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We have selectively synthesized and characterized several aliphatic internal imine isomers which show
selectivity towards various transition metal ions with large shifts in the UV–Vis and OFF-ON switching of
fluorescence in solution. The stoichiometry with different transition metals has been determined to be
1:1, with the 1,2-ethlenediamine dimer showing the best selectivity towards Hg(II). Selectivity in differ-
ent solvent media and the varying kinetics of transition metal binding with the macrocycle has been pre-
sented along with the crystallography of the ligands and their metal complexes.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction causes structural rigidification, and undergoes internal charge
Exposure to heavy metals is dangerous to human health [1], and
the detection of heavy metals often require time (i.e. electroanaly-
sis [2]) and expensive equipment (ICP-MS [3]). Due to their high
selectivity and sensitivity, fluorescent chemosensors have been
widely used in various fields, including environmental science,
pharmacology, biology, and physiology [3]. Typically, fluorescent
chemosensors are molecules that are capable of binding the ana-
lyte of interest selectively and reversibly with a concomitant
change in absorption and/or fluorescent spectra. Various fluores-
cent chemosensors for biologically or/and environmentally essen-
tial cations [4], anions [5], neutral molecules [6], and
biomolecules [7] have been developed in which detection is based
on a variety of photophysical mechanisms, such as photoinduced
electron transfer (PET), photoinduced charge transfer (PCT), fluo-
rescence resonance energy transfer (FRET), excimer-exciplex for-
mation, and tautomerization [8], with the number of
mechanisms slowly expanding [9,10].

In this regard, our group is actively working with macrocyclic
ligands based on an anthraquinone platform similar to compound
1. The anthraquinone moiety acts as a fluorophore, providing dif-
ferent selectivity for different cations, depending upon the Lewis
bases present within the macrocyclic ring [11,12]. The internal car-
bonyl group of the anthraquinone co-ordinates to the cation and
transfer, leading to different emission wavelengths. These mole-
cules contain a low-lying n-p* transition and do not luminescence;
however, coordination of the cation raises the energy of n-p* tran-
sition above the emissive p-p* transition, switching the fluores-
cence from OFF to ON [11]. We have previously shown that
compound 1 selectively detects Pb(II) ion in a solution [11], and
we have also reported the synthesis and characterization of imines
formed with the external carbonyl group using aromatic amines
and TiCl4 as a catalyst (Scheme 1) [13]. Here, because the imine
is external to the ring, selectivity did not change appreciably from
1, suggesting that the intra-annular Lewis base is responsible for
selectivity and sensitivity of metal-ion recognition in theses sys-
tem. Hence, modifying the internal carbonyl to make internal imi-
nes will potentially influence selectivity to a greater degree.

In this paper, we report the synthesis of internal imine-based
chemosensors for the detection of transition metal ions with large
shifts in the ground state UV–Vis spectra and OFF-ON switching of
fluorescence in solution. The selectivity of the imine-based
chemosensors in different solvent media is presented along with
the stoichiometric and kinetic studies with different transition
metals and the crystallography of the ligands.
2. Experimental methods

All reagents and solvents were purchased from commercially
available vendors and used without any further purification unless
it is mentioned. Tetrahydrofuran (THF) was dried by using the pre-
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Scheme 1. Internal vs. external imines derived from the anthraquinone macrocycle in center (1).
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vious method found in the literature [14]. Nuclear Magnetic Reso-
nance (NMR) spectra were collected in CDCl3 on a Bruker AscendTM

400 MHz at the room temperature and the chemical shifts were
reported in part per million (ppm). Fourier Transform-Infra Red
spectroscopy (FT-IR) spectra were collected on Bruker Alpha FT-
IR spectrometer and the wavenumber is reported in cm�1. Element
analyses were carried out by using Exeter Analytic Instrument
model number CE-440 and Helium gas was used as the carrier
gas. UV–Vis and luminescence spectra were collected by using Var-
ian Cary 50 Bio UV–Vis spectrometer and FluoroMax-4 respec-
tively. The stoichiometric and rate constant of the metal-complex
formation were determined by using UV–Vis spectra via Job’s plot
and curve-fitting models. Electrospray Ionization-Mass spec-
troscopy (ESI-MS) of the samples were collected in Varian 500-
MS Ion Trap Mass spectrometer by using a very diluted acetonitrile
solution of samples. Crystallographic data were recorded on Bruker
CCD Apex II diffractometer and Bruker D8 Venture at 100 K using
MoKa radiation. The crystallographic data were integrated by Apex
II and Apex III software and the structures were solved by using
SIR97 [15], SHELXT [16] and refined with SHELXL [17] followed
by further refinement and completion of the structure on WinGX
[18] and Mercury 4.3.1 is used to visualize the structures. The
graphical spectra were plotted by using OriginPro 9.0 software.
The reaction schemes and chemical structures were drawn on BIO-
VIA Draw for academic use by Dassault Systèmes.

3. Results and discussion

Internal imine derivatives 2–5 were synthesized by adding ani-
line (1 equivalent), primary amines (excess), and acetic acid to a
stirred solution of 1 [16] (0.25 mmol) in absolute ethanol or
methanol (Scheme 2). The synthetic procedure and characteriza-
tion data of the precipitated solids are provided in the supporting
material (1H NMR, elemental analyses, ESI-MS, FT-IR spectroscopy,
and single-crystal X-ray diffraction). Whereas Compound 1 is sym-
metrical through the central carbonyl groups, compounds 2–4 are
asymmetric due to the imine group, and hence the NMR spectra
show six aromatic protons (Figs. S6–S8) instead of three. The pro-
ton peaks of the polyether groups are also mixed with the proton
peaks of the alkyl groups of the primary amine; however, the inte-
grated ratios indicate the total number of alkyl and polyether
peaks are as expected. The formation of the imine bond is charac-
terized by FT-IR spectroscopy with the appearance of new sharp
peaks between 1630 and 1615 cm�1 (absent in 1), shown in
Fig. S14, due to the C@N stretching generally present in Schiff bases
previously reported between 1650 and 1608 cm�1 [19]. The imine
derivatives were further characterized by elemental analyses, ESI-
2

MS (Figs. S10-S13), and single-crystal X-ray crystallography
(Figs. S29-S32) and are included in the supporting material. At this
time, we have been unable to extend the synthesis to the formation
of aromatic imines, instead isolating simple 1:1 hydrogen-bonded
adducts of compound 1 and any aromatic amine starting material,
potentially because of the reduced basicity of the aromatic amine.
3.1. UV–Vis and fluorescence response

The optical properties of compounds 2–5 in response to added
metal ions were studied by the addition of two equivalents of dif-
ferent metal salts with the host macrocycle and the resulting UV–
Vis and fluorescence spectra recorded. All the cations were dis-
solved in dry acetonitrile except K(I), Rb(I), and Cs(I) perchlorate
salts which were dissolved in H2O, due to poor solubility in ace-
tonitrile. The UV–Vis spectra of compounds 2–4 in acetonitrile
and compound 5 in CH2Cl2:CH3OH (9:1) with added cations result
in large bathochromic shifts of kmax (Compound 3 (Fig. 1A), Com-
pound 2–5 Figs. S15-S18). The corresponding increases in fluores-
cence response are provided in Fig. 1B and S21-S24. The internal
quantum yield of 3 with perchlorate salts of Zn(II) were measured
in CH3CN and found to be lower (U = 0.45%) as compared to the
perchlorate complex of 1 and H3O+ (U = 1.4%), Ca(II) (U = 1.6%),
and Pb(II) (U = 2.2%) [11].

The collective fluorescence responses of compounds 2–4 is
shown in Fig. 2A, showing that most alkali and alkali earth metals,
with the exception of Mg(II) ion, do not change the fluorescence (or
absorbances respectively) kmax of these compounds; however,
most of the transition metals that were tested do cause a signifi-
cant change in absorbance and large OFF-ON increases in fluores-
cence intensity. In addition, NH4

+ and H+ also show luminescence
turn-on with compounds 2–3, and all three compounds exhibit
the same collective pattern response, with some minor changes
in overall fluorescence intensity due to minor variations in either
concentration or instrument setup. In Fig. 2B, compound 3 was
tested against the same battery of cations in different solvent sys-
tems – acetonitrile (blue), 10% water:acetonitrile (orange); 10%
HEPES buffer:acetonitrile (gray); raw data for the different solvent
systems can be found in Figs. S22, S25 & S26. Again there are no
significant differences in the pattern of intensities between the dif-
ferent solvent system, with the exception of Mg(II) and Mn(II)
which has a significant enhancement in acetonitrile, but not when
in the presence of water, most likely due to the high hydration
energy of these cations. However, compound 5 was found to be
more selective toward the Hg(II) as shown in Figs. S18 & S24.



Scheme 2. Schematic representation of the preparation of imine-derivatives.
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3.2. Stoichiometric studies & kinetics

Stoichiometric titration studies were carried out for compound
3 with three different metal perchlorate salts of Zn(II), Mg(II), and
Mn(II) as shown in Fig. 3. The stoichiometry of Zn(II), Mg(II), or Mn
(II) were all determined to be 1:1 as they all saturate with one
equivalent of the added cation which is also verified by Job’s plot
showing maximum ~0.5 at ratio of [Mn+]/([3]+[Mn+]) (Figs. S35-
S37). All cation additions show large bathochromic shifts(from
350 nm to 400 nm) with clean isosbestic points at ~365 nm for
each addition.

Due to poor stoichiometric results initially with Mg(II) and Mn
(II), extra time was added between successive aliquot additions in
order for the encapsulation of the metal cation to be complete.
Complete kinetic studies were also carried out at room tempera-
ture for compound 3 with 2.0 equivalent of added Zn(II), Mg(II),
and Mn(II), and the UV–Vis spectrum recorded with 10-s intervals
as shown in Fig. 4. The kinetic studies indicated the maximum
intensity for UV–Vis at 400 nm occurs instantaneously for Zn(II)
(Fig. S27) and doesn’t change throughout the scans; however, the
formation of maximum intensity at 400 nm for Mg(II) and Mn(II)
is delayed (Fig. 4 for Mn(II) and Fig. S28 for Mg(II)), which is appar-
ently due to the loss of water molecules around the hydrated
cations as shown in Eq. (1) before making a complex with the host
macrocycle.

M H2Oð Þmþ
x ¢M H2Oð Þmþ

x�n þ nH2O ð1Þ
3

Subsequently, ln(Af-Ai) plotted against time in s for Mg(II) and
Mn(II) resulted in a linear fit indicating first-order kinetics for com-
plex formation with 3. The rate constants for Mg and Mn addition
were 0.0089 s�1 (t1/2 = 77.88 s), and 0.0062 s�1 (t1/2 = 110.73 s)
respectively. These results parallel the general lability of these
cations.

3.3. Single crystal X-ray crystallography (SC-XRD)

X-ray quality single crystals of compounds 2–5 were grown by
solvent diffusion techniques. The crystallography data for all com-
pounds are given in Table 1 and the thermal ellipsoid diagram are
given in Figs. S29-S33. The X-ray crystal structure data for the
imine bond and geometry is provided in Table 2.

The imine bond (C9@N1) has a length equal to 1.28 Å, which is
comparable to the C@N bond length (1.27 Å) [20] confirming the
formation of the carbon–nitrogen double bond. The carbon–nitro-
gen single bond (C23-N1) has a length equal to 1.45 Å which is
comparable with CAN (1.47 Å) [20]. The geometry at C10 is trigo-
nal planar and the carbonyl bond length (C10@O1) is 1.22 Å and
the bond angles C11AC10AO1 or C14AC10AO1 is 120� to 121�
which is comparable to the bond length and angle of the carbonyl
group. The geometry at C9 is distorted from perfect trigonal planar
with the bond angle of C12AC9AN1 or C13AC9AN1 ranges from
115� to 128� suggesting that the internal carbonyl group has been
converted into imines.

We have been unsuccessful in growing single crystals that con-
tain an encapsulated metal ion within these new macrocycles. Our



Fig. 1. A. UV–Vis spectra of compound 3 (5.0� 10�5 M) in CH3CN before (black) and
after addition of 2.0 equivalents of cations as perchlorate salts. B. Emission spectra
of compound 3 (5.0 � 10�5 M) in CH3CN before and after the addition of 2.0
equivalents of cations (kext = 365 nm).

Fig. 2. A. Metal ion selectivity profile based on the fluorescence intensities of
compound 2–4 in CH3CN at 520 nm. B. Metal ion selectivity profile based on the
fluorescence intensities of compound 3 in the different solvent systems (acetonitrile
- blue; 10% H2O:CH3CN - orange, and 10% HEPES buffer:CH3CN - gray) at 520 nm.
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attempts to grow crystals of compound 3 with Mn(II) or Mg(II)
yielded only the protonated ligand [3.H+]ClO4 (Fig. S31) with a per-
chlorate counter-ion. Two molecules are present in the asymmetric
unit, with both of the imine nitrogen atoms protonated. Over a
long period of time (i.e. growing crystals by evaporation or vapor
diffusion), through the introduction of atmospheric water, these
acidic cations produce sufficient acid (Equation (2)) to form crys-
tals of [3.H+](ClO4).

M H2Oð Þ2þx þH2O¢M H2Oð Þx�1 OHð Þ1þ þH3O
þ ð2Þ

Our attempts to grow X-ray quality crystals of compound 3
with Zn(II) in acetonitrile/ether mixtures did give pale yellow crys-
tals; however the crystal structure does not show Zn(II) bound
inside the macrocyclic cavity, rather the imine functionality has
been hydrolyzed back to the anthraquinone starting material, indi-
cating that over long periods (typically several days), these imine
compounds are unstable (Fig. S34). The crystal structure of 1 with
Zn(II) is isostructural to what has been reported previously and has
a better final R indices, i.e. 0.055 vs. the already reported value of
0.067 [11].

An additional goal was to synthesize internal imines using aro-
matic amines such as aniline and p-nitroaniline with 1, however,
4

the only products isolated showed simple adduct formation with
the formation of a hydrogen bond between the amine and the
internal carbonyl (shown in Fig. 5 with p-nitroaniline and
Fig. S33 with aniline). The NAH. . .O = hydrogen bond mea-
sures ~ 2.94 Å, a slightly long hydrogen bond distance of an unpro-
tonated amine.
4. Conclusions

In summary, various internal imine derivatives of 1,8-anthra-
quinone-18- crown-5 were selectively synthesized in the presence
of aniline and acetic acid. Internal imine derivatives were highly
sensitive towards various cations with large bathochromic shifts
in the UV–Vis and OFF-ON switching of fluorescence in different
solvent systems. Imine derivatives had the same general cation
selectivity and ruled out that enhanced fluorescence is due to pro-
tonation by using a buffered solution. Stoichiometric studies with
different transition metals indicated the formation of 1:1 host:ca-
tion adducts; however, over long periods of time, either protona-
tion or hydrolysis of the imine is observed with different metal
cations. This work also shows that the basicity of the imine nitro-



Fig. 3. UV–Vis titration of 5.0 � 10�5 M of compound 3 in CH3CN with an increasing
amount of M(II) perchlorate salts added. Insets – plots of intensity vs equivalents M
(II) monitored at 400 nm. A. Zn(II), ~30 s between scans; B. Mg(II), ~4 min between
scans; and C. Mn(II), ~3 min between scans.

Fig. 4. A. Kinetic spectra of compound 3 (5.0 � 10�5 M) with 2 equivalents added
Mn(II) in CH3CN taken every 10 sec for 100 scans. B. Absorbance (Af-Ai) vs time
monitored at 400 nm and inset showing the linear fit of ln(Af-Ai) vs time indicating
the first-order kinetic process with the rate constant 0.0062 s�1 (t1/2 = 110 s).
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gen plays a large role in controlling the selectivity of this macrocy-
cle. We are still attempting to synthesize substituted aromatic
amines that would allow us to better tune the basicity of the host
5

macrocycle to improve the selectivity and solubility, in our search
for cost-efficient and environment-friendly chemosensors for the
detection of a wide range of heavy metal cations.
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Table 1
Crystallographic data table for CEN-derivatives for compound 2–5 showing important parameters such as unit cell, crystal system, space group, etc.

compound 2 [3H]+ClO4
�.ACN compound 4 compound 5 [1.p-nitroaniline] [1.aniline].CH2Cl2

Empirical Formula C24H27NO7 C48H55Cl2N3O20 C24H27NO6 C46H48N2O12 C28H28N2O9 C26H26Cl2NO7

Formula Weight 441.46 1064.85 425.46 820.88 536.52 535.38
Temperature (K) 100 100 100 100 100 100
Crystal System monoclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space Group C 2/c P-1 C 2/c P121/c1 C12/c1 C12/c1
Unit Cell (Å, �) a = 23.978(3) a = 8.7079(12) a = 24.575(7) a = 8.1704(18) a = 20.3136(32) a = 26.9992(7)

b = 8.5013(11) b = 11.4703(16) b = 8.096(2) b = 22.6799(50) b = 12.3436(19) b = 12.3643(3)
c = 23.789(5) c = 24.868(3) c = 24.078(10) c = 21.7773(50) c = 21.7545(34) c = 15.0280(4)
a = 90 a = 80.711(2) a = 90 a = 90 a = 90 a = 90
b = 119.102(2) b = 87.626(2) b = 117.668(3) b = 91.610(7) b = 105.737(2) b = 91.910(1)
c = 90 c = 77.303(2) c = 90 c = 90 c = 90 c = 90

Volume (Å3) 4237.1(11) 2391.3(6) 4243(2) 4033.82(18) 5250.32(34) 4013.95(3)
Z 8 2 8 4 4 8
Density Diffraction 1.384 1.479 1.332 1.38 1.36 1.41
Absorption coefficient 0.096 0.222 0.096 0.101 0.102 0.306
F(000) 1872 1116 1808 1776 2256 2248
h Range 1.96–27.62 0.83–27.93 1.96–25.48 2–25.4 1.9–28.9 2.2–34.3
Index Ranges ±31 ± 11 ± 30 ±11 ± 15 ± 32 ±29 ± 9 ± 29 ±9 ± 27 ± 26 ±27 ± 16 ± 29 ±42 ± 19 ± 23
Reflection collected 24,776 29,249 21,190 56,762 31,657 51,888
Independent reflections 4897 11,214 3935 7386 6550 8886
Observed reflections 2707 7928 2395 3249 4780 7745
Goodness-of-fit (GOOF) 0.953 1.063 1.028 1.006 1.041 1.092
Final R indices [I > 2r(I)] 0.0587 0.0527 0.0524 0.073 0.045 0.046
R indices (all data) 0.1263 0.0806 0.1020 0.1940 0.070 0.053
CCDC deposit number 2050184 2050189 2050188 2050177 2050187 2050181

Table 2
Important bond lengths and angles of different connectivity in the crystal structure of different compounds including the distance between imine nitrogen and polyether oxygen
atoms.

compound 2 [3H]+ClO4
- .ACN compound 4 compound 5

Bond Lengths
C10-O1 1.223 1.229 1.226 1.229
C9-N1 1.284 1.298 1.281 1.284
N1-C23 1.454 1.459 1.455 1.454

Bond Angles
C12-C9-N1 115.36 118.82 128.98 128.19
C13-C9-N1 127.89 123.03 115.55 117.27
C11-C10-O1 121.06 121.01 121.05 121.41
C14-C10-O1 121.4 121.45 121.59 121.76
C9-N1-C23 123.83 128.34 123.17 120.49

Distance between imine nitrogen and polyether oxygen atoms
N1-O6 4.834 3.713 4.645 4.169
N1-O5 3.955 4.049 4.198 4.421
N1-O4 4.308 3.051 3.937 4.379

Fig. 5. Thermal ellipsoid diagram (50%) of compound 1with p-nitroaniline showing
carbon (grey), oxygen (red), nitrogen (purple), and hydrogen (white) and indicating
hydrogen-bond between 1 and p-nitroaniline.
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Appendix A. Supplementary data

CCDC 2050184, CCDC 2020189, CCDC 2050188, CCDC 2050177,
CCDC 2050187, CCDC 2050181 contains the supplementary crys-
tallography data for compound 2, [3H]+ClO4

- .ACN, 4, 5, [1.p-
nitroaniline], [1.aniline].CH2Cl2 respectively. These data can be
obtained free of charge via https://www.ccdc.cam.ac.uk/struc-
tures/, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033;
or email: deposit@ccdc.cam.ac.uk. Supplementary data to this arti-
cle can be found online at https://doi.org/10.1016/j.poly.2021.
115120.
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