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Abstract

Host–guest complexes are widely investigated because of their impor-
tance in many industrial applications. The investigation of their physico–
chemical properties helps understanding the inclusion phenomenon. The
hosts investigated in this work are cryptophane molecules possessing a
hydrophobic cavity. They can encapsulate small organic guests such as
halo–methanes (CH2Cl2, CHCl3). The encapsulation process was inves-
tigated from both the guest and the host point of view. With the help of
Nuclear Magnetic Resonance (NMR), the kinetics of complex formation
was determined. The information was further used to obtain the activa-
tion energies of the processes. Having done this on five different cryp-
tophanes, it is possible to relate the energies to structural differences be-
tween the hosts. Via the dipolar interaction between the guest’s and host’s
protons, one can get information on the orientation of the guest inside the
cavity. Moreover, the dynamics of the guest can be further investigated
by its relaxation properties. This revealed restricted motion of the guest
inside the host cavity. Not only the nature of the guest plays an important
role. The host is also changing its properties upon encapsulation. All
the cryptophanes investigated here can exchange rapidly between many
conformers. These conformers have different–sized cavities. Quantum
chemical optimization of the structure of the conformers makes volume
estimation possible. Not only the cavity volumes, but also the quantum-
chemically obtained energies and the calculated chemical shifts of the
carbon–13 atoms can be helpful to follow the changes of the host upon
complex formation. The host cannot be considered as a rigid entity. Anal-
ysis of variable temperature proton and carbon–13 spectra shows that the
encapsulation can be considered as a mixture of conformational selection
and induced fit. The structures of the formed complexes are further inves-
tigated by means of two-dimensional nuclear Overhauser spectroscopy
(NOESY). The complex formation, its kinetics and thermodynamics are
found to be a complicated function of structure elements of the host, the
cavity size and the guest size and properties.
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1. Introduction

Inclusion complexes have been the subject of many interesting investigations
because of their use in very important areas such as the pharmaceutical and
perfume industries. In order to use a substance or complex in these areas it
is essential that the chemistry and physics behind the complexation is under-
stood. One very good example is the chemistry of cyclodextrin compounds1–3.
Cryptophane molecules4 also possess a three-dimensional cavity and function
as so called hosts, being able to encapsulate an appropriate guest. As in the
case of cyclodextrins, it is important to understand the driving force of the
complexation and the changes that the guest might induce in the structure of
the host. These processes are also found in biochemistry, for example, the
conformational change of a binding site of a protein upon ligand complexa-
tion. The encapsulation of chloromethanes into the cryptophane’s cavity also
changes the conformation of the host. The investigated host–guest molecules
or systems are also very important from a chiral point of view. It is crucial
to detect and separate optical isomers since one of them can be a cure but the
other a poison5. Another example is asparagine, where one of the optic iso-
mers is bitter but the other one is sweet6. A rather odd but from a chemist’s
point of view very interesting example is the effect of the optical isomers of
methamphetamine. There are two optical isomers but only one of them is ‘neu-
rochemically active’.

One possible use of host–guest chemistry is to create chromatographic
columns that retain only one of the isomers. All the cryptophanes investigated
during this work are also axially chiral. This feature was not investigated dur-
ing this work but there are excellent publications available from Collet and
Brotin et al7–10.

This work is focused on the kinetics of complex formation and the struc-
tures of the complexes formed. The samples are in the solution state where
the processes are essentially dynamical. The best choice of method is nuclear
magnetic resonance spectroscopy (NMR). NMR opens up the possibility of
detecting the changes upon complexation in the host, but also provides a very
useful tool for the investigation of the kinetics of the guest. These data can
be used to calculate important physicochemical quantities such as the Arrhe-
nius activation energy. From the measurement of the relaxation properties one
can get invaluable information about the dynamics of the non-complexed host
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and the guest inside the host. NMR functions as a toolbox and one can use
two-dimensional techniques to get information on the structure of complexes
formed. The help provided by quantum chemical calculations makes it eas-
ier to analyse these spectra. Current computational technologies allow one to
optimize structures within a reasonable time period. It is also very important
that in the case of unknown structures, some measured property is also calcu-
lated and compared to experiment. We chose to calculate the chemical shift of
the 13C nucleus but also the distance between interacting protons are a big help
during the analysis of two dimensional Nuclear Overhauser Spectra (NOESY).

The general goal of this work was to understand the nature of encapsula-
tion and connect it to thermodynamical quantities. This was achieved by un-
derstanding the 1H and 13C spectra together with two-dimensional correlation
spectra. The thermodynamical and kinetic quantities require careful interpreta-
tion. The thermodynamics of a system generally shows whether the reactions
can happen or not. The kinetics on the other hand also tries to explore how
the reaction happened. We fully understand the thermodynamics of our sys-
tems but have some difficulties explaining how the reactions happen, since we
have very little information about the transition state. From only looking at
the spectra we can only see that the reaction happened. But understanding the
structures may provide useful clues for the reaction mechanism too.

Another interesting area this work targets is the type of interactions present
in the ‘van der Waals’ molecule formed by the guest and the host and what are
the driving forces for the reaction. The cryptophane cavity is neutral so the
system is left with dispersion forces and induced interactions. The van der
Waals forces are also known in nature and the best example is the way the
animal gecko uses its legs. The comparison to our systems may be not so
far if one thinks of the fact that one can lift a piece of heavy glass with a
gecko, which shows that this is a very effective driving force. Another issue
with the cavity of the here investigated cryptophanes is that they are relatively
big (50–200 Å3) and in solution a guest–free host would mean a void with a
vacuum. This is really not favourable by nature. So the driving forces are the
hydrophobicity of the cavity and the ‘horror vacui’.
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2. Inclusion Complexes of
Cryptophanes

2.1 Cryptophanes as Hosts

Cryptophanes are medium sized organic molecules which posses a three-
dimensional cavity. The molecule is composed of two cyclotribenzylene (CTB)
rings (Figure 2.1) which are bound together by three aliphatic linkers. The size
of the cavity depends on the length of the linkers between the two CTB rings.
The volume of the cavity further depends on the conformation of the linkers.
The symmetry of the molecule depends also on the type of linkers and the
groups attached to the CTB rings. Even if the three linkers are of the same
type, the symmetry of the molecule will depend on the conformations of the
linkers.

Figure 2.1: Two cyclotribenzylen groups bound together by three aliphatic link-
ers. The ‘red’ way of connecting is the syn and the green is the anti isomer.

-O
-(C
H
2 )
n -O
-

-O
-(C
H
2 )n -O

-

The first compound of this kind was cryptophane-A11, Figure 2.2, which
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has three methoxy groups attached to each CTB ring and the linkers are ethane–
1,2–dioxy groups. The linkers can have different conformations, giving the
molecule different symmetry properties. The conformers of the linkers can
be gauche and trans. There are two types of trans conformers, denoted by
T1 and T2, and four types of gauche conformers. The dihedral angle of the
OCH2CH2O linker in the case of trans conformers is around 180 degrees and
differs in the relative orientation of the carbons compared to the oxygens in the
linker, as is shown in Figure 2.2. The dihedral angle of the gauche conformers
is +60 or -60 and, as in the case of trans conformers, the orientation can vary.
These conformers are denoted by G±1 or G±2 (Figure 2.5). It is also important
that in the case of cryptophane–A, the highest symmetry conformers are the all
trans conformers (T1T1T1,T2T2T2), they belong to the D3

12 symmetry group.
The all gauche conformers belong to the C3 symmetry group. All mixed con-
formers belong to the C1 symmetry group. The three methoxy groups play an
important role in the host–guest chemistry of cryptophanes. As can be seen
from Figure 2.2, they all block the entrance to the cavity. The molecule is
displayed with van der Waals spheres in Figure 2.7. In solution, the dihedral
angle CH-C-O-CH3 can change and the methoxy groups move out of the way.
Given on the way the linkers connect the two CTB rings, cryptophane-A is an
anti isomer. Its syn isomer would be its constitutional isomer where at one of
the CTB caps, the three methoxy groups are exchanged with the linker chains
(Figure 2.1). This molecule has not been synthesized yet.

Figure 2.2: The all trans conformers of cryptophane–A. A) The T1T1T1 and B)
the T2T2T2

A B

It is better to visualize the difference between syn, anti and the gauche
conformers on the molecules cryptophane–C (anti isomer) and cryptophane–
D (syn isomer, Figure 2.3). Both molecules have been synthesized and stud-
ied.13 The difference between cryptophane–A and –C is that on one CTB cap,
the methoxy groups are missing, making the caps non-equivalent and giving
the all trans and all gauche conformers a maximum symmetry: C3. This is also
the highest symmetry group for cryptophane–D. Another difference is in the
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gauche conformers. Because of symmetry reasons, in the case of cryptophane–
A (equivalent caps) the G+1G+1G+1 is equivalent to G+2G+2G+2 and the
G−1G−1G−1 to G−2G−2G−2 but for example G+1G+2G+2 is different from
them. The non–equivalent caps also result in separate peaks for the caps in the
1H and 13C NMR spectrum.

Figure 2.3: A) The T1T1T1 conformer of the syn isomer cryptophane–D. B)The
T1T1T1 conformer of the syn isomer cryptophane–C

A B

Another example of a cryptophane molecule that was investigated is an
analogue of cryptophane–A molecule but the methoxy groups changed to bu-
toxy groups (Figure 2.4). This molecule has the same linker conformers as
cryptophane-A.14

Figure 2.4: Cryptophane–A analogue, butoxy groups instead of methoxy groups
(cryptophane–But). It has the same conformers as cryptophane–A. In the figure
the G+G+G+ conformer is shown.

The volume of the cavities of the all anti isomer (A,C,–But) conformers are
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the same and that of the syn isomer cryptophane-D is different. This is because
the volume does not depend on the groups attached to the CTB rings, it only
depends on the length and position of the linkers. This is why the biggest cavity
investigated here is owned by cryptophane-E which is an anti isomer and has
propane–1,3–dioxy linkers (OCH2CH2CH2O) and methoxy groups attached to
each CTB rings (Figure 2.6). The conformers of cryptophane–E have not been
considered in this work.

Figure 2.5: The possible gauche conformers of cryptophanes with ethane–
1,2–dioxy linkers: A) is the G−1G−1G−1, B) is the G−2G−2G−2, C) is the
G+1G+1G+1 and D) is the G+2G+2G+2 conformer.

A B

C D

The cryptophanes investigated here are not soluble in water. The synthesis
of these and other very interesting water soluble and non–symmetric crypto-
phanes were not the topic of this work; the reader is directed to the work by
Brotin et al..4,15

2.2 Host–Guest Chemistry—Induced Fit or Conformational
Selection?

The cavity of the cryptophanes is hydrophobic and it prefers organic molecules
(or parts of them) which fit into the cavity. Among these the most favourable
are the halo–methanes, for example CH3Cl, CH2Cl2, CHCl3, CH3Br, CH3I.
The tetra halogenated methanes do not fit into the cavity of cryptophane–A,–
C,–D and –But, except CF4. Also small approximately linear molecules such
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Figure 2.6: The cryptophane–E molecule with propan–1,3–dioxy linkers.

as ethyl alcohol and diethyl ether can enter the cavity. The space between the
linkers functions as an entrance and an exit for the halo–methanes involved
in the reaction. Anything blocking this (such as the above mentioned groups
attached to the CTB rings) makes it impossible for the guest to enter or to exit.
The dynamic nature of solutions (frequent collisions between host and guest)
always assures routes for complexation. In the here investigated cryptophane
complexes, the host to guest ratio is always 1:1, i.e., there is only space for one
halo–methane in the cavity.

The different conformations of the molecule are in exchange in solution.
The opening between the linkers is different in different conformations. If the
molecule cryptophane-A is displayed with hard rigid spheres on the places of
its atoms (van der Waals representation, Figure 2.7) together with CHCl3 in
front of the entrance, one can see that it does not fit. A necessary but not suf-
ficient condition is that when the halo–methane collides with the cryptophane
molecule (successful collision), the host is found in a conformation where the
groups attached to the CTB rings (in Figure 2.7 these are methoxy groups) are
moved out of the way. Another condition which should be met is the orienta-
tion of the guest. As can be seen from Figure 2.7, chloroform can be viewed
as a disc shaped molecule from the complexation point of view and it is easier
to fit when its proton points towards one of the CTB rings.

7



Figure 2.7: Cryptophane–A at different conformations of the methoxy groups in
the van der Waals representation. A) The molecule with methoxy groups block-
ing the entrance. B) The molecule with methoxy groups out of the way. C)
CHCl3 trying to enter the cavity with right orientation but wrong methoxy posi-
tions. D) The same as C but viewed from the front. E) The cryptophane molecule
with the entrance free but CHCl3 in a wrong orientation. F) The same as E but
viewed from the front. G) Both conditions are fulfilled: 1. methoxy groups in
the right position, 2. CHCl3 with the right orientation. These collisions probably
lead to complex formation.

A B

C D

E F

G H
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The measurement of kinetic parameters allows one to estimate the activa-
tion energy of this process.

Figure 2.8: The all trans conformers of A) The T1T1T1 conformer of
cryptophane–C and B) The T2T2T2 of cryptophane–D

A B

There are two main mechanisms describing the docking and encapsulation,
originating from biochemistry and physiology. Both of these were originally
derived for protein and enzyme reactions. The older one is induced fit 16,17 and
the newer one is conformational selection18,19. These are very well described
in the literature, here only the basics are recapitulated and used for crypto-
phanes. The main difference between the two mechanisms is the timing of the
conformation change of the host. In the former the conformational selections
follows the binding, in the latter the host acquires a suitable conformation and
only after that can the encapsulation happen. In the case of cryptophanes, the
guest molecule should get into the cavity first and only then it is able to modify
the conformations of the host’s linkers. But the encapsulation happens when
the methoxy groups are at right dihedral angles moved out of the way of the
entrance. There are two main evidences showing that the dihedral angle of
the methoxy groups can readily change in solution. The one is the big differ-
ence of the methoxy group chemical shifts in the 13C NMR spectra between
the complexed and non-complexed forms. The second is the small calculated
energy difference (around 7 kJ/mol) between the two extreme positions. The
lowest energy belongs to the conformation when the methoxy group is in the
plane of the benzene ring. The encapsulation is a mixture of both mechanisms.
It also can happen that the collision occurs when the methoxy groups are half-
way opened. Depending on the energy of the collision, these can also lead to
complex formation, but in this case the first step of encapsulation is an induced
conformation of the host via the guest since it will push the methoxy groups
out of the way. The mechanism cannot be described as only one extreme. It
is an interplay of both. It is also anticipated from size considerations that the
transition state is not a ‘usual’ conformer like those in Figures 2.2 and 2.5.

The size of the entrance also plays a role in the complexation. Big differ-
ences were experienced between cryptophane–C and –D, which have different
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entrances. This is portrayed in Figure 2.8

2.3 Inside the Cavity

The complex formed is kept together and stabilized by noncovalent, van der
Waals (vdW) interactions. Since the guest has no charge and neither has the
host, the main interactions will be dispersion, interaction involving the aro-
matic rings and the C-H part of the halo–methanes, the so called CH· · ·π in-
teraction20–22, and halogen bonding23. These interactions are weaker than the
pure electrostatic interactions. The halo–methane experiences reduced mo-
bility inside the cavity. Chloroform and generally trihalogenated methanes
have two possible stable orientations in the cavity of cryptophane–C and –D.
The proton can point towards either the methylated cap or towards the non–
methylated cap (Figure 2.9). Chloroform and bigger guests can not turn around
within the cavity, which has consequences from an NMR relaxation point of
view.

Figure 2.9: The spatial location of chloroform inside the cavity in the two pos-
sible orientations. A) The T2T2T2 conformer of cryptophane-D with methoxy
groups in the plane of the benzene rings, with chloroform inside the cavity repre-
sented by vdW spheres and with its proton oriented towards the non–methylated
cap. B) Same as A but with vdW representation C) The same conformer but the
methoxy groups pointing out of the plane of the benzene rings and chloroform
pointing towards the methylated cap, D) same as C but with vdW representation

A B

C D
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3. Kinetics and Thermodynamics
of Complex Formation

3.1 Kinetics

3.1.1 Towards Equilibrium

The complexation reaction can be expressed in its easiest form as follows:

H +G
k−1−−⇀↽−−
k1

HG (3.1)

Q =
[HG]

[H][G]
, (3.2)

where H stands for host, G denotes the guest, HG is the complex, k is the reac-
tion rate constant, and Q is the reaction rate quotient. Generally, equation 3.1
is a simplification because it implies that the host was empty before the guest
entered it. In solution this is not always fulfilled since the host is likely to be
found complexed by a less favourable guest molecules for example water. The
concentration of guest, host and complex changes according to the following
equations24,25:

−d[G]

dt
= k1[H]n[G]k (3.3)

−d[H]

dt
= k1[H]n[G]k (3.4)

−d[HG]

dt
= k−1[HG]l (3.5)

Equations 3.3 and 3.4 describe bimolecular reactions and 3.5 is a monomo-
lecular reaction. They can be considered elementary reactions (n= 1,k= 1, l =
1). All our investigated samples were sealed and the volume was kept constant
(closed thermodynamical system). Some samples were degassed and sealed
under vacuum but this has very little effect on the ongoing reactions in solu-
tion. The reaction is spontaneous and the Gibbs free energy decreases until it
reaches equilibrium.
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3.1.2 Dynamic Equilibrium

In dynamic equilibrium, the rate of the forward and backward reactions is the
same (but not the reaction rate constants). The equilibrium constant can be
expressed by the ratio of the reaction rate constants. It is possible to extract ki-
netic information from NMR measurement and calculate the equilibrium con-
stant from the reaction rate constant, but in order to do that, one has to estab-
lish a precise rate equation. The fact that the host is not empty when the guest
enters makes the use of equation (3.7) difficult, but in certain situations, jus-
tified. The decomposition of the complex is a first order kinetic equation and
the value of k−1 can be measured directly. The determination of k1 requires
the concentration of the free host at equilibrium because it can be considered
pseudo first-order relative to the guest concentration as in equation 3.8.

−d[G]

dt
=

d[HG]

dt
(3.6)

K =
k1

k−1
(3.7)

−d[H]

dt
= k1[H]constant [G]1 = k

′
[G]1 (3.8)

3.1.3 Temperature Dependence of the Reaction Rate Constant

The complexation reaction gets faster if the temperature is raised. This can
also be followed by NMR measurements. The Arrhenius equation describes
the change of the reaction rate constant as follows24,25:

k = Ae
−Ea
RT (3.9)

In this equation, A is the pre–exponential or frequency factor, Ea is the
activation energy, R is the universal gas constant, and T is the temperature in
kelvins. By measuring the reaction rate constant at multiple temperatures, one
can extract information about the activation energy. In order to do that, one has
to assume that the activation energy is temperature independent. In this case,
this means that it is decoupled from the conformational exchange of the host.
The frequency factor was not interpreted and used throughout this work.

3.2 Thermodynamics

Thermodynamics generally gives information about the possibility for a reac-
tion to occur. The central concepts deal with the free energy change of the
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system during the reaction and during dynamic equilibrium. As was noted be-
fore, the reaction quotient changes and at equilibrium becomes the equilibrium
constant and the free energy reaches its minimum24,25.

∆G = ∆Go +RT lnQ→ 0 = ∆Go +RT lnK→ ∆Go =−RT lnK (3.10)

The standard free energy (∆Go) can be expressed in terms of standard en-
thalpy (∆Ho) and entropy (∆So) giving the Van’t Hoff equation.

∆Go = ∆Ho−T ∆So =−RT lnK→ lnK =
∆Ho

RT
− ∆So

R
(3.11)

Determination of the equilibrium constant at multiple temperatures allows
the determination of the reaction parameters (∆Ho,∆So). Whether the reac-
tion is favourable or not depends on the interplay between the enthalpy and
entropy. In the case of host–guest complexes, especially in the case of crypto-
phanes, both values are found to be negative, which can be associated with the
enthalpy–entropy compensation2.

3.2.1 Determination of the Equilibrium Constant

The equilibrium constant (association constant, Ka) describes how much the
reaction is shifted towards the complex formation and so gives information of
the affinity of the guest towards the host. The determination of its value can
be based on kinetic measurements or on titrations of the host with the guest.
It is also possible to estimate (at moderate Ka values) the amount of complex
([HG]), free guest ([G]) and host ([H]) from the NMR spectrum of a solution.
All these methods are based on the following equations:

Ka =
[HG]

[H][G]
(3.12)

[H]t = [HG]+ [H]→ [H] = [H]t − [HG] (3.13)

[G]t = [HG]+ [G]→ [G] = [G]t − [HG] (3.14)

The abbreviations [H]t and [G]t are the total concentration of the host and
the guest, respectively. Inserting equation 3.13 and 3.14 into 3.12, one obtains
a second order equation in the complex concentration [HG].

Ka[HG]2− (Ka[H]t +Ka[G]t +1)[HG]+Ka[H]t [G]t = 0 (3.15)
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[HG] =
1+(Ka[H]t)+(Ka[G]t)

2Ka
−√

(K2
a [H]2t +2K2

a [G]t [H]t +2Ka[H]t +2Ka[G]t +K2
a [G]2t +1)−4K2

a [G]t [H]t
2Ka

(3.16)

Figure 3.1 shows the amount of free guest and complex at different values
of Ka where the total concentration of the host and guest are the same (10
mM). This curve only applies for complexes where one host binds only one
guest. If the equilibrium constant exceeds 200 M-1, there is more complexed
guest than free. This can readily be seen in the NMR spectrum in the case of
cryptophanes. At higher Ka values (the host has a high affinity for the guest),
the amount of free guest decreases, and in extreme cases, NMR ‘sees’ only the
complex. This also happens at lower Ka values when the total concentration
host is higher than the guest.

Figure 3.1: The amount of complex formed as a function of the association
constant (Ka). [G]t
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It is also possible to get a picture of what happens when the total con-
centration of the guest is higher than the host. This is shown by plotting the
total concentration of guest against the amount of complex formed at different
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equilibrium constant values. In Figure 3.2, the total concentration of the host
is 10 mM and the total concentration of the guest is varied from 0 to 25 mM. It
can be seen that at this total concentration of host at smaller Ka values (0–200
M-1), even at higher concentrations of the guest there is more free host than
bound. At higher Ka values (3000–∞ M-1) the free guest does not ‘show up’
until it is in excess compared to the host. Figure 3.2 can be used for planning
experiments which of course needs a preliminary estimate of the equilibrium
constant. At low Ka values, one should also have titration points with the ex-
cess guest. In this case, the saturation of the host happens only at an extremely
high excess. One can take the integrals from the NMR spectra at different
guest concentrations and using equation 3.16 determine the value of Ka. An-
other method is to use the kinetic equations 3.3, 3.4 and 3.5 and determine
the association constant using equation 3.7. This method is not applicable at
high equilibrium constants and high guest excess, because the kinetic equation
might deviate from that of equation 3.1. Figure 3.1 shows that at high associa-
tion constant (Ka>3000 M-1), one has more bound than free guest, something
which has a big effect on the NMR spectra. At higher Ka values, the amount
of free guest is so small that the value of the integral is at the level of its er-
ror. At this limit, NMR titration can not be used for the determination of the
equilibrium constant. The only way is to set up the correct kinetic equation
and determine the reaction rate constants. This is more time consuming but
provides also more insight into kinetics.
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Figure 3.2: The amount of complex formed as a the function of the total concen-
tration of the guest ([G]t )
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4. Nuclear Magnetic Resonance

A discussion about NMR can be made arbitrarily long (and complicated),
which is not necessary in this case since there was no development done in
the field by this work: it has only been used as a scientific tool (a very good
and effective one). As in other fields, it is important though to point out, why
a certain method was chosen or why it was not. In order to do that, only the
main principles are recapitulated and applied to the host–guest system. It is
absolutely necessary to mention that with the help of modern superconduct-
ing magnets, magnetic resonance made its appearance in almost all scientific
fields. Just to mention the one which is surprisingly far away from physics
and chemistry, there are the fMRI studies in the field of human behavioural
sciences.

An extensive description of NMR can be found in26–32.

4.1 A Spectrum

4.1.1 Zeeman Splitting

Nuclear magnetic resonance spectroscopy is based on the magnetic properties
of nuclei with non-zero spin angular momentum (I with components Iz, Ix, Iy)
with its spin quantum number (I). It is centred around the expectation value of
the nuclear magnetic moment (µµµ , with components µx,µy,µz), in a magnetic
field, which is related to the spin angular momentum with the proportionality
factor of the magnetogyric ratio (γ). The spin has no counterpart in classical
physics and it is accepted as an intrinsic property of particles. Bold face letters
are used to represent vector properties. The magnitude is expressed in equation
4.1. The spin state of the nucleus is decoupled from the mechanical motion and
because of the Heisenberg uncertainty principle, only one component of I can
be determined.

|I|= h̄
√

I(I +1) (4.1)

Iz = h̄mI → mI = I, I−1....− I→ Nm = 2I +1 (4.2)
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In the absence of any magnetic field, the states belonging to different m
are degenerate and hence the need for a magnet. The energy separation of the
magnetic states is called the Zeeman splitting26–29.

µµµ = γI (4.3)

µz = γIz = γ h̄mI (4.4)

E =−µµµ ·BBB (4.5)

The energy of the interaction is E and is expressed in equation 4.5. In
this work, only nuclei with I=1/2 (1H,13C ) were considered. In this case,
the Zeeman splitting results in two separated energy levels mI=-1/2(β ) and
mI=+1/2(α)

4.1.2 The Wave Function and the Density Matrix

The information which can be known about the system, which is here an en-
semble of nuclei with I = 1/2, is contained in the wave function Ψ. In the case
of spin-1/2 nucleus this function is the superposition of the two possible states

Ψ(t) = cα(t)ψα + cβ (t)ψβ . (4.6)

This function is of central interest in NMR and it obeys the time dependent
Schrödinger equation.

∂Ψ(t)
∂ t

=−iĤΨ(t) (4.7)

The Hamiltonian operator Ĥ is the total energy operator and considered
here as time independent at the moment. The Hamiltonian for the Zeeman
interaction can be expressed with the help of equations 4.4 and 4.5. Using
only the time independent Zeeman Hamiltonian (the states stay non-degenerate
independently of the time as long as they are in the magnet), one can solve its
eigenvalue equation using the time independent Schrödinger equation.

ĤZeeman =−γB0Îz→ Ĥψα = Eαψα , Ĥψβ = Eβ ψβ (4.8)

Eα =−1
2

γB0,Eβ =
1
2

γB0→ Eα −Eβ =−γB0 = ωLarmor (4.9)

In equation 4.9, the energy difference between the two eigenstates is the
Larmor frequency.26–28 As was mentioned before, the primary objective of
NMR is to get information about the nuclear magnetic moment (µµµ). In order
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to do that, one has to express the expectation value of the components of the
magnetic moment operator, which is denoted by 〈µx,y,z〉.

〈µ̂x,y,z〉= 〈γ Îx,y,z〉= γ

∫
Ψ
∗(t)Îx,y,zΨ(t) = γ〈Ψ(t)|Ix,y,z|Ψ(t)〉 (4.10)

Here, Ψ∗ denotes its complex conjugate. Equation 4.10 is based on the pos-
tulate of quantum mechanics that it is possible to assign a hermitian operator
to every measurable quantity. These have real eigenvalues and their eigen-
functions are orthogonal27,28,32. This equation opens up the possibility of in-
terpreting what one measures in an experiment. Via the quantum mechanical
description of the evolution of angular momentum operators one follows the
magnetic moment which is being detected after all (the real quantity). Keeping
in mind that we have many spins of the same kind in solution, the above equa-
tions are all valid for the average over the number of spins. Using equation
4.6 one can set up a matrix representing all the spins in solution. This is the
density matrix which is defined as in Dirac’s notation in matrix form as26

ρ(t) = |Ψ(t)〉〈Ψ(t)| → ρ̂ = |Ψ〉〈Ψ|. (4.11)

Its elements are, for uncoupled spin 1/2 ensembles27,28:

ρnm =

(
〈α|ρ̂|α〉 〈α|ρ̂|β 〉
〈β |ρ̂|α〉 〈β |ρ̂|β 〉

)
. (4.12)

After the choice of an appropriate basis set, one can determine the den-
sity matrix and follow the transformation of its elements upon pulses. The
diagonal values represent populations and the off diagonal elements represent
coherences. The coherences are generated by an appropriate pulse that is an os-
cillating magnetic field (linearly polarized radio frequency waves). This field
is perpendicular to the main field and its phase in the xy–plane can be set.

One can look at an experiment in two ways. The first is only concerned
with the main magnetization of the sample which builds up right after the sam-
ple was placed in the magnetic field (vector model). In this picture, the pulses,
on resonance with the Larmor frequency, move the magnetization away from
the z axis and so the magnetic moment will precess in the x–y transverse plane.
The signal is composed of these transverse components. Unfortunately, the use
of this picture is very limited27. Nevertheless it can be very useful in our case.
The other and more useful way to look at an experiment is with the density
matrix. In this case, the pulses can be considered as rotation operators which
act upon the thermal equilibrium density matrix and generate coherences (off
diagonal elements). From the detected signal, one can derive what happened
to the coherence in the course of an experiment. With the help of the basis
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operators chosen for the spin system in question, it is also possible to construct
more complicated experiments such as coherence transfer27.

One of the biggest drawbacks of NMR is its sensitivity. This is due to the
fact that the energy separation between the magnetic levels is much less than
the energy of the Brownian motion. Based on the Boltzmann distribution of
the separated levels, the magnetization is27

Mz =
1
4

γN[e−
Eα
kBT − e−

E
β

kBT ]. (4.13)

Here, N is the number of spins. Apart from the low energy separation, the
magnetic properties of the nuclei also play an important role in the sensitivity.
Nuclei with low natural abundance and low magnetogyric ratio require special
experimental setups and generally are difficult to work with. The most inves-
tigated low sensitivity nuclei are 13C and 15N. This work only treats the 13C
isotope, which has a natural abundance of 1.1% and a magnetogyric ratio of
1
4 of a proton. With a natural abundance of 99.98% and a high magnetogyric
ratio, the proton is the most sensitive nucleus in NMR. It has been extensively
used in this work for structure determination. It is also possible to transfer
magnetization from protons to low sensitivity nuclei.

4.1.3 Chemical Shift

Another drawback of NMR is its inability to measure the Larmor frequency
of the bare nucleus. Since the moving electrons around the atom generate a
magnetic field, the Zeeman interaction with the nucleus will be modified ac-
cordingly. This is the origin of the different Larmor frequencies which can then
be turned into chemical shifts, and is called chemical shielding. The position
of a peak belonging to a certain nucleus in a molecule depends on its elec-
tronic environment. Equation 4.9 can be modified to account for this.26,29,31

The modified Zeeman Hamiltonian has the form

ĤZeeman =−γIII(1−σσσ)B0B0B0. (4.14)

ωLarmor =−γ(1−σshi f t(θ ,φ))B0 (4.15)

In equation 4.14, σ is the chemical shielding tensor and σshi f t(θ ,φ) in
equation 4.15 is the combination of the principal values of the shielding tensor
σ in the principal coordinate system (PAS); its value depends on the polar co-
ordinates θ ,φ describing the orientation of the chemical shielding tensor of the
site in question compared to the main field. This is needed since equation 4.15
is in the laboratory frame. Most other interactions in NMR are also anisotropic
(i.e., direction dependent). Every magnetically and chemically different site in
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the molecule has its own chemical shielding tensor which depends on the elec-
tronic environment surrounding it. Equation 4.15 is the result of fast tumbling
in solution. The position of the peak in the spectrum is the isotropic chemical
shift. The chemical shift of the site i in a molecule is given by

δ
i =

ω i
Larmor−ω

re f
Larmor

ω
re f
Larmor

×106 (4.16)

Tetramethylsilane (TMS) is a convenient choice of reference for proton
and carbon-13 nuclei. Equation 4.16 is the introduction of the parts per million
(ppm) scale.

In the case of small and medium sized molecules, where the separation of
the peaks in the spectrum is relatively big, it is possible to follow the changes
induced by the change of the environment. In the case of cryptophane host–
guest complexes, the chemical environment difference between the encapsu-
lated guest and free guest is big and this results in well separated peaks (at slow
exchange). This allows the investigation of the guest inside the cavity. Depend-
ing on the equilibrium constant and the total amounts of the compounds, it can
happen that the free peak is much smaller in intensity than the bound.

4.1.4 Scalar Coupling

The vector model of NMR cannot deal with scalar coupling. Only the quantum
mechanical description is able to describe the phenomenon. The Hamiltonian
for the scalar coupling in isotropic liquids is26–28

Ĥ j = 2πJ12Î1zÎ2z (4.17)

In the above equation, the Hamiltonian is written for two spins of the same
kind, for example, protons. The effect of this Hamiltonian is to split the sig-
nal into two equally intense parts, which are separated by J12 Hz. The equal
intensity only happens in the weak scalar coupling limit.

|J12| � |ν1−ν2| (4.18)

In the above equation, the ν1and ν2 are the Larmor frequencies (in Hz)
of the spins that are coupled to each other. The coupling happens via the
s-electrons of the bond and Fermi interaction. The other limit is the strong
coupling limit, where the intensities are distorted and have a ‘roof’ effect, as
is commonly encountered in aromatic compounds and vinyl groups. There
can be many spins involved in the coupling and the intensity of the split peaks
follows the Pascal triangle.
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The coupling pattern and constants can provide valuable structural infor-
mation. The couplings between the protons in the linkers depend also on the
conformation even though they are difficult to analyse because of the fast ex-
change. In this work, the scalar couplings were only used for the assignment
of the peaks in the aromatic region and for coherence transfer.

4.2 Relaxation

The pulses applied at resonance with the Larmor frequency create coherences,
off diagonal elements of the density matrix. These can be expressed then with
the help of the chosen set of orthogonal operators, here the angular momentum
operators for spin 1/2. After the pulse, both the coherences and populations
relax back to their equilibrium values. The lifetime of the coherences has an
a effect on the shape of the signals. The exponential decay of the coherences
is characterized by a time constant called the transverse relaxation time (T2)
and the time constant describing the return of populations to their equilibrium
values is called the longitudinal relaxation time (T1). Their reciprocal values
are the relaxation rates (R1,R2).

The interactions causing the relaxation are generated by the environment
and the tumbling of the molecule. These dynamics create magnetic fields
which drive the coherences back to the populations. The most efficient re-
laxation is caused by fields which match the resonance frequency of the tran-
sitions. These fields are generated by various interactions, such as

• dipolar interaction with other spins;

• chemical shielding anisotropy;

• interaction with paramagnetic species (oxygen, unpaired electron);

• spin rotation;

• scalar coupling.

Relaxation is generated by tumbling and random motion. These processes
are stochastic in nature and can be expressed as stochastic functions of time31.
All the listed relaxation mechanisms except for scalar coupling depend on the
orientation (anisotropy), so they are changed by the tumbling.

As in the case of the description of an experiment, depending on the spin
system and the experimental condition one can follow two paths. The first is
only concerned with the magnetization (MMM) of the sample and its time evolution
described by the phenomenological Bloch equations26,
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d
dt

 Mx(t)
My(t)
Mz(t)

= γ

 (M×B)x

(M×B)y

(M×B)z

−
 MxR2

MyR2
−(Me−Mz)R1

 . (4.19)

Unfortunately this equation is very limited and it is valid only for an un-
coupled spin ensemble. In any other case one should use the Solomon equation
for the longitudinal relaxation33 and the full density matrix treatment with the
master equation31,

d
dt

(
〈Îz〉
〈Ŝz〉

)
=

(
RI σIS

σIS RS

)(
〈Îz〉− Ieq

z

〈Ŝz〉−Seq
z

)
. (4.20)

Equation 4.20 describes the relaxation behaviour of a dipolarly coupled
spin system via the time dependence of the expectation value of the Îz and Ŝz

operators. The symbols ρI,S and σIS denote, respectively, the auto–relaxation
rates and cross–relaxation rates. This equation can be used widely in the case
of host–guest systems of cryptophanes which only contain 1H → Î and 13C
→ Ŝ nuclei. The discussion is limited to the relaxation properties of these two
nuclei. The full density matrix treatment is carried out using the Wangsness–
Bloch–Redfield theory31.

dρ̂(t)
dt

= i[ρ̂(t), Ĥ0 + Ĥ1(t)] (4.21)

In equation 4.21, Ĥ0 is the time independent and Ĥ1 is the time dependent
part of the Hamiltonian.

4.2.1 Motional Limit and Models

The motion of the molecules is inherently random in a solution, which gives
rise to fluctuating fields that are described by random functions of time. These
are related to the time autocorrelation functions which correlate the same pro-
cess (a function) at two different time points at an interval of τ . It does not
matter when τ starts being measured, only the interval matters: for example,
the isotropic rotational diffusion of the C-H dipolar vector31. In the case of
isotropic rotational motion in small angular steps,

G(τ) = G(0)e
(
− |τ|

τc

)
. (4.22)

The function is a decaying function, and how fast it decays is determined
by the value of τc, which is the correlation time, a central property of molecules
in relaxation. The correlation time gives information about the reorientation of

23



the molecule. Function 4.22 can be Fourier transformed to give the spectral
density for the rotational diffusion31.

J(ω) = G(0)
1

2π

2τc

1+ω2τ2
c

(4.23)

J(ω) in equation 4.23 is called the spectral density function, and it gives
the amount of the fluctuations at different frequencies. In the extreme nar-
rowing limit, for the reorientation of small molecules in non-viscous liquids,
one can neglect the denominator in equation 4.23 since ω2τ2

c � 1. Outside
the extreme narrowing limit, when ω2τ2

c ≥ 1, the relaxation of the nuclei be-
comes field dependent31. In the case of host–guest complexes, the cryptophane
molecule in the solvent used (C2D2Cl4) is outside the extreme narrowing limit
and the free guest is inside. The guest, being bound to the medium sized
molecule, is also outside the extreme narrowing limit and has different relax-
ation properties from the free bulk guest. For bigger molecules and host–guest
complexes, one needs to apply a ‘better’ motional model than that of isotropic
rotational diffusion. Parts of the cryptophane molecule have bigger motional
freedom than others, for example the methoxy groups are more free to move
than the linkers. This also applies for the guest inside the cavity. It is not
possible to describe these molecular assemblies by one correlation time. The
model that is heavily used in protein dynamics and here too is the model free
approach (Lipari-Szabo)34,35. The model can be used in situations where the
overall reorientation of the molecule is isotropic(τG) but the local reorienta-
tions are anisotropic (τloc) and decoupled from the reorientation of the whole
molecule. This is applicable to the cryptophane molecule and for the guest in
bound form too. In this case the spectral density has the following form31.

J(ω) =
1

2π

[
S2τG

1+ω2τ2
G
+

(1−S2)τ

1+ω2τ2

]
(4.24)

τ
−1 = τ

−1
G + τ

−1
loc (4.25)

In equation 4.24, the value of S2 gives information about the mobility of
the molecular site. When S2 = 0, the motion is unrestricted and in the case
of S2 = 1 there is no internal motion. In the case of high S2 and short local
correlation time, the second part of equation 4.24 can be neglected. This is the
truncated form of the Lipari-Szabo model, which has a very similar form to
equation 4.23.

J(ω) =
1

2π

[
S2τG

1+ω2τ2
G

]
(4.26)
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In cryptophane molecules, the methoxy groups have the highest mobility
and the aromatic carbons are the least mobile. The linker chains and the bound
guest have similar mobility.

4.2.2 Dipolar Interaction

In the case of 1H and 13C nuclei, the dipolar interaction plays a very important
role. It is the main relaxation mechanism of 13C nuclei bonded to one or more
protons. It also gives rise to the cross relaxation between closely spaced pro-
tons, which is mostly used for three-dimensional structure determination. In
order for the interaction to act effectively, the two magnetic moments should
be close to each other.

Heteronuclear Case

In the case of 13C1Hn groups, the relaxation of the 13C nuclei is driven by the
dipolar interaction with the 1H and vice versa. The energy level diagram with
transition probabilities (W ) is depicted in Figure 4.1.

Figure 4.1: The energy level diagram for a dipolarly coupled 1H(I)-13C(S) sys-
tem
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The Hamiltonian of the interaction can be expressed in the following form31.

ĤDD =−bIS ÎII ·DDD · ŜSS (4.27)

bIS =−
µ0γIγSh̄
4πr3

IS
(4.28)

Equation 4.28 is the expression for the dipolar coupling constant in which
rIS is the distance between the proton and the carbon atom. So the interaction
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is heavily distance dependent. In the case of directly bonded protons, the dis-
tance is around 110 pm. Another property of the dipolar interaction is that it
is direction dependent (anisotropic). In equation 4.27 DDD is the dipolar tensor
responsible for the description of the orientation dependence. Taking only the
elements of the dipolar Hamiltonian which commute with the Zeeman hamil-
tonian31,

ĤDD = bIS(3cos2
θ −1)ÎzŜz. (4.29)

In equation 4.29, θ is the angle between the C-H dipolar vector and the
main magnetic field (the z-axis). The molecule tumbles quickly in solution and
the dipolar coupling averages out to zero. The dipolar splitting is absent from
solution state NMR spectra (〈ĤDD(t)〉 = 0). Nevertheless, the same process
(stochastic tumbling) that averages the coupling to zero, causes relaxation via
the part of the Hamiltonian that does not commute with the Zeeman Hamil-
tonian. All these terms (commuting and non-commuting) are conveniently
expressed via the dipolar alphabet31. Figure 4.1 is only applicable to an iso-
lated pair of spins with no J coupling, such as the 13CHCl3 under broadband
proton irradiation. The solid lines are populations and the dotted arrows rep-
resent transitions between the populations. The auto and cross relaxation rates
in equation 4.20 can be expressed with the help of the transition probabilities.
Furthermore the transition probabilities are composed of the dipolar coupling
constant and spectral densities at the corresponding transition frequency31.

R1I,1S =W0 +2W1I,1S +W2 (4.30)

σIS =W2−W0 (4.31)

W1I,1S =
3π

10
b2

ISJ(ωI,S) (4.32)

W0 =
π

5
b2

ISJ(ωI−ωS) W2 =
6π

5
bISJ(ωI +ωS) (4.33)

Equations 4.32 and 4.33 establish the connection between the measured
relaxation rate and the motional model chosen, here the Lipari-Szabo model.
The relaxation time of the 13C nuclei is measured under broadband irradiation
of protons, thus removing the heteronuclear scalar coupling. From equation
4.20, it can be seen that under decoupling (〈Îz〉=0), the steady state solution for
〈Ŝz〉 gives the nuclear Overhauser enhancement(NOE)31.

〈Ŝz〉= Ŝeq
z

(
1+

γIσIS

γSRS

)
(4.34)
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In the absence of chemical exchange, the relaxation of the 13C nuclei is
single exponential. Measuring the longitudinal relaxation time and the nuclear
Overhauser enhancement allows one to calculate the motional parameters. The
non-complexed CHCl3 is in the extreme narrowing limit. In this limit the NOE
has its maximum value η = γIσIS

γSRS
= 2, giving a total intensity enhancement of

3.

Homonuclear Case

The longitudinal relaxation rates of protons are difficult to interpret because
of the interactions with many other protons in the surrounding environment.
On the other hand, this can be an advantage in structural determination via
the cross relaxation of interacting protons. The cross relaxation rate can be
measured and related to the distance. The mere fact that cross relaxation occurs
between protons already carries important information. In the case of host–
guest complexes, it is also possible to measure the cross relaxation between
the host and the guest when the guest is inside the host. Cryptophane–C and –
D have non–equivalent CTB rings and the measurement of the cross relaxation
gives information about the orientation of the CHCl3. The cross relaxation rate
is expressed by a combination of equations 4.31 and 4.33.

σI1I2 =
π

5
b2

I1I2
[6J(2ωI)− J(0)] (4.35)

The dipolar coupling constant contains the distance between the interacting
protons. Since this is squared, the interaction decays rapidly with distance as

1
r6

I1I2

. Thus the cross relaxation rate is a sensitive measure of the distance.

Combining equations 4.26 and 4.35, it can be seen that σI1I2 can become
zero and changes sign at a certain correlation time. In the case when the
molecule’s correlation time falls within this region, the measurement of the
cross relaxation rate should be carried out in the rotating frame (ROE).

σ
ROE
I1I2

=
π

5
b2

I1I2
(3J(ωI)+2J(0)) (4.36)

This is always positive and can be measured by applying a spin lock. Under
this condition, the equation 4.20 for the heteronuclear case can be modified to
the homonuclear for the expectation values of 〈I1y〉 and 〈I2y〉.

4.2.3 Chemical Shielding Anisotropy

Chemical shielding is not an exception from the anisotropic interactions and
it depends on orientation. It has been mentioned that the tensor σ in equation
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4.15 describes this dependence. The tensor σ in the principal coordinate sys-
tem can be written as the sum of three components31. The first is the unit tensor
multiplied by the average of the diagonal elements σiso =

1
3(σxx +σyy +σzz).

The second is an antisymmetric tensor and the third is a symmetric tensor.
In the principal axis system, the third tensor is diagonal and its elements are
σPAS

xx −σiso, σPAS
yy −σiso, σPAS

zz −σiso
31. With the help of the elements of the

third tensor one can define the chemical shielding anisotropy (∆σ ) and the
asymmetry parameter (η).

∆σ =

[
σ

PAS
zz −

(
σPAS

xx +σPAS
yy
)

2

]
(4.37)

η =
3
2

σPAS
xx −σPAS

yy

∆σ
(4.38)

This means that a nuclear site experiences different magnetic field at differ-
ent orientations of the molecule. Every orientation has its own chemical shift,
as can be seen in an NMR spectrum of a powder without magic angle spinning.
In solution, the molecule tumbles quickly and the measured chemical shift is
the isotropical chemical shift. This tumbling also means a changing magnetic
field, which causes relaxation. The Hamiltonian of this relaxation mechanism
is31

ĤCSA = γÎII ·σ ·BBB (4.39)

The effect of the chemical shift anisotropy is not the main source of relax-
ation for 13C sites with directly bonded protons, but it is important for carbons
in an aromatic compounds at higher magnetic field31.

R1CSA =
4π

15
(γB0)

2(∆σ)2J(ω) (4.40)

Carbons attached to the CTB rings have two sources of relaxation. The
ones with directly bonded protons have the dipolar interaction as the main
source and the CSA as a modification to that. Quaternary carbons with no pro-
tons attached have the CSA as the main relaxation mechanism and the dipolar
interaction to protons being close to them.

The chemical shift anisotropy is also important in the case of 13CHCl3
molecule. The interference between the dipolar interaction and chemical shift
anisotropy is called the cross correlation. This effect has a different time corre-
lation function than equation 4.22. Here there are two different (DD and CSA)
processes correlated with each other. In order to account for this phenomenon,
the Solomon equation 4.20 should be modified to include longitudinal two spin
order (2ÎzŜz).
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d
dt

 〈Îz〉
〈Ŝz〉
〈2ÎzŜz〉

=

 RI σIS δI,IS

σIS RS δI,IS

δI,IS δS,IS RIS

 〈Îz〉− Ieq
z

〈Ŝz〉−Seq
z

〈2ÎzŜz〉

 (4.41)

The cross correlated relaxation rates are denoted by δI,IS and the autorelax-
ation rate of the two spin order by ρIS. Because of this interference, both the
longitudinal and transverse relaxation times of the two lines in the proton cou-
pled 13C spectra are modified differently31,36,37. Also the different full width
at half height (FWHH) in the proton spectrum of 13C labeled CHCl3 is the
result of this cross correlation. The homonuclear cross relaxation spectra are
also modified by the effect. In order to get a better understanding of the cross
relaxation data, one should use equation 4.41.

4.3 Chemical Exchange

4.3.1 The Guest

The most important phenomenon in this research was the chemical exchange.
In solution, the guest is in chemical exchange between the host’s cavity and the
bulk as the equation 3.1 shows. The host alone is also involved in exchange
between its conformers. The former is called two site exchange and the latter is
an example of many site exchange. In the case of cryptophane-C theoretically
there could be up to 56 different conformers in exchange (not counting the con-
formations of the methoxy group). Every site has a specific Larmor frequency,
dependent on the electronic environment. The appearance of the spectrum is
determined by the relation between the frequency separation of the sites in-
volved in the exchange and the rate of the exchange (spectral timescale). The
exchange rate, k, is the measure of the transition probability per unit time28

and its reciprocal is the mean lifetime of the site. The transition probability
of the forward reaction in equation 3.1 is denoted by k f b (going from free to
bound) and in complete analogy the probability of the de-complexation reac-
tion is kb f . They generally are not equal to the reaction rate constants. If the
frequency of the free guest is ν f and the bound is νb, then the difference is
∆ν = ν f −νb and with a first assumption of k f b = kb f = k and the population
of the sites also being equal (p f = pb), the exchange is slow when:

k� π∆ν (4.42)

and fast when:
k� π∆ν (4.43)
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and the cross over point is

k ≈ π∆ν (4.44)

The condition k f b = kb f = k is called the symmetric two site exchange and
it is rarely fulfilled in the case of cryptophanes since the populations of the
sites depend on the equilibrium constant and the total concentration of the host
and the guest.

The easiest case is the two site exchange of uncoupled spin-1/2 nuclei such
12CH2Cl2 and 12CHCl3. The classical description of exchange is sufficient
to describe the spectrum and determine the exchange rates. Throughout this
work, only the Bloch–McConnell equation was used. In this picture, the de-
tected signal is composed of the transverse magnetizations M+ =Mx+ iMy and
the effect of two site exchange is expressed by26,38

d
dt

(
M+

f (t)
M+

b (t)

)
=

[(
2πiν f −R2 f 0

0 2πiνb−R2b

)
+

(
−k f b kb f
k f b −kb f

)](
M+

f (t)
M+

b (t)

)
.

(4.45)
For the longitudinal relaxation, the equation looks similar:

d
dt

(
Mz f (t)
Mzb(t)

)
=

[(
R1 f 0
0 R1b

)
+

(
−k f b kb f
k f b −kb f

)](
Mz f (t)−Meq

z f
Mzb(t)−Meq

zb

)
. (4.46)

If scalar couplings are involved in the exchange process, then the Bloch–
McConnell equations can not be used: the density matrix approach should be
used instead39,40. In fast exchange, there is only one peak for the guest and
one set of peaks for the host. Where the peaks are located is determined by
the populations (weighting factors) of the sites and hence in the case of the
guest it depends on the association constant and the total concentration of the
guest. The determination of the exchange rate is possible in both slow and fast
exchange regime with line-shape fitting. The equation used for this is an easier
form of equation 4.4541.

S = imag
{
−iCτ[2p f pb− τ(p f εb + pbε f )]

p f pb− τ2(ε f εb)
∗ phase

}
(4.47)

ε f = (−2πi(ν f −ν)−R2 f −
pb

τ
) (4.48)

εb = (−2πi(νb−ν)−R2b−
p f

τ
) (4.49)

phase = eiφ (4.50)
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The result of the fitting is a scaling factor (C), the populations (p f , pb = 1−
p f ), and the exchange rates (k f b =

pb
τ
,kb f =

pa
τ

). Also the transverse relaxation
rates can be fitted but it is better to get a good estimate of the width at half
height in the no-exchange situation for the free site, and fit only the bound site.
This can be done from a spectrum of a solution only containing the guest in
the appropriate solvent. The peaks of the guest are fitted so p f and pb are

p f =
[G]

[G]t
1− p f = pb =

[HG]

[G]t

kb f

k f b
=

[G]

[HG]
. (4.51)

The ratio of the exchange rates is the ratio of the free and bound guest
concentration. Moreover the amount of the complex cannot be higher than the
total concentration of the host. The free to bound guest ratio is determined by
the association constant and the total host to total guest ratio as was discussed
in Chapter 3. With the help of Figure 3.2, it is possible to prepare samples that
contain a favourable ratio of guest and host at which the host is not saturated by
the guest and the kinetic equation still holds. In the case of a low equilibrium
constant (Ka<100 M-1), it is more convenient to work with an excess of 2–10
times of the guest at fixed total host concentration. At association constants
between 1000 M-1 and 10000 M-1 it is better to have a 1 to 1 total host to total
guest concentration ratio. In solution where none of the species ([G], [HG], [H])
is in great excess, the determined exchange rates can be associated with the
reaction rate constants in equation 3.1,

1
Ka[H]

=
[G]

[HG]
→ Ka =

k f b

kb f [H]
=

k1

k−1
(4.52)

At a higher excess of the guest, the rate equations can have a different
form, and the calculated equilibrium constant can differ.

In slow exchange at equimolar amounts of components, high Ka means
that there is more bound than free guest. In fast exchange, there is only one
peak and the information is contained in its position. A signal closer to the
bound peak implies a high association constant. This is not true for samples
with a high excess of the guest compared to the host, since there cannot be
more complex than host. The excess of guest will contribute to the population
of the free site. Independently of the equilibrium constant, the population of
the free site will be always much higher.

4.3.2 The Host

In Chapter 2 it was explained that cryptophanes have many conformers and
these are in exchange with each other. But this is not the only exchange they
are involved in if there is an appropriate guest in solution. The host is also in a

31



two site exchange. The sites are the non-complexed and complexed host. Since
the appearance of the spectrum depends on the relation between the exchange
rates and the peak positions, it can happen that the guest is in slow exchange
between the free and bound form but the host is in the fast exchange regime.
The chemical shift difference in the case of the host stems from the change in
distribution of the conformers. The exchange between the host’s conformers
is always in the fast regime in the investigated temperature range. The slow
exchange between the complexed and non-complexed host results in two sets
of peaks for the host and both of them are a result of fast exchanging conform-
ers with different populations of the conformers. In solution, the amount of
complex is a function of the total concentrations and the equilibrium constant,
as in the case of the guest, but the difference here is that at high guest excess
even at low association constant the amount of non–complexed host is very
low, which results in low intensity peaks.

4.3.3 Effect on Relaxation

Transverse Relaxation

Spin–spin relaxation rates have not been measured in this research, but it is also
an important source of information. Chemical exchange is not an interaction
but it also causes relaxation through the change in the magnetic environment.
It generally changes the interaction listed earlier31 and also de-phases the co-
herences, giving an extra line-broadening to signals involved in slow exchange
(motional broadening). In fast exchange, the FWHH of the single averaged
peak is decreased because of the very frequent change in Larmor frequency28

(motional narrowing). The transition from slow to fast exchange when the
peaks can not be defined any more is called the coalescence point. By increas-
ing the temperature, the exchange gets faster but for the transition from slow
exchange (separate well defined peaks) to fast exchange (averaged peak) in the
case of cryptophanes one needs a change of several tens of degrees.

Longitudinal Relaxation

Measurement of longitudinal relaxation time is a great source of dynamical
information. Via the spectral density function and motional model, one can
get information about the dynamics of the site. Combining equation 4.46 with
the Solomon equation (equation 4.20) and replacing MzI by Iz and MzS by Sz,
one obtains
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d
dt


Iz f (t)
Izb(t)
Sz f (t)
Szb(t)

=


−RIz f − k f b −kb f −σ f 0

k f b −RIzb− kb f 0 −σb
−σ f 0 −RSz f − k f b kb f

0 −σb k f b −RSzb− kb f




Iz f (t)− Ieq
f

Izb(t)− Ieq
b

Sz f (t)−Seq
f

Szb(t)−Seq
b

 .

(4.53)

The protons are decoupled and steady state conditions apply:

dIz f

dt
=

dIzb

dt
= 0 (4.54)

dSz f (t)
dt

=
dSzb(t)

dt
= 0

k f b

kb f
=

Seq
zb

Seq
zb
. (4.55)

The nuclear Overhauser enhancement can be calculated for the two sites
using

NOE f =
RSz f + k f b

RSz f
NOEobs

f −
k f b

RSz f
NOEobs

f (4.56)

NOEb =
RSzb + kb f

Szb
NOEobs

b −
kb f

RSzb
NOEobs

f . (4.57)

These equations are useful if the two peaks in question are well separated
and the NOE enhancement can be measured for both peaks (NOEobs

f ,NOEobs
b ).

This is fulfilled for the guest in cryptophane solutions. For the above equations
to work, one should find a temperature where the exchange lifetimes are 5–10
times longer than the longitudinal relaxation time.

In fast exchange, the measured relaxation time is the population weighted
average of the two sites and the measured NOE is also a function of the popu-
lations.

Robs = p f R f + pbRb (4.58)

NOEobs = 1+
γI

γS

[p f σ f + pbσb]

Robs
(4.59)

The populations should be determined either by line-shape fitting if the
slow exchange peak positions are available or by measurement of the diffusion
coefficient of the guest or host (or both) at different sample compositions.
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4.4 Experimental Techniques

NMR offers a variety of methods for measuring the same property. The choice
of the method lies in the consideration of many factors, among them probably
the most important one is unfortunately time. The low concentration of the host
(highest concentration was 30 mM), the relatively long longitudinal relaxation
of the host, and the very long relaxation time of the guest (CHCl3) make even
a simple pulse-acquire experiment long. In the case of cryptophanes, without
doubt the two most useful experiments are the simple pulse-acquire and the
two dimensional nuclear Overhauser effect spectroscopy (NOESY).

4.4.1 One Dimension

Selective NOESY and ROESY

The pulse-acquire experiment can be modified for selective excitation of a cer-
tain bandwidth with a selective shaped pulse (soft pulse)42,43 or with a se-
ries of hard and soft rf pulses and pulsed field gradients (PFG) (excitation
sculpting44,45). During the measurements, only the so called single (PFGSE)
and double (DPFGSE) PFG spin echo type of selective excitation was used46.
These are shown in Figure 4.2. The sequence starts with a hard non-selective
pulse followed by a selective 180 degree refocusing pulse that is placed be-
tween two pulse field gradients. The gradients de-phase all the magnetization
apart from the selectively refocused one. The detected signal after both se-
quences A and B in Figure 4.2 contains only the selectively refocused peak(s).
Both schemes are suitable for selectively exciting multiplets since the gen-
erated anti-phase magnetizations are minimized45. The heteronuclear scalar
coupling constant (JCH) between 13C and 1H in chloroform is 210 Hz, and it
is 178 Hz in dichloromethane. These are much larger than proton–proton J–
couplings and also higher than the average carbon(13)–proton J–couplings(145
Hz). From a selective refocusing point of view, these bandwidths are relatively
big, and apart from a well calibrated Gaussian–cascade47 type of shaped pulse,
the double pulse field gradient spin echo should be used in order to minimize
anti-phase magnetization45.

The measurement of the cross relaxation rate (σI1I2) and exchange rates
(k f b,kb f ) in one dimension is based on the sequences in Figure 4.2. At the end
of the pulse field gradient spin echo, the system is left with transverse magne-
tization that can be further manipulated. Measuring the cross relaxation rate in
the laboratory frame (σNOE

I1I2
) requires the exchange of longitudinal magnetiza-

tion for a certain period. This period is called the mixing time in homonuclear
relaxation experiments. In Figure 4.3 the mixing periods were added to the
DPFGSE period. After the selective excitation period, a longitudinal magneti-
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Figure 4.2: Simple selective excitation schemes according to excitation sculpting
PFGSE(A) and DPFGSE(B). Both of the sequences lead to a spectrum in which
only the selectively excited peaks are present. G denotes the gradient channel.
The phase cycling is not shown.
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zation (−Iz) is generated by an appropriate hard 90 degree pulse. Magnetiza-
tion will be transferred via cross relaxation with nearby protons or via chemical
exchange. The last 90 degree pulse generates a detectable magnetization45.

The analysis of the spectrum is based on the solution of the Solomon equa-
tion (equations 4.20 and 4.41)31,48–50. The peak intensity is a function of the
mixing time. In the initial rate approximation this dependence is linear. Nor-
malizing the intensity of the peaks resulting from cross relaxation or exchange
to the selectively excited peak at every mixing time measured (i.e. in the same
spectrum) the initial rate regime can be extended and the following equation
applies50:

Iobs = σ
NOE
I1I2

τm (4.60)

In equation 4.60, Iobs is the normalized intensity and τm is the mixing time.
The extension of the initial rate regime depends on the cross relaxation rate
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Figure 4.3: The one-dimensional sequence for measuring homonuclear Over-
hauser enhancement (A) and its rotating frame counterpart (B). G denotes the
gradient channel. The phase cycling is not shown.
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being measured. The mixing time is chosen so that equation 4.60 holds and
cross relaxation via many spins is avoided (spin diffusion). This means short
mixing times. For measuring σ

NOE,ROE
I1I2

the mixing times used during this
work were never higher than 0.24 seconds. The time intervals for measuring
the exchange rates are set up according to preliminary estimates of the rate
itself.

Inversion Recovery and Heteronuclear NOE

The observed relaxation times and heteronuclear NOEs are the sum of all the
contributions that are causing the relaxation. In the case of the host, these are
the dipolar interaction and chemical shielding anisotropy.

1
T obs

1
=

1
T D

1
+

1
TCSA

1
(4.61)

NOEobs = 1+
γH

γC
σCHT obs

1 (4.62)

The simplest way to measure the longitudinal relaxation times is the inver-
sion recovery method. The equilibrium magnetization is inverted with a 180

36



degree hard pulse after which the system is allowed to relax for the mixing
time period (τ). The 90 degree read pulse generates a detectable magnetiza-
tion (Figure 4.4 A). There are two extremes in the case of inversion recovery
mixing time. The one is when τ = 0. This is the minimum intensity. The
maximum intensity occurs at τ ≥ 5T1. Usually it is sufficient to start at a
low mixing time. Measuring the longitudinal relaxation times of the host 13C
nuclei requires a mono-exponential fit since the host’s conformers are in fast
exchange with each other.

Figure 4.4: The pulse sequences for measuring relaxation parameters. DC de-
notes decoupling (broadband irradiation). The phase cycling is not shown.
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180 90
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recovery delay

1H
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In slow exchange, under broadband irradiation of protons, the recovery of
the intensities of the bound and free peaks is described by a double exponential
function. Equation 4.53 can be modified for data acquired by the inversion
recovery method.

d
dt

(
I f

Ib

)
=

(
−R1 f − k f b kb f

k f b −R1b− kb f

)(
I f (t)
Ib(t)

)
+

(
R1 f 0
0 R1b

)(
I∞

f
I∞
b

)
(4.63)
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The symbols I∞
f and I∞

b denote the NOE enhanced steady state intensities
(i.e. the intensities measured at τ ≥ 5T1). The analytical solution of equation
4.63 is complicated and difficult to use. Usually a numerical solution is used
to extract the information.

The pulse sequences for measuring the heteronuclear NOE enhancement51

are also shown in Figure 4.4. There are two experiments run, one with broad-
band irradiation of protons during the relaxation delay (RD) (Figure 4.4 B)
and one without it (Figure 4.4 C). The ratio of the intensities taken from the
two spectra gives the NOE enhancement. In the case of the host they can be
used for further calculation. In the case of the guest, the measured intensities
NOEobs

f and NOEobs
b are a result of exchange, and equations 4.56 and 4.57 are

used to extract the enhancements for the free and the bound sites. The draw-
back of the sequences is the heat generated by the decoupling switched on for
the relaxation delay. This is a specially big problem for the CHCl3 because
of long relaxation times. The decoupling should be turned on for more than
five times the relaxation times of the site being measured. In order to avoid the
temperature difference between the spectra with and without NOE enhance-
ment, the decoupling is switched on but placed off resonance by at least 300
kHz. For short relaxation times, this is not crucial, and the decoupler can be
switched off for the relaxation delay.

4.4.2 Two Dimensions

NOESY and ROESY

If the selective excitation pattern is exchanged to a hard 90 degree pulse fol-
lowed by a variable delay (t1), then one achieves frequency labeling of the
magnetization. This makes it possible to get a full map of cross relaxation
throughout the full spectrum. The second half of the pulse sequences is un-
changed. The two dimensional Fourier transform gives a two dimensional
spectrum (ω1,ω2) with diagonal peaks (ω1 = ω2) and cross peaks (ω1 6= ω2).
The cross peaks are the result of dipolar interaction or chemical exchange. In
the extreme narrowing limit, the cross peaks caused by dipolar interaction in
the NOESY spectra have a phase shift of 180 degrees compared to the phase
of the diagonal peaks. The exchange peaks have the same phase. This is
not fulfilled outside the extreme narrowing limit and the cross peaks have the
same phase as the diagonal ones. This makes the spectrum difficult to anal-
yse. Fortunately, this is not the case in the ROESY spectra. Independently of
the correlation time of the molecule, the phase shift of the dipolar cross peaks
is retained. Since cryptophanes are out of the extreme narrowing limit in the
solvent used, it is necessary to record both the laboratory and rotating frame
experiment. The ROESY spectrum has another advantage. The cross peaks
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caused by spin diffusion have a phase shift of 180 degree compared to the di-
rect cross peak29. This makes it possible to sort out the peaks that are caused
by cross relaxation via a third spin. The cross peaks caused by exchange have
the same phase as the diagonal peaks. The two dimensional spectra are very
time consuming compared to their one dimensional analogues, but their infor-
mation content is invaluable.

Measurement of the the transverse NOE can be done in two main ways52,53.
The difference between Figure 4.5 B and C is that in C there is an extra x-pulse
before and after the spin lock that compensates for the offset effect and for the
coherence transfer via J-coupling (TOCSY-effect).

Figure 4.5: The two dimensional pulse sequences for measuring cross relax-
ation in the laboratory frame (A) and in the rotating frame (B,C). G denotes the
gradient channel. The phase cycling is not shown.
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Neither the ROESY nor the NOESY spectra are symmetric from the guest
point of view. The cross peak from the free guest to the bound peak is the
result of the forward reaction (k f b) and the cross peak from the bound to free
is the result of the backward reaction (kb f ). The intensities will be different.

Heteronuclear correlation experiments

In order to be able to assign all the peaks in the 13C spectrum one can use
coherence transfer (via J-coupling or through bond) from the protons to the
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carbon-13. This is usually done via a spin echo. Throughout this work, two
versions of this kind of experiment were used. The one is edited sensitivity
enhanced heteronuclear single quantum correlation spectroscopy (HSQC) and
the second is heteronuclear multiple bond correlation spectroscopy (HMBC).
The first one helps to assign the carbon signals which are connected to protons
and the second one is optimized for quaternary carbons. The edited HSQC
provides spectra in which the CH and CH3 cross peaks have a phase shift of
180 degree compared to CH2 groups. This makes the analysis easier in the
case of closely spaced CH2 and CH3 peaks.
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5. Quantum Chemical Calcula-
tions

The primary goal of the quantum chemical calculations was to find the low en-
ergy conformers and support the two dimensional NOESY and ROESY spectra
with atomic distances. As has been already described, there are many conform-
ers in exchange in solution so one structure will never describe the experiment.
All the important conformers should be found and their structure optimized.
The connection between the conformers in exchange and the optimized energy
is the Boltzmann distribution.

Pei =
gie
− ei

kBT

∑
i

gie
− ei

kBT
(5.1)

The ei denotes the energy of the conformer, gi the degeneracy factor, and
kB is the Boltzmann constant. The degeneracy factor is 3 or 1 in the case
of cryptophanes since there is no energy difference between the conformers
G−2G−2T2, G−2T2G−2 and T2G−2G−2. The whole denominator is called the
partition function. An obvious disadvantage of the quantum chemical calcula-
tions is that they present a static picture of the molecule. The dynamics of the
methoxy groups attached to the CTB rings change the energy of the conform-
ers. There are two positions which were considered through the calculations.
In one the methoxy group lies in the plane of the aromatic rings of the CTBs
(see figure 2.9 A). This position was found to have a lower energy than the sec-
ond one, where the methoxy group points outside of the plane of the aromatic
groups (see figure 2.9 C). The energy difference between the two positions of
the methoxy group is on the level of the difference between the low energy con-
formers. This means that the calculated Boltzmann probability distributions of
the conformers presented in the papers are only an approximation since only
the lowest energy conformers were taken into account i.e., when the methoxy
group is in the plane of the aromatic groups. Furthermore, the probability dis-
tribution of the conformers changes with temperature and the calculation was
done only for 298K.

Throughout this work, only the density functional theory (DFT) with the
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functionals B3LYP and B97D was used. The energy of the molecule is cal-
culated from the electron density of the ground state54. A deficiency of the
B3LYP functional is that the van der Waals energy contributions are not in-
cluded. This is done empirically in the functional B97D55. It is also possible
to use the already optimized structure and calculate the dispersion part of the
energy.

A secondary objective was to calculate the chemical shifts (δ ) of the carbon–
13 nuclei of the conformers through the gauge including atomic orbital method
(GIAO)56. These can be then directly compared to the one dimensional proton
decoupled pulse–acquire 13C spectra. The measured signal is the probability
weighted average of the chemical shifts of all conformers.

δ
obs = ∑

i
Peiδ

calc
ei

(5.2)

The absolute value of the calculated chemical shift was normalized to the
calculated chemical shift of tetramethylsilane (TMS) at the same level of the-
ory. There could still be errors in the calculated shifts and it is better to work
with the chemical shift difference of two closely spaced similar 13C sites.
These could be the two linker carbons or the carbons in the CTB ring. This
assumes that the sites in question have very similar errors. The linker car-
bons in cryptophane–C and –D are inequivalent even in all–trans and –gauche
conformations. This is not the case in cryptophane–A. The linker carbons are
inequivalent in the all–gauche conformer but they are equivalent in the all–
trans conformer. In a solution of pure GGG conformer of cryptophane–A one
would see two peaks for the linker carbons in a proton decoupled experiment.
In reality there is only one peak. In this case, the chemical shift difference be-
tween the inequivalent aromatic carbons can be used together with the position
change of the linker carbon upon complexation.

The calculations were carried out for a CHCl3 complexed and for a non-
complexed cryptophane (for an empty cage). In the case of CH2Cl2, the ori-
entation of the guest inside the cage is not obvious and so the calculations
were not carried out. The treatment of the solvent was done by the conductor
polarizable continuum model (CPCM)57,58.

42



6. Discussion

6.1 Sample Preparation

A very important part of the investigation of cryptophane complexes is the
sample preparation. Usually the measurements were carried out on low con-
centration samples (always lower than 35 mM for the host). In the case of
cryptophane–C and –But, the low solubility of the host in the solvent (1,1,2,2–
tetrachloroethane–d2) does not allow higher than 15 mM concentration. Since
the chemical shift of the host peaks depends on the guest, it is important that
composition of the sample is known. In high excess of the guest, this is less
important since practically all the host is complexed. This has been demon-
strated in Paper V in the case of cryptophane–A. The samples containing more
than one guest, in similar concentration, can provide excellent qualitative in-
formation on the host since the differences are visible in the same spectrum.
For quantitative measurements, it is important to remove as much undesir-
able guest as possible since their presence modifies the exchange properties
and the determined affinity constant. Two main procedures were used to re-
move the unwanted guests. One method uses the target guest. The material
is dissolved in the guest and then it is let to evaporate. The same procedure
is repeated 3 to 5 times. This has the advantage of introducing the guest in
approximately equimolar amount, since the guest is retained in the cavity. The
dried material is then a powder. The only exception is cryptophane–D which
dries to transparent, glassy, amorphous material. The other method is a solid–
solution extraction, with a solvent in which the cryptophane is not soluble but
the impurities are. Tetrachloromethane is a good choice for the cryptophanes
investigated here, since none of them is soluble in it. The method was used to
prepare cryptophane–C and –D samples. None of the above–mentioned meth-
ods removes water. All the samples contain water coming from the walls of
the glass materials.

6.2 Cryptophane–E

In paper I, the thermodynamic properties of cryptophane–E complexes with
chloromethanes were investigated. This cryptophane has the longest aliphatic
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chain (-O-CH2-CH2-CH2-O-) binding the two CTB rings together, which gives
the highest cavity volume among the investigated hosts. The openings between
the chains are also biggest. It is an anti conformers, like cryptophane–A or –C,
and the two caps are twisted compared to each others. The size of the opening
and the distance between the two caps is similar to the syn conformer with
shorter ethylene–dioxy linkers, namely the T2T2T2 conformer of cryptophane–
D. In the case of both guests, CH2Cl2 and CHCl3, the exchange falls into the
slow exchange regime over all the investigated temperature range (263≥ T
≥ 293K for CH2Cl2 and 296K ≥ T ≥ 317K for CHCl3 ). The only com-
pound having similar exchange properties at high temperatures (T>280K) is
the cryptophane–D–CHCl3 system. Both cryptophane–E complexes are ther-
modynamically stable, in fact the reaction enthalpy of the complex formation
reaction with chloroform is the lowest (-71 kJmol-1 ) and the Arrhenius activa-
tion energy of the decomplexation is the highest (135 kJmol-1 ) among all the
here investigated complexes.

6.3 Cryptophane–C and –D

In papers II, III, IV, cryptophane–C and –D were investigated. These have
non–equivalent caps and a maximum C3 symmetry. This opens up the possi-
bility to measure the inter–molecular cross–relaxation between the guest and
the host. By doing this, it is possible to determine which orientation CHCl3
prefers inside the cavity. Combining the cross-relaxation data with motional
parameters, this also can help understanding how CHCl3 enters the cavity. In
paper II, it has been determined that in the case of cryptophane–C the prefer-
ential orientation of chloroform is when it points with the hydrogen towards
the non methylated cap. In paper IV the relaxation properties of chloroform
inside cryptophane–C were used to establish its mobility in the host via the
Lipari-Szabo motional model. The generalized order parameter squared, S2

=0.68±0.11, is relatively high and means that CHCl3 cannot turn around in-
side the cavity. Moreover, the S2 parameter can be translated into diffusion–
in–a–cone with a semi angle of 29 degrees59. The combination of these data
supports our hypothesis of the complexation mechanism where only collisions
with chloroform, oriented as it is depicted in Figure 2.7 G and H, lead to re-
action. In the case of cryptophane–D (paper IV), the inter-molecular cross–
relaxation rates did not show preference for any of the two orientations. The
order parameter squared (S2) was found to be slightly lower, 0.6. This is in
agreement with the structural/conformational differences between the hosts.
In the case of cryptophane–D, the trans 2 conformer was found to be more
populated whereas cryptophane–C prefers the gauche ±2 conformers.
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6.3.1 Two Site Exchange

The exchange properties of both guests display interesting features. In the
case of chloroform and both hosts, the exchange between the complexed and
non–complexed forms is slow. The peaks for both sites are present in the
spectrum. Because of the relatively low affinity to chloroform, this is even
true for higher excess of chloroform (the free guest peaks are present even
at nine–fold excess in paper II, Figure 1, in the case of cryptophane–C). The
effect of the two–site exchange is shown in Figures 6.1 and 6.2. As it can
be seen, both the guest and the host are in the slow two–site exchange. This
is not the case for dichloromethane as a guest. The exchange between the
complexed and non-complexed host is fast. Even at low concentration of the
guest, there is only one set of host peaks present in the spectra. Both hosts
have a higher affinity to dichloromethane than cryptophane–E. Apart from the
lower equilibrium constant, the effect of this is also visible in Figure 2 of paper
I. There are two sets of signals for the host even if the guest is in high excess.

Figure 6.1: Slow exchange in the system of cryptophane-C and CHCl3 from the
guest point of view
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The exchange rates were determined using one-dimensional selective NOE
experiment or line–shape fitting. In the case of substantially increased full
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Figure 6.2: Slow exchange in the system of cryptophane-C and CHCl3 from the
host point of view
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width at half height and at fast exchange, the line–shape fitting is preferred. It
turns out that, in the case of high affinity constant, it is better to use low guest
concentrations. This is also seen in Figure 3.2. It is interesting to compare
the cryptophane–C (Table 6.1) and –D (Table 6.2) dichloromethane complexes
at high and low concentrations of the guest. The calculated affinity constants
at 230K are 800 and 1500 M-1 for cryptophane–D and –C, respectively. The
exchange rates are faster at both concentration ratios for the cryptophane–D
system. This is in good agreement with the structural differences between the
two compounds. The cavity of cryptophane–D is bigger and the openings be-
tween the linker chains are bigger too. The volume differences explain the
thermodynamical differences. The difference of the openings explains the ki-
netic differences. Moreover, the determined Arrhenius activation energies for
the decomplexation reaction are 60 and 50 kJmol-1 for cryptophane–C and –D,
respectively, i.e. the value is 10 kJmol-1 higher in the case of cryptophane–C.

Similar comparison with CHCl3 guest is difficult to make because of the
big temperature difference of the slow exchange regions for the two hosts. As
it was mentioned above, the cryptophane–D bound CHCl3 is in slow exchange
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Table 6.1: The dependence of exchange rates on the total concentration of guest
in the case of cryptophane–C dichloromethane system. The data are from 230K

[H]t : [G]t p f k f b[s−1] pb kb f [s−1]

1:1 0.31 36 0.69 16
1:8 0.88 5 0.12 38

Table 6.2: The dependence of exchange rates on the total concentration of guest
in the case of cryptophane-D dichloromethane system. The data are from 230K

[H]t : [G]t p f k f b[s−1] pb kb f [s−1]

1:1.1 0.32 213 0.68 99
1:8 0.88 14 0.12 98

with bulk CHCl3 throughout the whole investigated temperature range. The
affinity constant for CHCl3@cryptophane–D system is listed as a function of
temperature in table 6.3. It can be seen that the affinity constant is much lower
here than any other CHCl3 complex investigated in this thesis. Looking at
Figure 3.2, it is clear that even at higher excess of chloroform there will be a
comparable amount of non–complexed host (Ka<100). This is also seen in the
proton and carbon–13 spectra (Paper III, Figure 7 and 8).

Table 6.3: The affinity constant (Ka) for the cryptophane-D CHCl3 system de-
termined from signal integrals. The solution contains 11 mM cryptophane-D and
17.6 mM CHCl3 in deuterated tetrachloroethane.

T(K) K(M−1) p f pb

280 54 0.75 0.25
298 25 0.84 0.16
320 8 0.93 0.07

The data in tables 6.1 and 6.2 imply that equations 3.1 and 4.52 do not hold
at one of the concentration ratios in the case of cryptophane–C. According to
these equations the measured exchange rate for the decomplexation reaction
(kb f ) equals to the reaction rate constant (k1 ) and is independent of the con-
centration of any species present in solution. This is obviously not fulfilled
in table 6.1. The reason could be that the kinetic equations differ from those
presented in chapter 3 and in all the papers. In addition, the line–shape fit has
also an error which stems from the lack of knowledge of transverse relaxation
times. This can cause bigger problems when the line-shape is dominated by
the transverse relaxation, which is not the case in the tables above. Moreover,
from the 1H spectra one can see that the intensity and the integral of the bound
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dichloromethane is higher than of the free. One possible explanation of this
can be obtained if we replace the idea of the complex formation by a ligand
exchange reaction. In equation 3.1, the guest enters a guest–free cavity. In the
case of high excess of the guest and high affinity constant it is more likely that
a guest molecule will replace another one in the cavity. Another possibility is
that the reactions cannot be considered elementary. In this case, the powers
n,k and l in equations 3.3, 3.4 and 3.5 can have arbitrary values, different from
unity. The measurement and line–shape fitting always provides the transition
probability per unit time. The relationship between this and the reaction rate
constant depends strongly on the kinetic equation. In this case, at low concen-
tration of guest, it is still unavoidable that the apparent reaction rate constant
is a mixture of complex formation and ligand exchange reactions.

6.4 Cryptophane–A and its Derivatives

The most interesting systems from a kinetic and thermodynamical point of
view are the cryptophane–A complexes. In this case, the volumes of the con-
formers are identical to the volumes of cryptophane–C. In paper V, it is shown
that the affinity of cryptophane–A to dichloromethane is much higher than de-
termined previously60. Also chloroform forms surprisingly stable complexes
with both cryptophanes–A derivatives. It is important to recognize that, at
low temperatures (T<270K) and at low guest concentration, the different com-
plexes have well separated signals that are the result of conformational selec-
tion.

Investigation of the 1:1 host–to–guest ratio solution showed that the bound
site is much more populated than the free site. With the high excess of the
guest, this will lead to severe underestimation of the complexation equilibrium
constant: the present analysis shows that the affinity constant to dichloromethane
is around ten times higher than it was thought before. It is comparable to the
affinity of cryptophane–C at low temperatures.

The behavior of chloroform as guest shows, on the other hand, big dif-
ferences compared to cryptophane–C. The association constant for the crypto-
phane–A–CHCl3 complex is around ten times higher than for cryptophane–C.
This comparison implies that the affinity constant is not a simple function of
the volume available, based on idea that the bigger the volume the better chlo-
roform is bound. We can make an interesting observation that the host with the
biggest volume, the syn isomer cryptophane–D, has a lower affinity to chlo-
roform than cryptophane–A. The volume is an important factor, but its role is
not fully understood at this stage of the research. It is also worthwhile to com-
pare the changes occurring to the host upon complexation. As it was pointed
out in the papers III, IV and V, the host cannot be considered as a rigid body

48



with only one well defined volume. Various possible conformers have different
volumes. This could explain the differences in the affinity of cryptophane–A
derivatives and cryptophane–C. In the case of both guests, the cryptophane–
C linkers acquire G± 2 conformation. According to the volume calculation
(Paper IV) the two all-G2 conformers have different volumes and G+2G+2G+2
(104 Å3 ) is bigger than G−2G−2G−2 (88 Å3 ). But it has been shown, by
means of DFT calculation and two-dimensional NOESY and ROESY spec-
troscopy, that in solution these isomers are in exchange and this means that the
cavity volume fluctuates between these two values. (104–88 Å3, to be com-
pared with V CHCl3 = 71 Å3 ). The cryptophane–A host behaves differently. In
Paper V, it is shown that cryptophane–A is more likely to obtain the T1 linker
conformation. Any combination of conformations with trans linkers has a big-
ger cavity (V T1T1T1 =136 Å3 ). In order for chloroform to enter the cavity, the
volume available should be higher than the volume of the guest molecule it-
self. But, again, the simple relationship of the bigger volume giving a better
fit does not apply as the example of cryptophane–D and –E shows. The same
arguments can be used to explain the high affinity of the cryptophane–A deriva-
tive (cryptophane–But) with the longer butoxy groups replacing the methoxy
groups on the CTB rings. For this host, the activation energies in the case of
chloroform, for the forward and backward reactions, are smaller than the cor-
responding values for cryptophane–A, which seems to imply that the longer
groups do not block the entrance as much as the methoxy groups. The high
thermodynamic stability of both dichloromethane and chloroform complexes
with cryptophane–But is surprising. The experimental results imply that, in
this case, the gauche conformers have higher probability than in the case of
cryptophane–A. This means that the complexation properties of cryptophane–
But should be similar to cryptophane–C, while this is not the case. The reason
for this could be the slower dynamics of the linkers, resulting in less volume
fluctuations.

6.5 Water

An interesting question can be risen in connection to water: does the water
enter the cavity or not. All the samples discussed in this thesis contain at least
twice the molar amount of water compared to the host. The cavity itself is
hydrophobic, so the expectation is that it will repel water. A clear bound water
signal has not been found. In the absence of any chloromethane guests, or any
guest which is more favorable than water, the cavity would either have vacuum
inside or the host molecules would collapse to a form which fills the vacuum. It
has been shown earlier by Taratula et al.61 that it is possible to crystallize both
the collapsed and water–containing cryptophane–A. The chemical shifts of the
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carbons and protons of the collapsed form in solution are expected to be very
different from the non–collapsed form. Such differences could not be found in
any the spectra connected to any of the here investigated cryptophanes. This
implies that the probability of this form is very low, the form is practically
absent from solution. The only spectra which help deciding the fate of water
are the 2D NOESY spectra. In the case of crytophane–A, a sample contain-
ing ethanol was investigated (Paper V). One can clearly see the exchange or
cross–relaxation cross peak between the bound ethanol OH group and the wa-
ter signal. The question is how does this happen. If water is outside of the
cavity, then the distance between the OH inside and water outside is very large.
It is more probable that water and ethanol are together inside the cavity. The
two–dimensional NOESY spectrum is shown in Figure 6.3. We can see there
that the water proton also shows cross peaks with the aromatic protons. As it
can be seen from Figure 6.3 the encapsulation of guests changes the chemical
shift drastically. This change is especially big in the case of ethanol’s hydroxy
group from 5.2 to -2.8 ppm. In order to have a certain answer for the above
raised question further investigation is needed.

Figure 6.3: The 2D NOESY spectrum of a 30 mM cryptophane–A solution. For
the full assignment see Figure 2 in Paper V.
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