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Abstract
Spectroscopic investigation supported by molecular modeling methods has been used to describe the inclusion complex 
of β-cyclodextrin (β-CD) with 1-Methyl-1-({2-[4-(trifluoromethyl)phenyl]-1,3-thiazol-4-yl}methyl) piperidinium chloride 
(1MPTMPC) in solution and in solid state. The formation of inclusion complex between the β-CD and the 1MPTMPC has 
been investigated both in solution and in the solid state. Solution-state complexation between the 1MPTMPC and β-CD was 
established using 1H NMR spectroscopy and isothermal titration calorimetry (ITC). From the 1H NMR spectroscopic studies, 
1:1 complex stoichiometry was deduced with an association constant (K) of 925 M−1. Using an independent binding model, 
the ITC technique provides a K value of the same order with the one determined by NMR and the thermodynamic param-
eters ΔH, ΔS and ΔG which reveals driving forces involved during complex formation. The formation of the solid inclusion 
compound was confirmed by X-ray powder diffraction and differential scanning calorimetry. The most probable conforma-
tion of the inclusion complex obtained through a molecular docking investigation corroborates well to ROESY experiment.
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Introduction

Anticholinergic medicines are a heterogeneous group of 
substance both from the structural and the therapeutic indi-
cations point of view. Pharmacologically, most of these 
compounds act as nonselective muscarinic receptor antago-
nists. The wide and varied distribution of these receptors 
throughout the body means that a nonselective antagonism 
of all these receptors leads to a diverse range of simultane-
ous effects. As a result, anticholinergic medicines have a vast 
array of therapeutic applications as they can be used in the 
treatment of many disorders: asthma, gastro-duodenal ulcers, 
renal/biliary colics, urinary incontinence [1, 2].

In order to limit these side-effects, selective acting com-
pounds have been devised. They act selectively just on a 
subtype of muscarinic receptor, for example solifenacine and 
darifenacine are selective towards the M3 receptors from the 
urinary bladder [2].

Moreover, side-effects can be reduced by locally adminis-
tering the substances or by using compounds with a specific 
tropism, that are capable of achieving high concentrations in 
specific target organs like the gastro-intestinal tract, urinary 
bladder.

Quaternary ammonium compounds are considered 
among the substances which can influence the contractil-
ity of smooth muscles from the digestive tract, acting via 
cholinergic mechanisms.

In this context, new molecules that contain quaternary 
ammonium compounds with improved pharmacokinetic 
and pharmaco-toxicological profile were synthesized [3–5]. 
Therefore, encapsulation process of these new compounds 
synthesized into cyclodextrin could offer the possibility of 
controlling drug delivery in biological systems, extending 
the antispasmodic effect and reducing its toxicity and also 
the increase of the solubility.
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This study presents an account of β-CD complexation 
with 1MPTMPC (Fig. 1), illustrating how complementary 
analytical techniques enhance insight into the process of 
host–guest complexation.

Experimental and theoretical methods

Materials

β-Cyclodextrin (water content 8 mol/mol) was purchased 
from Sigma Chemie GmbH. Germany and 1MPTMPC com-
pound was synthesized by the Iuliu Haţieganu University, 
Pharmacy Faculty Cluj-Napoca [5]. Both chemicals were 
used without any further purification. Deuterium oxide 
(99.7% D) was obtained from from Heavy Water Plant 
Romag-Prod, Romania.

Sample preparation

The solid-state inclusion compound was prepared in 1:1 
molar ratio of the 1MPTMPC and β-CD by co-precipitation. 
An amount of 3 × 10−5 mol 1MPTMPC was dissolved in 
2 mL of saturated aqueous solution of 3 × 10−5 mol β-CD. 
The mixture was stirred for 24 h at room temperature, suc-
ceeded by evaporation of solvent and drying into an oven 
at 27 °C.

Isothermal titration calorimetry (ITC)

ITC experiments were performed using a Nano ITC2G Cal-
orimeter (TA Instruments, New Castle, Delaware, USA). 
Before each titration, all solutions were degassed prior 
to loading into the ITC cell. Titration were performed at 
25 °C by injecting consecutive aliquots (10 µL) of 12 Mm 
β-CD aqueous solution into the ITC cell containing 0.6 mM 
1MPTMPC, keeping the stirring speed fixed at 350 rpm. 

Intervals between injections were set to be 600 s in order 
to allow the heat signal after each injection to return to the 
baseline. During β-CD addition, the molecules interact and 
the observed released heat is directly proportional to the 
amount of binding compound added with the solution ali-
quot. As the population of interacting molecules in the cell 
becomes more saturated with β-CD, the heat signal dimin-
ishes until only the background heat of dilution is observed.

Dilution heat of the host was measured under identical 
experimental conditions by injecting the β-CD into water. In 
general, heats of dilution were very small compared to the 
heats of complexation. The blank effects were subtracted in 
order to correct for dilution, mixing and injection effects.

The data were fitted with independent binding model in 
the Nano Analyze software. The binding constant (K), the 
binding stoichiometry (n), change in enthalpy (ΔH), change 
in entropy (ΔS) were thus obtained.

1H NMR

All 1H NMR measurements were carried out on a Bruker 
AVANCE III spectrometer operating at 500.13 MHz for pro-
tons and equipped with a broad-band observation probe. The 
NMR spectra were recorded in D2O solutions at 298 ± 0.1 K 
and all chemical shifts were measured relative to TMS salt 
(3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt).

In order to study the stoichiometry between 1MPTMPC 
and β-CD in solution by NMR spectroscopy, two stack 
solutions in D2O, both having 1 mM were prepared. Based 
on these two equimolar solutions, a series of eleven sam-
ples (i = 1–11) containing both the 1MPTMPC and β-CD 
molecules were prepared. This was accomplished by mix-
ing the two solutions to constant volume at varying pro-
portions, so that a complete range (0 < r < 1) of the ratio 
r = [X]/([H]+[G]) was sampled. X = H or G and [H] and [G] 
are the total concentrations of the host (β-CD) and guest 
(1MPTMPC), respectively. Thus, the total concentration 

Fig. 1   Chemical structure of: a 1-Methyl-1-({2-[4-(trifluoromethyl)phenyl]-1,3-thiazol-4-yl}methyl)piperidinium chloride (1MPTMPC) and b 
β-CD
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[H]t + [G]t = 1 mM was kept constant for each solution. In 
order to determine the association constant we used a sec-
ond set of samples with [G] = ct = 1 mM and [H] varying 
between 0 and 14 mM.

For each 1H NMR experiment, between 64 and 256 tran-
sients were collected into 65 K data points over a 5000 Hz 
spectral window, using a 3 s relaxation delay.

The 2D ROESY spectrum was acquired in the phase sen-
sitive mode with residual water suppression, using Bruker 
standard parameters (pulse program roesyphpr). The spec-
trum consisted of a matrix of 8192 × 1048 data points cover-
ing a spectral width of 4.500 Hz. The spectrum was obtained 
with a 500 ms spin-lock mixing time, relaxation delay 4.3 s 
and 32 scans.

X‑ray powder diffraction (XRD)

X-ray patterns were collected at room temperature on a 
Rigaku SmartLab multipurpose difractometer using Cu 
Kα1 radiation (λ = 1.54056 Å), equipped with a 9 kW rotat-
ing anode. The sample was ground to a fine homogeneous 
powder using an agate pestle and mortar and mounted in a 
sample holder. The measurements were performed in the 
3–40° 2θ range in steps of 0.01° at a rate of 6 steps/s.

Differential scanning calorimetry (DSC)

The DSC thermograms were obtained with a DSC-60 Shi-
madzu differential scanning calorimeter, using Shimadzu 
TA-WS60 and TA60 2.1 version system software for data 
acquisition. The heating of the samples was done with 
a rate of 10 °C/min in the 20–350 °C temperature range 
using sealed aluminum cells under nitrogen atmosphere. A 
crimped cell containing alumina was taken as reference.

Computational methods

Computational molecular investigation aiming to obtain the 
most probable conformation of the inclusion compound was 
performed using Autodock [6] and AutoDock Vina [7]. The 
initial 3-dimensional molecular structure of 1MPTMPC was 
optimized using M06-2X functional and 6-311++G(d,p) 
basis set using Gaussian 09 software [8] and no imaginary 
frequencies were obtained. The β-CD structure was extracted 
from the crystallographic inclusion complex of β-CD with 
Mg2+ and Ca2+ salts of meclofenamic acid determined by 
Caira et al. [9] (CSD entry: WERGUW). AutoDockTools v 
1.5.6 [6] was used to prepare the pdbqt files, which gather 
the atomic coordinates (PDB), partial charges (Q) and atom 
types (T) in one file. The flexibility of the ligand has been 
taken into account by setting up four torsion angles around 
the rotatable bonds.

Results and discussions

Determination of the association constant by ITC

ITC has been developed to determine thermodynamic 
characterization of non-covalent, equilibrium interactions 
involving small molecules with macromolecule and seems 
to be the most sensitive method for measuring the total heat 
changes during the complexation process.

A typical ITC titration curve corresponding to the 
binding interaction of β-CD and 1MPTMPC in presented 
on Fig. 2. During β-CD addition into 1MPTMPC solu-
tion, heat release was observed indicating an interac-
tion between these two compounds. The exothermic heat 
was directly proportional to the amount of added β-CD 
and as the 1MPTMPC in the cell become saturated with 

Fig. 2   Variation of heat-flow/electrical power as a function of time, 
titrant: β-CD; titrand: 1MPTMPC. a Heat rate released after injecting 
β-cyclodextrin into the reacting cell containing 1MPTMPC in solu-
tion. The volume per injection was 10 µL and the heat of dilution has 
been taken off. b The dependence of the heat released per injection 
on the molar ratio of reaction partners. The solid line is obtained by 
fitting the experimental data
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macromolecule, the heat signal diminished progressively 
(Fig. 2a). Heat flow which was released after the succes-
sive injection of 10 µL aliquots of β-CD into the solution 
of 1MPTMPC were integrated and expressed as a function 
of the molar ratio between the two reactants (Fig. 2b).

The value of binding constant obtained from ITC 
measurement was K = 808 M−1 which correspond to a 
Gibbs free energy ΔG = − 3.964 Kcal/mol. The ΔG value 
is negative which suggest that the formation of the inclu-
sion complex in aqueous solution is energetically favora-
ble. The exothermic nature of the inclusion process of 
1MPTMPC in β-CD is attributed to negative value of the 
formation enthalpy (ΔH = − 1.312 Kcal/mol) of this pro-
cess. This negative enthalpy change arises due to associa-
tion between small guest molecules and a polar cavity in 
water [10].

The entropy effect ΔS of the host–guest complex in 
1:1 (n = 0.945) stoichiometry which is positive and make 
evidently larger contribution to the negative change of 
Gibbs energy that the heat effects do.

The negative sign of the enthalpy change ΔH < 0 com-
bined with the positive sign of the entropy change ΔS > 0 
confirm that both hydrophobic and electrostatic interac-
tions contribute to the binding process. The analysis of 
the thermodynamic data reveals that the driving force of 
the binding process is a hydrophobic interaction with the 
release water molecule from the β-CD cavity which has 
positive contribution to entropy.

1H NMR experiments

Determination of the stoichiometry

NMR is a technique which provides the most evidence for 
the inclusion of a guest molecule into the hydrophobic CD 
cavity in solution. Inclusion of 1MPTMPC in β-CD cavity 
is evidenced by the change in chemical shifts of some of 
the guest and host protons, in comparison with the chemi-
cal shifts of the same protons in the free components. The 
1H NMR spectrum of 1MPTMPC with the assignment of 
the signals is presented in Fig. 3. Partial 1H NMR spectra 
of pure components and 1MPTMPC:β-CD mixture in a 1:1 
molar ratio are presented in Figs. 4 and 5.

Comparing the spectra from Fig. 4, a chemical shifts 
variations for some aromatic protons of 1MPTMPC can be 
observed, due to the presence of β-CD. As expected, the 
H3 and H5 protons located inside the cavity are appreci-
ably upfield shifted (see Fig. 5), evidencing the existence 
of an interaction between the 1MPTMPC molecule and the 
interior of the β-CD cavity. This is a clear indication of the 
formation of the 1MPTMPC: β-CD inclusion complex.

Determination of  the stoichiometry of  the 
1MPTMPC:βCD complex, by the continuous variation 
method was based on the induced chemical shift variation, 
Δδ, which is directly related to the concentration of the com-
plex [11, 12]. The 1H NMR spectra were obtained using 
the first set of samples in which the total concentration was 
kept constant at 1 mM. The resulting continuous variation 
plots show a maximum at r = 0.5 and a highly symmetrical 

Fig. 3   1H NMR spectrum of 1MPTMPC molecule
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shape (Fig. 6) indicating the existence of a complex with a 
1:1 stoichiometry.

ROESY experiments

While the 1D NMR provides unambiguous evidence on the 
formation of a complex, ROESY experiments provide infor-
mation on the dynamics and the averaged relative inter- and 
intramolecular proton distances. In the present study, to gain 
further information on the inclusion complexation mode and 
additional insights into the dynamic structure, a 2D ROESY 
1H NMR spectrum was acquired. Due to the rapid dynam-
ics of the complexation process, the ROESY effects were 
only qualitatively used and no conclusions on intermolecular 
distances were extracted. An expansion of the ROESY spec-
trum of the 1MPTMPC: β-CD complex is reported in Fig. 7.

The 2D NMR spectrum shows several intermolecu-
lar cross-peaks between H3 and H5 protons of β-CD and 
protons of aromatic ring of 1MPTMPC, demonstrating the 
inclusion of this group in the β-CD cavity. As can be seen 
from the ROESY spectrum, the Hb, Hb′ protons interact 
more strongly with β-CD H3 protons and Ha, Ha′ with H5. 
Also, Hc proton of 1MPTMPC don’t interact with the inner 
protons of β-CD in the ROESY spectrum having only noise. 
Based on these findings, the geometrical structure of the 
1MPTMPC:β-CD inclusion complex can be schematically 
presented as shown in Fig. 8.

Evaluation of the association constant

In order to determine the extent of the intermolecular bind-
ing between 1MPTMPC and β-CD, the association constant 

Fig. 4   Partial 1H NMR spectra 
(the aromatic part) of: a 1 mM 
1MPTMPC and b 0.5 mM 
1MPTMPC and 0.5 mM β-CD

Fig. 5   Partial 1H NMR spectra 
(without H1) of: a 1 mM β-CD 
and b 0.5 mM 1MPTMPC and 
0.5 mM β-CD
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has been evaluated. The association constant, K for a 1:1 
complex can be determined according to the following equa-
tion [13]:

(1)
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where i counts the sample number and j the studied proton.

where [G] = ct = 1 mM and [H] varying between 0 and 
14 mM.

If the studied proton belongs to the guest or host mole-
cule, X = G or H respectively. Δδc(j) represents the chemical 
shift difference (for a given proton) between the free compo-
nent and the pure inclusion complex. Equation (1) involves 
no approximations and correlates the total concentrations of 
the guest and host molecules with the observed difference 
in the chemical shift:

We used a software [14] based on an iteration procedure 
following specific algorithms in order to fit the experimental 
values of Δδ(i,j) to the appropriate equation. Each iteration 
sets up a quadratic programme to determine the direction of 
search and the loss function,

until the search converges.
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Fig. 6   Continuous variation plots for: H3 and H5 protons of β-CD 
and Ha, Ha′, Hb, Hb′, Hc of 1MPTMPC, where [X] = (1MPTMPC) 
or (β-CD)

Fig. 7   Expanded region 
of the ROESY spectrum 
of 1MPTMPC:β-CD com-
plex. 1MPTMPC = 1 mM; 
β-CD = 0.75 mM
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The treatment of the whole set of protons studied yields 
one single K value characterizing the inclusion process and 
a set of calculated Δδc(i,j) values.

In our case, we applied Eq. (1) for a set of protons consist-
ing in Ha, Ha′, Hb, Hb′ and Hc of 1MPTMPC. The associa-
tion constant obtained using the above described procedure 
is K = 925 M−1, with E = 2.0246 × 10−4 and a correlation 
factor r = 0.9992.

XRPD results

XRD is a powerful technique for identification and char-
acterization of the materials in solid state and is routinely 
used for the identification and sometime crystal structure 
determination of the CD complex. The crystalline state of 
1MPTMPC, β-CD and the possible inclusion compound 
1MPTMPC/β-CD where examined by XRD. Looking 
closely at the Fig. 9 we can observe the high degree of crys-
tallinity for 1MPTMPC and β-CD, compared to the inclusion 
compound 1MPTMPC/β-CD. Although low crystallinity 
has been achieved, we can still identify the characteristic 
peaks of the compound 1MPTMPC/β-CD. As we can see 
in Fig. 9 the characteristic peaks corresponding to the pure 
substances (1MPTMPC and β-CD) are not present in the 
diffraction pattern of 1MPTMPC/β-CD. New peaks can be 
observed for example at 5.4°, 8.8°and 10.7° difractogram of 
the inclusion complex. Unfortunately, the low crystallinity 
of the diffraction pattern obtained for the 1MPTMPC/β-CD 

does not allow us a full structural characterization by crystal 
structure determination.

Differential scanning calorimetry (DSC)

DSC represents useful method that reveals information 
on solid-state interactions between a drug and cyclodex-
trin. The DSC thermograms of pure components and of 
1MPTMPC:β-CD inclusion compound are presented in 
Fig. 10.

Fig. 8   Scheme of proposed 
1MPTMPC: β-CD inclusion 
complex geometry

Fig. 9   The measured powder pattern, bottom up: 1MPTMPC, β-CD 
and 1MPTMPC/β-CD
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On the DSC curve of the compound 1MPTMPC one 
can observe two sharp endothermic peaks, the first, with 
Tonset = 63.1 °C, Tpeak = 66.6 °C and ΔH = − 152.8 J g−1, 
corresponds of the residual solvent elimination and the 
second, with Tonset = 213.4 °C, Tpeak = 219.1 °C [5] and 
ΔH = − 183.4 J g−1, to melting of the compound, followed 
by its decomposition. The DSC curve of β-CD revealed a 
broad endothermic signal in the 70–120 °C temperature 
range, with Tpeak = 95.8 °C and ΔH = − 204.1 J g−1, that cor-
responds to the loss by evaporation of the water molecules 
existing as residual humidity, as well as those included in 
the cavity [15, 16]. From 290 °C the melting, respectively 
the decomposition of compound occurs.

The thermogram of the 1MPTMPC:β-CD inclusion 
compound shows a single broad endothermic peak of weak 
intensity between 42 and 90 °C with Tpeak = 51.9 °C and 
ΔH = − 204.1 J g−1, corresponding to the loss of residual sol-
vent molecules still present in this complex. This small peak 
might indicate that by integrating of the molecule of 1MPT-
MPC inside the nanocavity of β-CD the major removal of 
water molecules occurs. The 1MPTMPC’s melting peak 
disappears from the thermal profile of inclusion compound, 
which presents thermal stability up to around 250 °C.

Computational results

The molecular docking was achieved using the Lamarckian 
genetic algorithm. To insure good statistics and clustering, 
1000 runs were performed, each starting with a different 
random generation seed. The conformation with the maxi-
mum binding energy presented in Fig. 11, had an occur-
rence of about 32%, while all the other most populated 

conformations, from the 19 clusters obtained, had an occur-
rence of less than 11%.

In this geometry, the (trifluoromethyl)phenyl-thiazol sub-
units of the 1MPTMPC molecule penetrate the β-CD cavity 
from the wider/secondary rim and occupies it entirely, the 
methyl-piperidinium subunit hanging outside the secondary 
rim. The average distance between the closest hydrogens 
in phenyl ring and the inner hydrogens in β-CD is about 
2.4 Å, with a minimum of 1.61 Å and a maximum of 2.9 Å. 
This conformation was favored in both AutoDock 4.2 and 
AutoDock Vina runs.

Conclusions

Both ITC and 1H NMR are suitable techniques able to char-
acterize, in solution, the molecular recognizing processes in 
host–guest systems. The association constant K obtained by 
1H NMR and ITC are in good agreement and both methods 
sustain a 1:1 stoichiometry.

The microcalorimetry allowed us to study inclusion reac-
tion between β-cyclodextrin and 1MPTMPC and to deter-
mine all the thermodynamic parameters of the cyclodextrin 
complexation. The complexation-induced chemical shift of 
H3 and H5 protons of β-CD are those expected as a result of 
interaction with those protons of 1MPTMPC, with the aro-
matic ring included in the β-CD cavity and the thiazol ring 
partially outside the secondary rim. The ROESY experiment 
indicates that the 1MPTMPC is included with the aromatic 
ring into the cyclodextrin cavity, having 1:1 stoichiometry.

The 1MPTMPC:β-CD supramolecular complex, in a 1:1 
molar ratio was synthesized through evaporation and drying 
method. The formation of the complex was confirmed by 

Fig. 10   Comparative DSC 
curves for 1MPTMPC, β-CD 
and 1MPTMPC:β-CD inclusion 
compound
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X-Ray diffraction on powder and its thermal behavior was 
investigated by DSC. The differences in the thermal profile, 
compared to the active ingredient and β-CD also indicate the 
formation of the inclusion complex.

Numerical simulation of the inclusion process of 1MPT-
MPC in β-CD cavity was performed using a genetic algo-
rithm to scan among possible relative orientations. The 
obtained maximum binding energy geometry of the inclu-
sion complex corroborates well to ROESY experiment.
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