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The preparation and characterization of a novel pillar[5]arene based supramolecular system 
with mesalazine, a prescribed aminosalicylate drug was successfully achieved. Pyridinium-
pillar[5]arene was efficiently prepared in three steps from hydroquinone bis(2-hydroxyethyl) 
ether derivative in high yield. It was demonstrated that the association between the compounds 
is pH dependent with an association constant of 3.4 × 103 L mol-1 near physiological conditions, 
leading to quenching of the fluorescence emission of mesalazine in the presence of the cationic 
macrocycle. Theoretical calculations indicate that the association between both molecules is of 
electrostatic nature. Formation of aggregates was also demonstrated in low concentrations of 
pillar[5]arene that is related to the non-linear behavior of the Stern-Volmer plot for quenching of 
mesalazine fluorescence emission. 
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Introduction

Since its first report in 2008, pillararenes1 have 
been the goal of many studies in different fields being 
applied as chemosensors,2 drug delivery systems3 and 
as supramolecular catalysts and nanoreactors based on 
the host-guest properties.4 Pillararenes are prepared by 
condensation of hydroquinone with paraformaldehyde 
leading to a methylene bridged symmetric structure with a 
rich electron π-cavity which allows complexation with small 
molecules in a system that resemble the enzyme receptor-
ligand complex.5-7 Although the described features, the 
groups in the so-called portals of pillararenes are of extreme 
relevance in induction and pre-complexation of the ligand 
and those are of easy functionalization by neutral or charged 
groups from nucleophilic displacement of leaving groups 
(Figure 1), being responsible for increasing intermolecular 
interactions with the guest molecules.8

The influence of these groups associated with aryl 
cavity size was explored in important applications such 
as recognition of environmental contaminants9,10 or 
even in the eradication of diseases.11 Also, the formation 
of supramolecular complexes based on the nature of 
the interactions with the hydrophobic cavity and both 
functionalized portals allow great association with other 
compounds and may be modulated to mimic natural 
processes and to develop smart drug delivery systems to 
biologically active compounds.10,12-15 The non-covalent 
interactions between the macrocycle and a ligand can 

Figure 1. Structure of pillar[5]arene and its versatility with neutral or 
charged groups from substitution reactions.
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modify properties such as solubility, stability and optical 
properties, among others.16-19

In the past few years, we dedicated our efforts to prepare 
supramolecular systems from differently functionalized 
pillararenes for molecular recognition of drugs such 
as methamphetamine and for creating an appropriate 
environment for degrading highly toxic compounds such as 
model pesticides phosphates.20,21 Other publication22 from our 
research group showed that it was possible to tune reactivity 
of guest molecules based on the pillararene structure. It is also 
important to mention that good compatibility with human 
organism with low cytotoxicity was already evidenced for 
pillararenes which increase the range of application of these 
compounds for medical purposes.15 Cationic pillararenes, 
for instance, have been described as successful inhibitors of 
biofilm growth by Gram-positive bacteria, which are strictly 
related to antibiotic resistance23,24 Also, these compounds 
can form supramolecular complex systems with other 
nanomaterials envisioning guest delivery for medical uses 
that are typically pH-responsive.25 

On the other hand, inflammatory bowel diseases (IBD) 
have increased being Chron’s disease and ulcerative colitis 
the most frequent in the western population.26-28 These 
diseases do not present a cure; however, treatment provides 
the patient a good quality of life. Currently, the most 
prescribed drug for IBD treatment is mesalazine (MSZ), 
also known as 5-aminosalicylic acid which acts directly 
on the inhibition of enzymes such as cyclooxygenase and 
lipoxygenase, also inhibiting the death of active cells. 
Considering the importance of this class of aminosalicylate 
anti-inflammatory drugs, different detection and delivery 
systems have been studied to increase solubility in aqueous 
media and permeability in membranes.29-31 Thus, in this work, 
we synthesized a cationic pyridinium-pillar[5]arene (P[5]Py)  
and investigated the formation of supramolecular  
mesalazine pillar[5]arene complexes by fluorescence 
spectroscopy, nuclear magnetic resonance (NMR), and 
theoretical calculations. Supramolecular complexation 
led to quenching of fluorescence, which was evaluated 
by quenching models and fluorescence lifetime. The high 
association and quenching constant values of mesalazine 
and pillar[5]arene are interesting results for future work on 
release and quantification systems for mesalazine.

Experimental

Materials and methods 

Chemicals
All materials were purchased from Sigma-Aldrich 

(Darmstadt, Germany) and used as received. Acetonitrile 

and dichloroethane were dried over 4 Å molecular sieves. 
Pyridine was not previously distilled.

NMR spectra
The  NMR spectra were made using Bruker AC 200 

and 400  MHz spectrometers. 1H  NMR spectra were 
recorded either at 200 or 400 MHz and 13C NMR at 50 
or 101  MHz, respectively with tetramethylsilane (TMS 
or TMSP) as internal standard (0.00 ppm) in CDCl3 or 
D2O. Nuclear Overhauser effect (NOESY) correlation 
spectra (mixing time = 1.0 s) were conducted for 
supramolecule in D2O in adjusted pHs = 1.0, 5.0 and 7.5 
(pD  =  pH  +  0.44).  NMR spectra were processed using 
TopSpin 1.3 and MestReNova 7.0.

FTIR spectra
The IR spectra were recorded using ABB FTLA 2000 

spectrometer (Zurich, Switzerland) with KBr dispersed 
solid samples. No significant changes were observed for the 
mixture of MSZ and P[5]Py compared to the pure compounds. 
The Fourier transform infrared spectroscopy (FTIR)  
data obtained were processed using Origin 8.0.32

HRMS measurements
High-resolution mass spectrometry (HRMS) analysis 

was performed using the turbo ion spray source (electrospray 
ionization-ESI), Applied Biosystems/MDS Sciex (Concord, 
Canada) in positive ion mode. Samples were infused 
continuously at 10 μL min-1 with a syringe pump. The 
capillary needle voltage was maintained at 4.5  kV. The 
mass spectrometry (MS/MS) parameters were curtain gas, 
10 psi; ion spray interface, 0.0 °C; GS1, 18.0 psi; GS2, 
0.0 psi; and collision gas, medium.

UV-Vis measurements
All the UV-Vis measurements were made in aqueous 

media with a spectrophotometer Cary 50 from Varian 
(Shelton, USA) equipped with a thermostatic bath using 
quartz cuvettes, with 1.0 cm of the optical path. The pH of 
the measurements were maintained using buffers solutions 
(0.01 mol L-1 ): chloroacetic acid (pKa 2.8), sodium 
acetate (pKa 4.6), Bis-Tris (pKa 6.5) and Tris (pKa 8.25).  
To P[5]Py the absorption was followed at 291 nm and to 
MSZ the absorption was followed in 298 and 330 nm. The 
absorbance data obtained were processed using Origin 8.0.32

Fluorescence measurements
The fluorescence measurements were made with a 

spectrofluorimeter Cary Eclipse from Varian (Melbourne, 
Australia), with a xenon lamp of 450 W as excitation 
font, with variables slits and adjustable voltages. To 
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mesalazine (MSZ) measurements, the fluorescence spectra 
were obtained with excitation at 298 or 330 nm, with a 
slit of 5  nm. Titration experiments were conducted by 
monitoring MSZ fluorescence emission maxima (500 nm) 
at pH 7.5 increasing the concentration of P[5]Py on a 
solution or MSZ from 2.9 × 10-5 to 3.2 × 10-4 mol L-1 
(excess of 20 equivalents of P[5]Py). The fluorescence 
data obtained were processed using Origin 8.0.32 To obtain 
the association constant (K) value for MSZ ⊂ P[5]Py 
system, the equation 1 was used:

	 (1)

where I0 and I are the fluorescence intensity of MSZ in the 
absence and presence of P[5]Py, respectively, [M] is the 
concentration of MSZ, [P] is the concentration of P[5]Py.

The fluorescence quantum yield (Φf) of MSZ at different 
pH was calculated using equation 2, and the MSZ at pH 4 
as a standard (Φstd = 0.06).33

	 (2)

where Astd and Fstd are the absorbance and fluorescence of 
MSZ in pH 4, used as a standard for the calculations. AMSZ 
and FMSZ are the absorbance and fluorescence in different 
pH’s. The both terms n2

std and n2
MSZ refer to refractive index 

of water. 

Fluorescence lifetime measurements
All fluorescence lifetime experiments were performed 

using a spectrofluorimeter Easy Life V, Optical Building 
Blocks Corporation (Birmingham, England). For each 
analysis, a light emitting diode (LED) with a wavelength 
of 370 nm was used, with a filter of 10 nm bigger than LED 
wavelength. The IRF used was LUDOX® 30% in aqueous 
media. The quality of the fitting (exponential decay) 
was monitored by chi-squared values. The fluorescence 
lifetime measurements data obtained were processed using 
Origin 8.0.32

Conductivity measurements
Conductivity measurements were performed using 

a Metrolhm Model 712 conductivity meter (Herisau, 
Switzerland), using a thermostatic cell at 25 °C, with an 
initial volume of 20 mL of a buffered aqueous solution, 
at pH = 7.5. The titrations were performed to evaluate the 
P[5]Py self-assembly. The conductivity data obtained were 
processed using Origin 8.0.32

DLS
Hydrodynamic diameters of the aggregates were 

determined using dynamic light scattering (DLS) 
equipment-Malvern Instruments Zetasizer Nano Series 
(Worcestershire, England). The measurements were used 
to evaluate the average size of P[5]Py aggregates. The 
concentration of P[5]Py = 1.2 × 10-4 mol L-1 was used 
for the experiment. All measurements were performed at 
pH = 7.5, at 25 °C. The DLS data obtained were processed 
using Zetasizer Software 7.12.

Synthesis

Bromination of hydroquinone bis(2-hydroxyethyl) ether 
(HQBr, compound 2)1,34

In a reaction flask, under an argon atmosphere, 
hydroquinone bis(2-hydroxyethyl) ether (1, 10.0 mmol) and 
triphenyl phosphine were dissolved in CH3CN (50 mL) and 
the mixture was cooled to 0 °C. Then, tetrabromomethane 
(23.8 mmol) was slowly added and the reaction mixture 
was stirred for 4 h at room temperature. After this time, 
cold water was added to afford a white precipitate, which 
was further filtrated and washed with cold MeOH to 
afford product 2 as a white crystal. Yield 75%; 1H NMR 
(200 MHz, CDCl3) d 6.86 (s, 4H), 4.25 (t, J 6.3 Hz, 4H), 
3.62 (t, J 6.3 Hz, 4H); 13C NMR (50 MHz, CDCl3) d 152.5, 
116.3, 68.9, 29.4.

Tosylation of hydroquinone bis(2-hydroxyethyl) ether 
(HQOTs, compound 3)7

In a reaction flask, an aqueous solution of NaOH 
(70 mmol, 4 mL) was added to a solution of, hydroquinone 
bis(2-hydroxyethyl) ether (1, 11.6 mmol), in tetrahydrofuran 
(THF, 20 mL), and the mixture was cooled to 0 °C. 
Then, under stirring, 4-methylbenzenesulfonyl chloride 
(26.2 mmol) was dropwisely added and the system was 
stirred for 2 h at room temperature. After this time, the 
reaction was poured into ice-cold water and the product was 
extracted with CH2Cl2. The organic phase was washed with 
water, brine and dried with MgSO4. Product 3 was further 
obtained after solvent removal to afford a white powder. 
Yield 65%; 1H NMR (400 MHz, CDCl3) d 7.82, 7.35, 6.69, 
4.34, 4.33, 4.32, 4.10, 4.08, 4.07, 2.45; 13C NMR (50 MHz, 
CDCl3) d 151.9, 150,0, 147.5, 131.8, 130.9, 118.6, 69.9, 
63.6, 32.1.

Synthesis of tosylated pillar[5]arene (P[5]OTs, compound 4)7

A solution of paraformaldehyde (8.97 mmol) and 
boron trifluoride diethyl etherate (3.06 mmol) in dry 
dichloroethane (25 mL) was stirred for 10 min. Then, a 
solution of tosylated hydroquinone bis(2-hydroxyethyl) 
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ether (3, 10.3 mmol) in dry dichloroethane (25 mL) was 
added dropwisely and the reaction was stirred for 4 h under 
argon atmosphere. After this time, the mixture was diluted 
in methanol (50 mL) and dichloromethane (150 mL) and the 
mixture was washed with water (3 × 50 mL) and brine. The 
organic layer was dried over MgSO4 and the solvent was 
removed under reduced pressure. Product 4 was purified 
by flash column chromatography 99:1, CH2Cl2:MeOH 
resulting in P[5]OTs as a white solid. Yield 31%; 1H NMR 
(200  MHz, CDCl3) d 7.71 (d, J  8.3  Hz, 20H), 7.04 (d, 
J 8.0 Hz, 20H), 6.78 (s, 10H), 4.54-4.40 (m, 10H), 4.39-
4.31 (m, 10H), 4.29-4.17 (m, 10H), 4.15-3.95 (m, 10H), 
3.60 (s, 10H), 2.27 (s, 30H); 13C NMR (50 MHz, CDCl3) 
d 149.5, 145.0, 132.2, 129.8, 128.4, 127.7, 114.41, 69.6, 
65.7, 31.1, 21.6.

Synthesis of brominated pi l lar[5]arene (P[5]Br, 
compound 5)1,34

To a solut ion of  brominated hydroquinone 
bis(2‑hydroxyethyl) ether (2, 10.3 mmol) in dry 
dichloroethane and argon atmosphere, paraformaldehyde 
(30.9 mmol) was added, and the system stirred for 
30 min. After this time, boron trifluoride diethyl etherate 
(10.9  mmol) was slowly added to the system and the 
mixture was stirred at room temperature for 2 h. After this 
time, the mixture was washed with water, brine and sodium 
bicarbonate. The organic layer was dried over MgSO4 
and the solvent was removed under reduced pressure. 
Product 5 was purified by flash column chromatography 
1:1, CH2Cl2:hexane resulting in P[5]Br as a white solid. 
Yield 65%; 1H NMR (200 MHz, CDCl3) d 6.91 (s, 10H), 
4.23 (t, J 5.5 Hz, 20H), 3.84 (s, 10H), 3.63 (t, J 5.4 Hz, 
20H); 13C NMR (50 MHz, CDCl3) d 149.9, 129.3, 116.3, 
69.1, 30.8, 29.5.

Synthesis of pyridinium-pillar[5]arene (P[5]Py, compound 7) 
from P[5]Br24

In a reaction flask P[5]Br (5, 0.5 mmol) and 10 mL 
of pyridine were stirred for 48 h at 80 °C. After this time, 
the excess of pyridine was removed by vacuum and the 
remaining solid was washed with ethyl ether until the 
solvent comes out colorless. Then, the crude product was 
washed with ethanol and precipitated in ethyl ether forming 
a fine precipitate that could be removed by centrifugation. 
The product P[5]Py 7 was obtained as a flavescent powder. 
Yield 96%; 1H NMR (200 MHz, D2O) d 8.70 (d, J 5.5 Hz, 
20H), 8.30 (t, J  8.0  Hz, 10H), 7.88 (d, 20H), 6.53 (s, 
10H), 4.92 (t, 20H), 4.46 (t, 20H), 3.39 (s, 10H); 13C NMR 
(50 MHz, D2O) d 152.1, 149.1, 147.6, 131.9, 131.0, 118.7, 
70.1, 63.8, 32.2; HRMS m/z, calcd. for [C105H109N10O10] 10+: 
1669.8378, found: 1670.2191.

Synthesis of pyridinium pillar[5]arene (P[5]Py, compound 6) 
from P[5]OTs7

In a reaction flask P[5]OTs (4, 0.5 mmol) and 10 mL 
of pyridine were stirred for 48 h at 80 °C. After this time, 
the excess of pyridine was removed under vacuum and 
the remaining solid was washed with ethyl ether until the 
solvent comes out colorless. Then, the crude product was 
washed with ethanol and precipitated in ethyl ether forming 
a fine precipitate that could be removed by centrifugation. 
The product P[5]Py was obtained as a flavescent powder. 
Yield 50%; 1H NMR (200 MHz, D2O) d 8.90 (d, J 5.6 Hz, 
20H), 8.56 (t, J  8.0 Hz, 10H), 8.06 (d, J  7.0 Hz, 20H), 
7.56 (d, J 8.0 Hz, 20H), 6.91 (d, J 8.2 Hz, 20H), 6.62 (s, 
10H), 5.01 (s, 20H), 4.32 (s, 20H), 3.38 (s, 10H), 1.79 (s, 
30H); 13C NMR (101 MHz, D2O) d 148.9, 146.3, 144.6, 
141.8, 139.8, 129.2, 129.0, 128.3, 125.0, 115.7, 67.4 (s), 
60.7, 20.0.

Computational details

The MSZ and P[5]Py structures obtained were 
previously optimized using semi-empirical xTB(extended 
Tight Binding)35 developed by Stefan Grimme.36 The xTB 
package was employed to minimize the computational 
cost to obtain more accurate theoretical results. The 
obtained structures are then fully optimized using density 
functional theory (DFT)37 allied to BP86 Generalized 
Gradient Approximation (GGA) functional to description of 
Exchange correlation terms and D3 Grimme corrections.38 
The atoms were described by valence triplezeta basis 
set with updated polarization functions (def2-TZVP). 
Frequency calculations were carried out to guarantee 
that a minimum structure was obtained, as evidenced 
by the absence of imaginary eigenvalues in the Hessian 
matrix. The MSZ and P5Py structures obtained from DFT 
calculations were combined to evaluate the interaction 
between both molecules; the combined models were also 
optimized using xTB and DFT/BP86 calculations. TDDFT 
calculations employing B3LYP hybrid functional were also 
performed to predict UV-Vis spectra for MSZ on water 
solvent; the theory level was increased for such calculation 
to describe excited states more precisely. All calculations 
performed in this work employ the Orca quantum code.39

Results and Discussion

Synthesis

Synthesis of the pyridinium-pillar[5]arene (P[5]Py, 
compound 7) was performed starting from brominated 
pillararene according to Scheme 1. Analysis of 1H NMR, 
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13C NMR and ESI-MS have confirmed the obtention of 
the cationic macrocycle as bromide salt. 1H NMR spectra 
show well-defined signals that are in agreement with the 
proposed structure by Cohen and co-workers.24 Also, 
we have prepared a tosylate salt of pyridinium-pillar[5]
arene (compound 6) using a different strategy than the 
one proposed by Ogoshi,1,5 avoiding the use of carbon 
tetrabromide and triphenylphosphine. Nevertheless, it is 
interesting to observe that the methylene bridged hydrogens 
of P[5]Py are highly shielded compared to other pillararene 
structures (3.39 ppm compared to 3.84 ppm for P[5]Br, 
see Supplementary Information (SI) section, Figures S4 
and S10). 

Characterization

Mesalazine was achieved from commercial source 
and was previously characterized concerning its optical 
properties. The pKa values (Figure 2) were determined by 
spectrophotometric titration (calibration curves shown in 
the SI section, Figures S14-S16).40,41 The distribution of the 
species in equilibria is also shown in Figure 2. 

The influence of pH in UV-Vis absorption and 
fluorescence emission intensities of MSZ was analyzed as 
shown in Figure 3. In acidic pH, MSZ shows an absorption 
band at 298 nm (e = 3.7 × 103 L mol-1 cm-1, see Table 1, 
π-π* transition) attributed to cationic compound 8. Between 
pH 5.5-6.0 two bands from species 9 and 10 are present. 
However, above pH = 6.0, the maximum absorption suffers 
a bathochromic effect, 330 nm (e = 4.00 L mol-1 cm-1, see 
Table 1, π-π* transition) due to higher solvation of the 
anionic specie 10 (Figure 3). The fluorescence emission 
profile of MSZ is observed in Figure 4, with a dual 
fluorescence emission (l1 = 400 nm and l2 = 500 nm). A 
large Stokes shift (ca. 100 × 103 cm-1) is observed for the 
lower energy band (Figure 4a, Table 1). This was expected 
since the excited state intramolecular proton transfer 
(ESIPT) is widely observed for salicylic acids derivatives 
and the emission bands are ascribed to normal (N*) and 
tautomeric (T*) excited states.7,33,42-45 The pH has a major 
influence on the stabilization of the keto tautomer resulting 
in a single emission band at 500 nm for pH above 6.0 
(Figure 4b), and in this case the Stokes shifts were at around 
50 × 103 cm-1. Complete photophysical data are summarized 
on Table 1. We have conducted the following experiments 
under physiological conditions, where the fluorescence 
intensity is notably high (Figure 4c), and high fluorescence 
quantum yield values are observed (Table 1).

We started spectrofluorimetric titration experiments 
to investigate a possible complexation between P[5]Py 
and MSZ at pH 7.5 since MSZ is the sole fluorescence 
emitting specie, monitoring the band located at 500 nm. 
With successive addition of P[5]Py ranging from 0 to 
20 equivalents it was possible to observe quenching of 
fluorescence emission of MSZ above 2.0 × 10-3 mol L-1 of 
P[5]Py (Figure 5). The area under the curves of fluorescence 
emission was chosen to not neglect any normal (N*) 

Scheme 1. Synthesis of pyridinium-pillar[5]arene by substitution of 
different leaving groups.

Figure 2. Distribution of MSZ species and molar fractions of MSZ as a 
function of pH. Graph obtained by CurTiPot.42

Figure 3. UV-Vis absorption spectra of MSZ in water (1.4 × 10-4 mol L-1) 
at pH range 2.0-14.0, step = 0.5.
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emission band at 400 nm. Nevertheless, the plot versus 
fluorescence emission intensity showed essentially the 
same results. It is worth mentioning that the presence of 
P[5]Py stabilizes the ESIPT band at 500 nm for all pH 
values (see SI section, Figures S17-S19), suppressing the 
band for normal emission.

The formation of inclusion complexes of mesalazine 
with β-cyclodextrin (CD), hydroxypropyl-β-cyclodextrin 
(HP-β-CD) and 18-crown-6 ether (18C6) were already 
investigated.30,31,46,47 These molecules present higher 

diameters of the hydrophobic cavity that are capable of 
hosting the aromatic extent of the MSZ molecule in a 1:1 
stoichiometry. When the same models were applied to our 
system, they resulted in association constants that are up 
to 30-fold higher than the previous ones (Table 2). That 
suggests that the strong interaction between the compounds 
is related to charge interactions, increasing the tendency 
of complexation. 

Table 1. Photophysical data of MSZ, wavelength of maximum 
absorption  (λabs) and emission (λem), Stokes shift (∆ν), fluorescence 
quantum yield (F) and molar absorption coefficient (ε), as a pH function

pH λabs / nm λem / nm
∆ν / 

(103 cm-1)
F

εa / 
(103 L mol-1 cm-1)

2.0 299 500 99.0 0.024 3.71

2.5 298 500 98.0 0.035 3.85

3.0 297 500 97.1 0.043 3.71

3.5 297 500 97.1 0.038 3.84

4.0 297 500 97.1 0.060 3.81

4.5 298 500 98.0 0.057 3.71

5.5 300 500 100.0 0.12 2.71

6.5 330 500 50.8 0.34 3.65

7.0 330 500 50.8 0.32 4.00

7.5 330 500 50.8 0.33 4.00

8.0 330 500 50.8 0.32 4.07

8.5 330 500 50.8 0.35 4.07

9.0 330 500 50.8 0.31 4.00

9.5 330 500 50.8 0.33 4.19

10.0 330 500 50.8 0.35 4.24

10.5 330 500 50.8 0.34 4.17

11.0 330 500 50.8 0.33 4.07

11.5 330 500 50.8 0.30 3.86

12.0 330 500 50.8 0.32 3.73
aε values were obtained at maximum absorption wavelengths (λabs).

Figure 4. (a) Fluorescence emission spectra of MSZ (1.4 × 10-4 mol L-1) 
in water at pH 1-5.5 with λexc = 298 nm; (b) fluorescence emission spectra 
of MSZ (1.4 × 10-4 mol L-1) in water at pH 6.5-12.0 with λexc = 330 nm; 
and (c) visual fluorescence emission of solutions irradiated at 365 nm.

Figure 5. Quenching on fluorescence emission of MSZ (1.4 × 10-4 mol L-1) 
by successive additions of P[5]Py at pH 7.5.
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Based on our previous studies21 concerning the 
formation of inclusion complex between charged pillar[5]
arenes and with aromatic guests, we have performed 
NOESY  NMR experiments. Partial spectra (Figure 6), 
however, showed cross-peaks related to interactions 
between hydrogens from the pyridinium moieties with 
the aromatic ring hydrogen from mesalazine ascribed as a 
doublet of doublets at 6.69 ppm. This result corroborates 
with a supramolecular association whereas the MSZ 
molecules are accommodated in the entrance portals of 
the P[5]Py instead of inside the hydrophobic cavity (full 
NOESY spectra are shown in SI section, Figures S23-S25). 
No significant changes were observed in the FTIR of the 
complex (SI section, Figure S18).

Dual static and dynamic quenching of fluorescence 
of 2,4,6-trinitrotoluene (TNT) explosive compound by 
pyridinium bromide decorated polymer was recently 
described, suggesting that pyridiniums played an important 
role in interacting with both ground and excited state.48 

Their studies resulted in the creation of an efficient probe 
for sensing explosive compounds in water. Our findings 
discussed above show a clear interaction between the 
compounds and we have also investigated the influence of 
pH on the quenching using an equimolar mixture of MSZ 

and P[5]Py (Figure 7). Although the same profile was 
observed for pure MSZ solution, it is possible to observe 
that quenching of fluorescence takes place even under lower 
pH at a lower extent.

We have performed a Stern-Volmer quenching of 
fluorescence experiment. When the relationship between 
I0 and I is evaluated as a function of the P[5]Py quencher 
concentration (Figure 8) whereas non-linear dependence on 
the intensity of fluorescence is observed, with an increase 
of quencher amount indicating that either dynamic or 
static quenching process may occur, not both.49 Lifetime 
measurements were then determined leading to non-
variable values (τ0/τ, where τ0 = 3.91 ns) with the addition of 
P[5]Py, thus indicating that only static quenching occurs.50 
Also, the KSV constant could be determined, by fitting data 
with equation 3, where I0 and I are the fluorescence intensity 
of MSZ in the absence and presence of P[5]Py, respectively, 

Table 2. Association constant (K) between MSZ and different macrocycles

Inclusion complex K / (L mol-1) Reference

MSZ⊂β-CD 1.36 × 102 Elbashir et al.30

MSZ⊂β-CD 6.96 × 102 Karpour et al.46

MSZ⊂18C6 1.41 × 102 Elbashir et al.29

MSZ⊂HP-β-CD 2.16 × 103 Tang et al.47

MSZ⊂P[5]Py (3.43 ± 0.30) × 103 this work

MSZ: mesalazine; β-CD: β-cyclodextrin; HP-β-CD: hydroxypropyl-
β‑cyclodextrin; 18C6: 18-crown-6 ether.

Figure 7. Quenching on fluorescence emission of MSZ (1.4 × 10-4 mol L-1) 
in the presence of P[5]Py (1.4 × 10-4 mol L-1) as a function of pH.

Figure 6. NOESY {1H-1H}NMR spectra for the P[5]Py:MSZ (both 
1.4 × 10-4 mol L-1) supramolecule in D2O at pD = 7.9, evidencing the 
interactions between hydrogens of both compounds.

Figure 8. Stern-Volmer plot (black) and MSZ fluorescence lifetime τ0/τ 
(red) measurements with increasing concentrations of P[5]Py quencher 
in aqueous medium at pH 7.5.
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[F0] is the concentration of MSZ, [Q0] is the concentration 
of P[5]Py. The KSV resulted in 3.99 × 103 mol L-1, which 
represents a great interaction between MSZ and P[5]
Py, and agrees with the values achieved from data 
depicted in Table 2 (more details available on SI section, 
Figures S20-S21).

	 (3)

Similar profiles of non-linear Stern-Volmer were also 
observed in a protein-fluorophore association related to 
different populations of interacting residues where only one 
is accessible to the quencher.51 These are also related to the 
formation of aggregates in solution which deviates from 
the classical linear Stern-Volmer plot for static quenching 
of fluorescence.52 With these data in hands we investigated 
a possible formation of aggregates between the molecules 
of P[5]Py which may cause even the observed shielding 
effect on the methylene bridged hydrogens observed in 
the 1H NMR. Formation of polymer microfibers from a 
selftemplate assisted mechanism was recently described 

for tosyl-pillarar[5]ene 6.7 Although the authors did 
not mention it, the effect on the chemical shift was also 
prominent and these hydrogens resonate at 3.61  ppm. 
Conductimetric essay increasing the concentration of  
P[5]Py at pH 7.5 indeed showed a deviation from the curve 
for concentration around 1.0 × 10-5 mol L-1, suggesting 
the formation of aggregates (see SI section, Figure S27). 
These aggregates are of high extension and the spheric 
model was used in DLS, resulting in particles around 
400 nm (see SI section, Figure S26). Further experiments 
are being conducted which may increase the application 
of these compounds besides inclusion complex formation.

Theoretical calculations

The MSZ and P[5]Py systems were calculated 
using Orca quantum package. The molecules were fully 
optimized using DFT/bp86 calculations (optimized 
coordinates are available on Tables S1-S3, SI section). The 
MSZ molecule was calculated assuming their form at pH 7 
and, as observed (Figure 9a), possesses a linear arrangement 
where a negative charge is localized on O atoms of the 

Figure 9. Fully-optimized structures obtained from DFT calculations. (a) MSZ, (b) side-view of P[5]Py, and (c) top-view of P[5]Py. The C, H, O, and N 
atoms are represented in gray, light pink, red, and cyan colors, respectively.
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carboxylic acid functional group, as expected. In the case 
of P[5]Py, the calculated conformation indicates a pilar 
structure with opened portals (Figure 9b) and a hydrophobic 
cavity within aromatic rings forming a cyclopentane-like 
form (Figure 9c). This macromolecule presents ten positive 
charges on pyridine N atoms that interact with Br or OTs 
ions; the calculations carried out in this work evaluate the 
charged form of P[5]Py without counter ions. Once the 
structural analysis was performed, the next step lies in 
assessing the excited states for P[5]Py and MSZ systems 
from TDDFT calculations. The results enable us to predict 
the UV-Vis for both molecules in the water solvent media. 
For MSZ (Figure S28, SI section), an absorption band 
was found at 338 nm agreeing with experimental analysis 
performed in this work assuming a pH of 7 (Figure 3). 
The TDDFT indicates that such absorption refers to the 
LUMO←HOMO electronic transitions (Figure 10) and the 
energy involved in such transition is 3.67 eV.

Finally, after evaluating MSZ and P[5]Py system in 
isolated form, quantum simulations were performed to 

predict the interaction between P[5]Py and MSZ molecules. 
The fully optimized model indicates that the interaction 
occurs between C atoms from the pyridine groups from 
P[5]Py and O from carboxylate on MSZ, as demonstrated 
in Figure 11. Therefore, the results suggest that both 
molecules interact through electrostatic interaction since 
each MSZ molecule can replace a Br or OTs counter ion. 
The obtained system agrees with the NOESY {1H1H}NMR 
spectra (Figure 6) because of the proximity between H 
atoms from MSZ and pyridine.

Figure 10. Molecular orbitals involved in UV-Vis transitions for MSZ. 
The C, H, O, and N atoms are represented in gray, light pink, red, and 
cyan colors, respectively.

Figure 11. MSZ and P[5]Py interaction. (a) Side view; (b) top view; (c) side view and (d) top view with MSZ molecule highlighted. The C, H, O, and N 
atoms are represented in gray, light pink, red, and cyan colors, respectively.
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Conclusions

In this work, we have synthesized a cationic pyridinium-
pillar[5]arene from previously prepared pertosylated 
pillar[5]arene and we investigated the formation of 
supramolecular mesalazine pillar[5]arene complexes. 
Initially, the pKa values of mesalazine were determined 
and the spectroscopic properties of the molecule as a 
function of pH were evaluated. The highest intensity of 
fluorescence emission was observed under physiological 
conditions, where the anionic form of mesalazine is present. 
Although a classical inclusion complex was not observed 
from host-guest interactions at pH 7.5, interaction between 
both compounds causes drastic changes in spectroscopic 
properties of mesalazine. Static quenching of fluorescence 
was observed in physiological conditions and no changes 
in fluorescence lifetimes were observed when increasing 
the concentration of the macrocycle. The theoretical results 
indicate that the interaction between pyridinium-pillar[5]
arene macrocycle and mesalazine drug occurs due to 
strong electrostatic attraction. More precisely, the O atoms 
from the carboxylate of mesalazine interact with a C atom 
from pyridine replacing a counter ion. The quenching 
fluorescence with complexation can be used as a strategy 
for the detection of mesalazine, under physiological 
conditions, by fluorescence spectroscopy. In addition, the 
great association of mesalazine and pillar[5]arene is an 
important factor for development of pillar[5]arene-based 
delivery systems.

Supplementary Information

Supplementary information (Figures S1 to S28 
and Table S1 to S3) is available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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