


Abstract

Crown ethers and calixarenes are two kinds of macrocyclic ligands which are able to

form complex with cations, anions and neutral species due to the non-covalent interac-

tions such as cation–dipole interaction, hydrogen bonding and π–π interaction. For a

practical purpose, understanding the nature of their sensitivity and selectivity towards

guests is of great importance. In this dissertation, several factors including conforma-

tional freedom of the skeleton of the host, solvent effect and desolvation effect of the

guest, which play important roles on host–guest interaction, were examined by using

UV–Vis spectroscopy and fluorescence emission spectroscopy. Thermodynamic param-

eters derived from the van’t Hoff equation were used for the discussion of background.

Below are the summaries of the above-mentioned results.

The interactions of dimethyl-pyridino-18-crown-6 ether (‘flexible’ crown ether) and

dimethyl-diketo-pyridino-18-crown-6 ether (‘rigid’ crown ether) with K` were studied

as a model of the effect of skeleton freedom of host molecule on host–guest interaction

by using UV–Vis spectroscopy. The results show that more negative entropy change

were obtained during the complexation of ‘flexible’ crown ether with K` compared to

that of ‘rigid’ crown ether with K`. Based on theoretical calculation, this property

could probably be attributed to the different variations of vibrational modes of the

crown ether’s skeleton upon the capturing K`.

The interactions of dimethyl-pyridino-18-crown-6 ether (M2P18C6) with Na` and

K` were investigated in methanol, ethanol and n-propanol. A correlation between

the permittivity of the solvent and the thermodynamic parameters was found. As the

permittivity of solvent decreases, the enthalpy change and the entropy change become

less favorable and more favorable, respectively. A correlation between thermodynamic

parameters and the permittivity of solvent was obtained. Enthalpy–entropy compen-

sations were observed both in M2P18C6–K
` and M2P18C6–Na` complexations. In

order to understand this phenomenon, a two-step complexation model including both

classic hydrophobic effect (step 1) and non-classic hydrophobic effect (step 2) was pro-

posed. As the solvent varies from methanol to n-propanol, both the hydrophilicity of
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the solvent and the number of the released solvent molecules decrease. As a result,

the classical hydrophobic effect plays more important role than the non-classical hy-

drophobic effect in complexations. The complexation becomes a mainly entropy-driven

process in n-propanol.

Solvent effect on the host–guest interaction is investigated on a human serum albu-

min (HSA)–ochratoxine A (OTA) interaction. Buffer–ethanol mixture is used in this

study because ethanol is a commonly used solvent in biological processes. Ethanol is

found to have an inhibition effect on the binding of OTA to HSA. Thermodynamic

study show that an increasing amount of ethanol leads to a switch from being entropy-

driven to enthalpy-driven of HSA–OTA interaction. The observed enthalpy–entropy

compensation can be attributed to the shift of the dominant role in complexation from

the classical hydrophobic effect to the non-classical hydrophobic effect, arising from the

more enhanced hydrogen bond network in the bulk phase as the ethanol concentration

increases.

The interactions of a resorcinarene and its derivative—cavitand with alkali metal

ions including Li`, Na`, K` and Cs` in methanol were investigated by using steady-

state fluorescence technique. Thermodynamic parameters show that complexations of

resorcinarene with Li` and Na` are enthalpy-driven processes, while those of cavitand

with K` and Cs` are entropy-driven processes. According to their thermodynamic

behaviors, two different binding mechanisms, namely the binding of methanol-solvated

Li` and Na` to the cavity of resorcinarene, while the binding of desolvated K` and

Cs` to the cavity of cavitand, were proposed.

The interaction of a novel ‘three-level’ deepened cavitand with some transition metal

ions has been investigated using fluorescence quenching technique. The results show

that among the used transition metal ions including Ag`, Cd2`, Cu2`, Fe3`, Cr3`,

Hg2`, La3`, Mn2`, Ni2`, Zn2` and Co2`, only Fe3` and Cu2` possess good quenching

efficiency on the emission intensity of this cavitand. The simultaneous presence of the

sphere-of-action static quenching and dynamic quenching model interprets very well

the observed decrease of emission intensity of the cavitand quenched by both Fe3` and

Cu2`.
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Abbreviations

AM1 Austin Model 1

DFT Density Functional Theory

DMF Dimethylformamide

EtOH Ethanol

HSA Human Serum Albumin

K Binding Constant

M Concentration unit, mol/L

MeOH Methanol

MNDO Modified Neglect of Diatomic Overlap

MS Mass Spectrometry

NMR Nuclear Magnetic Resonance

OTA Ochratoxin A

PBS Phosphate Buffered Saline

n-PrOH n-Propanol

THF Tetrahydrofuran

UV–Vis Ultraviolet–Visible

∆G Gibbs Free Energy Change

∆H Enthalpy Change

∆S Entropy Change

εr Relative Permittivity
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Chapter 1

Introduction

Host–guest interaction is a very popular term involved in organic, analytical, inorganic,

biological and physical chemistry. Generally speaking, it can be described as the inter-

actions between large molecules possessing a specific shape (host) and smaller molecules

(guest) via multiple non-covalent bonds such as hydrogen bond, π–π stacking, cation–π

bond and hydrophobic effect.

Macrocyclic compounds including crown ethers and calixarenes are frequently se-

lected as host molecules due to their good selectivity and sensitivity. Their applica-

tions in sensor chemistry have been numerously reported in the last two decades [1–16].

Numerous new derivatives have been continuously synthesized. Investigating the re-

lationship between chemical structure and its performance is of importance. In this

chapter, an introduction of structures of these macrocyclic compounds is given and

factors influencing selectivity and sensitivity are discussed.

1.1 Structures of macrocyclic compounds

1.1.1 Crown ethers and cryptands

In 1967, Pedersen[17–19] first synthesized a kind of macrocyclic molecules, which is

able to form stable complex with metal ions. This kind of compound consists of several

repeating units—ethyleneoxy (-CH2-CH2-O-), with its shape being a closed ring. The

shape of those ethers is compared to a crown ring owing to the presence of the oxygen

atoms which look like the tips of crown. So they are called “crown ethers”. The oxygen
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atoms inside the ring, which is also called “cavity”, are able to act as Lewis bases due to

the presence of the lone pairs. Thanks to this unique molecular structure, they exhibit

strong complexing ability to many metal and ammonium ions such as Li`, Na`, NH`
4 ,

K`, Rb`, Cs`, Ag`, Au`, Ca2`, Sr2`, Ba2`, Cd2`, Hg`, Hg2`, La3`, Tl`, Ce3` and

Pb2`[17].

The usual way to name crown ethers is that first writing the total number of their

ring members in the left and followed by ‘-crown-’, then followed by the total number of

the donor atoms. Figure 1.1 shows the structures of some primary crown ethers includ-

ing 18-crown-6 (1), dibenzo-18-crown-6 (2), benzo-18-crown-6 (3) and dicyclohexyl-

18-crown-6 (4). As can been seen from Figure 1.1, for example, 18-crown-6 has a

18-member ring with 6 oxygen atoms inside. If there are some substituents on the ring,

the number and name of the substituents should be put into the most left to the name

of its basic structure. The dibenzo-18-crown-6, benzo-18-crown-6 and dicyclohexyl-18-

crown-6 are good examples.
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Figure 1.1: Structures of 18-crown-6 and its derivatives synthesized by Pedersen.

Pedersen’s pioneering work had aroused great interest. Many efforts had been

continually made in the next several decades to improve the selectivity and sensitivity

by introducing new functional group or variation of substitution, cavity size or shape

and donor atom type. The scope of crown ethers had been sufficiently expanded. For
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example, heteroatoms such as sulfur (5) (6) (7) and nitrogen (8) (9) (10), were

introduced as donor atoms, and aromatic group such as pyridine (11) (12) (13) were

also incorporated in the ring [20, 21] (Figure 1.2).
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Figure 1.2: Structures of some crown ethers with heteroatoms as donor atoms.

Besides two-dimensional cavity, a three-dimensional analogue of crown ethers was

first synthesized by Lehn and his co-workers [22]. They received a name—“cryptands”

since the shape of their three-dimensional interior cavities are compared to crypts when

guests are encapsulated. Their bicyclic design enables them to form strong complexes

with alkali and alkali earth metal ions[23, 24].

The nomenclature of cryptands involves the donor numbers in each of the three

“bridges” between the amine nitrogen “caps”. For instance, bracketed numbers of

[1.1.1]cryptand ((14)) represents that in each bridge, there are one oxygen atoms.

Figure 1.2 shows its structure, the structure of [2.2.2]cryptand (15) and its derivative

(16).
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Figure 1.3: Structures of some cryptands.

1.1.2 Calixarenes, resorcinarenes and cavitands

Calixarenes are a kind of macrocyclic compound which is characterized as a ‘bowl’-

shaped aromatic cavity built from phenol as cavity walls. The name “calixarene” was

first introduced by Gutsche [25–27] as its shape looks like a Greek ‘vase’. This name

can be understood as the combined-word of “calix” and “arene”, which represent the

shape of the whole molecule and the aromatic building block, respectively. They have

a ‘lower rim’ which refers to the phenolic hydroxyl groups and an ‘upper rim’ which

refers to the para substituents of the phenolic rings (Figure 1.4). Guests could be

encapsulated in the cavity of calixarenes. But unlike crown ethers, the driving force of

complexing ability of calixarene towards guests mainly originates from π–π, π–cation

and CH–π interactions.

OHOH HO

RR R R

OH

OH

R

HO

R

HO

R

OH

R Lower Rim

Upper Rim

a b

Figure 1.4: General structure (a) and vase conformation (b) of calixarenes.

The nomenclature of calixarenes contains two kinds of structural information in-

cluding the number of repeating units and the information of substituents. Substituents

have several available positions to replace hydrogen atoms in calixarenes as shown in
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Figure 1.5. According to the nomenclature, the position, number and name of sub-

stituents are inserted into the full name of calixarene as prefix. For instance, if the four

hydrogen atoms located at R1 are replaced by four tert-butyl groups, the full name of

this calixarene is written as para-tert-butylcalix[4]arene (17)(Figure 1.6).

O

R1

R2

R4

R3

4

Figure 1.5: Available positions for substituents in calixarenes.

OHOH HOOH

OH HO

HOOH

a b

(17)

Figure 1.6: Structure (a) and vase conformation (b)of para-tert-butylcalix[4]arene.

Calixarenes are capable of adopting a vase conformation which has a C 4v point

group and allowing small neutral guests to enter their cavities. But unlike crown ethers,

the driving force of complexing ability of calixarene towards guests mainly originates

from π–π, π–cation and CH–π interactions.

Besides vase (“cone”) conformation (Figure 1.6, b), the other three conformations

of calix[4]arene have been proposed by Cornforth [28]. They received their names

including partial cone (C s point group), 1,2-alternate (C 2h point group) and 1,3-

alternate (D2h point group) (Figure 1.7).

The structures of resorcinarenes are similar to that of calixarenes except that their

building block is resorcinol other than phenol. The resorcinarene nomenclature is anal-
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Figure 1.7: Conformations of para-tert-butylcalix[4]arene. A: partial cone, b: 1,2-
alternate; c: 1,3-alternate.

ogous to that of calixarene. The number of resorcinol is written between “resorcin” and

“arene”. The molecular structure and vase conformation of resorcin[4]arenes are shown

in Figure 1.8. They also have two well-defined rims similar to those of calixarenes.

If hydroxyl groups located at the upper rim in resorcinarene are covalently connected

with each other via methylene, a “cavitand” are formed [29]. Owing to the presence

of those covalent bonds in its upper rim, cavitand possesses a more rigid cavity than

resorcinarene (Figure 1.9).

OHHO
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HO OH
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H3C CH3

CH3
H3C

HO OH

CH3

HO

HO OH

OH

HO OH

CH3

CH3CH3

a b

Upper Rim

Lower Rim

Figure 1.8: General structure (a) and vase conformation (b) of resorcin[4]arenes.

Calixarenes, resorcinarenes and cavitands had attracted many attentions due to

their particular structures, good binding abilities and relatively easy synthesis [30–32].

The upper rim and lower rim of those compounds can be easily functionalized to achieve

better and new features. Due to this amazing characteristic, numerous derivatives have

been explored by using calixarene as template [33]. For example, as Figure 1.10 shows,

phenolic hydroxyl groups at the lower rim of calixarene can be substituted with other

kinds of functional groups such as ester, to improve the solubility of calixarene in
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Figure 1.9: General structure (a) and vase conformation (b) of cavitand.

aqueous phase (18) [34]. It is also feasible to introduce carboxylic group in the upper

rim by replacing tert-butyl group to obtain water-soluble calixarene (19) [35].

OO OO

OH OH HO HO

O O O O

(18)

OHOH HOOH

O

HO
OH HO

O
O

HO

O

(19)

Figure 1.10: Structures of two water-soluble calixarenes.

Some studies [36, 37] presented a novel class of calixarene-based host compounds,

the combination of calixarene and crown ether, which was named as “calix-crown” (20)

as Figure 1.11 shows. This compound shows a good affinity to alkali metal ions, alkali

earth metal ions as well as neutral guest molecule. Thanks to the calixarene moiety,

its selectivity and sensitivity can be readily adjusted by changing conformation of the

cavity. To a certain extent, the binding of metal ions to calixcrown could also benefit

from the aromatic nuclei via π–cation interaction.

Besides functionalization of the lower rim of cavitand by crown ether, recently

Kollár’s group [38] reported a novel cavitand derivative (21) with functionalization of

upper rim by crown ether, as Figure 3.4 shows. Due to its enlarged crown ring and

deepened cavity, it has potential ability to encapsulate much larger guest molecules.
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Figure 1.11: Structures of calix-crown.
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Figure 1.12: Structure of a cavitand with crown ether as upper rim synthesized by
Kollár and his coworkers.
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1.2 Factors influencing the selectivity and sensitivity

1.2.1 The size effect

There is a well-known fact that K` is the most favorite guest molecule for 18-crown-6

in the liquid phase [18]. The radius of the naked K` is 1.38 Å, which is almost the

same as the radius of the cavity of 18-crown-6 (1.34–1.43 Å) [39]. This evidence once

strongly made people believe that the selectivity of crown ether towards metal ions

depends on the match of size of the cavity to that of metal ions. Figure 1.13 shows the

structure of Aza cryptand (22), which is another good example of “size-fit” behavior.

It possesses the best affinity to Li` in water based on the good match between the

cation and cavity radius [40].

N

N

N

N

N

CH3

CH3

CH3

(22)

Figure 1.13: Structure of aza cryptand.

This rule can also be found to be valid in some other unsymmetrical cryptands.

Cryptands with larger cavity showed high selectivity for K` over Na` by factors ranging

from 40 to 200, while cryptand with smaller cavity showed high selectivity for Na` over

K` by a factor of over 1000 [41].

However, there are also many studies showed this rule doesn’t always work very well.

For example, the dibenzo-21-crown-7 shows a bit better affinity to K` over Cs` whose

size matches the cavity size in methanol by 0.1 log K unit [18]. Actually, it’s been found

in many cases the selectivity doesn’t follow this rule at all. Izatt and his coworkers[42]

had systematically examined the “size effect” of six 18-crown-6 derivatives which have

the similar cavity size, showing that except for 18-crown-6 and 18-crown-6 diester, the

other four crown ethers exhibit the best affinity towards Ag` whose radius is just 1.15

Å. Figure 1.14 shows the relationship between the stability constant and the match of

the size.
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Figure 1.14: The log K values for reaction of monovalent cations with 18-crown-6 and
its derivatives in Methanol at 25 ˝C. This figure is cited from Figure 2 of Ref [42] with
permission from Prof. Izatt.
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Theoretical investigations have revealed the important role of solvation on the se-

lectivity. An ab initio investigation on the 18-crown-6 and its interaction with the

alkali metal ions including Li`, Na`, K`, Rb` and Cs` were carried out by David

Feller and his coworkers. The results showed that in the absence of solvent molecule,

18-crown-6 preferentially binds the smallest guest—Li`, instead of K`. However, due

to the much smaller size of Li`, 18-crown-6 has to seriously distort its backbone to fit

the Li` in a conformation of lower symmetry compared to uncomplexed 18-crown-6. If

some water molecules are considered in the calculation, K` becomes the most favorite

guest molecule for 18-crown-6 [43]. Similar calculation results were obtained from the

investigation on the interactions of 18-crown-6 with alkali earth metal ions including

Mg2`, Ca2`, Sr2`, Ba2` and Ru2`. The 18-crown-6 binds the smallest alkali earth

metal ion–Mg2` most strongly in the gas phase. Instead, in the presence of some water

molecules, Ba2` is the most favorite guest molecule [44]. Most recently, thanks to the

development of spectroscopy technology, the interactions between dibenzo-18-crown-6

and alkali metal ions in the gas phase were successfully observed by using UV photo

dissociation (UVPD) and IRUV double-resonance spectroscopic technology with a very

cold ion trap („ 10 K). Li` has been experimentally proved to be the most favorite

guest for dibenzo-18-crown-6 in the gas phase. This observation clearly demonstrates

that size effect is just an apparent phenomenon caused by the solvation. Therefore, the

role of the solvation has being attracted numerous scholars’ attentions.

1.2.2 The solvent effect

As mentioned above, the solvent plays an important role on the complex formation

ability and selective behavior of macrocycle. Therefore, extensive investigations con-

cerning complexing behavior of crown ether have been undertaken during the past

several decades.

The kinetics of the complexation of the Li` ion with ligands [2.2.2]cryptand and

[2.2.1]cryptand in acetonitrile, propylene carbonate, and acetone solutions shows that

there is a correlation between the solvating abilities of the solvents, as expressed by the

Gutmann donor numbers, and the dissociation rates as well as the activation parameters

of the reactions. As the Gutmann donor number of the used solvent increases, the more
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Gibbs free energy of activation is required [45]. The comparison of complexing behavior

of the distally dialkylated calix[4]arenes and para-tert-butylcalix[4]arenes (hosts) with 1-

chloro-4-(trifluoromethyl)benzene (guest) in four primary alcohols including methanol,

ethanol, n-propanol and n-butanol has been investigated by our group, showing that

the complexes formed in solution are always the most stable in n-butanol, and the

least stable in methanol [46]. Costa and his coworker have investigated the complex

formation between two crown ether derivatives and alkali earth metal ions including

Mg2`, Ca2`, Sr2` and Ba2` in methanol and acetonitrile. For each alkali earth metal

ion, the complexes always were more stable in the acetonitrile than methanol, which

was attributed to the fact that acetonitrile possesses the weaker solvating capacity

than methanol [47]. Schneider and his co-workers [48] proposed that the correlation

between one solvent property and binding affinity is not enough to demonstrate the

binding mechanism. They have made a significant effort to establish the relations of

several solvent properties such as electron donor capacity, the polarity index, and the

isothermal compressibility even the density or the surface tension coefficient basicity

constants with thermodynamic parameters of crown ether–ammonium complexation.

The results show that good linear correlations (r ě 0.9) between each solvent property

and stability constant can always be found. But the solvent dependence of the measured

enthalpy change showed poor correlations.

The complexation in binary solvents attracted attentions since the composition

of the binary mixed solvent can be easily adjusted. Izatt and his coworkers [49]

have examined enantiomeric recognition of organic ammonium perchlorates by chi-

ral pyridino-18-crown-6 type ligands in methanol (MeOH)/1,2-dichloroethane (DCE),

ethanol (EtOH)/ 1,2-dichloroethane, isopropyl alcohol (i -PrOH)/1,2-dichloroethane,

tert-butyl alcohol (n-butanol)/1,2-dichloroethane. The thermodynamic observations

show that a decreased permittivity of the solvent can result in an increase of the

binding constant. But there is no obvious correlation between the permittivity and

thermodynamic parameters including enthalpy change and entropy change.

The development of the advanced spectroscopy techniques enables to observe host–

guest interactions in the gas phase. In the absence of solvent, it has been experimentally

proven that 18-crown-6 shows the best affinity to Li` instead of K` [50]. This result
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was consistent with what theoretical calculation estimates [43]. The similar situation

occurs in the case of benzo-18-crown-6 [51]. It is clear that the solvent has a great

impact on the selectivity of crown ether. Feller [52] had demonstrated how the solvent

environment influences the binding energy of 18-crown-6 with alkali metal ions by

performing ab initio calculations. As the number of water molecules bound to the

complex increases, the binding energy generally decreases. The final calculation results

where nine water molecules were involved show selectivity similar to the experimental

findings.

1.2.3 The cavity shape and its rigidity

Besides size of the cavity, the cavity shape and its rigidity of macrocycle also have a

significant influence on its selectivity and thermodynamic behavior.

The crown ether having a ‘rigid’ cavity usually exhibits better affinity of the guest

with the similar size to the cavity than the other guests. However, the crown ether

having a ‘flexible’ cavity likes capturing the guests whose sizes are equal to or larger

than its cavity [53].

Thermodynamic study on the complex formation of the ‘flexible’ resorcinarene

derivative and ‘rigid’ cavitand derivative towards phenol shows that the ‘rigid’ host

form more stable complex with the guest than the ‘flexible’ one, and the entropy change

of the complexation between the ‘flexible’ host and guest is more negative compared

to the ‘rigid’ host. This could probably be attributed to the more negative vibrational

entropy gain for the host possessing ‘flexible’ cavity after capturing the guest molecule

[54].

1.2.4 The substituent effect

Substituents incorporated into macrocyclic ring have a great impact on the sensitivity

and selectivity. Bako and his co-workers [55] have synthesized a kind of crown ether

(23) which contains sugar moieties as Figure 1.15 shows. The stability constants of its

complex with alkali metal ions and ammonium ion revealed that the introduction of

sugar moieties is unfavorable for the complex formation ability as well as the selectivity.

They attributed this observation to the increased rigidity of crown ether ring which
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hinder the complex formation.
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Figure 1.15: Structure of sugar-containing crown ether synthesized by Bakó and his
coworkers.

Izatt and his co-workers [20] introduced two carbonyl groups as the side arm of

crown ether Figure 1.16. The results showed the different effects of carbonyl groups on

the sensitivity and selectivity of crown ether. For example, the presence of two carbonyl

groups in the structure of crown ether containing pyridine has negative effect on the

stability constants of its complex with K`, Ba2` and Ag`. For (26), log K =4.66(K`),

4.34(Ba2`) and 4.88 (Ag`). For (27), log K=5.35 (K`), ą6 (Ba2`) and ą6 (Ag`).

Similar phenomenon was observed in the 18-crown-6. For (25), log K=4.36 (Na`), 6.05

(K`), 7.0 (Ba2`) and 4.88 (Ag`). For (24), log K=2.5 (Na`), 2.79 (K`), 3.1 (Ba2`)

and 2.5 (Ag`). Thermodynamic study on the differences in selectivity between the

crown ethers (24) and (26) with carbonyl groups and those (25) and (27) without

carbonyl group showed the different effects were caused by carbonyl groups. In the

cases of (24) and (26), the presence of carbonyl groups results in unfavorable entropy

change and little change on enthalpy change during the complex formation. However,

in the case of (25) and (27), it results in favorable entropy change and unfavorable

enthalpy change.

Our group [56] have investigated the interaction of several distally dialkylated

calix[4]arenes (28) shown in Figure 1.17 with 1-chloro-4-(trifluoromethyl)benzene in

chloroform using photoluminescence technique. The findings suggested that as the

chain length of alkyl substituent increases, the interaction energy between calix[4]arenes

and the guest molecule increases. This tendency remains unchanged when the calix[4]arenes

were substituted with tBu groups at the upper rim. Furthermore, a correlation between

the stability of the complexes and the extent of distortion in the conformation of the
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Figure 1.16: Structures of crown ethers synthesized by Izatt and his coworkers.

cavity of calix[4]arene has been found.

OHOH RO

XX
X X

OR

(28)

Figure 1.17: Structures of distally dialkylated calix[4]arenes, (X=H, R=H), (X=tBu,
R=H), (X=H, R=CH3), (X=H, R=C2H5), (X=H, R=n-C3H7), (X=H, R=n-C4H9),
(X=tBu, R=CH3), (X=tBu, R=C2H5), (X=tBu, R=n-C3H7) and (X=tBu, R=n-
C4H9).

1.3 Characterization of host–guest interactions

Apart from the massive efforts on the development of macrocyclic compounds with

various functionalizations, the techniques for characterization of host–guest interactions

also are developed.
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1.3.1 UV–Vis absorption spectroscopy

Ultraviolet–visible(UV–Vis) absorption spectroscopy was first employed by Pedersen[17]

for the detection of interactions between crown ethers and metal ions. Crown ethers

absorbed the photons which possess the same energy as their electronic transitions,

then were excited from the ground state to excited state. The conformational change

of the host after encapsulating the guest is reflected on their UV–Vis absorption spec-

tra, which enable UV–Vis absorption spectroscopy to be one of the most useful and

easily available method, especially when the guests are alkali and alkali earth metal ions

which have no signal in absorption spectra. However, the main disadvantage of this

method is that if the guests are aromatic compounds, it is possible that their absorption

spectra could seriously overlap with those of the hosts. In this case, the change in the

spectral shape could not just attributed into the conformational change of the hosts.

Besides the application of UV–Vis absorption spectroscopy in detection of host–

guest interaction in liquid phase, it is also a sensitive tool in gas phase. Combining with

density functional theory (DFT), Ebata and his coworkers [57–61] reported many struc-

tures of crown ethers with their guests by using modern laser spectroscopy techniques

such as UV–UV hole-burning spectroscopy and UV–IR double-resonance spectroscopy.

1.3.2 Fluorescence spectroscopy

Fluorescence spectroscopy is analyzing the fluorescence light emitted from an excited

molecule. This method is also widely used in host–guest chemistry due to its good

sensitivity. Analyzing the fluorescence spectroscopy is able to derive both stoichiom-

etry and binding constants. It has been successfully employed to detect host–guest

interactions by our group for over a decade[46, 54, 56, 62–65].

1.3.3 NMR spectroscopy

Nuclear magnetic resonance(NMR) spectroscopy is a powerful tool in the detection

of molecular structure used in organic synthesis. This exploits the different magnetic

properties of the atomic nuclei located in different electronic environments inside a

molecule. It is also an important tool in host–guest interaction. As the host needs to

change its conformation to catch the guest, the electronic environments of its nuclei
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vary. This allows NMR to be a sensitive method in host–guest chemistry at atomic

level[66].

1.3.4 Calorimetry

Calorimetry is to directly measure the heat or heat transfer associated with reactions.

The advantage of this technique in host–guest chemistry is simultaneous determination

of binding constant and the enthalpy change from one serious of samples. Whereas

this method requires much larger amount of sample than spectroscopic technique[67].

Hence it is not so widely employed as spectroscopic technique.

1.3.5 Mass spectrometry

Mass spectrometry (MS) is used for the investigation of charged ions and clusters. Its

instrumentation is designed to analyze the gaseous reagents. As many guests are metal

ions, it enable MS to be a analytical tool in host–guest interactions, too. And there are

many advantages of using MS to the investigation of host–guest interactions. For ex-

ample, MS allows the direct determination of stoichiometry of complex and the binding

affinity of guest to host. Combined with spectroscopic techniques, more information

such as vibrational spectra of selected fragment of complex could be obtained[68].

1.3.6 Others

There are some other techniques such as X-ray crystallography[69], Raman spectroscopy[70,

71] and conductivity[72] which are also able to characterize host–guest interactions.

Here, they are not described in detail.
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Chapter 2

Objectives

The host–guest interaction is widely used in many fields such as solvent phase extraction

[73, 74], solid phase extraction [75–78], phase transfer catalysis [79] and ion-selective

membrane electrodes [80–82]. Investigating the mechanism of molecular recognition in

host–guest interaction can contribute to a better understanding of its nature and lead

to a wider application.

The design of host molecules which possess good sensitivity is of particular impor-

tance. Many efforts have been made on introduction of new substitute [20, 55] and

donor atoms [18, 66], and variation of the shape [56] and size of binding site [39–41].

Only a few work [53, 54] focused on the flexibility of the skeleton of host molecule

demonstrating its great impact on binding property. Therefore, in this dissertation,

two crown ethers with different flexibility in their skeleton were selected as models.

The effect of the flexibility of skeleton of these two crown ethers on their sensitivities

toward K` has been investigated.

Besides the molecular structure of host molecule, the external environment also

plays an important role on complexation. This factor was clearly evidenced by different

selectivity of 18-crown-6 towards alkali metal ions in gas phase and liquid phase [50, 83].

Alcohol is one kind of common solvents, which can dissolve host molecule such as

crown ethers [42] and calixarenes [54]. But its impact on complexation has not been

systemically investigated. Considering the fact that most practical applications occur

in liquid phase, investigation on the different alcohol solvents on complexation is of

significance.
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The solvent effect on host–guest interaction was extended to a protein–ligand in-

teraction. Ochratoxin A (OTA) is a kind of toxic coumarin derivative [84], which can

strongly bind to the animal’s protein leading to several toxic effects such as nephrotoxic

[85–88], hepatotoxic [89, 90], neurotoxic [91, 92], teratogenic [93] and immunotoxic [94]

in animals. The binding constant—log K between OTA and human serum albumin

(HSA) can reach as high as above 6 [95]. As a commonly used solvent of hydrophobic

drug, ethanol effect on the proteinligand interaction is of interest and attracts a lot

of attentions [96–98]. Therefore, the ethanol effect on OTA and HSA can serve as a

good model to better understand the solvent effect on complexation between bioactive

molecules.

At molecular level, any host and guest molecule in liquid phase is solvated by

solvent molecule. Desolvation process is necessary for physical contact between host

and guest. Hence, the desolvation processes can influence selectivity of host molecule.

In this dissertation, the desolvation process of guest on selectivity of calixarene and its

derivative—resorcinarene towards alkali metal ions were also investigated.

Detection of transition metal ions is of practical significance in environmental chem-

istry, analytical chemistry and biological chemistry. The fluorescence quenching effect

of fluorescent compound by transition metal ion is a common phenomenon in these in-

teractions [99–101]. However, few work focused on the quenching mechanism by those

transition metal ions. In this dissertation, a novel deepened cavitand is applied in

the detection of transition metal ions. And the quenching mechanism of fluorescence

emission intensity of this cavitand by Cu2` and Fe3` are discussed by using different

quenching models.
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Chapter 3

Experiments

3.1 Materials and instruments

3.1.1 Materials

Dimethyl-pyridino-18-crown-6 ether (M2P18C6) (31) and dimethyl-diketo-pyridino-

18-crown-6 ether (M2K2P18C6) (32) were provided by Huszthy’s group from bu-

dapest university of technology and economics. They were synthesized according to the

literature[102]. Their structures were shown in Figure 3.1. The presence of two car-

bonyl groups connected to the pyridine ring gives a more rigid skeleton of M2K2P18C6

due to the extended conjugated area. Hence, M2K2P18C6 is named as ‘rigid’ crown

ether, and M2P18C6 is named as ‘flexible’ crown ether in this thesis.

O O

OO

O

N

H3C CH3 O O

OO

O

N

H3C CH3

O O

(31) (32)

Figure 3.1: Structures of M2P18C6 (31) and M2K2P18C6 (32).

Ochratoxin A (OTA) (Figure 3.2) and human serum albumin (HSA) without fatty

acid were both purchased from Sigma–Aldrich and used without further purification.

OTA was received as a solution with 5000 M concentration in ethanol.
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Figure 3.2: Structure of Ochratoxin A.

Host molecules, namely 2-methylresorcinarene (33) [103] (Figure 3.3, left), methylene-

bridged cavitand derivative (34) [104] (Figure 3.3, right) and the ‘deepened’ cavitand

(Figure 3.4), were synthesized by Kollár’s group from university of Pécs.

OO O
OO O O O

H3C CH3CH3 CH3

H HH H

CH3 CH3H3C CH3
HOOH OH

OHHO HO OH HO

H3C CH3CH3 CH3

H HH H

CH3 CH3H3C CH3

(33) (34)

Figure 3.3: Structures of resorcinarene (33) and cavitand (34).
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Figure 3.4: Structure of a cavitand with crown ether as upper rim synthesized by Kollár
and his coworkers.

The used solvents including methanol (MeOH), ethanol (EtOH), n-propanol(PrOH)

and tetrahydrofuran (THF) of the chromatography grade were purchased from Sigma–

Aldrich Corporation. Water used in thesis is double-distilled water. It was prepared in

the department of inorganic chemistry, university of Pécs.

The salts including LiCl, KCl, NaCl, CsCl, NaH2PO4, K2HPO4 KI and NaI of the
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analytical grade were purchased from Merck Corporation. Due to hygroscopicity of

iodide salts, they were used after drying under reduced pressure and kept in desiccator.

Analytical grade transition metal salts including ZnCl2, LaCl3¨7H2O, HgCl2, FeCl3

MnCl2¨4H2O, NiCl2, CdCl2, Cr2(SO4)3, AgNO3, CuCl2 and CoCl2 were purchased

from Reanal (Hungary) and used without further purification.

3.1.2 Instruments

Absorption spectroscopy

All the spectra were recorded on double-beam UV–Vis spectrohphotometer (Analytik-

jena, SPECORD 210PLUS) equipped with a Grant thermostat (˘0.1 ˝C). And quartz

cuvettes (Hellma, path length 1.0 cm) were used for absorption measurements. The

concentrations of solution were determined according to the rule that the maximum

absorption intensity in the region of interest locates within the range between 0.2 to

1.5 a.u.. The solvent blanks were chosen as the same solvent of the measured solution

to eliminate the influence of the solvent background. Typical integration time was set

to 0.05 s with slit width of 1.0 nm.

Fluorescence spectroscopy

Fluorescence emission spectra were recorded on Fluorolog τ3 Horiba Jobin Yvon spec-

trofluorimeter equipped with a Grant thermostat. And fluorescence cuvettes (Hellma,

path length 1.0 cm, quartz) were used in the measurements of the interactions between

synthesized hosts such as resorcinarene, cavitand and ‘deepended’ cavitand and guests.

Acrylic cuvettes (Sarstedt, path length 1.0 cm) were used in the measurements of the

interactions between HSA and OTA. Typical integration time was set to 0.2 s with

slit width of 5 nm in both excitation and emission. Excitation wavelengths and scan-

ning wavelength ranges vary from host to host. These information will be included in

corresponding figure captions.

Raman spectroscopy

Raman spectra were recorded by WITECH alpha300 confocal Raman microscope. The

integration time was set to 10 s, 600 grooves/mm grating with 20X microscope objective
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were applied. Nd:YAG laser(532 nm wavelength) was used and average of 100 scans was

applied for data evaluation. Samples in capillaries were measured at room temperature.

3.2 Preparation of solutions

3.2.1 Effect of host flexibility on the thermodynamics of crown ether–

K` interactions

KCl stock solution (3.0 ˆ 10´2 M) and both crown ethers stock solutions (1.0 ˆ 10´4

M) were prepared in methanol. The appropriate volume (3 mL) of crown ether stock

solution was transferred into a quartz cuvette first, then it was titrated by KCl stock

solution using microsyringe. After stirring, the absorption measurements were started.

Ten spectra at different guest/host concentration ratio including 0, 0.2, 0.4, 0.6, 0.8,

1.0, 1.2, 1.5, 2.0, 3.0 were recorded. The UV spectra were recorded at four different

temperatures within the range from 288.15 to 318.15 K with 10 K steps to obtain

thermodynamic parameters.

3.2.2 Solvent effect on the thermodynamics of crown ether–K`/Na`

In this study, NaCl in primary alcohols was first tried to titrate crown ethers in primary

alcohols. However, only negligible change was observed in the absorption spectra of

crown ethers solution. In order to decrease the standard deviation of the calculated

stability constant, both concentrations of alkali metal ions solutions and crown ether

solutions were increased. Owing to the relatively lower solubility of chloride salts in

many organic solvents such as methanol, ethanol, n-propanol and acetonitrile, chloride

salts are replaced by iodide salts as they possess higher solubilities in acetonitrile (Table

3.1). Blank tests by adding 30 μL (the maximum titrimetric volume) CH3CN into each

crown ether primary alcoholic solution were carried out to clarify the effect of added

acetonitrile. The results of blank tests ruled out the influence of added acetonitrile,

since no change in the shape of absorption curve was found in the UV spectra of the

crown ether. Therefore, KI stock solution and NaI stock solution were prepared at

concentrations of 3.0 ˆ 10´2 M and 1.5 ˆ 10´1 M in acetonitrile, respectively. Then

they are used for titrate crown ether stock solutions (1.0 ˆ 10´4 M and 5.0 ˆ 10´4 M)
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Table 3.1: Solubility of alkali metal salts in some organic solvents (25 ˝C)

Salts Solubility in Solvent (M)

Anion Cation MeOH EtOH n-PrOH CH3CN

Cl´

Li` N/A N/A N/A N/A

Na` 1.87 ˆ 10´1ras 7.40 ˆ 10´3ras N/A 3.16 ˆ 10´3rbs

K` 5.72 ˆ 10´2ras 3.59 ˆ 10´3ras N/A 2.51 ˆ 10´4rbs

Cs` 1.41 ˆ 10´1rbs N/A N/A 3.98 ˆ 10´4 rbs

Br´

Li` N/A N/A N/A 2.73rcs

Na` 1.34ras 0.20ras N/A 2.20 ˆ 10´4rcs

K` N/A N/A N/A 1.59 ˆ 10´3rbs

Cs` 7.90 ˆ 10´2rbs N/A N/A 6.31 ˆ 10´4rbs

I´

Li` N/A N/A N/A N/A

Na` N/A N/A N/A 1.29rcs

K` 7.94 ˆ 10´1rbs N/A N/A 1.25 ˆ 10´1rcs

Cs` 1.12 ˆ 10´1rbs N/A N/A 3.10 ˆ 10´2 rbs

[a] Data were cited from Reference [105].
[b] Data were cited from Reference [106].
[c] Data were cited from Reference [107].

in primary alcohols, respectively. Li` and Cs` were also supposed to be guests in this

study. Nevertheless, no significant change of absorption curve of crown ether even in

a higher concentration (5.0 ˆ 10´4 M) can be induced by them. Therefore, the guests

K`/Na` in this study were selected.

3.2.3 Ethanol effect on the HSA–OTA interactions

Ethanol-containing phosphate buffered saline (PBS) buffer solutions were made via

dissolving NaCl (8.0 g/L), KCl (0.2 g/L), Na2HPO4¨H2O (3.58 g/L), KH2PO4 (0.27

g/L) in an appropriate amount of ethanol and double distilled water. The apparent pH

values of these solutions were maintained at 7.4 by addition of 0.1 mM HCl aqueous

solution. A series of HSA solutions (5 μM) were prepared by dissolving HSA in those

above mentioned buffers. A stocksolution of OTA (1500 μM) was prepared in ethanol.

The HSA solutions were titrated by the OTA solution using microsyringe.
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3.2.4 Desolvation effect on the selectivity of the resorcinarene and

cavitand towards alkali metal ions

1.0ˆ10´3 M stock solutions of (33) or (34) and the alkali metal ions were prepared and

then mixed in 1:9, 9:1 molar ratios. Then, to study the interaction of the alkali metal

ions either with resorcinarene (33) or cavitand (34), the Benesi–Hildebrand method

[108] was applied. 1.0ˆ10´3 M stock solutions of the hosts (33) or (34) and 1.0ˆ10´3

M stock solutions of the Li`, Na`, K` and Cs` ions were prepared in methanol. The

chloride salts of these alkali metals were applied during these measurements. According

to the Benesi–Hildebrand method, stock solutions were mixed as follows: the concen-

tration of the hosts was kept constant at 1.0 ˆ 10´3 M, while the concentration of the

alkaline chlorides was varied between the 1.0 ˆ 10´4–8.0 ˆ 10´4 M.

3.2.5 Quenching effect on fluorescence of a ‘deepened’ cavitand by

some transition metal ions

A given amount of stock solution of the ‘deepened’ cavitand (21) and that of transition

metal salts were mixed in the cuvette to prepare working solution with metal/ligand

ratios ranging from 0:1 to 120:1. The ratio of THF/H2O in solution was kept as constant

(66%/34%, mol/mol) by adding appropriate amounts of water into the cuvette. The

stock solutions (1.0ˆ10´2 M) of transition metal salts were prepared in aqueous phase

except for FeCl3 and ZnCl2. To prevent hydrolysis of Fe
3` and Zn2`, the stock solutions

of FeCl3 and ZnCl2 were prepared in 0.01 M hydrochloric acid. The blank test has

suggested that the presence of 0.01 M HCl does not influence the fluorescence emission

spectra of the cavitand.

3.3 Determination of binding constant

To quantify the binding affinity of guest molecules to host molecule in a given solvent,

binding constant (log K ) or association constant was introduced. For example, below

is the model of a 1:1 stoichiometry host–guest interaction.

H ` G è HG
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K “
rHGs

rHs ¨ rGs
(3.1)

Binding constant can be determined by using many techniques such as NMR, UV–

Vis spectroscopy, fluorescence spectroscopy, conductivity and calorimetry. Based on

the fluorescence emission spectral change, Benesi–Hildebrand theory [108] is a useful

tool to obtain binding constant as equation below shows.

1

I1 ´ I0
“

1

b
¨
1

K
¨

1

rHs0
¨

1

rGs0
`

1

b
¨

1

rHs0
(3.2)

rHs0 “ rHs ` rHGs (3.3)

rGs0 “ rGs ` rHGs (3.4)

Where, I1 and I0 denote the fluorescence emission intensity in a given wavelength

of host molecule in the presence and the absence of guest molecule, respectively; b

denotes a coefficient; K denotes the binding constant; rHs0 and rGs0 denote the total

concentration of host molecule and guest molecule, respectively.

When this titration is carried out, the total concentration of host molecule needs to

be kept as constant, and the total concentration of guest molecule needs to be increased.

Due to the linear relationship between the reciprocal of fluorescence emission intensity

change and the reciprocal of total concentration of guest, this theory has been widely

used for many years [54, 109, 110]. However, it should be noted that there are some

limitations of this theory. One is that guest molecule mustn’t give any fluorescence

emission signal in the wavelength which is used for the calculation. The other one

is that the total concentration of guest molecule must be higher than that of host

molecule.

The most general method is derived from the definition of binding constant. How-

ever, in most cases, the determination of the concentration of complex is quite difficult.

For example, in UV–Vis spectrophotometric titration, the absorption spectrum of host

molecule in the presence of guest molecule is the superposition of the both spectra

of free host molecule and complex, assuming the guest cannot absorb light in that
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region. Therefore, indirect method to determine the concentration of complex is nec-

essarily applied. If we also take the UV–Vis spectrophotometric titration as example,

the calculation process of the binding constant is shown below.

At the beginning of titration, when the guest molecule is absent, the absorbance

value could be expressed using the Beer–Lambert law as shown below.

A0 “ εH ¨ rHs0 (3.5)

After the addition of guest molecule, the absorbance observed is correlated to the

concentrations of three species including free host molecule, free guest molecule and

complex.

A “ εHG ¨ rHGs ` εH ¨ rHs ` εG ¨ rGs (3.6)

Usually, we focus on the absorbance region where the free guest molecule has no

influence on the adsorption spectrum. Like alkali metal ions and alkali earth metal

ions, they cannot absorb any light in UV–Vis region. In this case, the absorbance value

is just related to the concentrations of two species including free host molecule and

complex as shown below.

A “ εHG ¨ rHGs ` εH ¨ rHs (3.7)

If we compare the absorbance values of the host molecule before and after the

addition of guest molecule, then we can obtain the following equation.

A ´ A0 “ pεHG ´ εHq ¨ rHGs (3.8)

The expression of the concentration of complex could be derived from the definition

of binding constant.

K “
rHGs

prHs0 ´ rHGsq ¨ prGs0 ´ rHGsq
(3.9)

rHGs2 ´ prHs0 ` rGs0 `
1

K
q ¨ rHGs ` rHs0 ¨ rGs0 “ 0 (3.10)
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rHGs “
prHs0 ` rGs0 ` 1

K q ´

b

prHs0 ` rGs0 ` 1
K q2 ´ 4 ¨ rHs0 ¨ rGs0

2
(3.11)

By substituting the expression of the concentration of the complex into the previ-

ous equation, the binding constant K can be correlated to the change in absorbance

associated with the formation of complex.

A ´ A0 “ pεHG ´ εHq ¨
prHs0 ` rGs0 ` 1

K q ´

b

prHs0 ` rGs0 ` 1
K q2 ´ 4 ¨ rHs0 ¨ rGs0

2

(3.12)

In this equation, there are two unknown parameters including molar absorptivity

of complex and the binding constant. These two parameters could be determined by

using non-linear least squares in the fitting process.

This model is also suitable for fluorescence titration regarding host–guest interac-

tion, because a linear relationship between the emission intensity and concentration

of compound could also work in a dilute solution. In this case, the equation can be

rewritten as following.

I ´ I0 “ pkHG ´ kHq ¨
prHs0 ` rGs0 ` 1

K q ´

b

prHs0 ` rGs0 ` 1
K q2 ´ 4 ¨ rHs0 ¨ rGs0

2

(3.13)

Where, I and I0 denote the fluorescence emission intensity in a given wavelength of

host molecule in the presence and the absence of guest molecule, respectively; kHG and

kH denote the fluorescence proportionality constants for complex and host molecule,

respectively.

As the most common stoichiometry in host–guest interaction, the 1:1 model method

above has been widely used. However, 1:2 or 2:1 stoichiometry host–guest interaction

also exists, which was discussed in detail by Thordarson Pall [111].
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3.4 Determination of thermodynamic parameters

The entropy change ∆S and enthalpy change ∆H values were obtained from the in-

tercept and the slope of the line fitted to the experimental data by applying the van’t

Hoff equation, respectively.

logK “
´∆H

2.303 ¨ R
¨
1

T
`

∆S

2.303 ¨ R
(3.14)

3.5 Theoretical calculation

To obtain data at molecular level on the background of the experimental results, geom-

etry of host and host–guest complex have been optimized by using the Austin Model 1

(AM1) in HyperChem 7.5 code[112].

AM1, which was developed by Dewar and his coworkers in 1985[113], is a semi-

empirical method for the quantum calculation of molecular electronic structure. Com-

pared to the method of modified neglect of diatomic overlap (MNDO) which overesti-

mates the core–core repulsions between atoms, AM1 reduced the core–core repulsions

by introducing attractive and repulsive Gaussian functions centered at internuclear

points. Dewar and his coworkers[113] compared AM1 calculation on the heat of for-

mation, dipole moment and so on with experimental results of about one hundred

compounds. The absolute mean error in heats of formation for 80 compounds and

dipole moment for 46 compounds are 25 kJ¨mol´1, 0.26 D, respectively. These results

are better than those of MNDO. Especially, the treatments of crowed molecules, four-

membered rings, activation energies and hydrogen bonding are improved with respect

to MNDO.
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Chapter 4

Results

4.1 Effect of host flexibility on the thermodynamics of

crown ether–K` interactions

4.1.1 UV absorption spectra of the crown ethers upon the addition

of K`

UV spectroscopy was first used by Pedersen to verify the complex formation between

crown ether and metal ions [18]. The shape of UV absorbance curve of crown ether

changes upon the addition of metal ions due to the conformational change of crown

ether after the complexation, which enables us to evaluate the binding property.

Figure 4.1 shows the UV spectra of both crown ethers in the absence and in the

presence of K`. Results show considerable changes either on the intensity or on the

shape of the spectra. Furthermore, at least three different absorption bands can be

easily identified, which show different changes with the concentration of K`. Since these

bands probably associate with the different molecular vibronic transitions. This result

suggests considerable change of the molecular conformation after complex formation of

crown ethers with K`.

Stability constants at each given temperature have been calculated by Hyper-

Quad2006 program [114]. In the case of ‘flexible’ crown ether, the most significant

decrease of absorbance upon addition of KCl occurs at the wavelength of 269 nm.

However, there are obvious increases of absorbance of the ‘rigid’ crown ether in the

presence of KCl within the range from 250 nm to 288 nm with the maximum reached
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Figure 4.1: UV spectra of 1.0 ˆ 10´4 M M2P18C6 (a) and 1.0 ˆ 10´4 M M2K2P18C6
(b) upon the addition of KCl (From 0 to 3.0 ˆ 10´4 M) in methanol at 25 ˝C. Arrows
represent the spectral change of crown ether with increasing amount of KCl.As the
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at 280 nm. Therefore, the wavelengths of 269 nm and 280 nm were selected for the

calculation of log K values of ‘flexible’–K` and ‘rigid’–K`, respectively.

Figure 4.2 shows the observed absorbance values at a given wavelength of M2P18C6

and M2K2P18C6 with increasing [K`]/[18C6] molar ratios at the different temperatures

in methanol, respectively. It is well known that the stoichiometry of complexations

between crown ethers and K` is 1:1 [67, 115]. The satisfactory agreement between

the measured and calculated data using a 1:1 model also has clearly supported this

property. Binding constants of complex formation are given in Table 4.1.
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Figure 4.2: Observed (symbols) and calculated (solid lines) absorbance values at 269
nm and 280 nm of M2P18C6(a) and M2K2P18C6(b) as a function of [K`]/[18C6] molar
ratios at different temperatures in methanol, respectively.
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Table 4.1: Binding constants of the complexations between M2P18C6 and M2K2P18C6
with K` at different temperatures in methanol, respectively.

log K

Crown ether 15 ˝C 25 ˝C 35 ˝C 45 ˝C

M2P18C6 4.73˘0.04 4.51˘0.07 4.41˘0.09 4.26˘0.08
M2K2P18C6 4.69˘0.02 4.52˘0.01 4.43˘0.02 4.30˘0.02

4.1.2 Thermodynamic parameters of the complexations between the

crown ethers and K`

For the determination of thermodynamic parameters of these complexations, the van’t

Hoff theory was applied. Due to the limitation of van’t Hoff theory [116], our results

were mainly constrained to be discussed and interpreted around room temperature. It

can be seen clearly that both the slope and the intercept of these lines are different

suggesting that different enthalpy and entropy changes are associated with the complex

formations. Results are collected in Figure 4.3 and Table 4.2.
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Figure 4.3: van’t Hoff plots for the complexations of M2P18C6 (‘flexible’) and
M2K2P18C6 (‘rigid’) with K` in methanol, respectively.

Table 4.2: Thermodynamic parameters of the complexations between M2P18C6 (‘flex-
ible’) and M2K2P18C6 (‘rigid’) with K` in methanol, respectively.

∆H ∆S ∆G25˝C

Crown ether kJ¨mol´1 J¨mol´1¨K´1 kJ¨mol´1

M2P18C6 -27˘2 -4˘7 -26˘4
M2K2P18C6 -22˘2 14˘6 -26˘4
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The values of ∆S “ ´4 J ¨ mol´1 ¨ K´1 and ∆S “ 14 J ¨ mol´1 ¨ K´1 have been

obtained for the complexations of M2P18C6 (‘flexible’) and M2K2P18C6 (‘rigid’) with

K`, respectively. ∆S can be interpreted as the sum of several processes. Either the

solvation shell of the guest molecule or ion loose its solvation shell, then the order-

ing of the solvent molecules around the host–guest system could be changed, or the

molecular vibrations including the change of the freedom of the molecular skeleton can

play important role in the change of the entropy term associated with the formation

of complexes. In our case the difference of obtained ∆S values when the ‘flexible’–K`

or ‘rigid’–K` complexes are formed could be explained as follows. Prior to complex

formation, the skeleton of the ‘rigid’ host molecule exhibits less flexibility compared to

that of ‘flexible’ because the π-electrons of carbonyl groups in the ‘rigid’ host conju-

gated with the pyridine ring and resulted in an extended π-area which constrained some

intramolecular vibrational motions. After the inclusion of K` into their cavities, both

complexes formed have similar rigid structures due to the strong interactions between

the cation and the lone pairs of the oxygen and nitrogen donor atoms. As a result,

the conformational freedom of the ‘flexible’ host reduced much more than that of the

‘rigid’ host. Consequently, more negative entropy change associated with the formation

of the ‘flexible’–K` complex. Since the temperature-dependence of the Gibbs energy is

determined by the entropy change of the interaction, the lines describing the complex

stability necessarily cross each other. It can be seen clearly on Figure 4.3 that the lines

representing the temperature dependence of our complexes are crossed at about 298 K.

This observation highlights that below and above this temperature the ‘flexible’–K`

complex and the ‘rigid’–K` complex, shows higher stability, respectively.

Furthermore, the ∆H values associated with the complex formation differs signif-

icantly and equal to ´27 kJ ¨ mol´1 and ´22 kJ ¨ mol´1 for the complexations of the

‘flexible’ host and ‘rigid’ host with K`, respectively. This property can be interpreted

as the difference in the electrostatic energy term of the interactions. It is probably

due to the reduced electron density of the nitrogen donor atom in the pyridine ring,

which have electron withdrawing C=O groups attached to it in the case of the ‘rigid’

host. This interaction would suggest more stable ‘flexible’–K` complex compared to

the ‘rigid’–K` complex. However, considering the effect of entropy described above,
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the entropy gain associated with the formation of ‘rigid’–K` complex overcompensates

the enthalpy difference, therefore the ∆G values associated with the interactions of

both crown ethers with K` are nearly the same at room temperature.

4.1.3 Theoretical calculation of the geometries and vibrational spec-

tra of the crown ethers and their complex with K`

To get deeper insights into the inclusion processes, quantum chemical calculations were

carried out at AM1 semiempirical level. Vibrational spectra have been calculated under

the condition of the optimized geometries of the parent crown ethers and their com-

plexes with K`. Calculations were performed in vacuum, solvents were not considered.

As Figure 4.4 shows the optimized geometries of M2P18C6–K
` and M2K2P18C6–

K` complexes. the K` ion is located at the center of the cavity of both crown ethers.

Compared to the initial state of the ‘flexible’ host, the intensity of some vibrations in

the structure of the ‘flexible’ host, such as the framework vibration of pyridine ring and

C–O bond stretching (see the black arrows) decrease significantly after the inclusion

of K`. This could lead to larger entropy consumption. In the case of the ‘rigid’ host,

there exists an extended π-area caused by the conjugation between the pyridine ring

and the carbonyl groups, which freezes the spatial movement of this moiety. In this

case the inclusion of K` could not significantly influence the vibrations of the bonds of

this moiety.

To support this idea considering the overall effect of vibrations on the entropy

changes, the vibrational entropy contents of each species were calculated applying the

Boltzmann statistics. Accordingly, the frequencies were calculated by the harmonic

oscillator approximation, and the vibrational entropy was calculated on the common

way using Equation 4.1.

Svib “ R ¨
ÿ

i

"

hνi{kT

ehνi{kT ´ 1
´ lnr1 ´ e´hνi{kT s

*

(4.1)

where, νi is the frequency of vibration, T is the temperature ( here equals to 298.15

K).

Figure 4.5 and Figure 4.6 show the calculated vibrational spectra and vibrational

entropy change of the ‘flexible’ host and the ‘rigid’ host in the absence and in the
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Figure 4.4: The geometries of M2P18C6–K
` (a) and M2K2P18C6–K

` (b) complexes
optimized at the AM1 semiempirical level. Vibrations affected by the complex forma-
tion are indicated by arrows.
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Figure 4.5: The calculated vibrational spectra (a) and vibrational entropy change (b)
of M2P18C6 in the absence and in the presence of K`.
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Figure 4.6: The calculated vibrational spectra (a) and vibrational entropy change (b)
of M2K2P18C6 in the absence and in the presence of K`.

presence of K`, respectively. The figures showed that the integral vibrational entropy

of ‘flexible’–K` remains lower than that of the ‘flexible’ host itself during the whole

wavenumber range and the entropy change always keeps negative, which means the

total energy of vibrational movements of ‘flexible’ crown ether decrease after binding

with K`. In the wavenumber range of 0 to 350 cm´1, the trend of vibrational entropy

change of ‘rigid’–K` is similar to ‘flexible’–K`. However, in the wavenumber range

from 350 to 2800 cm´1, the entropy change significantly increases and becomes positive.

This means the majority of vibrational movements of ‘rigid’–K` with frequency above

350 cm´1 possess higher energy than the ‘rigid’ host itself. And those movements

mainly comprise framework vibration of pyridine ring and the stretching of C–C and

C–O bonds, which are in agreement with our previous assumption. In general, the

total vibrational entropy content of the ‘flexible’ host falls from 420 J ¨ mol´1 ¨ K´1 to

405 J¨mol´1 ¨K´1, which means that ∆S “ ´15 J¨mol´1 ¨K´1. The vibrational entropy

content of the ‘rigid’ host, however rises from 434 J ¨mol´1 ¨K´1 to 448 J ¨mol´1 ¨K´1,

which means that ∆S “ 14 J ¨ mol´1 ¨ K´1. In both cases, the trend of calculated

entropy change after complexation with K` fundamentally supports our experimental

results, so the vibrational motions of the skeleton could be considered as a possible

factor affecting the selectivity of the two crown ethers with different flexibility towards

the potassium ions. It should be noted that solvent effect may be regarded as another

possible reason which can influence the selectivity. The entropy change related to the

reordering of methanol molecules can also contribute to total entropy change during

complexation. It’s possible that hydrogen bond could form between the oxygen donor
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atoms in carbonyl group of ‘rigid’ crown ether and the hydrogen atoms of methanol

molecules, which would result in different extents of reordering of methanol molecules

attached to the ‘flexible’ and ‘rigid’ host. However, in spite of the contribution from

solvation and desolvation, the effect of vibrational motions can be considered as the

governing factor.
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4.2 Solvent effect on the thermodynamics of crown ether–

K`/Na` interactions

4.2.1 UV absorption properties of the crown ethers upon the addition

of K` / Na`

Figure 4.7 shows the spectrophotometric titration curves of complexation between

M2P18C6 and K` in MeOH, EtOH and n-PrOH. In the wavelength region between

around 200 nm and 250 nm, there is a significant increase in the intensity which is

caused by the increasing amount of I´ anion. However, a considerable change of the

shape of the absorbance curve occurs between 250 nm and 280 nm. An isosbestic point

appears near 265 nm indicating the presence of the M2P18C6–K
` complexes in the

solution. Obviously, a blue shift can be observed reflecting the conformational change

of the crown ether after binding with K`.

200 225 250 275 300

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

250 260 270 280
0.0

0.1

0.2

0.3

0.4

0.5

A
bs

or
ba

nc
e

Wavelength (nm)A
bs

or
ba

nc
e

Wavelength (nm)

a

200 225 250 275 300

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

250 260 270 280
0.0

0.1

0.2

0.3

0.4

0.5

A
bs

or
ba

nc
e

Wavelength (nm)

A
bs

or
ba

nc
e

Wavelength (nm)

b

200 225 250 275 300

0.0

0.5

1.0

1.5

2.0

2.5

3.0

250 260 270 280
0.0

0.1

0.2

0.3

0.4

A
b
so

rb
an

ce

Wavelength (nm)

A
bs

or
ba

nc
e

Wavelength (nm)

C

Figure 4.7: UV spectra of 1.0 ˆ 10´4 M M2P18C6 upon the addition of KI (CH3CN)
at 25 ˝C. Solvent: a: MeOH; b: EtOH; c: n-PrOH.

A similar change occurs in the spectra in the case of Na`, but the spectral changes

are much smaller. In order to obtain appropriate precision, the concentrations of both
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M2P18C6 and NaI materials were increased by five times. The spectrophotometric

titration curves of complexation between M2P18C6 and Na` in MeOH, EtOH and

n-PrOH were shown in Figure 4.8.
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Figure 4.8: UV spectra of 5.0 ˆ 10´4 M M2P18C6 upon the addition of NaI (CH3CN)
at 25 ˝C. Solvent: a: MeOH; b: EtOH; c: n-PrOH.

Figure 4.9 shows the absorbance value changes at given wavelengths upon increasing

addition of NaI and KI. Stability constants (log K ) at a given temperature were calcu-

lated using Hyperquad2006. For the sake of decreasing standard deviation which may

be caused by I´ anion, several wavelengths between 274 nm and 277 nm were selected

during the data evaluation process. The stoichiometry of both complexes was set to 1:1

crown ether–metal cation in the model. This model is supported by good agreements

between fitting curves and measured points. The log K values associated with the com-

plex formation of crown ether with K` and Na` are listed in Table 4.3. In agreement

with the known selectivity character of M2P18C6 towards K`, the M2P18C6–K
` com-

plexes show higher stability compared to the stability of the M2P18C6–Na` complexes.

Furthermore, in both cases of Na` and K`, the stability constants of complexes in-

crease with decreasing relative permittivity (εr) of the solvent, namely the stabilities are
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decreased in the order of n-PrOH ą EtOH ą MeOH. This trend is in agreement with

our previous study concerning the solvent effect on the complex formation of distally

dialkylated calix[4]arenes with 1-chloro-4-(trifluoromethyl) benzene[46].
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Figure 4.9: Observed (symbols) and calculated (solid lines) absorbance values at 275
nm and 276 nm of M2P18C6 complex as a function of molar ratios of [K`]/[M2P18C6]
(a) and [Na`]/[M2P18C6] (b) at 25

˝C in MeOH, EtOH and n-PrOH, respectively.

4.2.2 Thermodynamic parameters of the complexations of crown ethers

with K` / Na` in methanol, ethanol and n-propanol

In order to study the contributions of enthalpy and entropy terms to the complex for-

mation, thermodynamic parameters shown in Table 4.4 was obtained applying the van’t

Hoff equation (Figure 4.10). Table 4.4 clearly shows the thermodynamic parameters of

complex formations in the cases of M2P18C6–K
`/Na` complexes. The enthalpy change

and entropy change both become more positive with increasing alkyl chain length of

the primary alcohol, resulting in a decrease of the Gibbs energy change associated with

the complex formation.

According to the van’t Hoff equation, the temperature dependence of the complex
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Table 4.3: Binding constants of the complexations of M2P18C6–K
`/Na` at different

temperatures in MeOH, EtOH and n-PrOH.

log K

Solvent Guest 25 ˝C 35 ˝C 45 ˝C 52 ˝C

MeOH K` 4.43˘0.01 4.30˘0.01 4.09˘0.01 3.92˘0.01
Na` 3.39˘0.01 3.27˘0.01 3.22˘0.01 3.13˘0.01

EtOH K` 5.21˘0.01 5.13˘0.01 4.88˘0.01 4.76˘0.01
Na` 4.08˘0.01 4.05˘0.01 3.95˘0.01 3.91˘0.01

n-PrOH K` 5.95˘0.07 5.79˘0.03 5.59˘0.02 5.60˘0.04
Na` 4.58˘0.01 4.46˘0.01 4.53˘0.02 4.55˘0.02
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Figure 4.10: Observed (symbols) and calculated (solid lines) absorbance values at 275
nm and 276 nm of M2P18C6 complex as a function of molar ratios of [K`]/[M2P18C6]
(a) and [Na`]/[M2P18C6] (b) at 25

˝C in MeOH, EtOH and n-PrOH, respectively.
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Table 4.4: Thermodynamic parameters of the complexations of M2P18C6–K
`/Na` in

MeOH, EtOH and n-PrOH.

∆H ∆S ∆G25˝C

Solvent εrras Guest kJ¨mol´1 J¨mol´1¨K´1 kJ¨mol´1

MeOH 33.0 K` -35˘3 -32˘11 -25˘0
Na` -17˘2 8˘7 -19˘0

EtOH 25.3 K` -32˘5 -7˘16 -30˘0
Na` -12˘2 38˘7 -23˘0

n-PrOH 20.8 K` -26˘4 26˘14 -34˘0
Na` -1˘6 83˘18 -26˘0

[a] Values of relative permittivities of solvents were cited from Reference [117].

stability is determined by the enthalpy term associated with the complex formation.

Considering the different enthalpy values associated with the complex formation of

M2P18C6 with K` and Na` in the same solvent (see Table 4.4), it is obvious that the

selectivity character of M2P18C6 towards K` is varied with the temperature. Since the

difference of enthalpy change values associated with the formation of M2P18C6–Na`

and M2P18C6–K
` complexes increases with a decreasing permittivity, the temperature

dependence of the selectivity character is more pronounced in a solvent possessing a

lower permittivity.

The complexation process in solution could be considered as a series of processes

including (i) the guest approaches the host; (ii) desolvation of guest and desolvation

of the binding site on the host; (iii) guest enters the cavity on the host resulting in

the conformational change of the host; (iv) solvation of the complex. The desolvation

process and the motion of both the host and guest usually are considered as main

contributors to the entropy term; and the binding force between guest and host and

bond breaking and reformation of solvent molecules are considered as main contributors

to the enthalpy term.

The solvent effect on enthalpy change and entropy change of complex formation

is complicated. Different trends are found in different systems. For instance, in

alcohol/1,2-dichloroethane binary solvent, as the solvent varies from MeOH to i -PrOH,

the enthalpy change of crown ether–ammonium complex formations become more fa-

vorable in eight cases, but it also could become less favorable in other four cases[49]. It

is worth to note that hydrogen bond is the principle driving force of molecular recog-
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nition of crown ether towards ammonium. The anisotropy of hydrogen bond makes

the ammonium very sensitive to the conformation of crown ether. Probably in a lower

permittivity solvent, the crown ether could readily adapt its geometry to the structure

of ammonium. So it is reasonable that the enthalpy change becomes more negative.

Jozwiak and his coworker found that in MeOH/H2O binary solvent, as the molar ratio

of water increases, the enthalpy change of benzo-15-crown-5–Na` complex formation

becomes less favorable[118]. And this is the major cause of the decrease in Gibbs free

energy change because there is no significant variation in the entropy change suggest-

ing the higher permittivity of solvent results in less favorable enthalpy change and has

no impact on the entropy change. Another investigation on complex formation be-

tween 18C6 and Mg2`, Ca2`, Sr2` and Ba2` cations in MeOH/H2O and EtOH/H2O

binary solvent revealed that both the enthalpy change and entropy change do not vary

monotonically with the solvent composition[119]. However, this study in pure alcoholic

solvent shows that in both cases of K` and Na`, with the decreasing permittivity of the

solvent (Figure 4.11), the enthalpy change becomes less favorable, the entropy change

becomes much more favorable. And the increase of the entropy term in those solvents

can overcompensate the decease of the enthalpy term, making entropy change as the

major driving force of the complexations. In order to reveal the background of the

driving force in this work, enthalpy–entropy compensation is discussed in the following

section.
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Figure 4.11: Correlations between relative permittivity of solvent and thermodynamic
parameters including the entropy change (solid symbols) and enthalpy change (open
symbols).
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4.2.3 The enthalpy–entropy compensation

The phenomenon of enthalpy–entropy compensation that more favorable enthalpic con-

tribution to the free energy results in a less favorable entropic contribution are widely

observed in chemistry[120–122] and biochemistry[123, 124]. And a linear relationship

between the enthalpy change and entropy changes is found as shown in Equation 4.2.

∆H “ α ` β ¨ ∆S (4.2)

Where, β is called “compensation temperature”. At this temperature, the enthalpy

change is 100% compensated by the entropy change. Therefore, the Gibbs free energy

change becomes a constant indicating that regardless of experimental condition such

as solvent, the reaction always has the same equilibrium constant(isoequilibrium).

Although this phenomenon is well-documented, controversy about its nature never

stops. Exner[125] proposed that the compensation could be an artifact due to the

correlated enthalpy change and entropy change of van’t Hoff plot. Not much impor-

tant chemical significance could be derived. Krug[126–128] introduced a method for

distinguishing compensation from fact to artifact based on parametric statistics. The

important criterion is that the calculated compensation temperature β must be signif-

icantly different from the average experimental temperature. In this case, the compen-

sation can reflect some real information. Guo[129] also proposed a validation method

for confirmation of an actual enthalpy–entropy compensation by drawing the error bars

in enthalpy change–entropy change figure.

As Figure 4.12 shows, the enthalpy change was plotted against the entropy change.

Highly linear relationships (R2 “ 0.9899, R2 “ 0.9892) in both cases of M2P18C6–K
`

and M2P18C6–Na
` were found. The compensation temperature β of M2P18C6–K

`

and M2P18C6–Na
` in methanol, ethanol and n-propanol were calculated to be 152

K and 189 K, respectively. In both cases, the compensation temperatures are much

smaller than the average experimental temperature of 312 K. Even considering the

statistical errors, this linear relationship exists out of the error range. By using both

validation methods, a real chemical significance of the enthalpy–entropy compensation

can be drawn.
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The value of ∆Gβ for M2P18C6–K
` and M2P18C6–Na` are calculated to be 30 kJ ¨

mol´1 and 19 kJ ¨mol´1, respectively. This means, for example, at 152 K, the variation

in the enthalpy is completely balanced by a compensating variation in the entropy; the

Gibbs free energy remains constant at ´30 kJ ¨mol´1 for the M2P18C6–K
` interaction.
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Figure 4.12: Enthalpy–entropy compensations in M2P18C6–K
` (a) and M2P18C6–Na`

(b) interactions in methanol, ethanol and n-propanol.

Although enthalpy–entropy compensation is still not well-understood, due to the

fact that this phenomenon is usually observed in liquid phase where hydrogen bonds

are present, hydrogen bonds have been widely considered as the origin of the compensa-

tion. Dunitz[130] theoretically semi-quantified the entropy change of one immobilized

water molecule in hydrated crystal. It was found that at 300 K the entropy change

is equal to 4.5 kcal¨mol´1, which is comparable to its enthalpy change of about 5.0

kcal¨mol´1. His findings highlighted that the enthalpy–entropy compensation is a gen-

eral and unavoidable characteristic of any weak interaction in aqueous solution. Gilli
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and his coworkers[131] have reviewed the thermodynamic parameters of 186 indepen-

dent drug–receptor interactions derived from van’t Hoff plots. Enthalpy change and en-

tropy change linearly correlates with a correlation coefficient of 0.981. They argued that

the driving force of those interactions is solvent reorganization other than the specific

drug-receptor interactions. Raymond and his coworkers[132] studied the encapsulation

of various iridium guests with different sizes by the M4L6 hosts possessing a three-

dimensional cavity in protic solvents (D2O, CD3OD) and aprotic solvent (DMSO). In

DMSO, as the size of the guest increases, the entropy change arising from desolvation

becomes more favorable, which is a common phenomenon of classical hydrophobic ef-

fect. However, in protic solvents, larger guests lead to more favorable enthalpy change

and less favorable entropy change. They assumed that upon desolvation of guest and

host cavity, the released water (methanol) molecules form more hydrogen bonds in the

bulk solution, resulting in more favorable enthalpy change. And the water (methanol)

molecules becomes more restricted in the hydrogen bond network, the entropy change

becomes less favorable.They categorized this phenomenon as non-classical hydrophobic

effect. Moreover, a significant enthalpy–entropy compensation was observed. However,

Ungaro and his coworkers[133] observed that in aqueous solution, greater desolvation

arising from the charge on the guest leads to a less unfavorable entropy change. Those

observed opposite trends in entropy change arising from the desolvation reveal the com-

plexity in the thermodynamic behaviors of complexations. A better way to understand

its nature is to study the complexation process step by step.

Figure 4.13: The scheme of desolvation process upon complexation.
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As Figure 4.13 shows, two steps are considered into the complexation. In step 1,

both guest and host cavity have to first lose their solvation shells ,and then bind each

other. In this step, the degree of the freedom of both guest and host decreases resulting

in a less favorable entropy change and more favorable enthalpy change if any specific

interactions such as dipole–cation and hydrogen bonds are present. But the entropy

change for solvent becomes more favourable since solvent molecules gain more freedom

while the enthalpy change becomes unfavourable. In step 2, if hydrogen bonds are

present in the bulk phase, those released solvent molecules are able to join hydrogen

bond network leading to less favorable entropy change and more favorable enthalpy

change. The measured thermodynamic parameters are the result of the competition

between both steps. Notably, even in the same solvent such as aforementioned water,

the dominant step is dependent on the specific host–guest system.

In this work, as the solvent varies from methanol to n-propanol, entropy change

shifts from an unfavorable region to a favorable region while enthalpy change becomes

less favorable indicating that the step 1 becomes more dominant than step 2. This

phenomenon could be understood to be caused by two aspects. On one hand, the

polarity of solvent molecule decreases as its alkyl chain increases resulting in a trend

to classic hydrophobic effect. On the other hand, as the size of solvent molecule in-

creases, the step 2 is degraded by the less hydrogen bonds form in step 2. Matisz[134]

from our group has theoretically calculated the cluster distribution of primary alcohols

in liquid phase using quantum cluster equilibrium theory. His results suggested that

at 298.15 K the three main components in the bulk phase of methanol, ethanol and

n-propanol are five and six, and seven-membered rings, indicating the number of hy-

drogen bonds in those three liquid phases don’t differ significantly. As the size of the

solvent molecule increases, the solvation shells of guest and host cavity compose of less

solvent molecules. Hence, less hydrogen bonds form during the reorganization process

of those released solvent molecules resulting in less favorable enthalpy change and less

unfavorable entropy change.
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4.3 Ethanol effect on the interaction of HSA with OTA

In this section, solvent effect on host–guest interaction is extended to a biological

interaction. And buffer–ethanol mixture is chosen because ethanol is a commonly

used solvent in biological processes. And it has been experimentally proven to have

ability to affect protein–ligand interactions[135, 136]. It was reported that ethanol

molecule can occupy specific hydrophobic sites on protein[96] and displace ligand or

water molecules[98].

Human serum albumin (HSA), which serves as a principal carrier in serum, is the

most abundant protein in human blood plasma. Interactions of ligands with HSA in

aqueous solutions are widely investigated[137, 138]. However, ethanol effect on the

interactions of HSA with ligands are few reported. An investigation on the effects of

ethanol on the warfarin binding to HSA suggested that the major effect of ethanol is

associated with the variation of surrounding environment of the warfarin binding site

on HSA rather than direct displacement of warfarin by ethanol molecule[135]. This

conclusion was drawn by comparing the reduction of fluorescence intensity of HSA

with the decreased dissociation constant by using equilibrium dialysis at 37 ˝C. No

thermodynamic background was revealed.

In this section, another famous ligand which shares the same binding site on HSA

with warfarin[139], namely Ochratoxin A (OTA), is selected. OTA is a kind of toxic

coumarin derivative, which was first isolated from metabolite produced by strains of

Aspergillus and Penicillium in 1965[84]. OTA is a worldwide foodstuff contaminant,

causing several toxic effects such as nephrotoxic[85], hepatotoxic[89], neurotoxic[91]

and teratogenic[93]. OTA is capable of binding to HSA with a high affinity[95]. Hence,

it is a good ligand for studying the thermodynamic background of ethanol effect on

protein–ligand interaction.

4.3.1 Fluorescent property of HSA and OTA

As Figure 4.14 shows, the emission spectra of free HSA and free OTA under the ex-

citation wavelength of 295 nm show different wavelength maxima: 345 nm and 445

nm, respectively[95]. The emission peak of HSA is caused by the unique tryptophan

residue, Trp214, in HSA molecule[140]. When OTA is bound to HSA, the intensity of
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Trp214 emission peak decreases and that of OTA emission peak increases due to the

resonance energy transfer between Trp214 and OTA[95].
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Figure 4.14: Fluorescence emission spectra of free OTA (2.0 μM) and free HSA(5.0
μM) and the mixture of OTA (2.0 μM) and HSA(5.0 μM) in 0.7% ethanol PBS buffer
solution. Excitation: 295 nm.

According to Equation 4.3, the distance between donor and acceptor can be deter-

mined. R0 is a characteristic distance related to the properties of donor and acceptor.

This value was calculated to be 20 Å in the literature [95]. The φ
φ0

was measured in

Figure 4.14 to be 0.75, giving the distance R of 24 Å.

E “ 1 ´
φ

φ0
“

ˆ

1 `
R6

R6
0

˙´1

(4.3)

4.3.2 Inhibition of the binding of OTA to HSA by ethanol

Ethanol effect on OTA binding to HSA was examined. The mixture of HSA (2.0 μM)–

OTA (2.0 μM) was excited at 295 nm. It can be clearly seen in Figure 4.15 that as the

ethanol concentration increases from 0.7% to 40.7% in PBS buffer solution (pH=7.4),

the emission intensity of the peak at 345 nm substantially increases and that of the

peak at 450 nm substantially decreases. The emission spectra show that an increasing

amount of ethanol causes a lower quenching efficiency of Trp214 in HSA by OTA and

a decrease of the emission intensity of OTA. This finding is in agreement with previous

studies regarding the ethanol effect on the interactions of some ligands with protein

[98, 135]. Compared to the interaction of warfarin with HSA, the binding of OTA to

HSA is much less sensitive to ethanol concentration in PBS buffer solution. This may
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be explained by the binding constant for OTA to HSA which is much larger than for

warfarin[139].
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Figure 4.15: Fluorescence emission spectra of HSA (2.0 μM)–OTA (2.0 μM) mixture
in the presence of different concentrations of ethanol in PBS buffer solution (pH=7.4)
at 25 ˝C. Arrows represent the spectral change with increasing amount of ethanol.
Excitation: 295 nm.

4.3.3 The variation of the micro-environment of Trp214 on HSA after

the binding of OTA

Raman spectra of Trp214 in HSA in 15.7% ethanol PBS buffer have been recorded in

the absence and presence of OTA. Fermi doublet (W3 modes) at I1360{I1340 has been

found as an appropriate marker about the hydrophobicity of the molecular environ-

ment of Trp214[141, 142]. This range of the spectra was deconvoluted into Gaussian

peaks. Then the intensity ratio of the two peaks around 1360 cm´1 and 1340 cm´1

was calculated. These data are summarized in Figure 4.16.

Raman spectra show that the I1360{I1340 ratio increases from 0.32 to 0.42 upon

the addition of OTA suggesting the environment polarity of Trp214 decreases. This

phenomenon could be attributed to the replacement of solvent molecules located at

binding site on HSA by OTA which has a smaller polarity.

4.3.4 The ethanol effect on the thermodynamic parameters of HSA–

OTA interaction

It is well-known that the subdomain IIA is the principal binding site of ligands on

HSA[143]. As Trp214 is located at this region, the tryptophan fluorescence emission
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Figure 4.16: Raman spectra of Trp214 in HSA in 15.7% ethanol PBS buffer in the
absence (black) and presence (red) of OTA. Excitation: 532 nm (Nd:YAG Laser).

intensity quenching can be used to evaluate the binding constant of ligand–HSA[144].

Fluorescence emission spectra of HSA in the presence of increasing OTA concentration

in PBS buffer solution containing 0.7%, 8.7%, 15.7% and 24.7% ethanol (vol/vol) were

recorded as Figure 4.17 shows.

Compared to the position of the peak of Trp214 at 345 nm in the absence of OTA, a

5 nm blue shift can be observed when the OTA concentration reaches 10.0 μM in 0.7%

ethanol buffer solution, suggesting that the polarity of the micro-environment surround-

ing the Trp214 residue decreases, which is consistent with Raman observation. This

blue shift disappears as the ethanol concentration increases in buffer solution indicating

a smaller conformational change of HSA occurred in a higher ethanol-containing buffer

solution when OTA was bound to HSA.

The Binding constants for HSA–OTA interaction in PBS buffer solutions with differ-

ent amounts of ethanol can be evaluated from steady-state fluorescence measurements.

Two binding sites of OTA on HSA were revealed by the interaction of OTA with recom-

binant fragments of HSA[145]. Besides subdomain IIA, and the secondary binding site

is located at domain III. A stepwise 1:2 model indicating one host molecule binds two

guest molecules with different affinities was used in Hyperquad2006[114] to evaluate

binding constants. No satisfactory results can be obtained. It is probably due to the

fact that the binding of OTA to subdomain IIA is mainly responsible for quenching
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Figure 4.17: Fluorescence emission spectra of HSA upon the addition of OTA (0–10.0
μM) in PBS buffer solution at 25 ˝C. (a) HSA: 4.9 μM, ethanol: 0.7%; (b) HSA: 5.0 μM,
ethanol: 8.7%; (c) HSA: 5.1 μM, ethanol: 15.7%; (d) HSA: 5.1 μM, ethanol: 24.7%.
Excitation: 295 nm.

effect as the tryptophan residue is present in that region. Hence, 1:1 stoichiometry

appears to be more reasonable.

The fitted curve to the experimental points is shown in Figure 4.18. Table 4.5 shows

the binding constants for HSA–OTA interaction in PBS buffer solutions with different

amounts of ethanol. It can be clearly seen that an increasing ethanol concentration

causes a decrease in binding constant.

Table 4.5: Binding constants for HSA–OTA interaction in PBS buffer solutions with
different amounts of ethanol.

log K

Ethanol Conc. 20 ˝C 25 ˝C 31 ˝C 37 ˝C

0.7% 7.00˘0.54 6.95˘0.47 7.04˘0.47 7.05˘0.52
8.7% 6.56˘0.21 6.54˘0.20 6.51˘0.16 6.38˘0.15
15.7% 6.05˘0.26 6.00˘0.21 5.78˘0.14 5.61˘0.15
24.7% 4.99˘0.18 4.55˘0.17 4.39˘0.01 4.27˘0.01

In order to demonstrate the driving force of HSA–OTA interaction, the thermo-

dynamic studies were carried out as shown in Figure 4.19 and Table 4.6. The results
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Figure 4.18: The fitted curves for the 1:1 model to the experimental points of HSA–
OTA interaction in PBS buffer solution with different amounts of ethanol. Ethanol:
(a) 0.7%; (b) 8.7%; (c) 15.7%; (d) 24.7%.

suggest that the HSA–OTA interaction in PBS buffer solution containing 0.7% ethanol

is an entropy-driven process. As the concentration of ethanol increases, the binding

process of OTA to HSA switches from being entropy-driven to enthalpy-driven.

Table 4.6: Thermodynamic parameters of HSA–OTA interaction in PBS buffer solu-
tions with different amounts of ethanol.

∆H ∆S ∆G25˝C

Ethanol Conc. kJ¨mol´1 J¨mol´1¨K´1 kJ¨mol´1

0.7% 8˘5 161˘17 -40˘3
8.7% -17˘5 68˘18 -37˘1

15.7% -47˘7 -45˘22 -34˘1
24.7% -70˘18 -146˘58 -26˘1

Several effects caused by the increased amounts of ethanol, including increased vis-

cosity variation, permittivity variation, conformational change of HSA, conformational

change of specific binding site on HSA and solvent reorganization could contribute to

the variation of binding property between OTA and HSA. Macroscopically, it has been

experimentally observed that in atmospheric pressure, the relationship between the
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Figure 4.19: The van’t Hoff plots for HSA–OTA interaction in PBS buffer solutions
with different amounts of ethanol.

viscosity of ethanol–water mixture and its composition is convex curve at 25 ˝C and

50 ˝C[146]. The viscosity reaches maximum at a composition around 0.3 mole fraction

(62%, vol/vol) of ethanol, which means as the ethanol concentration increases from

0.7% to 24.7%, the viscosity of ethanol–water mixture increases monotonically. An

increased viscosity of solvent could decelerate the diffusion of OTA, but it would not

significantly affect the binding constants between HSA and OTA since they were all

measured under equilibrium. The permittivity of ethanol–water mixture is decreased as

the ethanol concentration increases. Usually, a lower permittivity leads to a stronger

binding between host and guest [147]. However, the HSA–OTA interaction in PBS

buffer solution with increasing amounts of ethanol showed inverse effect.

At molecular level, the conformation of hydrophobic cavity is an important factor

governing the binding of OTA to HSA. It should be noted that the binding constant

of OTA to domain II is smaller than that to the whole HSA by a factor of „7 [145]

indicating that the conformation of whole HSA plays a significant role on OTA binding

constant. Lin[148] has shown that after 25% ethanol treatment, 2% of β-turn HSA con-

formers and 11% of β-sheet HSA conformers were converted into α-helix HSA conform-

ers. If we make an extreme hypothesis that only β-turn and β-sheet HSA conformers

can accept OTA, then it can be easy to calculate that the binding constant would just

reduce by 13%. This theoretical calculation is not consistent with experimental results

that the binding constant obtained in 0.7% ethanol buffer solution at 25 ˝C reduced by
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99.6% in 24.7% ethanol buffer solution. As a matter of fact, α-helix HSA conformers

are also able to accept OTA. The discrepancy between the binding constant at 0.7%

and 24.7% should be less than 13%. So the ethanol-induced conformational change

of HSA is also not the dominant factor. In order to better understand the nature of

ethanol effect on HSA–OTA interaction, the observed enthalpy–entropy compensation

is discussed.

4.3.5 The enthalpy–entropy compensation

Enthalpy–entropy compensation of the HSA–OTA interaction in PBS buffer solutions

containing different amounts of ethanol is shown in Figure 4.20. The compensation

temperature β was calculated to be 256 K, which is much smaller than the average

experimental temperature of 302 K. And at this temperature, the Gibbs free energy

remains constant at -34 kJ/mol.
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Figure 4.20: Enthalpy–entropy compensation in HSA–OTA interaction in PBS solu-
tions with different amounts of ethanol.

Having the two-step model shown in Figure 4.13 in mind, it is obvious that as the

ethanol concentration increases the role of step 2 overrides the role of step 1. When

the ethanol concentration is 0.7%, the HSA–OTA interaction is completely a entropy-

driven process suggesting a classical hydrophobic effect. When it reaches 8.7%, the

HSA–OTA interaction is still entropically favorable but also enthalpically favorable

process suggesting the formation of hydrogen bond plays a more important role in HSA–

OTA interaction. The interaction becomes completely an enthalpy-driven process after
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the ethanol concentration reaches 15.7% indicating the formation of hydrogen bond

becomes dominant.

It was reported that ethanol molecule is able to bind the hydrophobic binding sites

on protein via its methyl group[149]. As the ethanol concentration increases in solution,

more ethanol molecules are able to attach to the binding site on HSA. Meanwhile, the

solvation shell of OTA molecule is composed of more ethanol molecules and less water

molecules. Hence, after the binding of OTA to HSA, more ethanol molecules are both

released from the solvation shell of OTA and the binding site on HSA into the bulk

phase. As a common solvent frequently used in biological processes, the structure

of water–ethanol binary solvent has been widely investigated. NMR studies on the

structure of water–ethanol mixture over the entire composition range was performed

by Coccia and his coworkers[150]. Their study showed that in the region with χe (molar

fraction of ethanol) ď 0.08, hydroxyl signal of water was shifted toward lower field as χe

increases indicating the promotion of hydrogen bond association. And this observation

is in a good agreement with MS study which shows that free water molecules tend

to attach to ethanol hydrated clusters rather than to pure water clusters in the same

region[151]. And in the region with 0.08 ăχeă 0.20, the chemical shift remained nearly

constant. The molar faction of ethanol used in this study is located in the range between

0.002 (0.7%, vol%)) to 0.092 (24.7%, vol%). It is safe to say that the hydrogen bond

network becomes enhanced as the ethanol concentration increases in this study.

It is summarized that an increase of ethanol concentration in solution causes two

effects, namely more ethanol molecules in solvation shell of OTA and the binding site of

OTA on HSA and stronger hydrogen bond network in the bulk phase. The enthalpy–

entropy compensation of HSA–OTA interaction could probably be explained in terms

of hydrogen bonds. When OTA starts to bind to HSA in solution containing a larger

amount of ethanol within the range of 0.002 ăχeă 0.092, more ethanol molecules and

less water molecules are released from solvation shell into the bulk phase. After that,

stronger hydrogen bonds are formed in the bulk phase which contains a larger amount of

ethanol, resulting in a more favorable enthalpy change and a more unfavorable entropy

change.
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4.4 Desolvation effect on the selectivity of the resorcinarene

and cavitand towards alkali metal ions

4.4.1 Fluorescence emission spectra of the resorcinarene and cavitand

upon the addition of alkali metal ions

Excitations at 380 nm were used for these studies and the emission spectra were

recorded within the 350–700 nm spectral range. Both host molecules show emission

peaks at 460 nm using the excitations at 380 nm, as can be seen from Figure 4.21.

Upon the addition of Li` and Na`, a decrease of the emission maxima of (33) can be

observed. Job’s plots for those interactions are shown in Figure 4.22 indicating that the

stoichiometry of those complexations is 1:1. No measurable emission intensity variation

of (33) can be observed in the presence of K` and Cs`.

Figure 4.21: Fluorescence emission spectra of 1.0 ˆ 10´3 M resorcinarene (33) upon
the addition of Li` (a) and Na` (b) in methanol at 298 K.

Figure 4.22: Job’s plot for interaction of resorcinarene (33) with Li` (a) and Na` (b)
ions in methanol at different temperatures. Symbols denote the experimental points.
Lines denote the polynomial fitting of the experimental points in order to clearly show
the stoichiometry.
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Upon the addition of K` and Cs`, a decrease of the emission maxima of (34) can

be observed as Figure 4.23 shows. Job’s plots for those interactions are shown in Figure

4.24 indicating that the stoichiometry of those complexations is 1:1. No measurable

emission intensity variation of (34) can be observed in the presence of Li` and Na`.

Figure 4.23: Fluorescence emission spectra of 1.0 ˆ 10´3 M cavitand (34) upon the
addition of K` (a) and Cs` (b) in methanol at 298 K.

Figure 4.24: Job’s plot for interaction of cavitand (34) with K` (a) and Cs` (b) ions
in methanol at different temperatures.

4.4.2 Thermodynamic background of the selectivity

Using the Benesi–Hildebrand plot for the fluorescence measurement, the stability con-

stants were determined at different temperatures as Figure 4.25 shows. Then according

to van’t Hoff equation, lnpKq values were plotted against the reciprocal of temperature

as shown in Figure 4.26. The thermodynamic parameters of the complexations of (33)

with Li` and Na` and (34) with K` and Cs` are collected in Table 4.7 and Table 4.8,

respectively.

As can be seen from Table 4.7 and Table 4.8, the complexations of resorcinarene

(33) with Li` and Na` are enthalpically favorable but entropically unfavorable pro-
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Figure 4.25: Benesi–Hildebrand plot for the interaction of (33) with Li` at different
temperatures.

Figure 4.26: The van’t Hoff plots for the complex formation of (33) with Li` and Na`,
(34) with K` and Cs`.

Table 4.7: Thermodynamic parameters of the complexations of resorcinarene (33) with
Li` and Na` in MeOH.

∆H ∆S ∆G25˝C

Ion kJ¨mol´1 J¨mol´1¨K´1 kJ¨mol´1

Li` -21˘0 -13˘2 -17˘0
Na` -22˘0 -35˘2 -12˘0

Table 4.8: Thermodynamic parameters of the complexations of cavitand (34) with K`

and Cs` in MeOH.

∆H ∆S ∆G25˝C

Ion kJ¨mol´1 J¨mol´1¨K´1 kJ¨mol´1

K` -7˘0 43˘3 -19˘0
Cs` -5˘0 55˘3 -22˘0
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cesses. While the complexations of cavitand (34) with K` and Cs` are both enthalpi-

cally and entropically favorable processes. What’s more, although enthalpy changes in

the latter case are less favorable than those in the former case, they are significantly

compensated by much more favorable entropy changes resulting in stronger complexes

formed between the cavitand (34) and K` or Cs`.

Referring to two-step model proposed in Figure 4.13, the entropically unfavorable

resorcinarene (33)–Li`/Na` complexations could be explained by the assumption that

the loss in entropy arising from the rigidification of host and guest in step 1 and

the formation of hydrogen bond in step 2 overrides the entropy gain arising from the

desolvation in step 1. This could probably be attributed to partial desolvation of the

guest. Regarding the complexations of cavitand (34) with K` and Cs`, the increases in

the entropy obviously suggested that the desolvation process in step 1 is the dominant

driving force.

To clarify the inclusion processes at molecular level, quantum chemical calculations

were performed using AM1 semi-empirical method. The results show that as the sizes

of naked Li`/Na` ions are much smaller with respect to the cavity of resorcinarene

(33), the guest have no chance to interact with the inner walls of resorcinarene (33).

No cation–π interaction occurs. However, thanks to more hydrophilic and flexible

cavity of resorcinarene (33), it could easily adjust itself to accommodate the methanol-

solvated Li` or Na` ions favoring the interaction between methyl groups of methanol

molecules and the inner walls of the resorcinarene (33) via C-H...π bond. Hence,

these complexations are enthalpy-driven processes. In the gas phase, Li(MeOH)2´4

was observed in MS spectra at room temperature[152] suggesting the first solvation

shell of Li` contains about four methanol molecules. Therefore, the interaction of

resorcinarene (33) with a solvated Li` ion by four MeOH molecules is proposed as

Figure 4.27 shows.

However, the entropy-driven cavitand (34)–K`/Cs` complexations suggest the de-

solvations are thorough. Moreover, the rigid and less hydrophilic cavity of cavitand

(34) have less affinity to polar solvent molecules. Hence, only the naked K`/Cs` en-

ters the cavity of cavitand (34) and attach to the inner walls via cation–π bond as

shown in Figure 4.28.
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Figure 4.27: Equilibrium conformation of host resorcinarene (33) with Li` ion.

Figure 4.28: Equilibrium conformation of host cavitand (34) with K` ion.
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4.5 Quenching effect on the fluorescence emission of a

‘deepened’ cavitand by transition metal ions

A upper-rim functionalized cavitand with four biphenyl groups and a large crown ring-

Figure 3.4 is received as a gift from Prof. Kollár’s group. Compared to its parent—

cavitand, this ‘deepened’ cavitand shows strong fluorescence owing to the presence of

those added functional groups. Therefore, it has potential applications in the field of

fluorescent molecular sensor.

The detection of transition metal ions is of particular interest and has great signif-

icance in many fields such as biological research and environmental chemistry. In this

section, the quenching effect on the fluorescence emission of this ‘deepened’ cavitand

by various transition metal ions is examined. To reveal the quenching mechanism in

case of some most effective quenchers, several quenching models are discussed.

4.5.1 The fluorescence quenching of a ‘deepened’ cavitand by various

transition metal ions

The fluorescence emission spectra of cavitand (21) both in the absence and presence

of 100-fold excess of various transition metal ions in THF/H2O solvent are shown in

Figure 4.29. Cavitand (21) showed a significant quenching in emission intensity in the

presence of Fe3` and Cu2`. In the presence of other metal ions, no significant changes

in the emission spectra of cavitand (21) were observed.

4.5.2 The quenching mechanism

In order to reveal the quenching mechanism of cavitand (21) by Fe3` and Cu2`, the

fluorescence emission titrations were carried out. Figure 4.30 show the fluorescence

emission titration curves upon the addition of Fe3` and Cu2`. Continuous decreases

in emission intensity were obviously observed. It is worth noting that the addition of

Cu2` gave rise to a small red shift in the emission maxima, while the addition of Fe3`

resulted in a small blue shift in the emission maxima with the appearance of a peak at

the wavelength of 400 nm.

Stern–Volmer kinetics is a widely-used dynamic quenching mechanism due to colli-
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Figure 4.29: Fluorescence emission spectra of cavitand (21) (8.4 ˆ 10´6 M) in the
presence of various transition metal ions (100-fold excess) in THF/H2O binary solvent
at 25 ˝C. Excitation: 300 nm.
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Figure 4.30: Fluorescence emission spectra of cavitand (21) (8.4 ˆ 10´6 M) upon the
addition of Fe3` (a) and Cu2` (b) in THF/H2O binary solvent at 25 ˝C. Inset: The
corresponding Stern–Volmer plot. Excitation: 300 nm
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sion (Equation 4.4).

I0
I

´ 1 “ Ksv ¨ rQs (4.4)

Where, I0 and I are fluorescence emission intensities in the absence and presence

of quencher, respectively; Ksv is the Stern–Volmer quenching constant and rQs is the

concentration of quencher.

As shown in the insets of Figure 4.30, the upward curvature between I0
I ´1 and rQs

can be clearly observed in both cases of Fe3` and Cu2` , which indicate the simultaneous

presence of both dynamic and ground-state complex formation static quenching.

The static quenching, which is related to the ground-state complex formation, is sup-

posed to be preferential and faster than dynamic quenching. I0
I could be given through

multiplying the fraction of the unquenched fluorescence molecule (during the collision

with quencher) by the fraction of the uncomplexed fluorescence molecule (Equation 4.5

and Equation 4.6)[153].

I0
I

“ p1 ` KD ¨ rQsq ¨ p1 ` KS ¨ rQsq (4.5)

ˆ

I0
I

´ 1

˙

¨
1

rQs
“ pKD ` KSq ` KD ¨ KS ¨ rQs (4.6)

Where, KD and KS are the dynamic and static quenching constant, respectively.

The data associated with the titration of cavitand (21) with Fe3` and Cu2` at

25 ˝C were re-plotted according to the simultaneous presence of both dynamic and

static quenching as Figure 4.31 shows. As can be seen from Figure 4.31a, a poor

linear correlation (R2 “ 0.9078) is obtained for Fe3`, with a y-intercept KD ` KS of

2786.8 and a slope KD ¨KS of 1.8157ˆ 108. However, both values of KD and KS were

found to be imaginary from such coefficients, indicating that the ground-state complex

formation has not been involved in such quenching. This model is also not suitable for

Cu2` due to the poor linear correlation as well as the negative intercept. Therefore, it

is necessary to exploit the simultaneous presence of sphere-of-action static quenching

and dynamic quenching model.

According to the sphere-of-action model, it is assumed that a given spherical space

surrounding the excited fluorophore exists and the quenching probability is same within
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this region. When a quencher moves towards the fluorescence molecule from the bulk

phase, a diffusion-controlled dynamic quenching occurs. Once a quencher enters that

sphere, the quenching of a fluorophore immediately and completely occurs, which can

be regarded as the static quenching[154].

I0
I

“ exppV ¨ NA ¨ rQsq ¨ p1 ` KD ¨ rQsq (4.7)

Where,V “ 4
3 ¨ π ¨R3, R is the reaction radius, NA is the Avogadro constant, KD is

the dynamic quenching constant.

As shown in Figure 4.32, perfect agreements between the experimental results and

the calculated curves both for Fe3` and Cu2` were found. For Fe3`, the dynamic

quenching constantKD equals to 2210 M´1. For Cu2`, the dynamic quenching constant

KD equals to -7.1 M´1 indicating that the quenching due to collision does not play an

important role. The reaction radius R was determined as 149 Å and 108 Å for Fe3` and

Cu2`, respectively. By using this quenching model, the limits of the detection of Fe3`

and Cu2` are determined as 2.1 ˆ 10´6 M (3σ) and 3.6 ˆ 10´6 M (3σ), respectively.

4.5.3 Interference effect

The effects of some common metal ions and anions on the determination of the concen-

trations of Fe3` and Cu2` by cavitand (21) were studied. The relative error is defined

by the following equation.

Relative Error “
rMs

rMs0
ˆ 100% (4.8)

Where, rMs and rMs0 denote the determined concentration of Fe3` / Cu2` in the

presence and absence interferent using the sphere-of-action model, respectively.

Table 4.9 shows the relative error of interferents on the determinations of 5.0 ˆ

10´5 M Fe3` and 1.0 ˆ 10´4 M Cu2` by cavitand (21). The concentrations of the

interferences were considered according to the upper concentration limit which would

not result in a heterogeneous THF/H2O solvent mixture. As shown in Table 4.9, except

for Cd2`, Cr3` and Hg2`, most of the studied interferents have insignificant influence

on the determination of both Fe3` and Cu2` with relative error lower than 5%.
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Table 4.9: Studies of interferents on the determinations of 5.0 ˆ 10´5 M Fe3` and
1.0 ˆ 10´4 M Cu2` by cavitand (21), respectively.

Relative error (%)

Interferent Concentration (M) Fe3` Cu2`

Li` 2.0 ˆ 10´2 4.6 2.6
Na` 5.7 ˆ 10´3 2.4 -0.4
K` 4.0 ˆ 10´3 1.6 -2.7

Mg2` 4.5 ˆ 10´3 2.4 0.8
Ca2` 4.5 ˆ 10´3 -0.7 0.6
Ba2` 3.2 ˆ 10´3 1.5 -1.1
Cd2` 5.2 ˆ 10´3 -6.1 -17.8
Co2` 5.2 ˆ 10´3 4.6 5.0
Cr3` 5.2 ˆ 10´3 12.4 11.9
Hg3` 5.2 ˆ 10´3 -10.9 -11.8
La3` 1.6 ˆ 10´3 -1.2 -2.5
Mn2` 5.2 ˆ 10´3 4.8 1.5
NO´

3 1.0 ˆ 10´4 N/A -2.9

SO2´
4 1.0 ˆ 10´4 N/A 1.5

NO´
3 5.0 ˆ 10´5 1.0 N/A

SO2´
4 5.0 ˆ 10´5 2.4 N/A
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Chapter 5

Conclusions

This thesis work focused on the understanding of some factors influencing host–guest

interactions. Crown ethers are chosen as host molecules. Their complexing abilities

with alkali metal ions are measured by using conventional UV–Vis spectroscopy. Ther-

modynamic parameters derived from the van’t Hoff equation are discussed to gain some

insights into the background of these factors including the effects of the flexibility of

the host’s skeleton and solvent.

In order to understand the role of the flexibility of the host’s skeleton in the crown

ether–ion interactions, two crown ethers, namely dimethyl-pyridino-18-crown-6 ether

(M2P18C6, ‘flexible’) and dimethyl-diketo-pyridino-18-crown-6 ether (M2K2P18C6, ‘rigid’)

are chosen as the hosts. M2K2P18C6 possesses a more rigid skeleton than M2P18C6

due to a larger conjugation area formed by the pyridine ring and two additional car-

bonyl groups. The thermodynamic study on their interactions with K` shows that the

entropy change of the interaction of the ‘flexible’ crown ether with K` is less favor-

able with respect to that of the ‘rigid’ crown ether with K`. Theoretical calculation

at AM1 level demonstrate that the molecular vibrations of crown ether’s skeleton are

most likely to result in the obtained entropy change.

The importance of solvent effect on host–guest interaction is studied by the de-

pendency of thermodynamic parameters of M2P18C6–Na` / K` on the permittivity

of solvents including methanol, ethanol and n-propanol. It was found that the sta-

bility constants of both M2P18C6–Na
` and M2P18C6–K

` complexes increase as the

permittivity of the solvent decreases. The thermodynamic study shows that as the
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permittivity of solvent decreases, the enthalpy change and the entropy change become

less favorable and more favorable, respectively. A correlation between thermodynamic

parameters and the permittivity of solvent was obtained. Enthalpy–entropy compen-

sations were observed both in M2P18C6–K
` and M2P18C6–Na` complexations. Ac-

cording to some validation methods, the observed enthalpy–entropy compensation has a

true physicochemical significance. In order to understand the background of this phe-

nomenon, a two-step complexation model which includes both classical hydrophobic

effect and non-classical hydrophobic effect was proposed. The trend in entropy changes

of M2P18C6–Na
` / K` complexations could be probably attributed to the shift of the

dominant role from non-classical hydrophobic effect (step 2) to classical hydrophobic

effect (step 1) in the order of methanol, ethanol and n-propanol.

Solvent effect on the host–guest interaction is extended to a protein–ligand in-

teraction, namely the interaction of human serum albumin (HSA) with ochratoxine

A (OTA). PBS buffer–ethanol mixture is used in this study because ethanol is a com-

monly used solvent in biological processes. As ethanol concentration increases, the bind-

ing constant decreases suggesting its inhibit effect on protein–ligand interaction[135].

Thermodynamic study show that an increasing amount of ethanol leads to a switch

from being entropy-driven to enthalpy-driven of HSA–OTA interaction highlighting

the non-classical hydrophobic effect plays more important role in this complexation.

This viewpoint could be evidenced by the literature [150, 151] showing that as the

ethanol concentration increases within the studied range, the hydrogen bond network

of ethanol–water binary mixture becomes more enhanced.

The interactions of the resorcinarene (33) and cavitand (34) with alkali metal ions

including Li`, Na`, K` and Cs` in methanol were investigated by steady-state fluo-

rescence technique. The results showed that (33) can interact with Li` and Na`, and

(34) can interact with K` and Cs`. Thermodynamic study shows that the complex-

ation of (33) with Li` and Na` are enthalpy-driven processes, but that of (34) with

K` and Cs` are entropy-driven processes. Referring to two-step complexation model,

it is suggested that Li` and Na` interacted with resorcinarene (33) with partial de-

solvation. Therefore, these complexations were probably driven by the interactions

between solvent molecules and inner walls of resorcinarene (33) via the C-H...π bonds.

71



However, the complexations of cavitand (34) with K` and Cs` were probably driven

by complete desolvation of the guest, which resulted in a significant entropy gain of the

system.

Furthermore, the fluorescence quenching effect of the emission intensity of a novel

‘deepened’ cavitand by some transition metal ions has been investigated using steady-

state fluorescence spectroscopy. The results show that amongst the used transition

metal ions including Ag`, Cd2`, Cu2`, Fe3`,Cr3`, Hg2`, La3`, Mn2`, Ni2`, Zn2`

and Co2`, only Fe3` and Cu2` possess good quenching efficiency towards the cavi-

tand. Dynamic quenching model and the simultaneous presence of dynamic and static

quenching model have been used for interpretation of the quenching mechanism. The

best-fit quenching mechanism was found to be the simultaneous presence of the sphere-

of-action static quenching and the dynamic quenching model.

In conclusion, the points summarized in this thesis can be considered as a small step

towards better understanding of host–guest interaction in liquid phase. However, owing

to the complexity of host–guest interaction in liquid phase, the analysis of separate

contributions to the enthalpy change and entropy change is impossible. It is hard to

draw a general and precise model for explanation of the changes in thermodynamic

parameters. The way to gain the insight into the nature of the host–guest interaction

is to conduct experiments in gas phase using advanced laser spectroscopy techniques.

This allows the effect of individual solvent molecules on the complex to be investigated

in molecular level.
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acridino-18-crown-6 ether and preliminary studies on its metal ion selectivity.
Tetrahedron, 67(29):5206–5212, 2011.

[79] A. M. Stuart and J. A. Vidal. Perfluoroalkylated 4,13-diaza-18-crown-6 ethers:
Synthesis, phase-transfer catalysis, and recycling studies. Journal of Organic
Chemistry, 72(10):3735–3740, 2007.

[80] M. R. Ganjali, P. Norouzi, R. Dinarvand, F. Faridbod, and A. Moghimi. Sub-
nanomolar determination of a beryllium ion by a novel be(ii) microsensor based
on 4-nitrobenzo-9-crown-3-ether. Journal of Analytical Chemistry, 63(7):684–689,
2008.

[81] M. R. Ganjali, F. Faridbod, R. Dinarvand, P. Norouzi, and S. Riahi. Schiff’s
bases and crown ethers as supramolecular sensing materials in the construction
of potentiometric membrane sensors. Sensors, 8(3):1645–1703, 2008.

[82] G. Somer, G. Ekmekci, D. Uzun, and S. Kalayci. A novel iron(iii) selective
membrane electrode based on benzo-18-crown-6 crown ether and its applications.
Journal of Membrane Science, 288(1-2):36–40, 2007.

[83] S. Maleknia and J. Brodbelt. Gas-phase selectivities of crown ethers for
alkali metal ion complexation. Journal of the American Chemical Society,
114(11):4295–4298, 1992.

[84] K. J. Van Der Merwe, P. S. Steyn, L. Fourie, De B. Scott, and J. J. Theron.
Ochratoxin A, a toxic metabolite produced by aspergillus ochraceus wilh. Nature,
205(4976):1112–1113, 1965.

[85] W. E. Ribelin, K. Fukushima, and P. E. Still. The toxicity of ochratoxin to
ruminants. Canadian Journal of Comparative Medicine, 42(2):172–176, 1978.

[86] Y. Grosse, I. Baudrimont, M. Castegnaro, A. M. Betbeder, E. E. Creppy,
G. Dirheimer, and A. Pfohlleszkowicz. Formation of ochratoxin A metabolites
and DNA adducts in monkey kidney cells. Chemico-Biological Interactions, 95(1-
2):175–187, 1995.

[87] J. C. Seegers, L. H. Bohmer, M. C. Kruger, M. L. Lottering, and M. Dekock.
A comparative-study of ochratoxin A induced apoptosis in hamster kidney and
HeLa cells. Toxicology and Applied Pharmacology, 129(1):1–11, 1994.

[88] S. Obrecht-Pflumio, T. Chassat, G. Dirheimer, and D. Marzin. Genotoxicity
of ochratoxin A by Salmonella mutagenicity test after bioactivation by mouse
kidney microsomes. Mutation Research-Genetic Toxicology and Environmental
Mutagenesis, 446(1):95–102, 1999.

[89] H. G. Kamp, G. Eisenbrand, C. Janzowski, J. Kiossev, J. R. Latendresse,
J. Schlatter, and R. J. Turesky. Ochratoxin A induces oxidative DNA dam-
age in liver and kidney after oral dosing to rats. Molecular Nutrition and Food
Research, 49(12):1160–1167, 2005.

79



[90] Y. H. Wei, C. Y. Lu, T. N. Lin, and R. D. Wei. Effect of ochratoxin A on
rat liver mitochondrial respiration and oxidative phosphorylation. Toxicology,
36(2-3):119–130, 1985.

[91] V. Sava, O. Reunova, A. Velasquez, R. Harbison, and J. Sanchez-Ramos. Acute
neurotoxic effects of the fungal metabolite ochratoxin A. Neurotoxicology,
27(1):82–92, 2006.

[92] A. Bruinink and C. Sidler. The neurotoxic effects of ochratoxin A are reduced by
protein binding but are not affected by I-phenylalanine. Toxicology and Applied
Pharmacology, 146(2):173–179, 1997.

[93] M. H. Brown, G. M. Szczech, and B. P. Purmalis. Teratogenic and toxic effects
of ochratoxin A in rats. Toxicology and Applied Pharmacology, 37(2):331–338,
1976.

[94] L. Alvarez, A. G. Gil, O. Ezpeleta, J. A. Garcia-Jalon, and A. L. de Cerain.
Immunotoxic effects of ochratoxin A in wistar rats after oral administration.
Food and Chemical Toxicology, 42(5):825–834, 2004.

[95] Y. V. Il’ichev, J. L. Perry, and J. D. Simon. Interaction of ochratoxin A with
human serum albumin. Preferential binding of the dianion and pH effects. Journal
of Physical Chemistry B, 106(2):452–459, 2002.

[96] B. Lubas, M. Soltysikrasek, and I. Lesniewska. Proton nuclear magnetic resonance
study of the association of monovalent and divalent alcohols with bovine serum
albumin. Biochemistry, 18(22):4943–4951, 1979.

[97] C. E. Ha, C. E. Petersen, D. S. Park, K. Harohalli, and N. V. Bhagavan. Inves-
tigations of the effects of ethanol on warfarin binding to human serum albumin.
Journal of Biomedical Science, 7(2):114–121, 2000.

[98] N. A. Avdulov, S. V. Chochina, V. A. Daragan, F. Schroeder, K. H. Mayo, and
W. G. Wood. Direct binding of ethanol to bovine serum albumin: A fluorescent
and 13C NMR multiplet relaxation study. Biochemistry, 35(1):340–347, 1996.

[99] J. M. Liu, Q. Y. Zheng, J. L. Yang, C. F. Chen, and Z. T. Huang. A new
fluorescent chemosensor for Fe3` and Cu2` based on calix[4]arene. Tetrahedron
Letters, 43(50):9209–9212, 2002.

[100] Z. X. Li, W. Y. Zhao, X. Y. Li, Y. Y. Zhu, C. M. Liu, L. N. Wang, M. M. Yu,
L. H. Wei, M. S. Tang, and H. Y. Zhang. 1,8-naphthyridine-derived Ni2`/Cu2`-
selective fluorescent chemosensor with different charge transfer processses. Inor-
ganic chemistry, 51(22):12444–12449, 2012.

[101] H. B. Li, Y. Zhang, X. Q. Wang, and Z. N. Gao. A luminescent nanosensor
for Hg(II) based on functionalized CdSe/ZnS quantum dots. Microchimica Acta,
160(1-2):119–123, 2008.

[102] R. M. Izatt, T. Wang, J. K. Hathaway, X. X. Zhang, J. C. Curtis, J. S. Brad-
shaw, C. Y. Zhu, and P. Huszthy. Factors influencing enantiomeric recognition
of primary alkylammonium salts by pyridino-18-crown-6 type ligands. Journal of
Inclusion Phenomena and Macrocyclic Chemistry, 17(2):157–175, 1994.

80



[103] L. M. Tunstad, J. A. Tucker, E. Dalcanale, J. Weiser, J. A. Bryant, J. C. Sherman,
R. C. Helgeson, C. B. Knobler, and D. J. Cram. Host guest complexation .48. Oc-
tol building blocks for cavitands and carcerands. Journal of Organic Chemistry,
54(6):1305–1312, 1989.

[104] E. Roman, C. Peinador, S. Mendoza, and A. E. Kaifer. Improved synthesis of
cavitands. Journal of Organic Chemistry, 64(7):2577–2578, 1999.

[105] S. P. Pinho and E. A. Macedo. Solubility of nacl, nabr, and kci in water, methanol,
ethanol, and their mixed solvents. Journal of Chemical and Engineering Data,
50(1):29–32, 2005.

[106] R. Alexander, E. C. F. Ko, Y. C. Mac, and Alan J. Parker. Solvation of
ions. xi. solubility products and instability constants in water methanol, for-
mamide, dimethylformamide, dimethylacetamide, dimethyl sulfoxide, acetoni-
trile, and hexamethylphosphorotriamide. Journal of the American Chemical So-
ciety, 89(15):3703–3712, 1967.

[107] IUPAC–NIST solubility database, version 1.0,
url=http://srdata.nist.gov/solubility/casno.aspx.

[108] H. A. Benesi and J. H. Hildebrand. A spectrophotometric investigation of the
interaction of iodine with aromatic hydrocarbons. Journal of the American Chem-
ical Society, 71(8):2703–2707, 1949.

[109] Spectrophotometric determination of β-adrenergic blocking agents in pharma-
ceutical formulations. Journal of Pharmaceutical and Biomedical Analysis,
29(3):527–538, 2002.

[110] A. Wojcik and P. V. Kamat. Reduced graphene oxide and porphyrin. An inter-
active affair in 2-D. ACS Nano, 4(11):6697–6706, 2010.

[111] P. Thordarson. Determining association constants from titration experiments in
supramolecular chemistry. Chemical Society Reviews, 40(3):1305–1323, 2011.

[112] Hyperchem professional, 2006.

[113] M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, and J. J. P. Stewart. Development
and use of quantum mechanical molecular models. 76. AM1: a new general pur-
pose quantum mechanical molecular model. Journal of the American Chemical
Society, 107(13):3902–3909, 1985.

[114] P. Gans, A. Sabatini, and A. Vacca. Hyperquad2006, 2006.

[115] J. S. Bradshaw, G. E. Maas, J. D. Lamb, R. M. Izatt, and J. J. Christensen.
Cation complexing properties of synthetic macrocyclic polyether-diester ligands
containing the pyridine subcyclic unit. Journal of the American Chemical Society,
102(2):467–474, 1980.

[116] A. Cornish-Bowden. Enthalpy–entropy compensation: a phantom phenomenon.
Journal of Biosciences, 27(2):121–126, 2002.

[117] D. R. Lide. CRC Handbook of Chemistry and Physics (90th edition). CRC Press,
2010.

81



[118] M. Jozwiak and L. Madej. Complex formation of crown ethers and cations in
water-organic solvent mixtures: Part xii. effect of the acid-base properties of
the mixture on the thermodynamic functions of complex formation of benzo-15-
crown-5 with Na` in water-methanol mixtures at 298.15 K. Journal of Solution
Chemistry, 38(12):1635–1647, 2009.

[119] M. Ansarifard and G. Rounaghi. A thermodynamic study between 18-crown-6
with Mg2`, Ca2`+, Sr2` and Ba2` cations in water-methanol and water-ethanol
binary mixtures using the conductometric method. Journal of Inclusion Phenom-
ena and Macrocyclic Chemistry, 52(1-2):39–44, 2005.

[120] Y. Inoue, Y. Liu, L. H. Tong, B. J. Shen, and D. S. Jin. Calorimetric titration
of inclusion complexation with modified .beta.-cyclodextrins. enthalpy–entropy
compensation in host-guest complexation: from ionophore to cyclodextrin and
cyclophane. Journal of the American Chemical Society, 115(23):10637–10644,
1993.

[121] R. I. Gelb and J. S. Alper. Compensation effects in the complexation reactions
of - and -cyclodextrin. Journal of Physical Organic Chemistry, 8(12):825–832,
1995.

[122] Y. Liu, H. Wang, Z. H. Zhang, B. Z. Tian, and S. Huang. Intramolecular sandwich
complexation of light lanthanoid nitrates with bis(benzo-12-crown-4)s: Enhanced
selectivity for eu. Journal of inclusion phenomena and macrocyclic chemistry,
34(2):189–197, 1999.

[123] D. McPhail and A. Cooper. Thermodynamics and kinetics of dissociation of
ligand-induced dimers of vancomycin antibiotics. J. Chem. Soc., Faraday Trans.,
93:2283–2289, 1997.

[124] O. S. Emilia, B. Carmen, and G. F. Luis. Enthalpy of captopril-angiotensin
i-converting enzyme binding. FEBS Letters, 435(2-3):219–224, 1998.

[125] O. Exner. Concerning the isokinetic relationship. Nature, 201(4918):488–490,
1964.

[126] R. R. Krug, W. G. Hunter, and R. A. Grieger. Statistical interpretation of
enthalpy–entropy compensation. Nature, 261(5561):566–567, 1976.

[127] R. R. Krug, W. G. Hunter, and R. A. Grieger. Enthalpy–entropy compensation
.1. some fundamental statistical problems associated with analysis of vant hoff
and arrhenius data. Journal of Physical Chemistry, 80(21):2335–2341, 1976.

[128] R. R. Krug, W. G. Hunter, and R. A. Grieger. Enthalpy–entropy compensation
.2. separation of chemical from statistical effect. Journal of Physical Chemistry,
80(21):2341–2351, 1976.

[129] L. Liu and Q. X. Guo. Isokinetic relationship, isoequilibrium relationship, and
enthalpy–entropy compensation. Chemical Reviews, 101(3):673–696, 2001.

[130] J. D. Dunitz. Win some, lose some: enthalpy–entropy compensation in weak
intermolecular interactions. Chemistry & Biology, 2(11):709–712, 1995.

[131] P. Gilli, V. Ferretti, G. Gilli, and P. A. Borea. Enthalpy–entropy compensation
in drug–receptor binding. The Journal of Physical Chemistry, 98(5):1515–1518,
1994.

82



[132] D. H. Leung, R. G. Bergman, and K. N. Raymond. Enthalpy–ntropy compensa-
tion reveals solvent reorganization as a driving force for supramolecular encap-
sulation in water. Journal of the American Chemical Society, 130(9):2798–2805,
2008.

[133] G. Arena, A. Casnati, A. Contino, G. G. Lombardo, D. Sciotto, and R. Ungaro.
Water-soluble calixarene hosts that specifically recognize the trimethylammonium
group or the benzene ring of aromatic ammonium cations: A combined 1h nmr,
calorimetric, and molecular mechanics investigation. Chemistry - A European
Journal, 5(2):738–744, 1999.
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Hungary, 5–6 March, 2013.
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