT calculation (B3LYP/6-
31G*) indicated the lithium (purple) binding to the crown-ether
moiety. The distances were shown in the optimized geometry. Chlo-
ride (green) was added for charge neutrality.

calculated by taking ten blank measurements of the compound
1 (detailed procedure was described in ESIt). The slope was
obtained in the concentration-signal plot (black curve in
Fig. 3d). The calculated LOD was 21 uM. Although this LOD is
higher than the previously reported LOD values (e.g., LOD of 5
uM from a naphthalene diimide derivative with two crown
ethers),” our sensor can cover a wide range of applications that
require lithium detection, along with the structural simplicity.

Next, fluorescence measurements were executed with
lithium ions (Fig. 5). Naph-Crown (1) with lithium indicated
a new peak at 337 nm (Fig. 5a), which was increasing with
higher lithium concentrations (Fig. 5b). We suppose that this
emission could be generated from a locally excited (LE) state

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that is present when the lone pair electrons of the nitrogen atom
in 1 is bound to lithium. Although it appeared that lithium was
bound to 1 significantly given the UV-vis spectra, we still
observed the large emission of 1 at 422 nm. It is worth
mentioning that no self-quenching occurred at this concentra-
tion of 0.1 mM (Fig. S3t). The compound 2 has a longer-
wavelength emission at 521 nm owing to the strong CT state.
In contrast to 1, no new peak was observed with the lithium
addition (Fig. 5¢). In the compound 3, no significant emission
changes were observed, repeatedly demonstrating that crown
ether is necessary for lithium binding (Fig. 5d).

Having confirmed the absorption and emission changes
with lithium in 1, we performed selectivity tests with Na*, K,
and Cs" having the identical perchlorate counterions. In most
cases, we found that the compound 1 was not responsive to the
three alkali metal ions based on both absorption and emission
spectra (Fig. 6), suggesting the excellent selectivity of the sensor
1 among alkali metals. It is worth noting that the sodium cation
generated a weak new absorption signal at 296 nm (Fig. 6a).
This is perhaps due to the weak interaction between the aza-
crown-ether and sodium cation, as reported previously.***” To
test the binding of lithium in the presence of other alkali
metals, lithium and sodium with a 1 : 1 molar ratio were mixed
and added to the receptor 1. A clear isosbestic point at 303 nm
was still observed (Fig. S4t), presenting that the binding of
lithium was effective in the presence of non-interacting alkali
metals. A similar behavior was observed with potassium ions as
well (Fig. S47).

4. Conclusions

In this study, we report the synthesis of the molecular sensor 1
that can selectively detect lithium ions through photophysical
changes. The compound 1, possessing a naphthalene skeleton
with 1-aza-12-crown-4, was synthesized through the Buchwald-
Hartwig amination, requiring only one synthetic step from
a commercially available starting material. Upon the addition of
lithium, the sensor 1 indicated a ratiometric absorption change
as well as generation of a new emission peak owing to the
lithium binding. LOD was estimated to be 21 uM. Other alkali
metals, including Na*, K", and Cs", were rarely responsive. NMR
studies and DFT calculations revealed the binding of lithium to
the aza-crown ether on 1. The compound 2, having an imide
acceptor and giving rise to the ICT, showed unnoticeable pho-
tophysical changes, suggesting that the strong ICT may not be
beneficial to the fabrication of lithium sensor, in contrast to the
conventional knowledge. Based on this structure-property
relationship, we are currently synthesizing other lithium-
sensing chromophores working in visible light which can be
recognized by naked eyes for practical applications.
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