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Abstract: The analysis of the ratios of entropy and enthalpy characteristics and their contributions
to the change in the Gibbs energy of intermolecular interactions of crown ethers and cyclodextrins
with amino acids is carried out. Two different types of macrocycles were chosen for examination:
crown ethers with a hydrophilic interior and cyclodextrins with a hydrophobic inner cavity and a hy-
drophilic exterior. The thermodynamics of complex formation of crown ethers and cyclodextrins with
amino acids in water and aqueous-organic solvents of variable composition was examined. The con-
tributions of the entropy solvation of complexes of 18-crown-6 with glycine, alanine, phenylalanine
to the change in the entropy of complexation in water-ethanol and water-dimethyl sulfoxide solvents
was calculated and analyzed. It was found that the ratios of the entropy and enthalpy solvation
of the reagents for these systems have similar trends when moving from water to aqueous-organic
mixtures. The relationship between the thermodynamic characteristics and structural features of the
complexation processes between cyclodextrins and amino acids has been established. The thermo-
dynamic enthalpy–entropy compensation effect was revealed, and its features for complexation of
cyclodextrins and 18-crown-6 were considered. It was concluded that, based on the thermodynamic
parameters of molecular complexation, one could judge the mode of the formation of complexes, the
main driving forces of the interactions, and the degree of desolvation.

Keywords: amino acids; 18-crown-6; cyclodextrins; complex formation; thermodynamics; compensa-
tion effect

1. Introduction

The study of the “guest–host” molecular recognition phenomenon began with the
works of J.-M. Len, C. Pedersen, and D. Kram, who received the Nobel Prize in Chemistry in
1987 for the development and application of molecules with structurally specific interactions
with high selectivity [1–4]. Currently, fundamental and applied sciences are still interested
in studying the unique selective properties of macrocycles [5–8].

Assessment and prediction of stability constants of complexes depending on the
structure of guest and host molecules, as well as the nature and composition of the sol-
vent, analysis of structural characteristics and thermodynamic parameters of formation of
molecular complexes of macrocycles are relevant both from the point of view of the devel-
opment of supramolecular chemistry, and priority fields of biochemistry, biotechnology,
and pharmacology.

Unlike such thermodynamic parameters of complexation and solvation of reagents as
the Gibbs energy change and the enthalpy change, which can be obtained by experimental
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methods, the entropy change of these processes can be only calculated on the basis of
experimentally obtained values of ∆G and ∆H.

Usually, less attention is paid to the analysis of entropy than to the analysis of enthalpy
characteristics of reactions and solvation of reagents. Entropy is often considered as a
measure of the disorder of the system, related to the number of free particles in the system
and reflecting the contribution of changes caused by the reorganization of the solvent
and/or solvate shells of particles in solution. In this regard, it is logical to assume that
the growth of entropy can characterize the processes of solvation of reagents, dissociation
of complexes, and the release of solvent molecules from the solvation shells of reagents
during the complexation.

In this paper, the enthalpy–entropy compensation effect in “guest–host” molecular
complexation of crown ethers and cyclodextrins as host molecules with amino acids as
guests is analyzed. Crown ethers are macroheterocyclic compounds containing more than
11 atoms in their cycles, of which at least four are heteroatoms that are interconnected by
ethylene bridges. Usually, an oxygen atom is a heteroatom.

Cyclodextrins (CDs,) are an independent class of macrocyclic compounds obtained
during the enzymatic disintegration of starch and consisting of 6-8 glucose units closed in a
cycle. Unlike crown ethers, these compounds are of natural origin and, due to this, they are
widely used in pharmaceuticals, biotechnology, cosmetology, and the food industry [9–12].
The second difference between CDs and crown ethers is the polarity of the macrocyclic
cavity. In CDs, it is hydrophobic, while the outer surface of the molecules formed by
hydroxyl groups is hydrophilic. In accordance with the principles of geometric and energy
complementarity, lipophilic compounds can be located in the CD cavity and retained in
it due to non-covalent interactions. The distinguished feature of the resulting inclusion
complexes is their good solubility in aqueous media, and this determines the use of CD as
solubilizers [13,14]. Thus, the main property of CDs, which determines the main directions
of their practical use, is the ability to form inclusion complexes. In this regard, the ability of
cyclodextrins to the inclusion complex formation is intensively studied, and the knowledge
about the coordination of guest molecules in the host cavity, as well as about the stability of
the resulting supramolecular complexes, has scientific and practical significance.

To examine the effects of enthalpy–entropy compensation in the intermolecular inter-
actions, obtained thermodynamic parameters of complexation of 18-crown-6 (18C6) and
cyclodextrins with amino acids (AA) in water and in water-organic mixed solvents were
used [15–25]. The analysis of the solvation contributions of reagents to the change in the en-
tropy of reactions of the formation of molecular complexes of 18-crown-6 with amino acids
in water-organic mixed solvents was carried out using the literature data [15–22,26–37].

2. Results and Discussion

The formation of molecular complex between AA (guest) and macrocycle (host) in
solution is described by the following equation:

guestsolv + hostsolv� [guest ⊂ host]solv (1)

The change in the free energy of complex formation, as well as the stability of the
complexes is determined by the enthalpy and entropy contributions in accordance with the
Gibbs–Helmholtz equation:

∆cG0 = ∆c H0 − T∆cS0 (2)

If the energy of the formation of a complex is determined by the ∆cH0 value, then the
∆cS0 value reflects all structural changes in the system.

It has been observed that complexation reactions involving biologically active molecules
and simulating the processes occurring in the living organisms (for example, enzyme–substrate,
peptide–DNA, antigen–antibody interactions, etc.) are accompanied by small negative
changes of the free energy, despite the fact that changes in the enthalpy may be signifi-
cant [38–41]. This can be explained by the phenomenon of enthalpy–entropy compensation,
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according to which, a favorable change in the enthalpy is often compensated by a par-
allel unfavorable (negative) change in the entropy, as a result of which ∆cG0 becomes
insignificant. The linear relationship between ∆cH0 and ∆cS0 is mathematically expressed
as follows:

∆c H0 = a + b · ∆cS0 (3)

where the coefficient a is a certain energy parameter that is practically not discussed in
the literature [42], b is a compensation temperature. Equation (3) belongs to the category
of “extrathermodynamic”, since it is an approximate and statistical relationship between
the thermodynamic quantities and is not based on the thermodynamic laws. At b > 0, the
enthalpy–entropy compensation occurs, and, conversely, at b < 0 an anti-compensation is
observed [43].

To date, the nature of the enthalpy–entropy compensation effect attracts the attention of
scientists, and there is no unified theory that could explain this phenomenon. There are two
main points of view regarding the compensation effect in the literature. According to one of
them, compensation effect is caused by the changes in the environment that are initiated by
the course of reactions [44–46]. However, some authors argue that the compensation effect
is an artifact and the observed linear correlation has no physical meaning, since it appears
after transferring errors in the ∆cH0 and ∆cS0 calculation (especially applies to the use of the
Van’t-Hoff method) [47]. However, to date, there have been enough publications that show
the existence of a ∆cH0 = f (∆cS0) correlation in the case of an independent determination of
∆cH0 and ∆cS0 [48,49].

The linear relationship between the changes of the enthalpy and entropy of complex
formation is described as follows [48,50]:

T∆∆cS0 = α · ∆∆cH0 (4)

When substituting the Equation (4) into the differential form of the Gibbs–Helmholtz equation

∆cG0 = ∆∆c H0 − T∆∆cS0 (5)

One can get the following

∆cG0 = (1− α)∆∆cH0 (6)

Integration of Equation (4) leads to

T∆cS0 = α · ∆cH0 + T∆cS0
0 (7)

In Equations (4), (6) and (7), the coefficient α in its physical meaning is the degree
of compensation. In other words, only (1 − α) of the enthalpy contribution goes to the
direct stabilization of the complex, and the remaining α is fully compensated by the entropy
contribution. The T∆cS0

0 value represents the intrinsic stability of the complex, i.e. the
possibility of complex formation at ∆cH0 = 0 and ∆cS0 > 0. Very often α and T∆cS0

0 are
interpreted as a measure of conformational changes of the macrocycle and desolvation of
interacting particles, respectively [51,52].

Many authors associate the manifestation of the compensation effect with the re-
organization of the solvent through the rearrangement of hydrogen bonds [49,53–55].
The idea is that the thermodynamic parameters of complexation are divided into two
components—nominal and environmental [53,56]. The nominal part is associated with the
interaction of solvated particles and the formation of a solvated complex, while the external
part refers to the participation of solvent molecules in solvation/desolvation processes.
Solvent molecules do not affect the value of the stability constant of the complex, i.e. the
change in the free energy of the reorganization of the solvent is zero (∆Genv = 0). Therefore,
the correlation between ∆Henv and ∆Senv is the basis of the compensation effect.
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From the standpoint of the solvation approach, the process of complexation in a
simplified form can be represented as the transfer of molecules of a compound A from their
own aqueous environment inside the solvent to the binding center of the ligand B, which is
also surrounded by water molecules:

A− w1 + B− w2 = A · B + (w1 + w2) (8)

As a result of this transfer, a complex A·s is formed, and the water molecules w1 and
w2 are released into a volumetric solvent. In this case, the ∆cH0 value will be determined
by the energy balance of the H-bonds formed by the participants of the process before
and after their interaction. On the other hand, the release of water molecules controlled
by the entropy factor is accompanied by a redistribution of H-bonds. As we can see, the
values of ∆cH0 and ∆cS0 are determined by the same process, which is associated with
the formation and rearrangement of H-bonds. Thus, any strong intermolecular interaction
(enthalpy factor) is compensated by a significant ordering of the system (entropy factor),
resulting in a small ∆cG0 value.

The thermodynamic enthalpy-entropy compensation effect is widely considered in
supramolecular chemistry for the processes of complexation of macrocyclic ligands [48,51].
When discussing T∆cS0 = f (∆cH0) dependences, the slope (α) and the intercept (T∆cS0

0)
are mainly considered, which, respectively, serve as a measure of conformational changes
and desolvation.

2.1. Thermodynamic Enthalpy–Entropy Compensation Effect in the Complexation of Cyclodextrins
with Amino Acids in Water

It is interesting to consider the compensation effect in the complexation reactions of
α- and β-cyclodextrins with amino acids. It should be noted that CDs form 1:1 molecular
complexes only with aromatic amino acids (Phe, Tyr, Trp and His) [25]. Figure 1 shows
the dependence plotted for complexation of α- and β-cyclodextrins with amino acids in
water [23,24]. As you can see, the dependence has a certain spread of points, which is
determined by the fact that ∆cG0 6= const and lies within some limits.
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Figure 1. Dependence T∆cS0 versus ∆cH0 for complex formation of cyclodextrins with aromatic
amino acids in water at 298.15 K (1 [Phe⊂α-CD], 2 [Trp⊂α-CD], 3 [Phe⊂β-CD], 4 [Tyr⊂β-CD],
5 [Trp⊂β-CD], 6 [His⊂β-CD].

The dependence shown in Figure 1 has a slope α equal to 0.94. As it was mentioned
above and follows from Equations (4) and (6), only (1 − α) part of the ∆cH0 value is
included in the ∆cG0 value, and the remaining α is fully compensated by ∆cS0. In other
words, for the complexation of CDs with aromatic amino acids, 94% of the enthalpy gain
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is compensated by the entropy factor, and the remaining 6% go to the stabilization of the
inclusion complexes.

Figure 1 shows three regions corresponding to enthalpy–entropy stabilized complexes
(I), only enthalpy stabilized complexes (II), and only entropy (III) stabilized complexes.
As one can see, complexes formed by α-CD belong to the second thermodynamic group,
which is characterized by the negative enthalpy and entropy changes of complex formation.
Complexes of amino acids with β-CD belong to the first and third groups, which are char-
acterized by the positive changes of the entropy of complex formation. This phenomenon
is not random and determined by the different driving forces of the interaction of host
molecules with the same guest molecules and by the structural features of the macrocycles.
α-CD and β-CD differ from each other in the size of the macrocyclic cavity. α-CD, consist-
ing of six glucose residues, has the smallest molecular cavity, which can include small-sized
guest molecules. Inclusion of larger guests is also possible, but it would be shallow. In this
case, the surface interactions of the remaining part of the guest molecule with the polar
outer surface of the α-CD are not excluded. As a rule, van der Waals interactions and the
H-bonding between the polar groups of the guest and −OH groups of the host determine
the exothermicity of α-CD binding and the increase in the structuring of the system. On
the contrary, β-CD formed by seven glucopyranose units has a large cavity, that promotes
the deeper inclusion of guest molecules. Complex formation of β-CD is accompanied by
the release of water molecules not only from the solvation shells of the host and guest
molecules, but also from the macrocyclic cavity. In this case, more water molecules are
released into the bulk solvent resulting in the increase in the disorder of the system. Thus,
dehydration makes a considerable contribution to the thermodynamics of the complexation
of β-CD with aromatic amino acids.

The significant effect of the solvent on the complexation of β-cyclodextrins can be
clearly seen from the expression written to the change of the entropy of the complexation:

∆cS = ∆assS + ∆reorgS (9)

where ∆assS is the change in entropy due to a decrease in the number of particles un-
der complexation; ∆reorgS is the change in the entropy caused by the rearrangement
of water molecules during the dehydration/hydration of the particles. The value of
∆assS should be the same for the complex formation of α- and β-cyclodextrins, while
∆reorgS should be slightly higher for the complexation of β-cyclodextrins, since dehydra-
tion in this case is more significant. The fact that ∆reorgS (β-CD) > ∆reorgS (α-CD) and,
consequently, ∆cS(β-CD) > ∆cS(α-CD) is confirmed by the experimental data. For the com-
plexation of α-CD and β-CD with the same guests, a more negative ∆cS0 was obtained in
the case of α-CD binding.

2.2. Thermodynamic Enthalpy–Entropy Compensation Effect in the Complexation of Crown Ethers
in Water and in Water-Organic Solvents

The linear enthalpy–entropy correlation for the reactions of the formation of molecular
complexes [Gly⊂18C6], [Ala⊂18C6] and [Phe⊂18C6] in H2O-EtOH, H2O-DMSO, and
H2O-Me2CO solvents is observed [57]. The dependences T∆cS0 = α∆cH0 + T∆So are
approximated by the least square method with slope 0.62 (H2O-EtOH), 0.80 (H2O-DMSO),
0.70 (H2O-Me2CO), which do not depend on the structure of guest molecule. The values of
confidence in the approximation of these dependencies are 0.950, 0.944 and 0.969, respectively.

In the review [51], when analyzing an array of thermodynamic data on ion complexa-
tion involving macrocycles (crown ethers, cyclodextrins, macrocyclic antibiotics) and their
acyclic analogues (glymes, podands) in water, water–alcohol and individual non-aqueous
solvents, it was found that the parameter α in the Equation (7) is individual for each type
of ligand and does not depend on the stoichiometry of the complexes formed, and the
values of T∆So positive and increasing in the series of glymes/podands, crown ethers,
cryptands, antibiotics. The contribution of T∆So reflects the increment of its own entropy
during complexation, and is mainly due to the desolvation of the complexing cation. For
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ionic complexes formed by crown ethers, the value α = 0.76, which is consistent with the
values of α calculated by us for molecular complexes of Gly, Ala and Phe with 18C6. The
values of α < 1 confirm the enthalpy stabilization of the complexes.

For the reactions of the formation of molecular complexes of Gly, Ala and Phe with
18C6 in the aqueous-organic solvents under consideration, the contribution from the change
in the solvent composition to the enthalpy-entropy correlation is obvious: in all cases, the
less negative values of ∆cH0 and T∆cS0 correspond to solvents with a high water content,
and the more negative values are observed in solvents with a high content of a non-
aqueous component. However, the enthalpy-entropy correlations reflect the total effect of
the solvent’s influence on both changes in the solvate state of the reagents and changes
in the thermodynamics of complex formation, which does not allow us to establish a key
solvation contribution into complex formation. For this purpose, the effect of the solvent on
the change in the solvate state of the reagents was analyzed and the subsequent analysis of
the ratios of the solvation contributions of the reagents to the change in the thermodynamic
parameters of reactions during the transition from water to water-organic mixtures was
carried out.

2.3. Entropy Characteristics of Reagents and Reactions of Formation of Complexes of Amino Acids
and Peptides with 18-Crown-6 in Aqueous Organic Solvents

Selective binding of molecules occurs due to their mutual complementarity. When
conducting molecular complexation reactions in non-aqueous and water-organic solvents,
in addition to the complementarity principle, it is also necessary to take into account the
changes in the solvation state of the participants, since the thermodynamic characteristics
of the reaction depend on the solvation state of the reagents. To do this, it is necessary to
understand the role of the solvent not only as a medium, but also as a participant of the
chemical interactions.

A wide number of experimental evidences has been accumulated, showing the ex-
tremely important role of the solvent as a means of controlling the chemical process [58–60].
In accordance with the solvation-thermodynamic approach the change in the thermody-
namic characteristic of the reaction in a non-aqueous solvent (compared to an aqueous one)
is the result of solvation contributions of complex [AA⊂18C6], 18C6 and AA molecules:

∆trY0
c = ∆cY0

S − ∆cY0
W = ∆trY0

[AA⊂ 18C6] − ∆trY0
18C6 − ∆trY0

AA (10)

where ∆Y0 = ∆G0, ∆H0, ∆S0

This relationship is the basis of the solvation approach to the description of the role of
the solvent in complexation reactions.

The Equation (11) can be applied to analyze the ratios between the entropy character-
istics of [AA⊂18C6] complex formation reactions and solvation of the reagents:

T∆trS0
c = T∆trS0

[AA⊂18C6] − T∆trS0
18C6 − T∆trS0

AA (11)

The T∆trS0 characteristics of [AA⊂18C6] complex formations as well as of the solvation
of 18C6 and AA were calculated from the following equation by using the ∆G0 and ∆H0

values obtained from experiments:

∆trG0 = ∆trH0 − T∆trS0 (12)

In particularly, the ∆trG0 and ∆trH0 for the reactions were from [15–22]. The ∆trH0

and ∆trG0 values for 18C6 solvation were obtained in [26–31]. The solvation parameters for
amino acids and peptides were from [32–37].

In the majority of publications that use the solvation approach to analyze the results
obtained, the entropic term of the Gibbs energy is considered in comparison with the
enthalpy one. Then, based on this, a conclusion is made about which of the components
prevails over the other in the Gibbs energy change, i.e., what proportion of the total chemical
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energy of the system is associated with a change in enthalpy, and which is associated with
a change in its structure.

Here, the analysis of the entropy characteristics of reagents and reactions is proposed
to be applied to understand the reasons for the differences in key solvation factors in the
change in the stability of molecular complexes formed by 18-crown-6 ether with amino
acids and peptides, and the energy of reactions of their formation.

In [15–22,29,57,59,61–65], we found that the transition from water to water-organic
solvents leads to an increase in the stability of molecular complexes of 18-crown-6 with
glycine, D,L-alanine, L-phenylalanine and glycyl-glycyl-glycine and to an increase in
the exothermicity of reactions of their formation. It was shown that the contribution
from the weakening of the solvation of the “guest” determines the growth of stability
of molecular complexes during the transition from water to water-organic mixtures. In
turn, the enthalpy of complex formation is mainly controlled by changes in the enthalpy
of macrocycle solvation. This allows to predict the changes in the stability of molecular
complexes by changing the solvation of “guest” molecules, and to estimate changes in the
enthalpy of complex formation by changing the enthalpy of macrocycle solvation. The
ratios of entropy characteristics of solvation of reagents and complexation reactions are
similar to the ratios of the corresponding enthalpy parameters: for aliphatic amino acids
and peptides the following ratios are observed T∆trS0 (AA) < T∆trS0 ([AA⊂18C6]) < T∆trS0

(18C6), and for aromatic AA the ratio is T∆trS0 (AA) < T∆trS0 (18C6) < T∆trS0 ([AA⊂18C6])
(Figures 2–5).
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Figure 2. Entropy characteristics of complex formation reactions of [Gly⊂18C6] (a) and [3Gly⊂18C6]
(b) in H2O-EtOH solvent. 1 T∆trS0(18C6); 2 T∆trS0([Gly⊂18C6]) (a), T∆trS0([3Gly⊂18C6]) (b);
3 T∆trS0(Gly) (a), T∆trS0(3Gly) (b); 4 T∆trS0

c.



Entropy 2022, 24, 24 8 of 14

Entropy 2021, 24, x FOR PEER REVIEW 8 of 15 
 

 

 

 

Figure 3. Entropy characteristics of complex formation reactions of [Gly18C6] (a) and 

[3Gly18C6] (b) in H2O-DMSO solvent. 1 TtrS0(18C6); 2 TtrS0([Gly18C6]); 3 TtrS0(Gly); 4 

TtrS0c. 

 
Figure 4. Entropy characteristics of complex formation reaction of [Ala18C6] in H2O-EtOH sol-

vent. 1 TtrS0(18C6); 2 TtrS0([Ala18C6]); 3 TtrS0(Ala); 4 TtrS0c. 

Figure 3. Entropy characteristics of complex formation reactions of [Gly⊂18C6] (a) and [3Gly⊂18C6]
(b) in H2O-DMSO solvent. 1 T∆trS0(18C6); 2 T∆trS0([Gly⊂18C6]); 3 T∆trS0(Gly); 4 T∆trS0

c.

Entropy 2021, 24, x FOR PEER REVIEW 8 of 15 
 

 

 

 

Figure 3. Entropy characteristics of complex formation reactions of [Gly18C6] (a) and 

[3Gly18C6] (b) in H2O-DMSO solvent. 1 TtrS0(18C6); 2 TtrS0([Gly18C6]); 3 TtrS0(Gly); 4 

TtrS0c. 

 
Figure 4. Entropy characteristics of complex formation reaction of [Ala18C6] in H2O-EtOH sol-

vent. 1 TtrS0(18C6); 2 TtrS0([Ala18C6]); 3 TtrS0(Ala); 4 TtrS0c. 

Figure 4. Entropy characteristics of complex formation reaction of [Ala⊂18C6] in H2O-EtOH solvent.
1 T∆trS0(18C6); 2 T∆trS0([Ala⊂18C6]); 3 T∆trS0(Ala); 4 T∆trS0

c.



Entropy 2022, 24, 24 9 of 14

Entropy 2021, 24, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. Entropy characteristics of complex formation reaction of [Phe18C6] in H2O-EtOH. 1 

TtrS0(18C6); 2 TtrS0([Phe18C6]); 3 TtrS0(Phe); 4 TtrS0c. 

The analysis of entropic solvation contributions to the Gibbs energy change for the 

formation of molecular complexes [Gly18C6] in H2O-DMSO solvent (Figure 3) and 

[Ala18C6] in H2O-EtOH solvent (Figure 4) can be explained by the limitation of avail-

able literature data on changes in the thermodynamic parameters of amino acid solvation 

in the corresponding solvents [34,35,37]. 

The diagrams in Figure 6a and 7a show that the entropy and enthalpy terms almost 

completely compensate each other in the change in the Gibbs energy of solvation of 18C6 

in aqueous organic solvents. For guest molecules, the growth of positive values of trans-

fer enthalpies (Figures 6b, 7b and 8–10) is mainly ahead of the change rate of TtrS0. As a 

result, the change in the Gibbs energy of the solvation of amino acids and peptides pre-

vails over trG0 (18C6). 

Thus, despite the numerical advantages of the absolute values of TtrS0 (18C6) and 

trH0 (18C6) over the corresponding parameters of the solvation of “guests”, the weak-

ening of the solvation of AA and peptides dominates the weakening of the 18C6 solva-

tion and determines the growth of stability of their molecular complexes. In turn, a sig-

nificant advantage in the energy of macrocycle solvation over the change in the enthalpy 

of AA solvation causes an increase in the exothermicity of the complexation. 

  

Figure 6. Ratios of thermodynamic parameters of transfer of 18C6 (a) and Gly (b) in H2O-EtOH. 

Figure 5. Entropy characteristics of complex formation reaction of [Phe⊂18C6] in H2O-EtOH.
1 T∆trS0(18C6); 2 T∆trS0([Phe⊂18C6]); 3 T∆trS0(Phe); 4 T∆trS0

c.

The analysis of entropic solvation contributions to the Gibbs energy change for the
formation of molecular complexes [Gly⊂18C6] in H2O-DMSO solvent (Figure 3) and
[Ala⊂18C6] in H2O-EtOH solvent (Figure 4) can be explained by the limitation of available
literature data on changes in the thermodynamic parameters of amino acid solvation in the
corresponding solvents [34,35,37].

The diagrams in Figures 6a and 7a show that the entropy and enthalpy terms almost
completely compensate each other in the change in the Gibbs energy of solvation of 18C6
in aqueous organic solvents. For guest molecules, the growth of positive values of transfer
enthalpies (Figures 6b and 7b and Figures 8–10) is mainly ahead of the change rate of
T∆trS0. As a result, the change in the Gibbs energy of the solvation of amino acids and
peptides prevails over ∆trG0 (18C6).
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Figure 10. Ratios of thermodynamic parameters of transfer of 3Gly in H2O-EtOH (a) and in
H2O–DMSO (b) mixture.

Thus, despite the numerical advantages of the absolute values of T∆trS0 (18C6) and
∆trH0 (18C6) over the corresponding parameters of the solvation of “guests”, the weakening
of the solvation of AA and peptides dominates the weakening of the 18C6 solvation and
determines the growth of stability of their molecular complexes. In turn, a significant
advantage in the energy of macrocycle solvation over the change in the enthalpy of AA
solvation causes an increase in the exothermicity of the complexation.

2.4. Thermodynamic Enthalpy–Entropy Compensation Effect in the Complexation of Cyclodextrins
and 18-Crown-6 with Amino Acids in Water

As it was mentioned above, the macrocyclic ligands under consideration have molec-
ular cavities that differ in their polarity. This leads to the fact that the mechanism of
interaction of CD and 18C6 with amino acids in water is different. If the amino group of all
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amino acids interacts with 18C6 due to electrostatic forces and H-bonds, then CDs form in-
clusion complexes only with aromatic amino acids, whereas their interactions with aliphatic
and polar amino acids are weak. Figure 11 shows the thermodynamic enthalpy-entropy
compensation for the complexation of 18C6, α-CD and β-CD with amino acids in water at
298.15 K.
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Figure 11. Thermodynamic enthalpy-entropy compensation effect for complex formation of amino
acids with 18C6 (•), α-CD (N) and β-CD (�) in water at 298.15 K (1 [Gly⊂18C6], 2 [Ala⊂18C6],
3 [Val⊂18C6], 4 [Leu⊂18C6], 5 [Ile⊂18C6], 6 [Pro⊂18C6], 7 [Met⊂18C6], 8 [Ser⊂18C6], 9 [Asn⊂18C6],
10 [Gln⊂18C6], 11 [Thr⊂18C6], 12 [Phe⊂18C6], 13 [His⊂18C6], 14 [Phe⊂α-CD], 15 [Trp⊂α-CD],
16 [Phe⊂β-CD], 17 [Tyr⊂β-CD], 18 [Trp⊂β-CD], 19 [His⊂β-CD]).

As can be seen from Figure 11, all points fit into one dependence, but there is regularity
in their location. The complexation of β-CD with aromatic amino acids (Phe, Trp, Tyr, His)
and 18C6 with aliphatic amino acids (Val, Ile, Met, Pro) is characterized by the positive
entropy changes, indicating an increase in the disorder of the system, which is caused
by rearrangements of the solvent as a result of dehydration of the interacting particles
and hydrophobic effects. On the contrary, complexes of α-CD with Phe and Trp as well
as the complexes of 18C6 with polar amino acids belong to the second group, which is
characterized by the negative changes of the enthalpy and entropy of complex formation
due to the intermolecular hydrogen bonding between the polar groups of the guest and
the host. Thus, from the location of the points on the dependence T∆cS = f (∆cH), it is
possible to make an assumption about the main driving forces of complex formation and
the structure of the resulting supramolecular complexes.

3. Conclusions

Thus, the proposed interpretation of the enthalpy-entropy compensation in the com-
plexation of 18-crown-6 and cyclodextrins with amino acids shows that the compensation
effect is not an artifact, all the obtained parameters of linear T∆cS0 = f (∆cH0) correlation
are logical and correspond to the binding mode, proposed on the basis of a detailed study
of the processes under consideration using a variety of methods.

The reactions of the formation of molecular complexes of Gly, Ala, and Phe with 18C6
in aqueous organic solvents studied by us are characterized by an increase in the positive
values of the thermodynamic parameters of the transfer of the initial reagents and their
molecular complexes (∆trG0 and ∆trH0). The close values of ∆trG0 of the complexes and
18C6 indicate the decisive role of the solvate shell of the macrocycle in the formation of the
solvate shell of the molecular complexes. The differences are manifested in the determining
role of the solvation contribution of the “guest” molecule in changing the stability of
the complex, while the energy of molecular binding is controlled mainly by a change in



Entropy 2022, 24, 24 12 of 14

the enthalpy of macrocycle solvation. The type of dependences of changes in enthalpy
characteristics of solvation of the reagents is similar to the corresponding dependences
of entropy solvation contributions. The largest structural and energetic changes during
the transfer from water to water-organic mixtures are associated with a weakening of
the solvation of the “host”, the smallest-the “guest”. It can be assumed that such ratio
of entropy characteristics of the reagents is due to the conformational mobility of such
relatively large cyclic molecule as 18C6. When 18C6 forms the complex, its structure
apparently becomes more rigid. In comparison with crown esters, the molecules of amino
acids and small peptides are less conformationally mobile.
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