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Abbreviations: 

NMR – Nuclear Magnetic Resonance Spectroscopy 
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The first part of the thesis has 2 chapters of literature study. Chapter 1 contains 

an overview of NMR Spectroscopy including the physical principle of the method, 

information obtained from spectra and types of experiments. Chapter 2 deals with 

cyclodextrins and their inclusion complexes and with the use of NMR Spectroscopy 

and other methods in their characterization. 

The second part contains the original research and it has 4 chapters. Chapter 3 

refers to the NMR characterization of cyclodextrins and quantification of some sugars 

in complex aqueous matrices. α-, β- and γ-cyclodextrins were characterized in D2O 

and DMSO-d6 solutions. Also, 4 sugars related to cyclodextrins were characterized 

and cuantified in fruit juices. Other 10 substituted cyclodextrins were characterized in 

D2O and DMSO-d6: sulfobutyl ether-β-cyclodextrin, sodium salt, 

monochlorotriazynyl-β-cyclodextrin, sodium salt, methyl-β-cyclodextrin, 2-

hydroxypropyl-β-cyclodextrin and α-, β- and γ-cyclodextrins substituted with 

oligolactate residues, for which the position of the substituent was determined to be at 

the carbon atom number 6 of the glucopyranose unit. This chapter also contains the 

study on the influence of temperature, pH and presence of internal and external 

standards on the NMR spectra of cyclodextrins. 

One of the study included in this chapter deals with NMR characterization of the 

three cyclodextrins that are most frequently used for complexation: α-cyclodextrin 

(ACD), β-cyclodextrin (BCD) and γ-cyclodextrin (GCD). The spectral parameters 

(chemical shifts, multiplicity and coupling constants) were obtained in D2O and 

DMSO-d6. These two solvents were chosen because of the solubility of the 

cyclodextrins and their inclusion complexes and because the applications of the 

complexes. Many complexes have applications in medicine and most of the tests that 

are specific in the pharmaceutical industry are made in aqueous or 

dimethylsulphoxide solutions. 

                       

α-cyclodextrin (ACD)     β-cyclodextrin (BCD)     γ-cyclodextrin (GCD) 



Cyclodextrins are composed of α-(+)-glucopyranose units in 
4
C1 conformation. 

The glucose units are linked by α(1→4)-glycosidic bonds resulting torus shaped 

macrocycles with an inner cavity. 

a)  b)  

Figure 1. a) Structure of the glucopyanose unit in cyclodextrins and numbering of the 

carbon atoms; b) schematic representation of cyclodextrins’ macrocycle and 

positioning of the hydrogen atoms 

1D and 2D NMR experiments (
1
H-RMN, 

13
C-RMN, H,H-COSY, H,C-HMQC, 

H,C-HMBC and undecoupled H,C-HSQC) were recorded for the three cyclodextrins 

in D2O and DMSO-d6.  

In the 
1
H-NMR spectra we can see isolated peaks for H1, H2, H3 and H4 and 

H5 and H6 are overlapped. Although the three cyclodextrins have different numbers 

of glucopyranose units (between 5 and 8) the number of peaks in the 
1
H-NMR spectra 

is the same. This particular characteristic is due to the fact that the molecules are 

symmetric. In the 
1
H-NMR spectra of the unsubstituted cyclodextrins in D2O the 

peaks of the OH groups are not present due to the fast exchange between the labile 

hydrogens and the deuterium atoms from D2O. In the 
1
H-NMR spectra recorded in 

DMSO-d6 the peaks for the primary and secondary hydroxylic protons are present. 

a)  



b)  

Figure 2. 
1
H-NMR spectra for ACD, BCD and GCD in D2O (a) and DMSO-d6 (b) 

 

Figure 3. 
13

C-NMR spectra for ACD, BCD and GCD in D2O and the 

assignment of the peaks. 

Another study included in this research was the analysis of some cyclodextrin 

related sugars in complex aqueous matrices (fruit juices). Although NMR is a less 

sensitive technique it has the advantage that it gives the global profile of a sample. In 

complex mixtures, by NMR we can observe the presence of unknown or unexpected 

compounds. Solution NMR spectra for these complex matrices have tens of peaks that 

overlap. Due to the complexity of the spectra it is almost impossible to attribute every 

peak from a given spectrum.  

Four sugars (glucose, frustose, sucrose and galactose) were quantified in natural 

and commercial fruit juices. 



 

Figure 4. 
1
H-NMR spectrum for a Golden apple juice sample and the assignment of 

the peaks for sugars  

Another study included in this chapter deals with NMR characterization of 

modified cyclodextrins. Cyclodextrins can be chemically modified in order to change 

their solubility and their inclusion preferences. Four modified cyclodextrins were 

characterized in aqueous solutions (sulfobutyl ether-β-cyclodextrin, sodium salt, 

monochlorotriazynyl-β-cyclodextrin, sodium salt, methyl-β-cyclodextrin, 2-

hydroxypropyl-β-cyclodextrin) and 6 α-, β- and γ-cyclodextrins substituted with 

oligolactate residues were characterized in DMSO-d6 solutions. From 
13

C-NMR 

spectra and 2D experiments, for the cyclodextrins substituted with oligolactate the 

preferred position for binding of the substituent was determined to be at carbon 6 of 

the glucopyranose residue.  

 



Figure 5. 
13

C-NMR spectra for BCD-LA-F2 (up) and BCD-LA-F1 (down), in 

DMSO-d6 and the assignment of the peaks 

The influence of some experimental factors (temperature, pH, presence of 

internal and external standards) on the NMR spectra of cyclodextrins was also studied 

in this chapter. 

 

Conclusions for chapter 3: 

- Three native cyclodextrins (α-, β- and γ-cyclodextrins), 4 cyclodextrin related 

sugars (glucose, fructose, sucrose, galactose), and 10 chemically modified 

cyclodextrins (sulfobutyl ether-β-cyclodextrin, sodium salt, monochlorotriazynyl-β-

cyclodextrin, sodium salt, methyl-β-cyclodextrin, 2-hydroxypropyl-β-cyclodextrin 

and α-, β- and γ-cyclodextrins substituted with oligolactate residues) were completely 

characterized by NMR spectroscopy.  

- The four sugars were quantified in complex aqueous matrices (fruit juices) and 

a statistic PCA model was developed for chemometric separation of the samples. 

- In the case of oligolactide substituted cyclodextrins the binding site was 

determined to be at position 6 of the glucopyranose units. 

- The effect of temperature, pH and internal and external standards on the NMR 

spectra of cyclodextrins were also studied. 

  

Chapter 4 contains a study regarding the complexation between cyclodextrins 

and halogenated aromatic compounds. The stoichiometry and association constants of 

the complexes between β-cyclodextrin and three halogenophenols (2-chlorophenol, 4-

chlorophenol and 2,4-dichlorophenol) were determined. The stoichiometry of the 

complexes is 1:1 and the stability of the complexes decreases in the order: 2,4-

dichlorophenol>4-chlorophenol>2-chlorophenol. 

For example, some of the 
1
H-NMR spectra recorded for the determination of 

stoichiometry of the complex between 2,4-dichlorophenol (24DCP) and β-

cyclodextrin are presented in figure 6. 



 

Figure 6. 
1
H-NMR spectra for 24DCP-BCD in D2O, detail of the BCD peaks from 

the spectra of 1cd (CBCD=1 mM and C24cp=0 mM) and 01cd (CBCD=0,1 mM and 

C24cp=0,9 mM) and Job’s Plot with stoichiometry 1:1 

This chapter also contained the study on the inclusion of 2,7-dibromoflourene 

and a polymer derived from it with 3 different macrocycles: totally methylated β-

cyclodextrin, partially methylated γ-cyclodextrin and cucurbit[7]uryl. The affinity of 

2,7-dibromoflourene and of its polymer is greater for cyclodextrins than for 

cucurbit[7]uryl. 

Conclusions for chapter 4 

- In the case of the interactions between 2-chlorophenol, 4-chlorophenol and 

2,4-dichlorophenol with β-cyclodextrin, the peak for H5 from inside the cyclodextrin 

cavity is shifted more than the peak for H3. 2,4-dichlorophenol induces the biggest 

shifts, then 4-chlorophenol and 2-chlorophenol induces the smallest shifts. 

- The stoichiometry of the complexes between the three halogenophenols and β-

cyclodextrin is 1:1 as determined by continuous variation method. 

- The stability of the complexes varies in the order: 4-dichlorophenol>4-

chlorophenol>2-chlorophenol.  

- The affinity of 2,7-dibromoflouren and of its polymer is greater for 

cyclodextrins than for cucurbit[7]uryl. 

 

Chapter 5 contains results from the characterization of some complexes 

between cyclodextrins and 1-benzyl-3-[2-(aryl)-2-oxoethyl]-5,6-

dimethylbenzimidazolium salts. The preferred inclusion geometry was determined 

from NMR experiments.  



 

Bz1255 

(N-benzyl), N-(4-nitrobenzyl) 

benzimidazolium bromide 

 

 

 

BzB122 

1-ethyl-3-[2-phenyl-2-oxoethyl]-5,6-

dimethylbenzimidazolium bromide 

Bz1a 

1-benzyl-3-[2-(4-

fluorophenyl)-2-oxoethyl]-

5,6- 

dimethylbenzimidazolium 

bromide 

Bz1b 

1-benzyl-3-[2-(4-

chlororophenyl)-2-

oxoethyl]-5,6- 

dimethylbenzimidazolium 

bromide 

Bz1c 

1-benzyl-3-[2-(4-

bromophenyl)-2-

oxoethyl]-5,6-

dimethylbenzimidazolium 

bromide 

For Bz1a-c from the ROESY experiments was determined that the strength of 

the interactions with α- and β-cyclodextrins depends on the para-phenyl substituent 

and it varies in the order F<Cl<Br. The cavity of β-cyclodextrin can accommodate the 

substituent from N1 and the one from N3 while the cavity of α-cyclodextrin can 

accommodate only the substituent from N3. 

Another study was conducted on the complex between Bz1255 and β-

cyclodextrin. From the ROESY experiment resulted that there are more possible 

inclusion geometries: 



a)  

b) c) d) e)  

Figure 7. a) Detail of ROESY spectrum for Bz1255-BCD evidencing the couplings 

between Bz1255 and H3 and H5 from BCD and schematic representation of possible 

inclusion geometries: b) with phenyl from N1 inside the cavity, c) with the 

benzimidazolium residue partially inside the cavity; d) with p-nitrophenyl inside the 

cavity; e) 1:2 type structure, with both substituents in 2 different cavities. 

The stoichiometry of the complex was determined by continuous variation 

method as being 1:2. The effect of some factors on complexation (temperature, pH, 

internal standard TSP and presence of DMSO-d6 as cosolvent) was studied. The 

complex dissociates with the increase of temperature but after cooling the equilibrium 

is restored and in the ROESY spectrum all the couplings are seen as before heating. 

The complex is stable in a large pH interval. The ROESY spectrum shows couplings 

between the salt and the cyclodextrin at pH=2.5 and at pH=10. In the presence of 

internal standard TSP the complex is dissociated and complexation occurs exclusively 

between cyclodextrin and TSP. This is evidenced in the ROESY experiments by the 

disappearance of correlation peaks between the salt and cyclodextrin and the 

appearance of correlation peaks between TSP and cyclodextrin. Dissociation of the 

complex also occurs when DMSO-d6 is present in solution.  



Another study was performed on the complexation between BzB122 and β-

cyclodextrin and some modified cyclodextrins. In the 1H-NMR spectra, chemical 

shift differences are observed when comparing the spectra for the free components 

with the one for the complex. 

a) b)  

Figure 8. a) Detail of the cyclodextrin peaks region of 10 mM BCD (down) compared 

to 1,25 mM BCD/8,75 mM BzB122 (up) and b) detail of the salt peaks region for 10 

mM BzB122 (down) compared to 1,25 mM BzB122/8,75 mM BCD (up). 

 

 
Figure 9. Details of the ROESY spectrum for BzB122-BCD in D2O and schematic 

representations of possible inclusion geometries  

The stoichiometry of this complex is 1:1 as determined by continuous variation 

method using NMR and UV data. 



a)      

b) c)  

Figure 10. Job’s plots of Xcd*ΔδHcd=f(XBzB122) for chemical shifts of H3 and 

H5 from BCD (a) XBzB122*ΔδHBzB122=f(XBCD) for chemical shifts of H3’, H4’ and H2’ 

from BzB122 (b), and (c) XBzB122*ΔABzB122=f(XBCD) for the absorbance (A) of 

BzB122 

For this complex the association constant was determined by NMR. Data were 

processed with the Benesi-Hildebrand method and with 2 more elaborated computer 

programs, Consteq and WinEqNMR. The complexes between BzB122 and modified 

cyclodextrins also have 1:1 stoichiometry. The association constants for the 

complexes between BzB122 and 2-hydroxypropyl-β-cyclodextrin, methyl- β-

cyclodextrin and sulphobutyl ether-β-cyclodextrin were also determined.  

 

Conclusions for chapter 5 

- Five benzimidazolium derivatives were completely characterized by NMR 

spectroscopy using 1D and 2D experiments. 

- The first study regarding some benzimidazolium salts and cyclodextrins was 

conducted. 

- The association constants and the stoichiometries of the complexes were 

determined. 
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- The competition of DMSO-d6 with benzimidazolium salts for complexation 

with cyclodextrins was proven. 

- The competition of internal standard TSP with benzimidazolium salts for 

complexation with cyclodextrins and thus the necessity of using external standards for 

these studies was proven. 

- It was shown that the strength of the interactions between the benzmidazolium 

salts and α- and β-cyclodextrins depends on the nature of the p-phenyl substituent and 

increases in the order F<Cl<Br. The cavity of β-cyclodextrin can accommodate 

substituents fron N1 and N3 while the cavity of α-cyclodextrin can accommodate only 

the substituent from N3. 

 

General conclusions 

- Three native cyclodextrins (α-, β- and γ-cyclodextrins), 4 cyclodextrin related 

sugars (glucose, fructose, sucrose, galactose), and 10 chemically modified 

cyclodextrins (sulfobutyl ether-β-cyclodextrin, sodium salt, monochlorotriazynyl-β-

cyclodextrin, sodium salt, methyl-β-cyclodextrin, 2-hydroxypropyl-β-cyclodextrin 

and α-, β- and γ-cyclodextrins substituted with oligolactate residues) were completely 

characterized by NMR spectroscopy.  

- The four sugars were quantified in complex aqueous matrices (fruit juices) and 

a statistic PCA model was developed for chemometric separation of the samples. 

- In the case of oligolactide substituted cyclodextrins the binding site was 

determined to be at position 6 of the glucopyranose units. 

- The effect of temperature, pH and internal and external standards on the NMR 

spectra of cyclodextrins were also studied. 

- In the case of the interactions between 2-chlorophenol, 4-chlorophenol and 

2,4-dichlorophenol with β-cyclodextrin, the peak for H5 from inside the cyclodextrin 

cavity is shifted more than the peak for H3. 2,4-dichlorophenol induces the biggest 

shifts, then 4-chlorophenol and 2-chlorophenol induces the smallest shifts. 

- The stoichiometry of the complexes between the three halogenophenols and β-

cyclodextrin is 1:1 as determined by continuous variation method. 

- The stability of the complexes varies in the order: ,4-dichlorophenol>4-

chlorophenol>2-chlorophenol.  

 



- The affinity of 2,7-dibromoflouren and of its polymer is greater for 

cyclodextrins than for cucurbit[7]uryl. 

- Five benzimidazolium derivatives were completely characterized by NMR 

spectroscopy using 1D and 2D experiments. 

- The first study regarding some benzimidazolium salts and cyclodextrins was 

conducted. 

- The association constants and the stoichiometries of the complexes were 

determined. 

- The competition of DMSO-d6 with benzimidazolium salts for complexation 

with cyclodextrins was proven. 

- The competition of internal standard TSP with benzimidazolium salts for 

complexation with cyclodextrins and thus the necessity of using external standards for 

these studies was proven. 

- It was shown that the strength of the interactions between the benzmidazolium 

salts and α- and β-cyclodextrins depends ont he nature of the p-phenyl substituent and 

increases in the order F<Cl<Br. The cavity of β-cyclodextrin can accommodate 

substituents fron N1 and N3 while the cavity of α-cyclodextrin can accommodate only 

the substituent from N3. 

The results described in the Original Research section were partially published 

in 4 ISI articles and presented at scientific manifestations in 6 oral communications 

and 5 posters. 
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