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ABSTRACT 

The Influence of pH and Temperature on the Encapsulation of Quinine by 
Alpha, beta, and Gamma Cyclodextrins as Explored by NMR Spectroscopy 

Benjamin Gabriel Poulson 

 

Cyclodextrins are well known for their ability to encapsulate molecules and have 

captured the attention of scientists for many years. This ability alone makes 

cyclodextrins attractive for study, research, and applications in many fields including 

food, cosmetics, textiles, and the pharmaceutical industry. 

In this thesis, we specifically look at the ability of the three native cyclodextrins, alpha, 

beta, and gamma cyclodextrin (α-CD, β-CD, and γ-CD, respectively), to encapsulate the 

drug molecule, quinine, a small hydrophobic, lipophilic molecule used to treat malaria, 

leg cramps, and other similar conditions. This encapsulation process is driven by the 

molecular interactions, which have been studied by NMR techniques at different 

temperatures (288 K, 293 K, 298 K, 303 K, 308 K) and pH values (7.4, 11.5). These factors 

(temperature and pH) influence these molecular interactions, which in turn significantly 

affects the entire encapsulation process. Detailed studies of the influences of 

temperature and pH on the interactions that drive the encapsulation may suggest some 

new directions into designing controlled drug release processes.  

Results obtained throughout the course of this work indicate that β-CD is the best native 

cyclodextrin to bind quinine, and that binding is best at pH = 11.5. It was found that 
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temperature does not significantly affect the binding affinity of quinine to either α-CD, 

β-CD, or γ-CD. 
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Chapter 1 

Introduction  

1.1 Discovery and History of Cyclodextrins and Their Wide Applications 

The existence of cyclodextrins has been known in the scientific community since 1891 [1] 

when Antoine Villers was studying the enzymatic degradation of potato starch via the 

natural enzyme, Bacillus amylobacter (Clostridium butyricum), found in bacteria [2,3]. 

Villers isolated two compounds (most likely alpha and beta cyclodextrin[4]) which had 

similar properties to cellulose ((i.e. resistance to acid hydrolysis, and non-reducing 

properties)[4,5], so he named them “cellulosines”[6]. Franz Schardinger, the so-called 

“Founding Father” of cyclodextrin chemistry would later rename these two compounds 

discovered by Villers as dextrins [5,6] from which the modern name of “cyclodextrins” 

originates.   

Despite the fact that the existence of cyclodextrins has been known for well over a 

century, much of the scientific research and industrial applications regarding 

cyclodextrins comes from efforts made during the last 30-40 years [2,7–9]   (See Figure 

1). This is in part due to the (erroneous) declaration by Dexter French, who in 1957 

published the first critical review about cyclodextrins in which he said they are toxic [5]. 

Apparently, two scientists,  B. H. Thomas and French himself fed rats with a diet consisting 

of highly purified  β-cyclodextrin. These rats ate this diet in small quantities, and all died. 

These results were unpublished, and the authors did not explain the cause of death [5]. 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=7f3e8b70-f104-11ea-b55b-fbc470bb3c5a;;;;;&cid=10.3109/10717544.2014.938839**;;;;;&cid=10.1016/j.ijpharm.2016.07.030**;;;;;&cid=10.1016/j.ijpharm.2006.10.044**;;;;;
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The methods behind the experiments that led to this conclusion are questionable[4], and 

have since been proven incorrect [4]; other factors such as solubility [10–12], chemical 

modification [13–16], route of administration (oral, intravenous, topical, etc.) [17–19] 

must be taken into account when considering cyclodextrins’ toxicity, which varies even 

among the native cyclodextrins [20]. 

 

 

Figure 1 -- Graph of publications related to cyclodextrins per year. The blue dotted line shows a trinomial trend increase 
of publications from the 1980s to the present day. 

Another reason why most of the scientific research and industrial applications of 

cyclodextrins did not arise until the 1980s was that pure cyclodextrin was expensive [21]. 

In 1973, 1 kg of β-CD was around 2000 USD [21]. Cyclodextrins are naturally produced by 

starch-eating bacteria [2,3], and the amount produced from natural enzymes is quite low 

(mM concentrations)[22], and contains a relatively high amount of impurities [5]. Further 

fractionation and purification steps  are required to reach a desired purity [5,23–25] . 

Nowadays, industrial methods [26] are available to produce cyclodextrins in a cost-

https://www.wizdom.ai/cite-in-google-docs/v2?cid=4f97eb10-f108-11ea-b0ce-8999423908fa;;;;;&cid=10.1016/0006-291X(61)90071-7**;;;;;&cid=10.1002/star.19810330707**;;;;;&cid=0768db69-f3cf-4488-b4bc-b682b6690009;;;;;&cid=10.1007/978-94-009-2637-0_10**;;;;;
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effective manner with β-CD only costing several hundred dollars per kilogram [21] making 

them more available and useful for scientific research. 

Now that cyclodextrins are considered standard, and even novel [27–30]  in scientific 

research, they have found applications in many areas, including, but not limited to textiles 

[8,31] , foods [32,33], cosmetics [34], and drug delivery [35–41]. A comprehensive list of 

many fields that have found applications for cyclodextrins is found in Table 1, which also 

lists the number of scientific publications associated with each field. Many, if not all of 

the applications found in the scientific literature and industrial work, originate from the 

ability of cyclodextrins to encapsulate, either partially or completely, small, hydrophobic 

molecules  [42–47]. 

Table 1 - Exhaustive list of fields to which cyclodextrins have found application. Data 
retrieved from searching “Cyclodextrin*” under “All Databases” on Web of Science. Data 
retrieved September 24, 2020. 

Research Areas No. of records 

CHEMISTRY 57320 

BIOCHEMISTRY MOLECULAR BIOLOGY 30045 

PHARMACOLOGY PHARMACY 29677 

POLYMER SCIENCE 17577 

SCIENCE TECHNOLOGY OTHER TOPICS 15568 

MATERIALS SCIENCE 10688 
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BIOTECHNOLOGY APPLIED MICROBIOLOGY 9797 

ENGINEERING 9505 

FOOD SCIENCE TECHNOLOGY 9264 

INSTRUMENTS INSTRUMENTATION 9184 

CELL BIOLOGY 6837 

SPECTROSCOPY 6802 

PHYSICS 6607 

TOXICOLOGY 6029 

AGRICULTURE 5481 

BIOPHYSICS 4602 

GENETICS HEREDITY 3576 

ENVIRONMENTAL SCIENCES ECOLOGY 3139 

MICROBIOLOGY 3036 

NEUROSCIENCES NEUROLOGY 2719 

ENDOCRINOLOGY METABOLISM 2694 

PHYSIOLOGY 2354 

IMMUNOLOGY 2337 
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ELECTROCHEMISTRY 2336 

ONCOLOGY 2307 

CRYSTALLOGRAPHY 2173 

INFECTIOUS DISEASES 2136 

CARDIOVASCULAR SYSTEM CARDIOLOGY 2060 

MICROSCOPY 1985 

NUTRITION DIETETICS 1884 

MATHEMATICS 1834 

PLANT SCIENCES 1801 

GASTROENTEROLOGY HEPATOLOGY 1641 

PUBLIC ENVIRONMENTAL OCCUPATIONAL HEALTH 1569 

RADIOLOGY NUCLEAR MEDICINE MEDICAL IMAGING 1491 

HEMATOLOGY 1428 

THERMODYNAMICS 1388 

MEDICAL LABORATORY TECHNOLOGY 1354 

GENERAL INTERNAL MEDICINE 1338 

RESEARCH EXPERIMENTAL MEDICINE 1298 
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ZOOLOGY 1154 

WATER RESOURCES 1148 

ENERGY FUELS 1099 

COMPUTER SCIENCE 997 

MATHEMATICAL COMPUTATIONAL BIOLOGY 982 

LIFE SCIENCES BIOMEDICINE OTHER TOPICS 937 

ANESTHESIOLOGY 923 

PATHOLOGY 897 

REPRODUCTIVE BIOLOGY 885 

DERMATOLOGY 834 

RESPIRATORY SYSTEM 791 

DEVELOPMENTAL BIOLOGY 698 

BEHAVIORAL SCIENCES 687 

IMAGING SCIENCE PHOTOGRAPHIC TECHNOLOGY 670 

SURGERY 561 

UROLOGY NEPHROLOGY 541 

OPTICS 494 
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ANATOMY MORPHOLOGY 471 

OPHTHALMOLOGY 465 

BUSINESS ECONOMICS 452 

CRITICAL CARE MEDICINE 448 

MYCOLOGY 448 

VETERINARY SCIENCES 437 

VIROLOGY 368 

HEALTH CARE SCIENCES SERVICES 363 

OBSTETRICS GYNECOLOGY 337 

GERIATRICS GERONTOLOGY 320 

PSYCHIATRY 317 

PARASITOLOGY 311 

DENTISTRY ORAL SURGERY MEDICINE 310 

PSYCHOLOGY 303 

PEDIATRICS 286 

MECHANICS 277 

METALLURGY METALLURGICAL ENGINEERING 213 
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ORTHOPEDICS 207 

ENTOMOLOGY 158 

MARINE FRESHWATER BIOLOGY 150 

ACOUSTICS 137 

ALLERGY 134 

FORESTRY 125 

TRANSPORTATION 121 

EDUCATION EDUCATIONAL RESEARCH 115 

BIODIVERSITY CONSERVATION 102 

CONSTRUCTION BUILDING TECHNOLOGY 101 

OTORHINOLARYNGOLOGY 94 

INTEGRATIVE COMPLEMENTARY MEDICINE 93 

NUCLEAR SCIENCE TECHNOLOGY 88 

 

In this chapter, we will briefly explain the chemical, physical, and structural properties of 

cyclodextrins that give them this unique ability, and then proceed to describe other 

factors (solubility, aggregation, temperature, etc.) that affect their encapsulation ability. 

(When a cyclodextrin encapsulates either partially or completely another molecule, the 
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resulting interaction between the two molecules (referred to as “host” (cyclodextrin) and 

“guest’ (encapsulated molecule) is called an “inclusion complex” [4,48,49], or  simply, a 

complex [38,50]).  

If the reader is interested in developing a deeper understanding and knowledge of the 

properties of cyclodextrins, he is referred to a series of excellent scientific reviews that 

have been written on the subject [2,4,6,20,50,51].  

Now we proceed to describe the characteristic properties of cyclodextrins, and more 

specifically, those of the native cyclodextrins, α-CD, β-CD, and γ-CD.  

 
1.2 General Properties of Cyclodextrins 

Cyclodextrins are non-toxic [6], sugar polymers that are stable in water and some organic 

solvents [4,6]. Cyclodextrins are made up of D-glucose units (Figure 2) linked together via 

α-(1→4) glycosidic bonds [6]. When the first and last glucose units link together, they form 

what is called a “truncated” cone (See Figure 3). The structures of the native cyclodextrins, 

alpha (α-CD), beta (β-CD), and gamma cyclodextrin (γ-CD) are shown in Figure 4, and their 

dimensions are listed in Table 2.  α-CD, β-CD, and γ-CD have six, seven, and eight glucose 

units, respectively[52,53]. 
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Figure 2 - Structure of the glucose unit in cyclodextrins. The D-glucose shown here unit is in the 4C1 conformation with 
the α - 1→4 glycosidic bond. Carbon atoms are numbered in red, and hydrogens (excluding hydroxyl hydrogens) groups 
are marked in blue. N = 6, 7, and 8, for α-CD, β-CD, and γ-CD, respectively.  The chemical shift changes of H3 and H5 
internal cyclodextrin protons are usually followed to prove the formation of inclusion complexes [56]. Structure created 
in ChemDraw 18.1. 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=b4784b50-00c2-11eb-8cae-9115450ae9c9;;;;;
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Figure 3 -Truncated Cone shape of cyclodextrins. Primary hydroxyls and secondary hydroxyls point towards the narrow 
and wide rim, respectively, and interact with water molecules (dashed lines) via hydrogen bonding. This hydrogen 
bonding character gives the cyclodextrin water solubility.  
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Figure 4 - Chemical structure of cyclodextrins. Though it is harder to see the cone shape in this form, it is plain to see 
that the secondary hydroxyl groups on C2 and C3 point in the opposition direction as the primary hydroxyl groups on C6 
of the glucose units. Structures created in ChemDraw 18.1. 

 

Table 2 - Select Cyclodextrin Properties. Data taken from [40]. 

 

Cyclodextrin No. 
Glucose 
Units 

Inner Diameter 
(Angstroms) 

Outer Diameter 
(Angstroms) 

Torus height 
(Angstroms) 

Alpha 6 5.7 13.7 7.8 

Beta 7 7.8 15.3 7.8 

Gamma 8 9.5 16.9 7.8 

 

The glucose units within the cyclodextrins generally adopt the 4C1 chair conformation (see 

Figure 2) [53], (though adoption the 1C4 chair conformation has also been reported [54]) 

because the hydroxyl groups are more stable in the equatorial position of the chair shape. 

This causes the cyclodextrins to adopt the shape of a  truncated cone, rather than a purely 
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symmetrical cylinder [40]. The truncated cone has two outer rims, one narrow, and one 

wide [55]. The narrow rim is lined with primary hydroxyl (-OH) groups attached to C6 of 

the glucose unit, and the wider rim is lined with secondary hydroxyl groups attached to 

C2 and C3 of the glucose units [55]. Hydrogen bonding occurs between these exterior 

hydroxyl groups and water (see Figure 3), thus bestowing upon the cyclodextrins water 

solubility [56]. The total water solubility of the native cyclodextrins, however,  especially 

that β-CD, is limited [56] (see Table 3). The water solubility of the native cyclodextrins 

generally increases with temperature, and varies even across the native cyclodextrins 

(See Table 3) [56]. There is also hydrogen bonding between the glucose units of the 

cyclodextrins, especially between the O2 atom of one unit, and the O3 atom of the 

adjacent unit [53]. The hydroxyl group of C6 is mostly involved with hydrogen bonding in 

the aqueous media, and so, does not contribute significantly to the internal hydrogen 

bonding network[56].  

Table 3 - Water solubility of the three native cyclodextrins*. Data taken from [56]. 
 

Temperature (°C) Alpha Beta Gamma 

25 12.8 1.8 25.6 

45 29.0 4.5 58.5 

60 66.2 9.1 129.2 

 
*g/100 mL 
 



25 
 

Unlike the hydrophilic water-soluble exterior, the interior of the cone, however, is 

hydrophobic in nature [6], and has a polarity akin to that of a water-ethanol solution [57]. 

The hydrophobic interior (see Figure 5) (also called the hydrophobic/lipophilic cavity) is 

lined with (from the wide rim inwards) a row of CH groups (the C-3 carbons), then a row 

of glycosidic oxygens, and then a row of C-5 CH groups [50], which all contribute to the 

hydrophobic nature of the cavity. These structural aspects (i.e. hydrophilic exterior, 

hydrophobic interior) make cyclodextrins unique chemicals: they are water soluble, and 

are able to encapsulate, either partially or completely, other organic compounds that are 

hydrophobic in nature [6]. Cyclodextrins are therefore able to increase the oral 

bioavailability [45,46] and water solubility of poorly soluble organic compounds [58,59], 

especially drug molecules. 
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Figure 5 - Lining of hydrophobic cavity for α-CD. The same interior lining applies to β-CD and γ-CD. [52] 

 

Saenger et. al (1998) [53] makes the comment that glucose units may be considered as 

“rigid” units [53], thus implying that cyclodextrins themselves are quite rigid. They cite 

the limited internal rotation of the glucose units due to their adoption of the 4C1 chair 

conformation, with the only real internal rotation happening around the glycosidic bonds, 

and the hydroxyl group on C6, as justifications for this claim [53]. However, cyclodextrins 

are, in fact, quite flexible molecules. This is indicated by experiments using  spectroscopic 

methods such as Raman spectroscopy and Nuclear Magnetic Resonance [54,60,61]. 
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Without this inherent flexibility, cyclodextrins would not be able form inclusion 

complexes with other molecules [54], thus limiting their applicability in several fields. 

 

It is important to note that other cyclodextrins (up to 26 glucose units) have been isolated 

and studied[62]. These larger cyclodextrins, however, have limited stability[53], and do 

not form the same truncated cone shape that the native cyclodextrins form (See Figure 

6), thus limiting their capacity to form inclusion complexes with smaller molecules. Thus, 

most of the scientific literature focuses on the three native cyclodextrins, especially beta 

cyclodextrin and its derivatives [63–80]. 
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Figure 6 - Top (A, C, E) and side views (B, D, F) of larger cyclodextrins, with A and B representing the cyclodextrin polymer 
with 9 D-glucose units, with C and D representing the cyclodextrin polymer with 10 D glucose units, and with E and F 
representing the cyclodextrin polymer with 14 D-glucose units. Oxygen atoms (O2 and O3 of the cyclodextrin) are in red, 
and carbon atoms (C6 of the cyclodextrin) are in gray. As seen in these schematics, larger cyclodextrins usually do not 
form the characteristic truncated form of the smaller cyclodextrins (α-CD, β-CD, and γ-CD), and therefore, have a limited 
capacity to encapsulate other molecules. In addition, they are not as stable as the lower in molecular weight 
cyclodextrins. Copied from [81] with permission. Copyright 1998 VCH Publishers.  
 
 

1.3 Factors that Influence the Ability of Cyclodextrins to Form Inclusion-
complexes with Other Molecules 

It is generally accepted that four factors (including molecular interactions) [6,82]  

contribute to the ability of cyclodextrins to form inclusion complexes :  

1. Van der Waals interactions between guest molecules and cyclodextrin cavities.  

2. Release of strain energy of cyclodextrins upon complexation. 

3. Hydrogen bonding with the hydroxyl groups of the cyclodextrins and other polar 

groups of the guest. 
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4. Release of high energy water molecules from the cyclodextrin cavity (in aqueous 

solution). 

Other factors such as pH, temperature, and additives contribute to the formation of 

inclusion complexes [83]. Generally speaking, the formation of an inclusion complex with 

cyclodextrins is thermodynamically favorable [84]. The fourth factor does not apply to 

cyclodextrins dissolved in solvents that lack the capacity to experience hydrogen bonding. 

We will discuss the factors of pH and temperature in more detail. These factors, in 

particular the temperature and pH, were selected in this study, because their change can 

be easily controlled in the experimental conditions. These factors also change according 

to human health conditions, which could affect potential drug release from 

encapsulation. 

  

Even though cyclodextrins have a hydrophobic interior, they often contain some number 

of water molecules, both in solution state [52] and as solid hydrates [4]. The release of 

water molecules is thermodynamically favorable, with the release having a high enthalpy 

and a low entropy [2]. The thermodynamics of cyclodextrins have been discussed in detail 

in an excellent review by Rekharsky et. al (1998)  [85]. 

  

1.4 Properties of Quinine 

Quinine is a small, low weight (MW = 324.42 g/mol) organic compound that is often  used 

to treat malaria [86]. It belongs to the class of organic compounds known as cinchona 
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alkaloids, since quinine is naturally occurring in the bark of cinchona trees [87,88]. Quinine 

was first extracted from the bark of the cinchona tree in 1820 [86], and it became an FDA 

approved drug in 2005  [89]  under the brand name Qualaquin® [90]. It has poor aqueous 

solubility (500 mg/L at 15 °C [91]), and in the author’s experience, dissolving quinine in 

aqueous solution requires intense sonication for several hours.  

The structure of quinine is shown in Figure 7, along with a labeling scheme for the 

assignment of protons in the NMR (Nuclear Magnetic Resonance) spectrum of quinine. 

Quinine has two protonatable sites (not including the hydroxyl group), with pKa values of 

4.1 (quinoline, two fused benzene rings containing a nitrogen atom) and 8.5 (amine 

group) at 20°C, and is weakly basic [92]. The two protonatable sites of quinine make 

quinine susceptible to changes in the charge of the environment (i.e. pH), which will 

become important later on.   
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Figure 7 - Structure of Quinine. Labeling scheme of protons for NMR chemical assignment is included, and follows the 
pro-R/pro-S system introduced by Hanson [93]]. Figure copied from Wójcik et. al (2019) [94] with permission from The 
Royal Society of Chemistry. 

1.5 NMR as a tool to Study Inclusion Complex-Formation 
 
NMR is well suited for studying complexation systems, and is arguably the best 

biophysical method to study cyclodextrin complexation systems [95], as NMR can be 

easily used to study solution state systems with atomic resolution [96]. Standard NMR 

experiments such as NOE (Nuclear Overhauser Effect), COSY (COrrelated SpectrsocopY), 

HSQC (Heteronuclear Single Quantum Coherence), etc. can also explain how the various 

atoms interact with each other, and quite a number of NMR studies on cyclodextrins and 

their complexes have been reviewed and studied in detail [95,97–99]. It is clear that NMR 
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is a standard tool in cyclodextrin research, and below we highlight its use in studying the 

structural properties of cyclodextrins and its inclusion complex with quinine. 

However, NMR is susceptible to a number of conditions, including the temperature of the 

sample, and the pH of the environment. Before we explain these two factors affect 

chemical shift, it is important to cover the basics of NMR spectroscopy. 

 
1.5.1 NMR Spectroscopy – Working Principles 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful tool for determining the 

chemical structure of molecules, and is a viable way to study the interactions between 

smaller molecules and larger molecules. Most often, NMR is applied to study the 

interactions between binding/non-binding ligands (small molecules) and proteins. 

Interactions between smaller molecules and larger molecules are analyzed based on the 

spectra (spectrum - singular) obtained from the experiment.  

Standard NMR experiments are performed in the following way (See Figure 8). A sample 

with magnetically active nuclei (such as 1H, 13C, and 15N) is placed into a static, 

homogeneous magnetic field. A radiofrequency pulse is applied that briefly excites 

particles (neutrons and protons) in the nuclei from a lower energy state to a higher energy 

level. Afterwards, the nucleus will revert to its original, equilibrium state, and emit a signal 

known as free induction decay (FID). A mathematical operation known as the Fourier 

Transform converts the FID peaks on a spectrum, and these peaks are analyzed in terms 
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of their intensity (peak height and width), splitting patterns, and frequency (chemical 

shift) (See Figure 9).  

 

 

Figure 8 - Basic layout of the NMR experiment. Copied from  [100] with permission. Copyright CC by 4.0.   

 

Figure 9 - Annotation of an NMR peak. 
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The peak intensity is proportional to the amount of similar nuclei in the sample, and 

splitting patterns reveal atom connectivity. The frequency, or chemical shift, is directly 

related to the type of atom in the sample. The chemical shift is defined relative to a 

standard so the same type of atom (i.e. 1H, 13C, 15N) will display the same chemical shift 

value independent of the strength of the external magnetic field. In mathematical terms, 

the chemical shift is (Equation 1): 

𝛿𝛿 =
𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −  𝜈𝜈𝑟𝑟𝑠𝑠𝑟𝑟

𝜈𝜈𝑟𝑟𝑠𝑠𝑟𝑟
 (1) 

Where δ is the chemical shift, νsample is the frequency of the sample, and νref is the 

frequency of a reference such as tetramethylsilane (TMS).  

Unfortunately, not all nuclei are magnetically active, and therefore, undetectable by NMR 

spectroscopy. Only those with either an odd atomic number mass, or those with an even 

atomic mass and an odd atomic number, possess an uneven distribution of protons 

and/or neutrons, which can be affected by the radiofrequency pulse. This limits the utility 

of NMR to atoms such as 1H, 13C, and 15N, and furthermore, each atom has different 

sensitivity levels due to their varying gyromagnetic ratios (ratio of magnetic moment to 

angular momentum) and relative natural abundance.  

Fortunately, 1H has the highest gyromagnetic ratio (beside tritium, 3H), and has a high 

natural abundance (nearly 100%). Because of these two factors, 1D 1H NMR is a rapid, 

and relatively straightforward experiment to perform, making it the most employed NMR 

experiment. 

https://en.wikipedia.org/wiki/Ratio
https://en.wikipedia.org/wiki/Magnetic_moment
https://en.wikipedia.org/wiki/Angular_momentum
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1H NMR has a narrow chemical shift range (0-10 ppm). It is, however, very sensitive to 

changes in the environment such as the pH, temperature, and interactions with other 

types of molecules (in this case, quinine and the three native cyclodextrins). In this study, 

we exclusively use 1H 1D NMR spectra to study how the pH of the solution and the 

temperature affect the association of quinine binding with its cyclodextrin host, due to 

fast acquisition time and high sensitivity of 1D 1H NMR.  

The chemical shift measurements are actually quite sensitive to external factors. We now 

(briefly) explain how pH, temperature, and complexation with other molecules affect the 

1H NMR chemical shifts.  

1.6 Effects of pH on chemical shift values 

pH is a measure of the overall charge of the solution with ranges defined as <7 as acidic 

(positive), 7 as neutral (zero charge), and > 7 as basic (negative). These ranges present a 

deceptively simple presentation of pH. pH, however, is a complex phenomenon [101], one 

that scientists and spectroscopists have sought to understand more fully for years [101–

103].  

pH affects the properties of small molecules[104,105],and large molecules (such as 

proteins) alike [106], though the effect of pH is much more dramatic for proteins since 

they have several side chain amino acid groups which are protonatable/deprotonatable, 

and therefore, highly sensitive to changes in pH. This sensitivity to pH is useful for NMR 

studies because it allows one to determine the pKa values of the side groups 

[101,107,108], which in turn is useful for understanding the protein’s properties. The pH 

affects several properties of proteins[106], including, but not limited to, their alterations 
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in their folding patterns and three-dimensional structure [109–112], their binding 

affinities with smaller particles [113–115], aggregation properties [116–119], and their 

overall stability [120–122]. A pH indicator (such as Litmus paper) or a pH meter probe can 

be used to measure and to track the pH of the solution over time.  

The increased sensitivity of proteins to the pH (charge) of the solution is partially due to 

the phenomenon of chemical exchange. Chemical exchange is any process by nuclei 

exchange between two or more environments (i.e. other protonatable amino acids, the 

solvent) (See Figure 10) and therefore alters the magnetic properties of the nuclei 

[123,124]. The effects of chemical exchange are observed via differences in chemical 

shifts, scalar coupling, and/or the  NMR relaxation rate [123]. Chemical exchange is a 

ubiquitous phenomenon in NMR spectroscopy [125], and it allows one to calculate 

binding constants/affinities of small molecules binding to larger molecules such as 

enzymes and proteins (discussed later, see section 3.3)  [125,126]. D2O is often used as a 

solvent to eliminate chemical exchange between protonatable groups, and erase its 

presence from the NMR spectrum (Figure 10). Organic functional groups (amines, 

carboxylic acids, carbohydrates) have different pH sensitivities, even if they behave 

similarly as Lewis bases [127]. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/proton-nuclear-magnetic-resonance
https://www.sciencedirect.com/topics/medicine-and-dentistry/proton-nuclear-magnetic-resonance
https://www.sciencedirect.com/topics/medicine-and-dentistry/nuclear-magnetic-resonance
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Figure 10 - Spectra of normal and deuterated ethyl amine in D2O solvent. Spectrum A is normal ethyl amine. The 
replacement of a hydrogen atom with a deuterium atom on the nitrogen atom will decrease the peak intensity of the 
amino group (Spectrum B). Replacement of both hydrogen atoms on the nitrogen atom will eliminate the signal arising 
from the amino group, and will not show up on the NMR spectrum (Spectrum C). (D) shows the exchange of protons on 
ethyl amine with the D2O solvent. Structures and respective structures were created in ChemDraw 18.1. 

Though the focus of this study is not the effect of pH on proteins, the pH does affect the 

chemical and physical properties of quinine. Quinine has three sites for exchangeable 

protons (See Figure 11), and thus, chemical exchange will influence the character of 

quinine in solution. 
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Figure 11 - Chemical structure of quinine, with protonatable sites (and thus sensitive to chemical exchange with the 
solvent (i.e. D2O) are colored in green. Structure created in ChemDraw 18.1. 

Perhaps of greater importance than chemical exchange is the charge of the quinine 

molecule at different pH values. As stated earlier (Section 1.3), quinine has two pKa values 

of 4.84, and 8.5, and so at the pH values explored in this study (7.4, and 11.5), quinine will 

have a +1 charge at pH = 7.4, and a neutral charge at pH = 11.5 (See Figure 12). 

Cyclodextrins have neutral, hydrophobic cavities (see Figure 3), and therefore, the charge 

of quinine will affect is ability to form an inclusion complex with cyclodextrins, as 

cyclodextrins preferentially bind neutral (non-charged) molecules due. This will be 

demonstrated later on (See Section 4.1).  
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Figure 12 - Structure and charge of quinine at different pH values. The charge matters because it heavily influences the 
ability of quinine to complex with cyclodextrin. Structures drawn using ChemDraw 18.1. 

 
The influence of pH on smaller molecules forming inclusion complexes with cyclodextrins 

has been studied previously [128].  

 
1.7 Influence of Temperature on Chemical Shift 

The temperature of the solution changes the frequency at which protons in the solution 

absorb the irradiation energy. At higher temperatures, molecules have higher vibrational 

and rotational energy, and therefore, their frequencies will appear to shift downfield as a 

result [129]. The effect of temperature on the chemical shift must be taken into account 

if NMR spectra are recorded at different temperatures, or else significant errors may 

ensue. Wermter et. al (2017) [130]point out that the temperature dependence of 

chemical shifts must be taken into account for the analysis of metabolites (whose 

chemical data are generally recorded and published at 37 °C) or else the correct 

quantification of metabolite concentration will be impaired [130]. Wermter et. al (2017) 
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and others have found a linear relationship between chemical shifts and temperature 

[130–133]. Reference to chemical shifts are also temperature dependent.  

The hydrogen bonding is also affected because the molecules will be separated by a 

greater distance due to the increase in energy[134]. Vibrational amplitude (energy) 

increases. Temperature variations are useful for determining the existence of and the 

extent of hydrogen bonding within molecules [134,135], as raising the temperature can 

increase the energy, thus allowing the molecules to overcome the energy barrier posed 

by hydrogen bonding entities.  

Several papers have been published regarding the effects of temperature on protein side 

chain protons  [136–138]. Temperature coefficients are often used to model and predict 

the effect that temperature has on chemical shift changes in proteins [137,139–141], as 

this can reveal possible hydrogen bonds between different amino acid residues, and 

reveal information about the conformation of the protein fragment (i.e. what shape it 

takes in solution) [131]. It was shown in these studies that protons not involved in 

hydrogen bonding are mostly characterized by the linear change of their chemical shift 

values upon their temperature increase, and this is also true when there is no 

conformational change induced by increasing temperature. Besides that, it is worth 

mentioning that the presence of hydrogen bond (C=O...HN) within the protein can be 

considered true when the values of an amide protons in α-helices involved in hydrogen 

bonds shorter than 2 Å is as follows: ΔσHN/ΔT < -4.6 ppb/K [137]. For the smaller and 
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more flexible systems, this threshold does not seem to be applicable as the further studies 

have shown recently [138,142]. 

The effects of temperature on the ability of α-CD and β-CD have been investigated 

previously [143–145], and the effects of temperature on quinine complexing with 

cyclodextrin will be explored in section 3.2. 

 
1.8 Effect of Complexation on Chemical Shift 

Upon complexation of smaller molecules (quinine) to larger molecules (cyclodextrins), 

there are changes in the magnetic environment. Chemical shift changes due to the 

formation of an inclusion complex are known are complexed induced shifts (CIS), and 

results from local, electric, and magnetic fields due to neighboring molecules of a complex 

[146]. 1H NMR is sensitive to through space interactions, and hence, solution is useful for 

the structural elucidation of supramolecular complexes such as protein ligand systems 

[147–149] , and of course, the system(s) of quinine complexing with either α-CD, β-CD, or 

γ-CD. 

Even though α-CD, β-CD, and γ-CD have similar properties (see Section 1.2), they will have 

different complexation abilities with quinine because the size of their cavities are 

different (see Table 2). Therefore, it is expected that the binding of quinine to each 

cyclodextrin will be different. The difference in binding will be measured by complexation-

induced shift (CIS), which is different from chemical shift changes caused by pH and 

temperature, although these two factors may influence the ability of quinine to form an 

inclusion complex with α-CD, β-CD, or γ-CD. 

https://www.journal.csj.jp/doi/abs/10.1246/bcsj.52.1807
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The protons most affected by formation of an inclusion complex at varying conditions 

(different pH and temperature) will have the largest CIS difference values, and will 

therefore show us which part(s) of quinine associate most with the cyclodextrin complex 

at different conditions. These CIS values can then be used to calculate an association 

constant (Ka), which will definitively demonstrate quinine’s binding capacity with  α-CD, 

β-CD, or γ-CD at the different conditions explored in this study.  

CHAPTER 2: RESEARCH OBJECTIVES 

The main purpose of this thesis is to understand how quinine interacts with and binds to 

α-CD, β-CD, and γ-CD at different temperatures (T = 288 K, 293 K, 298 K, 303 K, 308 K) and 

different pH values (pH = 7.4, 11.5). 

CHAPTER 3: MATERIALS AND METHODS 

3.1 Preparation of Samples and NMR Spectroscopy 

Quinine is a light sensitive compound with limited water solubility (500 mg/mL, 1.5 mM) 

[93], and was therefore prepared at 1.0 mM to ensure solubility, and was dissolved in 

90% H2O/10% D2O solution to observe chemical exchange (H2O), and to provide a lock 

signal during NMR data acquisition. Several hours of water bath sonication were required 

to dissolve quinine at the desired concentration.  

The quinine solution was then divided in half [by volume] so α-CD, β-CD, or γ-CD could be 

added to one-half, and then the other half (pure quinine) could be used to dilute the 

solution with α-CD, β-CD, or γ-CD to obtain different cyclodextrin/quinine ratios. This 

https://www.wizdom.ai/cite-in-google-docs/v2?cid=60a98500-088f-11eb-b898-e140b4ed5ef2;;;;;
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keeps the quinine concentration uniform for all measurements at all conditions. Before 

addition of α-CD, β-CD, or γ-CD, the quinine solution was titrated with strong acid (HCl) 

or strong base (NaOH) to reach the desired pH (7.4 or 11.5) in miniscule amounts that 

have a negligible effect on the total concentration of the solutes (quinine or α-CD, β-CD, 

or γ-CD) in solution. If addition of α-CD, β-CD, or γ-CD caused a significant shift in pH, 

more strong acid or base was added to ensure proper pH values. pH values that drift 

slightly from desired values of 7.4 or 11.5 were deemed negligible. Each quinine and 

cyclodextrin was thoroughly vortexed to ensure uniform concentration throughout.  

 
 
3.2 NMR Spectroscopy Parameters 
 

Each sample containing quinine and/or cyclodextrin was added to 5 mm Bruker NMR 

Tubes in 600 µL amounts. The zgesgp pulse program was used to suppress the water 

signal. The magnet used was a 600 MHz Bruker instrument. All resulting spectra were 

analyzed using MestreNova (for data presentation) and Bruker (for data acquisition and 

analysis). Individual spectra were recorded for pure quinine at each temperature (288 K, 

293 K, 298 K, 303 K, 308 K), and pH value (pH = 7.4, pH = 11.5). All spectra and chemical 

shifts values can be found in the Appendices.  

 

3.3 Determination of Binding Constants 
 

There are several methods (graphical and mathematical) used to calculate binding 

constants from NMR titration data [150]. The one we use is as follows. 
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When quinine binds to cyclodextrin, complexation included shifts (CIS) occur. This result 

allows one to calculate the association constant, Ka, which is a direct measurement of the 

strength of the interaction between quinine and cyclodextrins. Ratios (of cyclodextrin to 

quinine) were chosen based on the cyclodextrins water solubility (see Table 3). 

In a one to one (1:1) binding system (which quinine to cyclodextrins is), the chemical 

reaction (reversible) can be expressed as  

[𝑄𝑄] + [𝐶𝐶𝐶𝐶] ⇆ [𝑄𝑄 ∗ 𝐶𝐶𝐶𝐶] (2) 

Where [Q] is the concentration of uncomplexed quinine in solution, [CD] is the 

concentration of uncomplexed [CD], and [Q * CD] is the concentration of complexed 

quinine and cyclodextrin. The equilibrium constant, Ka, for this reaction can be expressed 

as 

𝐾𝐾𝑠𝑠 =
[𝑄𝑄 ∗ 𝐶𝐶𝐶𝐶]
[𝑄𝑄][𝐶𝐶𝐶𝐶] 

  (3) 

The total amounts of quinine and cyclodextrin can be expressed as follows: 

[𝑄𝑄]𝑡𝑡 = [𝑄𝑄]𝑜𝑜 + [𝑄𝑄 ∗ 𝐶𝐶𝐶𝐶] (4) 

[𝐶𝐶𝐶𝐶]𝑡𝑡 = [𝐶𝐶𝐶𝐶]𝑜𝑜 + [𝑄𝑄 ∗ 𝐶𝐶𝐶𝐶]  (5) 

Where the subscripts t and o denote total and uncomplexed form, respectively.  

Given this information, we also know that in fast exchange, the chemical shift observed 

is the weighted average of the free and uncomplexed forms expressed as  

 

𝛿𝛿𝑜𝑜𝑜𝑜𝑠𝑠 = 𝑥𝑥𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 ∗ 𝛿𝛿𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 + 𝑥𝑥𝑐𝑐𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐 ∗ 𝛿𝛿𝑐𝑐𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐    (6) 
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Where δobs is the observed chemical shift, xfree, and xcomplexed are the mole fractions of free 

and uncomplexed quinine, respectively, and δfree and δcomplexed are the chemical shifts of 

the free and complexed forms of quinine, respectively.  

The same equation can also be written as  

𝛿𝛿𝑜𝑜𝑜𝑜𝑠𝑠 =  𝛿𝛿𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 +  𝛿𝛿𝑐𝑐𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶 (7) 

Where CIS is the complexation-induced shift.  

xfree can be written as 

𝑥𝑥𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 =
𝑃𝑃 −  �𝑃𝑃2 − 𝑅𝑅 ∗ (2 ∗  𝐾𝐾𝑠𝑠 ∗ [𝑄𝑄]𝑜𝑜)2 

2 ∗ 𝐾𝐾𝑠𝑠 ∗ [𝑄𝑄]𝑜𝑜 
 (8) 

Where  

P = Ka * [Q]o * (1 + R), and R is the ratio of cyclodextrin to quinine.  

We therefore see that the observed chemical shift is a function of the CIS value and Ka. Ka 

is a global parameter that can be fitted with several points. Many points are needed (8-

10 minimum) to provide a smooth curve which will return converging values. Several 

points were recorded, and ratios (of cyclodextrin to quinine) were chosen to provide a 

smooth curve for the NMR titration.  The global fit calculations were performed using the 

sum of squared errors method with the iterative Excel 2016 solver.  

 

Calculation of residual error was calculated using SER = SSE/(n-=K) where SER is the Sum 

of Errors Residual,  SSE is the Sum of Square Errors, n is the number of points used in the 

global fit, and K is the number of parameters  (Ka included) used in the global fit. 
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CHAPTER 4: RESULTS 
 

4.1 Effect of pH on Chemical Shifts and Binding 

The pH of the solution can affect the chemical shift value of the protons in solution. As 

noted earlier, quinine has pKa values of 4.1 (quinoline, two fused benzene rings containing 

a nitrogen atom) and 8.5 (quinuclidine, amine group) at 20°C [92]. The amine group is 

especially sensitive to any pH change, especially within the range pKa ± 1 in which some 

of the amine nitrogens in solution are indeed protonated, giving quinine a single positive 

charge. This changes the overall charge distribution on the surface of quinine, which 

immediately affects the encapsulation process by cyclodextrins.   

The protons around the amine nitrogen are therefore the most affected since the amine 

nitrogen acts as a Lewis base with its pair of lone and noncovalently bound electrons [127] 

(see Figure 13). Figure 14 shows some cases in which the chemical shift changes because 

of different pH values.  
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Figure 13 - The protons (circled in green) near the amine group are most affected by changes in pH, and therefore, will 
heavily influence the binding/encapsulation of quinine to cyclodextrins. 
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Figure 14 - Some representative cases of how the pH affects the chemical shift for alpha, beta, and gamma cyclodextrin. 
Although most of the cases here show chemical shift values decreasing with increasing pH, the effects are varied and 
differ even among the cyclodextrins.  

The difference pH makes in complexation is immediately apparent when comparing 

spectra of the same cyclodextrin associating with quinine. For pH = 7.4, the chemical shift 
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changes are almost exclusively small and narrow upon addition of cyclodextrin (see Figure 

15, and Appendix C), indicating that the protons are not affected by complexation with 

cyclodextrins (i.e. little to no binding). 
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Figure 15 -Chemical Shifts for quinine complexation for beta CD, T = 293 K, pH = 7.4. In general, the chemical shifts of 
the protons are very small, and some chemical shifts (from pure quinine chemical shift to highest CD/Q ratio) are almost 
zero. From smallest to largest changes in chemical shift values at pH = 7.4 across the cyclodextrins is α-CD, γ-CD, and β-
CD. 

For pH = 11.5, the situation is completely different. Without the protonated amine group 

(pKa = 8.5), protons show much more chemical shift perturbation. As seen in Figure 16, 
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the most sensitive protons are around the amine group (see Figure 13); these protons are 

most sensitive to complexation with cyclodextrins and will show the highest chemical shift 

perturbation. These results prove the importance of the charge distribution over the 

entire molecule (quinine) on its ability to form complexes with cyclodextrins. At pH = 11.5, 

the charge of quinine’s surface is approximately zero. Charge on the quinine’s surface 

most likely causes repulsion between cyclodextrins and quinine. This is a possible 

explanation for why there is such small chemical shift perturbation at pH = 7.4.  
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Figure 16 - β-CD at pH = 11.5, and T = 288 K. As seen in this representative case, chemical shifts of protons change 
dramatically, indicating that they are sensitive to changes in the environment, in this case, complexation (pH and T are 
held constant throughout throughout the NMR titration). As seen in the third and fourth panels, the most sensitive 
protons are the ones around the amine nitrogen (see Figure 13). We can therefore conclude that around this nitrogen, 
charge distribution is immediately affected upon change in pH, and so, it plays a crucial role in the binding of quinine to 
cyclodextrin. 

 
Comparing these two sets of spectra (Figures 15 and 16), there is likely to be a significant 

difference in the binding of quinine to cyclodextrin. In fact, this is easily verified in binding 

constants of quinine with cyclodextrin (strongest to weakest interactions = β-CD, γ-CD, 

and α-CD. See Table 4, page 60). The binding constants of β-CD are one order of 

magnitude larger than those for either α-CD or γ-CD.  

This is also consistent with the fact that cyclodextrins have hydrophobic (neutrally 

charged) interior cavities. The protonated form of quinine makes the molecule non-

neutral with respect to charge, and less likely to bind, unlike its unprotonated form, which 

is present at pH = 11.5, and is more hydrophobic, and does show considerable binding 

(see Table 4). 
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4.2 Effect of Temperature on the Binding of Quinine to Cyclodextrin    
 
For all cases, regardless of the cyclodextrin used, or the pH, the chemical shift values of 

protons all increase with increasing temperature (see Figure 17), as increasing the 

temperature increases the relative energy associated with the molecule. Even though 

temperatures are higher, however, the relative complexation pattern of quinine with 

cyclodextrins remains unchanged. Comparing the spectra in Figure 18, it is easy to see 

that the complexation pattern varies very little with different temperatures, even with 

large temperature differences (i.e T = 308 K, T = 288 K).  

 

 

Figure 17 - Chemical shift values increase with increased temperature, regardless of the cyclodextrin or pH (see Appendix 
3). 
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Figure 18 - Comparison of complexation patterns at two different temperatures (298 K and 308 K). Chemical shift 
patterns are generally the same for each temperature, given that the cyclodextrins used and pH values are the same. 
 

 

 



60 
 

Table 4 Binding Constants (Ka) for Three Native CDs at different temperatures and pH = 11.5. As 

seen from the values here, quinine clearly has the best binding to β-CD at all temperatures. 

 

The temperature, however, is not insignificant. The binding constants do not show much 

difference (i.e. same order of magnitude), but yet there is somewhat of a difference, 

indicating that temperature is not a totally irrelevant factor when considering the binding 

of quinine to α-CD, β-CD, and γ-CD. 

We noticed chemical shift perturbation was marginally small at pH = 7.4 (see Figure 18, 

meaning there was virtually no binding at this pH, which is consistent with the data 

previously published [94]. Moreover, due to the signal broadening and peak overlap 

observed in the described conditions, calculations for the protons of quinine is undoable 

at this pH. Therefore, we can conclude that there is residual binding at these conditions.  

CHAPTER 5: CONCLUSION AND FUTURE OUTLOOK 
 

There is an observed difference between the level of influence between pH and 

temperature on the binding of quinine with cyclodextrins. The pH value of the solution 

has a greater impact on the binding of quinine, as demonstrated by the global binding 
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constants at pH = 11.5. The fact that quinine’s binding with cyclodextrins is strongly pH 

dependent is consistent with previous research done on the subject [94], and has a lot in 

common with the surface charge distribution of quinine. All the data for this study can be 

found in the Appendices A - C. The most representative cases were included in the main 

text for proof of point.  

The size of the cavity also makes a difference. All of the cyclodextrins have the same basic 

properties (i.e. structure, overall shape, non-toxic), and yet, β-CD seems most suited for 

binding to quinine. This property of β-CD is most likely attributed to its size.  

There are additional ways to characterize the binding of quinine to cyclodextrins, one 

being kinetics. We plan to study the kinetics of quinine binding with cyclodextrins, and 

more precisely determine the orientation of quinine within the cyclodextrin itself using 

NMR techniques aided by computational methods. We also want to determine individual 

binding constants for the protons of quinine. Further characterization of the binding of 

quinine to cyclodextrins may prove as a useful starting point for studying the 

complexation of alpha, beta, and gamma CD with analogues of quinine (i.e. cinchonidine, 

quinidine, chloroquine, hydroxychloroquine, etc.) that have important chemical and 

biological properties. This study and future experiments may also be used as reference 

points for the use of cyclodextrins in the fight against the COVID-19 pandemic [151]. 
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In any case, this study characterizes the binding of quinine with cyclodextrins at different 

pH values and temperatures, thus giving us a useful starting point for future research 

related to cyclodextrins. 
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APPENDIX A – Chemical Shift Values of Quinine and All Conditions (pH = 

7.4, 11.5, T = 288 K, 293 K, 298 K, 303 K, 308 K) 

Note: “x” in the Chemical Shifts Tables simply means “unable to determine” either due 

to peak overlap, or poor spectral resolution. 

 

 

  



77 
 

APPENDIX A.1 – Chemical Shifts of Quinine in Alpha CD 
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APPENDIX A.2 – Chemical Shift Values of Quinine in for Beta-CD 
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APPENDIX A.3 – Chemical Shifts Values of Quinine in Gamma-CD  
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APPENDIX B –Graphs of Chemical Shift vs. Ratio of Cyclodextrin to 

Quinine ([CD]/[Q]), Graphs of Chemical Shift vs. Temperature (T), and 

Graphs of Chemical Shift vs. pH 
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APPENDIX C – COMPLEXATION PATTERNS FOR ALL CYCLODEXTRINS 

(STACKED NMR SPECTRA) 
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