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Abstract: The affinity of novel, phenanthridine-based calix[4]arene glycoconjugate (L), bearing efficient cation-binding tertiary-amide 
functionalities in the coordination site, towards alkali and alkaline earth metal cations in methanol was investigated by means of 
spectrophotometry, microcalorimetry, and 1H NMR spectroscopy. Significant complexation-induced enhancement of the calixarene 
fluorescence was observed in all cases, allowing also the use of spectrofluorimetric titrations for quantitative monitoring of the complexation 
processes. The thermodynamic reaction parameters (complex stability constants, standard reaction enthalpies and entropies) were determined 
and discussed regarding the ligand structure and cation charge densities, as well as solvation effect on the studied equilibria. Compound L was 
found to be a considerably more efficient receptor for alkali relative to alkaline earth metal cations of similar sizes. This was mostly a 
consequence of stronger solvation of the latter compared to the former in methanol. Molecular dynamic simulations of L and its complexes 
were carried out as well, which provided additional information on their structural characteristics and the ligand cation-complexation 
properties. 
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INTRODUCTION 
ALIXARENES are a class of supramolecular hosts that 
have been widely functionalized at their upper and/or 

lower rims, resulting in an array of exceptionally versatile 
compounds. Over the past several decades they have 
received great attention as ionophores and molecular 
receptors.[1–6] Due to their structural diversity, various 
calixarene derivatives have been used as catalysts,[7,8] ion 
extractants,[6,9–13] surfactants,[14,15] as well as electro-
chemical[16,17] and fluorescent sensors.[18–22] They also have 
significant potential in biochemical and medicinal applicat-
ions, including their use as biomimetics,[23–29] drug delivery 
systems,[30,31] and ion channels.[32,33] 

Functionalization of calixarenes at the lower rim with 
electron-donating functionalities, such as those comprising 
carbonyl groups (amides, esters, ketones), considerably 
enhances their cation-binding capabilities.[6,10,34–40] Among 
these, tertiary-amide-functionalized calixarenes form the 
most stable complexes due to the high basicity of the amide 
carbonyl oxygen, whereas the stability of complexes 
involving ester and ketone derivatives, as well as secondary 
amides, is significantly lower. The latter is mostly due to the 
intramolecular hydrogen bonds between amide groups 
which need to be disrupted upon cation binding.[37,39,41–44] 
 Incorporating fluorescent groups into calixarene 
structures significantly increases their receptor sensitivity, 
allowing for the fluorimetric detection and quantitative 
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analysis of various analytes at significantly lower 
concentrations compared to the other spectrometric 
techniques often used.[18,20,21,45–49] In our recent work, we 
have synthesized fluorescent tertiary-amide and ester 
calixarene derivatives, also bearing phenanthridine groups, 
and thoroughly investigated the equilibria of their reactions 
with alkali metal cations in various organic solvents.[50] The 
possibility of cation coordination with phenanthridine 
nitrogen atoms was explored, and particular attention was 
paid to the inclusion of solvent molecule into the 
hydrophobic basket of free and complexed ligands,  
since this process was proven to have considerable 
allosteric influence on the extent of the cation-binding 
reactions.[37,39,40,44,51–55] Most calixarene derivatives, espec-
ially those functionalized with bulky and usually non-polar 
moieties, are virtually water insoluble, or their solubility is 
scarce. This hinders their potential use in aqueous media, 
which is of great significance for various medicinal and 
biological applications. Numerous attempts have been 
made to enhance the solubility of calixarenes in water, 
commonly involving the incorporation of charged  
(e.g. sulfonyl[56–59]) or hydrophilic polymeric groups  
(e.g. PEG[60]). The former can cause interference with the 
ion binding due to the presence of counterions, whereas 
the latter often leads to formation of emulsions,[60] limiting 
the possibility of their practical applications. Thus, the 
potential of calixarenes as cation receptors and sensors in 
aqueous solutions has remained a challenge. Dealing with 
this issue, we have published the synthesis of neutral 
calixarene derivatives containing amide functionalities with 
solubilizing glucose groups linked through triazole subunits, 
as well as detailed physicochemical investigations of their 
cation-binding equilibria.[61] These ligands exhibited 
outstanding aqueous solubility (> 0.01 mol dm−3), and the 
affinity of the tertiary-amide-derivative possessing 8 
glucose moieties towards Na+ in water (log K = 5.15) and 
methanol (log K = 7.24) was substantial.[61,62] 
 Encouraged by the above findings, we have envis-
ioned analogous receptors additionally functionalized with 
fluorescent subunits with the aim of their utilization in 
various above-mentioned areas. The introduction of 
glucose-containing groups was expected to enhance the 
hydrophilicity of calixarenes, thereby increasing their 
solubility in polar solvents, like water and methanol. Hence, 
in this work we have synthesized calixarene derivative L 
(Scheme 1) that comprises tertiary-amide triazole-glucose 
functionalities together with highly fluorescent phenan-
thridine subunits, which can serve both as fluorophores 
and for ion coordination through their nitrogen atoms. 
Unfortunately, due to the presence of the latter bulky, 
hydrophobic groups, solubility of L in water was insufficient 
to allow for physicochemical investigations of its cation-
binding in aqueous solution. Therefore, methanol was 

chosen as the most water-like solvent for the studies of 
alkali and alkaline earth metal cations binding, which were 
carried out by means of spectrophotometry, spectro-
fluorimetry, microcalorimetry, and 1H NMR spectroscopy. 
Our objectives were to investigate the thermodynamics 
governing the complexation equilibria and to get an insight 
into the cation-binding induced changes in the ligand 
fluorescence. Furthermore, molecular dynamics simulat-
ions were employed to explore the structural properties of 
L and its complexes, as well as the process of solvent 
molecule inclusion into their hydrophobic cavities. 
 

EXPERIMENTAL 
Materials 

All reagents for synthesis were p.a. grade, purchased from 
Aldrich, Merck, Ajelis, Kemika, Acros, and Alfa Aesar, and 
were used without further purification. Solvents were also 
p.a. grade and used without further purification except  
for acetone and dichloromethane which were purchased  
as technical grade and were distilled and dried under 
molecular sieves prior to use. Compound P1,[47]  
6-(chloromethyl)phenanthridine,[63] N,N‑bis(2-azidoethyl)-
2-bromoacetamide,[64,65] and propargyl-2,3,4,6-tetra-O-
acetyl-β-D-glucopyranoside[64,66] were prepared according 
to the previously published procedures, modified as 
described in the Supporting Information. 
 Cation solutions for complexation studies were 
prepared by weighing and dissolving the following salts: 
lithium perchlorate (Sigma Aldrich, 99.99 %), sodium 
perchlorate (Fluka, 98+ %), potassium perchlorate (Fluka, 
99+ %), rubidium chloride (Sigma Aldrich, ≥ 99.8 %), cesium 
chloride (Merck, 99.5 %), magnesium perchlorate 
hexahydrate (Sigma Aldrich, 99 %), calcium perchlorate 
tetrahydrate (Sigma Aldrich, 99 %), strontium perchlorate 
trihydrate (Alfa Aesar, 98 %), and barium perchlorate 
(Fluka, 98+ %) in previously distilled methanol (J. T. Baker, 
HPLC Gradient Grade). 

Synthesis 
Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-bis((phenan-
thridin-6-yl)methoxy)-26,28-di(N,N-di(2-azidoethyl)amino-
carbonylmethoxy)calix[4]arene (P2) 
Compound P1 (1.5 g, 1.4 mmol), N,N-bis(2-azidoethyl)-2-
bromoacetamide (1.6 g, 5.8 mmol), and potassium 
carbonate (3.2 g, 23.0 mmol) were suspended in 21 mL of 
dry acetone. The suspension was refluxed with stirring for 
3 days at 70 °C followed by cooling to room temperature 
after which DCM (100 mL) was added. The solution was 
washed with H2O (3 × 50 mL), and the aqueous layer was 
extracted with DCM (50 mL). The organic layers were 
combined, and DCM was evaporated. The crude solid was 
dissolved in small amount of DCM and propan-2-ol was 
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added. The product precipitated after removal of DCM and 
it was filtered yielding 1.1 g (35 %) of pure P2. 
 
1H NMR (400 MHz, CDCl3-d1) δ / ppm: 8.66 (d, J = 8.27 Hz, 
2H), 8.61 (dd, J = 8.35 Hz, 1.17 Hz, 2H), 8.20 (d, J = 8.13 Hz, 
2H), 8.16 (dd, J = 8.05 Hz, 1.24 Hz, 2H), 7.83 (dt, J = 7.76 Hz, 
0.81 Hz, 2H), 7.76 (dt, J = 7.54 Hz, 1.32 Hz, 2H), 7.70 (dt, J = 
7.47 Hz, 1.54 Hz, 2H), 7.52 (dt, J = 7.76 Hz, 0.73 Hz, 2H), 7.00 
(s, 4H), 6.43 (s, 4H), 5.60 (s, 4H), 4.77 (s, 4H), 4.64 (d, J = 
12.89 Hz, 4H), 2.23 (s, 8H), 3.04 (d, J = 12.99 Hz, 4H), 2.93 
(t, J = 5.87 Hz, 4H), 2.77 (t, J = 5.86 Hz, 4H), 1.28 (s, 18H), 
0.86 (s, 18H); 13C NMR (101 MHz, CDCl3-d1) δ / ppm: 170.1, 
157.8, 153.6, 153.0, 145.1, 144.6, 143.7, 135.0, 133.0, 
131.7, 130.6, 130.1, 128.8, 127.3, 125.9, 125.3, 124.8, 
124.3, 122.1, 122.0, 77.2, 69.4, 50.0, 49.3, 47.3, 46.2, 34.0, 
33.6, 32.2, 31.6, 31.2; ATR-IR (cm–1) 2956, 2903, 2869, 
2093, 1676, 1479, 1463, 1410, 1360, 1301, 1256, 1235, 
1194, 1129, 1109, 1062, 1010, 989, 947, 871, 784, 761, 727, 
697, 632, 615, 580, 556, 527, 506, 459, 419. HRMS (MALDI-
TOF): m/z [M + Na]+; calculated for (C84H92N16NaO6) 
1443.7283; found 1443.7299. 
 
Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-bis((phenan-
thridin-6-yl)methoxy)-26,28-di(N,N-bis(2-(4-((((2R,3R,4S,5S,6R)-
3,4,5-triacetyloxy-6-(acetyloxymethyl)tetrahydro-2H-pyran-
2-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)ethyl)aminocarbonyl-
methoxy)calix[4]arene (P3) 
Compound P2 (500 mg, 0.35 mmol) was dissolved in 25 mL 
of DCM with sodium perchlorate (171 mg, 1.4 mmol). After 
one hour of stirring, propargyl-2,3,4,6-tetra-O-acetyl-β-D-
glucopyranoside (544 g, 1.4 mmol), CuI (28 mg, 0.15 mmol), 
DIPEA (26 μL, 0.15 mmol), and AcOH (8.4 μL, 0.15 mmol) 
were added. The mixture was stirred for 3 days at room 
temperature after which DCM was added to a total of 200 
mL, and washed with ammonia solution (50 mL, 
V(H2O):V(25 % NH3) = 3:1) and mQ H2O (10 × 100 mL). The 
organic layer was filtered through cotton wool and the 
solvent was evaporated. The crude solid was dissolved in 
small amount of DCM and n-hexane was added. After 
removal of DCM, the product started to crystallize to give 
660 mg (63 %) of analytically pure P3. 
 
1H NMR (400 MHz, CDCl3-d1) δ / ppm: 8.62 (d, J = 8.30 Hz, 
2H), 8.55 (d, J = 7.98 Hz, 2H), 8.04 (d, J = 8.30 Hz, 2H), 7.97 
(d, J = 8.30 Hz, 2H), 7.81 (t, J = 7.66 Hz, 2H), 7.68 (qt, J = 5.75 
Hz, 4H), 7.49 (t, J = 7.66 Hz, 2H), 7.39 (s, 2H), 7.20 (s, 2H), 
7.01 (s, 4H), 6.40 (s, 4H), 5.63 (q, J = 7.34 Hz, 4H), 5.17 (q, J 
= 9.44 Hz, 4H), 5.08 (q, J = 9.44 Hz, 4H), 4.98 (q, J = 9.44 Hz, 
4H), 4.93–4.49 (m, 20H), 4.32–4.09 (m, 12H), 3.85 (t, J = 
5.93 Hz, 4H), 3.72 (t, J = 6.20 Hz, 4H), 3.26 (q, J = 6.20 Hz, 
8H), 2.97 (t, J = 11.87 Hz, 4H), 2.05 (s, 12H), 2.02 (s, 12H), 
1.98 (s, 12H), 1.93 (s, 12H), 1.25 (s, 18H), 0.84 (s, 18H); 13C 
NMR (151 MHz, CDCl3-d1) δ / ppm: 170.6, 170.2, 169.4, 
169.4, 157.8, 153.4, 153.2, 145.6, 144.9, 143.9, 143.9, 

143.5, 135.1, 135.0, 132.8, 131.5, 131.5, 130.9, 129.7, 
129.0, 127.5, 127.4, 127.0, 126.1, 126.1, 125.2, 124.8, 
124.8, 124.2, 123.8, 123.7, 122.4, 122.2, 100.0, 99.9, 72.8, 
72.8, 71.9, 71.9, 71.2, 69.5, 68.3, 64.4, 62.7, 61.8, 61.8, 
48.7, 48.3, 47.7, 47.4, 34.0, 33.7, 32.1, 32.1, 31.6, 31.1, 
31.1, 25.4, 20.8, 20.7, 20.6; ATR-IR (cm–1) 2958, 2909, 2869, 
1749, 1658, 1480, 1365, 1218, 1125, 1037, 909, 872, 764, 
731, 598, 488. HRMS (MALDI-TOF): m/z [M + H]+; calculated 
for (C152H181N16O46) 2967.2349; found 2967.2502. 
 
Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-bis((phenan-
thridin-6-yl)methoxy)-26,28-di(N,N-bis(2-(4-((((2R,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-
yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)ethyl)aminocarbonyl-
methoxy)calix[4]arene (L) 
Compound P3 was dissolved in 15 mL of MeOH after which, 
while stirring, 15 mL of saturated NH3 in MeOH was added. 
The mixture was stirred for 24 h at room temperature 
followed by evaporation of solvent. The crude solid was 
dissolved in MeOH (20 mL), and diethyl ether (80 mL) was 
added with vigorous stirring. The precipitated product was 
filtered to give 330 mg (78 %) of pure compound L. 
 
1H NMR (600 MHz, CDCl3-d1) δ / ppm: 8.73 (d, J = 8.51 Hz, 
2H), 8.66 (d, J = 8.15 Hz, 2H), 8.39 (d, J = 8.15 Hz, 2H), 8.02 
(d, J = 8.15 Hz, 2H), 7.89 (t, J = 8.51 Hz, 2H), 7.89 (s, 2H), 
7.73 (t, J = 7.09 Hz, 2H), 7.70 (t, J = 7.09 Hz, 2H), 7.66 (s, 2H), 
7.64 (t, J = 7.45 Hz, 2H), 7.00 (s, 4H), 6.49 (s, 4H), 5.67 (q, J 
= 7.45 Hz, 4H), 4.96 (d, J = 12.41 Hz, 2H), 4.85 (d, J = 12.41 
Hz, 2H), 4.76 (d, J = 12.41 Hz, 2H), 4.69 (s, 4H), 4.65 (d, J = 
12.76 Hz, 4H), 4.48 (dd, J = 13.52 Hz, 8.26 Hz, 4H), 4.43 (d, J 
= 7.80 Hz, 2H), 4.37 (d, J = 12.41 Hz, 2H), 4.33 (t, J = 6.38 Hz, 
4H), 3.95 (t, J = 6.03 Hz, 4H), 3.91 (d, J = 12.05 Hz, 4H), 3.69 
(dd, J = 12.05 Hz, 5.32 Hz, 6H), 3.45 (t, J = 5.67 Hz, 4H), 3.39 
(q, J = 8.15 Hz, 6H), 3.32–3.22 (m, 10H), 2.95 (dd, J = 13.12 
Hz, 6.03 Hz, 4H), 1.22 (s, 18H), 0.89 (s, 18H); 13C NMR (151 
MHz, CDCl3-d1) δ / ppm: 170.8, 157.8, 153.3, 153.2, 145.2, 
144.5, 142.9, 134.8, 133.0, 132.0, 131.1, 129.0, 128.9, 
127.5, 127.5, 127.4, 125.8, 125.2, 124.7, 124.6, 124.5, 
124.4, 124.3, 122.3, 122.2, 102.4, 102.2, 76.7, 76.6, 76.3, 
73.6, 73.6, 70.2, 70.2, 69.8, 61.7, 61.5, 61.4, 61.4, 33.5, 
33.3, 31.7, 30.7, 30.5, 30.4, 23.9; ATR-IR (cm–1) 3353, 2957, 
2909, 2875, 1654, 1481, 1460, 1362, 1305, 1236, 1193, 
1076, 1038, 871, 764, 731, 631, 580. HRMS (MALDI-TOF): 
m/z [M + H]+; calculated for (C120H149N16O30) 2295.0659; 
found 2295.0688. 
 Other details on the synthetic procedures and 
characterization of compounds are given in Supporting 
Information. 

Physicochemical Measurements 
Spectrophotometric titrations were performed using 
Agilent Cary 60 spectrophotometer. Titrations were 
conducted by stepwise addition of metal salt solution  
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(c0 = 1 × 10−3 mol dm−3 to 0.1 mol dm−3) into the thermo-
statted (25.0 ± 0.1) °C quartz cuvette (Hellma, Suprasil QX, 
l = 1 cm) containing ligand solution (c0 = 8 × 10–5 mol dm−3 
to 1 × 10–4 mol dm−3). Spectra were recorded with baseline 
correction at 1 nm data interval and an integration  
time of 0.2 s. The obtained spectrophotometric data were 
processed by HypSpec program.[67] 
 Spectrofluorimetric experiments were carried out by 
means of Agilent Cary Eclipse spectrofluorimeter. Titrations 
were conducted by stepwise addition of metal salt solution 
(c0 = 1 × 10−3 mol dm−3 to 2 × 10−2 mol dm−3) into the quartz 
cuvette (Agilent QS, l = 1 cm) containing ligand solution  
(c0 = 2 × 10–5 mol dm−3 to 3 × 10–5 mol dm−3) thermostatted 
at (25.0 ± 0.1) °C. Spectra were recorded at 2 nm data 
interval and an integration time of 0.4 s, and were 
processed by HypSpec program.[67] 
 Microcalorimetric measurements were performed 
by an isothermal titration calorimeter Malvern Microcal  
VP-ITC at 25.0 °C. Titrations were conducted by automated 
stepwise addition of metal cation solution (c0 = 1 × 10−3  
mol dm−3 to 9 × 10−2 mol dm−3) into the ligand solution  
(c0 = 7 × 10−5 mol dm−3 to 1 × 10−4 mol dm−3). Measured 
enthalpy changes were corrected for the heats of dilution 
of titrant in pure solvent. Non-linear least-square analyses 
of the calorimetric titration data were carried out by means 
of OriginPro 7.0 and OriginPro 7.5 programs. 
 1H NMR titration experiments, as well as 1H and 13C 
characterizations of the synthesized compounds, were 
conducted on Bruker Avance III HD 400 MHz/54 mm Ascend 
spectrometer equipped with 5 mm PA BBI 1H/D-BB probe 
with z-gradient and automatic tuning. All 1H spectra were 
obtained using 64 K data points, spectral width of 20 ppm 
based on 16 scans, whereas 13C spectra were obtained 
using 64 K data points, spectral width of 220 ppm based on 
4096 scans. Titrations were performed by stepwise 
addition of metal cation solution (c0 = 2 × 10−2 mol dm−3 to 
0.2 mol dm−3) into the ligand solution (1 × 10−3 mol dm−3) in 
MeOD-d3 with TMS as internal standard, thermostatted at 
25 °C. Titration data were processed by HypNMR program.[67] 
 IR spectroscopic analysis was conducted by 
PerkinElmer Spectrum Two spectrometer equipped with 
diamond UATR accessory. IR spectra were processed by 
Perkin Elmer Spectrum 10.4.2. program.[68] 

Molecular Dynamics Simulations 
The molecular dynamics simulations were carried out by 
means of the GROMACS package (version 2018.6).[69–74] 
Intramolecular and nonbonded intermolecular interactions 
were modelled by the CHARMM36 (Chemistry at HARvard 
Macromolecular Mechanics) force field.[75] Partial charges 
of phenanthridine atoms were calculated for a model 
compound, namely 6-(phenoxymethyl)phenanthridine with 
CGENFF web server.[76–78] The initial structure of the free 

ligand was that in which the calixarene basket had a 
conformation of a flattened cone, whereas the initial 
structures of calixarene complexes were made by placing a 
cation between ether and carbonyl oxygen atoms of the 
lower-rim substituents. The L, ML+, and ML2+ species (M 
denotes alkali or alkaline earth metal) were solvated in a 
cubical box (edge length 60 Å) of methanol with periodic 
boundary conditions. The solvent boxes were equilibrated 
prior to solvation of the ligand and complexes. The solute 
concentration in such a box was about 0.01 mol dm–3. In all 
simulations an energy minimization procedure was 
performed followed by 50.5 ns of NpT production 
simulation, with the time constant of 1 ps. The first 0.5 ns 
of production simulation were discarded in the data 
analysis. The integrator used for the propagation and for 
the temperature control was stochastic dynamics 
algorithm[79] with a time step of 1 fs. During simulation, the 
temperature and pressure were kept at 298 K and 1 bar, 
respectively. The cutoff radius for nonbonded van der 
Waals and short-range Coulomb interactions was 15 Å. 
Long-range Coulomb interactions were treated by the 
Ewald method as implemented in the PME (Particle Mesh 
Ewald) procedure.[80] The representative molecular 
structures of L and its complexes were obtained by PCA 
(Principal Component Analysis) on coordination matrix 
whose rows contained cation-carbonyl oxygen atoms and 
cation-phenanthridine nitrogen atoms distances during 
simulation. Angles between metal cations and carbonyl 
groups were added to the coordination matrix as well. The 
chosen structures were closest to the centroids of the most 
populous clusters in space defined by the first two principal 
components. The coordination matrix of free ligand was 
assembled of distances of carbonyl oxygen and phenan-
thridine nitrogen atoms from geometric center of phenol 
oxygen atoms. The angles between this geometric center 
and carbonyl groups were also used. Figures of molecular 
structures were created using VMD software.[81] 
 

RESULTS AND DISCUSSION 
Synthesis 

The synthetic route to ligand L is shown in Scheme 1.  
The phenanthridine derivate P1 was obtained by the 
addition of 6-(chloromethyl)phenanthridine to p-tert-butyl-
calix[4]arene where the degree of functionalization was 
controlled by the molar ratio of reactants in the reaction 
mixture. The remaining distal positions were functionalized 
using N,N-bis(2-azidoethyl)-2-bromoacetamide to yield 
compound P2. The following click reaction with the glycosyl 
donor was performed on sodium complex of P2 which was 
obtained by the addition of sodium perchlorate prior to 
other reagents (in the absence of cation the decomposition 
of phenanthridine subunit occurred). After the click 
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reaction sodium and other metals were removed by exten-
sive washing of DCM solution of P3 with mQ water. The 
desired compound L was obtained by removing the acetyl 
protection groups on glucose subunits using NH3/MeOH. 
 

Complexation of Alkali Metal Cations 
Upon addition of alkali metal cation solutions to that of L in 
methanol, significant changes in the ligand UV spectrum 
occurred, accompanied by the appearance of several neat 
isosbestic points. As an example, spectrophotometric 
titration of L with sodium perchlorate is shown in Figure 1, 
whereas the corresponding titrations with other alkali 
metal salts are presented in Figures S10, S16, and S18, 
Supporting Information. Stability constants determined by 
processing these data according to the model comprising 
formation of the complex of 1:1 stoichiometry are listed in 
Table 1. The UV spectrum of L mostly originates from the 
absorption of phenanthridine chromophore, which 
indicates the involvement of this moiety in the cation 
coordination. 

 Although certain changes in spectra could be seen 
during titration with cesium chloride (Figure S22, 
Supporting Information), they were insufficient for 
quantitative analysis, suggesting a very weak affinity of the 
ligand towards larger cesium cation.  
 Complexation of alkali metal cations was also 
followed by spectrofluorimetry (Figures 2, S13, S17, and 
S19, Supporting Information). In all cases the fluorescence 
of the phenanthridine group was enhanced by cation 
addition, which can be explained by the reduction of 
fluorescence quenching caused by photoinduced electron 
transfer (PET) in the free ligand compared to the 
complexed one.[47] Stability constants obtained by 
analysis of spectrofluorimetric titrations data are given in 
Table 1 and are in good agreement with those determined 
by other methods. The exception is the equilibrium 
constant for the reaction of rubidium cation and L since in 
this case the fluorimetric data collected under the 
experimental conditions used could not be reliably 
analyzed.  
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Scheme 1. Synthesis of calix[4]arene glycoconjugate L. 
 

320 330 340 350 360 370 380
0.0

0.2

0.4

0.6

0.8 a)
A

λ / nm
      

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.52

0.56

0.60

0.64

0.68A334 nm

n(Na+) / n(L)

b)

 

Figure 1. a) Spectrophotometric titration of L (c0 = 7.54 × 10–5 mol dm−3) with NaClO4 (c = 1.01 × 10−3 mol dm−3) in MeOH.  
V0 = 2.2 mL; l = 1 cm. Spectra are corrected for dilution. b) Absorbance at 334 nm as a function of cation to L molar ratio.  
■ experimental; – calculated. 
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 Microcalorimetric titrations enabled determination 
of enthalpic and entropic contributions to the standard 
reaction Gibbs energies (derived from the corresponding 
complex stability constants). An example of such an 
experiment is presented in Figure 3 and the results of other 
titrations are shown in Figures S11, S14, and S20, 
Supporting Information. 
 As can be seen form the data given in Table 1, all 
reactions are enthalpy driven and entropically unfavorable, 
which is often the case with the complexation of alkali metal 
cations by calix[4]arene derivatives.[6,37,40,62] The binding of 
Na+ is by far the most exothermic resulting in the peak affinity 
for this cation. The complexation entropy is the least 
unfavorable for Li+ binding, whereas the absolute value of 
complexation enthalpy is the lowest for this reaction. That is 
mainly due to the strongest solvation of Li+ among the other 

first-group cations.[82,83] Namely, the cation desolvation, 
which takes place in the course of the complexation 
reaction, is in this case entropically the most advantageous 
(ΔsolS°(M+) / J K–1 mol–1 = –214 (Li+), –212 (Na+), –173 (K+),  
–161 (Rb+)), but on the other hand energetically quite 
demanding (ΔsolH° / kJ mol–1 = –550 (Li+), –439 (Na+),  
–353 (K+), –327 (Rb+)).[83] From the cation solvation point of 
view, such an interplay between enthalpic and entropic 
contributions puts the K values of K+ and Rb+ complexes with 
L in between those with lithium and sodium cations (Table 1). 
However, when comparing stabilities of complexes in the 
same solvent, apart from cation solvation, that of the 
complex should also be considered. In this respect, the 
inclusion of solvent molecules into the calixarene hydro-
phobic cone plays an important role. This topic is discussed 
later in relation to the results of MD simulations. 
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Figure 2. a) Spectrofluorimetric titration of L (c0 = 2.25 × 10–5 mol dm−3) with LiClO4 (c0 = 2.02 × 10–2 mol dm−3) in MeOH.  
V0 = 2.5 mL; λex = 330 nm; excitation slit 10 nm; emission slit 10 nm. Spectra are corrected for dilution. b) Relative intensity of 
fluorescence at 370 nm as a function of cation to L molar ratio. ■ experimental; – calculated. 
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Figure 3. Microcalorimetric titration of L (c0 = 7.54 × 10–5 mol dm−3), V = 1.43 cm3) with KClO4 (c0 = 5.09 × 10–3 mol dm−3) in 
MeOH at 25 °C. a) Thermogram. b) Dependence of successive enthalpy changes on cation to L molar ratio. ■ experimental;   
– calculated. 
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The complex stability constants were also determined by 1H 
NMR spectroscopy. In the case of sodium complexation, 
slow exchange on the NMR time scale was observed 
causing the appearance of the second set of signals in the 
NMR spectrum (Figure S15, Supporting Information), as 
opposed to the complexes of L with other alkali metal 
cations which exhibited fast exchange (Figures 4, S12, and 
S21, Supporting Information). Stability constant of the NaL+ 
complex was too large to be determined by NMR 
spectroscopy, whereas the equilibrium constants corres-
ponding to Li+, K+, and Rb+ complexation by L calculated by 
processing 1H NMR titration data agree well with those 
obtained by other techniques (Table 1). 
 It is interesting to compare stabilities of the 
complexes of the ligands which are structurally different to 
L, but contain the same substituent motifs, i.e. tertiary 
amides, triazole-glucose and phenanthridine moieties at 
the lower rim. Such comparison for alkali metal cation com-
plexes in methanol as a solvent is presented in Figure 5. As 
expected for calix[4]arene derivatives, the most stable 
complexes are those with sodium cation. The number of 
tertiary-amide-based pendant arms is of considerable 
importance, whereby the attachment of triazole or triazole-

glucose motif to the amide nitrogen atom seems to slightly 
decrease the complex stability. The latter could be 
tentatively explained by considering steric hindrances in 
the cation-ligand complexes due to the presence of bulkier 
functional groups and their (de)solvation in the course of 
cation-binding process. The influence of the number of 
tertiary-amide carbonyl oxygen atoms in the cation-binding 
site is most pronounced for the Na+ complexation, less so 
for K+, and practically diminishes in the case of Li+. This 
could be explained as follows. Among alkali metal cations, 
sodium cation is by its size the most compatible with the 
calix[4]arene binding site comprised of four ether and four 
carbonyl oxygen atoms, often being coordinated by all 
ether oxygens and most of the carbonyl ones. Therefore, 
reducing the number of the latter considerably decreases 
Na+ interaction with the ligand, which is not so pronounced 
in the case of the larger K+ coordination. At the same time, 
in the case of phenanthridine-containing ligands, Na+ is only 
weakly coordinated by the nitrogen atom of this group. 
However, the interaction between potassium cation and 
nitrogen atoms of phenanthridine groups is stronger (see 
the results of MD simulations below and those described in 
ref. [50]) and partially compensates the “loss” of tertiary-

Table 1. Thermodynamic parameters for formation of complexes of L with alkali metal cations in methanol at 25 °C. In the cases 
of repeated measurements, uncertainties are given in parentheses as standard errors of the mean (N = 3). 

cation 
log K(ML+) 

−
°r

1
Δ

kJ mol
G (d) 

−
°r

1
Δ

kJ mol
H (d) 

− −
°r

1 1
Δ

J K  mol
S (d) 

(a) (b) (c) (d) 

Li+ 2.76(1) 2.61(3) 2.57 2.80(2) –15.98(9) –19.0(8) –10(3) 

Na+ 5.69(1) 5.66(2) –(e) 5.65(1) –32.25(6) –41.9(7) –32(2) 

K+ 3.50(3) 3.28(2) 3.44 3.52(1) –20.09(7) –31(1) –36(6) 

Rb+ 2.33(1) –(f) 2.27 2.28(3) –13.0(2) –31(2) –59(6) 

Determined by: (a) spectrophotometry, (b) spectrofluorimetry, (c) 1H NMR, (d) microcalorimetry, (e) too high to be determined by NMR titration, (f) data could 
not be reliably processed. 
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Figure 4. a) 1H NMR titration of L (c0 = 1.42 × 10–3 mol dm−3) with KClO4 (c = 3.19 × 10–2 mol dm−3) in MeOD at 25 °C. b) Chemical 
shift of phenanthridine protons at 7.65 ppm as a function of cation to L molar ratio. ■ experimental; – calculated. 
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amide substituents. The smaller lithium cation realizes the 
interactions with the herein considered receptors via 
almost all ether oxygen atoms and to the less extent 
(compared to Na+ and K+) with carbonyl oxygens, whereas 
the interaction with phenanthridine nitrogen atoms is in 
the case of this cation almost completely absent (see later 
and refs. [47,50]). The overall effect of the established or 
missing interactions between the cations and ligand 
binding site is reflected in the complex stability constants 
given in Figure 5.  

Complexation of Alkaline Earth  
Metal Cations 

The binding affinities of L towards alkaline earth metal 
cations in methanol were also studied by means of 
spectrophotometric, fluorimetric, 1H NMR, and calori-
metric titrations. The results obtained spectrometrically 
are presented in Figures 6–8 and S23–S31, Supporting 
Information, and stability constants of the ML2+ complexes 
determined by the analyses of the corresponding data are 
listed in Table 2. Rather low stabilities of the complexes 

required addition of large amounts of alkaline earth metal 
cation salts to reach significant percentage of complex 
formation. Consequently, titrant dilution heats were quite 
high and comparable to those resulted from the binding 
reactions, preventing in these cases the calorimetric 
determination of thermodynamic parameters of cations 
complexation. Although we do not have direct 
experimental evidence, the inconsistency between the 
equilibrium constants obtained spectrofluorimetrically and 
those measured by UV absorption and NMR spectroscopies 
can be tentatively explained by considering the possibility 
that the equilibrium constants determined by emission 
spectroscopy corresponds to the reaction of the ligand in 
its excited state.[84,85] 
 Considering the cation charges, one would expect 
that L would be a better binder of alkaline earth  
metal cations compared to the alkali ones of the similar 
ionic radii. However, quite the opposite was observed 
(Tables 1 and 2). For example, crystallographic radius  
of Ca2+ for coordination number 6 is 1.00 Å and that of Na+ 
is 1.02 Å.[86]  
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Figure 5. Comparison of thermodynamic stabilities of alkali metal cations complexes with calixarene derivatives comprising 
tertiary-amide, triazole-glucose, and phenanthridine moieties in methanol at 25 °C. Stability constants taken from: a ref. [52], b 
ref. [62], c ref. [50], d this work. 
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Figure 6. a) Spectrophotometric titration of L (c0 = 1.74 × 10−4 mol dm−3) with Ba(ClO4)2 (c = 0.10 mol dm−3) in MeOH.  
V0 = 2.2 mL; l = 1 cm; ϑ = (25.0 ± 0.1) °C. Spectra are corrected for dilution. b) Absorbance at 342 nm as a function of cation to 
L molar ratio. ■ experimental; – calculated. 
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Figure 7. a) Fluorimetric titration of L (c0 = 3.41 × 10−5 mol dm−3) with Mg(ClO4)2 (c = 0.15 mol dm−3) in MeOH. V0 = 2.5 mL;  
ϑ = (25.0 ± 0.1) °C; λex = 330 nm; excitation slit 10 nm; emission slit 10 nm. Spectra are corrected for dilution. b) Relative intensity 
of fluorescence at 374 nm as a function of cation to L molar ratio. ■ experimental; – calculated. 
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Figure 8. a) 1H NMR titration of L (c0 = 1.57 × 10–4 mol dm−3) with Sr(ClO4)2 (c = 9.98 × 10–2 mol dm−3) in MeOD. b) Chemical 
shift of phenanthridine protons at 8.12 ppm as a function of cation to L molar ratio. ■ experimental; – calculated. 
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Despite this similarity and higher charge of calcium cation, 
stability constant of CaL2+ complex is much lower than that 
of NaL+. To explain this finding, one should primarily take 
into account the difference in solvation of the first- and 
second-group cations. As can be seen from the solvation 
thermodynamic parameters given in Table S4, Supporting 
Information, due to the higher charge density (i.e. q/r 
ratio), the latter are considerably better solvated in 
methanol than the former. That makes the cation 
desolvation, taking place in the course of complexation 
reaction, more unfavorable for alkaline earth metal cations, 
and this is the main reason behind the observed lower 
stability of the ML2+ relative to ML+ complexes in methanol.  

Molecular Dynamics Simulations 
The classical molecular dynamics simulations of L and its 
alkali and alkaline earth metal complexes in methanol were 
carried out to get an insight into their structures and the 
solvent molecule inclusion into the calixarene hydrophobic 
basket. 
 The results of MD simulations of free L are given in 
the Supporting Information (Table S1 and Figures S32 and 
S33). During most of the simulation time (91.5 %), the 
ligand was present in the form of LMeOH adduct in which 
methanol molecule was included in the calixarene basket 
with methyl group pointing inwards (Figure S33a, 
Supporting Information). During that time, 5 solvent 
molecules exchanged in the calixarene cavity. The 
differences between distances of the opposite aryl carbon 
atoms connected to the tert-butyl groups at the calixarene 
upper rim (Table S1, Supporting Information) of the free 
ligand and its methanol adduct indicated that calixarene 
basket of free L had flattened cone shape of C2 symmetry 
(the distances differ significantly), whereas in the adduct 
conformation changed to almost regular cone of 
approximately C4 symmetry (the distances nearly the 
same). 

 In the simulations of L complexes with alkali metal 
cations (Figures 9 and S34, Table S2, Supporting Infor-
mation), besides species without solvent molecule included 
(Figures 9c, f, i, l, and o), two types of methanol adducts 
were noticed: the much more predominant one (78–98 % 
of the simulation time) with methyl group pointing to metal 
ion (MLMeOH+, Figures 9a, d, g, j, and m) and another, 
denoted as MLMeOH+’, in which hydroxyl group was 
oriented towards the cation (Figures 5b, e, h, k, and n). In 
all cases, cation was on average coordinated with almost all 
ether and carbonyl oxygen atoms. The average number of 
coordinating phenanthridine nitrogen atoms increased 
with the cation size, being 0 (Li+, Na+), 0.66 (K+), 0.9 (Rb+), 
and 1.34 (Cs+). A rather weak coordination by triazole group 
was also observed, but only in the case of complexes with 
larger potassium, rubidium, and cesium cations (Table S2, 
Supporting Information). The differences in distances of the 
opposite aryl carbon atoms connected to the tert-butyl 
groups were larger in the MLMeOH+ adducts comprising 
larger cations, which indicated higher flexibility of 
calixarene basket in these species (Table S2, Supporting 
Information). 
 The results of simulations and the obtained 
representative structures of alkaline earth metal cation 
complexes are presented in Figures 10 and S39, Table S3, 
Supporting Information. Interestingly, magnesium and 
calcium complexes were found to be predominantly in 
MLMeOH2+’ form (cation coordinated by hydroxyl oxygen 
atom of the included methanol molecule), whereas 
complexes without included solvent molecule were not 
detected. Along with the fact that no exchange of MeOH 
molecules inside the basket was observed, this clearly 
indicated stronger inclusion of the solvent molecule and 
its cation coordination in MgLMeOH2+’ and CaLMeOH2+’ 
adducts compared to alkali metal and other alkaline earth 
metal cations complexes (Tables S2 and S3, Supporting 
Information). Strontium and barium complexes were 
found to exist as all three types of species (with and 
without MeOH included), with the adduct in which 
methanol methyl group was facing the cation being the 
most abundant. The above findings can be rationalized by 
considering the size and charge of metal ions. As 
expected, the smaller size and higher charge of cation 
favor its coordination by included solvent molecule,  
i.e. formation of MLMeOHz’ species. Regarding the 
coordination of alkaline earth metal cations by the atoms 
forming the L binding site, it was found that the average 
number of ether and carbonyl oxygen atoms decreased 
with ion size, whereas, as in the case of first-group 
cations, the opposite was observed for coordination with 
phenanthridine and triazole nitrogen atoms (Table S3, 
Supporting Information). 
 

Table 2. Stability constants of complexes of L with alkaline 
earth metal cations in methanol at 25 °C. In the cases of 
repeated measurements, uncertainties are given in 
parentheses as standard errors of the mean (N = 3). 

cation 
log K(ML2+) 

(a) (b) (c) 

Mg2+ 1.96(3) 1.09 2.13 

Ca2+ 1.77(1) 0.55 1.12 

Sr2+ 2.10(3) 1.81(1) 1.66 

Ba2+ 1.60(1) 0.91 1.51 

Determined by: (a) spectrophotometry, (b) spectrofluorimetry, (c) 1H NMR 
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Figure 9. Representative structures of a) LiLMeOH+, b) LiLMeOH+’, c) LiL+, d) NaLMeOH+, e) NaLMeOH+’, f) NaL+, g) KLMeOH+, 
h) KLMeOH+’, i) KL+, j) RbLMeOH+, k) RbLMeOH+’, l) RbL+, m) CsLMeOH+, n) CsLMeOH+’, and o) CsL+ adducts obtained by  
MD simulations at 25 °C. Hydrogen atoms of L are omitted for clarity. 
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CONCLUSION 
The calix[4]arene derivative L was designed and 
synthesized as a compound comprising highly efficient 
cation-binding groups (tertiary amides), phenanthridine 
moieties to ensure its fluorescence, and glucose 
functionalities to increase its solubility in polar solvents. 
The complexation of alkali and alkaline earth metal cations 
by this ligand in methanol was comprehensively studied by 
several experimental methods and molecular dynamics 

simulations. The determined thermodynamic reaction 
parameters showed that the complexation of L with alkali 
metal cations was in all cases enthalpy driven and 
entropically unfavorable. The ligand was proven to be 
significantly less effective in binding the second- compared 
to the first-group cations in methanol, which was primarily 
ascribed to the rather large difference in the cation 
solvation in this solvent. Computational investigations 
provided an insight into the structures of L and its 
complexes and showed that, depending on the cation size 

 

Figure 10. Representative structures of a) MgLMeOH2+, b) MgLMeOH’2+, c) CaLMeOH2+, d) CaLMeOH2+’, e) SrLMeOH2+,  
f) SrLMeOH2+’, g) SrL2+, h) BaLMeOH2+, i) BaLMeOH2+’, and j) BaL2+ adducts obtained by MD simulations at 25 °C. Hydrogen 
atoms of L are omitted for clarity. 
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and charge, the receptor binding site consisted of various 
numbers of ether and carbonyl oxygen atoms. In the case 
of larger cations, phenanthridine nitrogen atoms were 
involved in the cation coordination as well. It was also 
observed that during almost all the simulation time the 
hydrophobic cavity of the free and complexed ligand was 
occupied by methanol molecule. The solvent molecule was, 
depending on the cation charge to radius ratio, oriented 
either with methyl group pointing to cation or oppositely, 
with OH group facing the metal ion (this orientation was 
favored in the case of higher charge density cations). 
 The solvation effects and the size compatibility of the 
cation and calix[4]arene binding site make L rather selective 
for sodium with respect to other cations in methanol. 
According to the data listed in Tables 1 and 2, the selectivity 
towards Na+, expressed as the ratio of the stability constants 
of the corresponding complexes, amounts to >100 regarding 
K+, ≈1000 for Li+, and >2500 for all other cations. 
 Although the aqueous solubility of L was found to be 
lower than predicted, it can be envisaged that this 
compound can serve as a template for design and synthesis 
of other neutral and fluorescent water-soluble calixarene-
based cation receptors. 
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