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Abstract 

Binding constants for thousands of cyclodextrin complexes have been reported in the literature but 

much less is known about the kinetics of these host-guest complexes. In the present study, inclusion 

complexes of bile salts with β-cyclodextrin, γ-cyclodextrin and a methylated β-cyclodextrin were 

studied by NMR lineshape analysis to explore the structural factors that govern the complexation 

kinetics. For complexes with β-cyclodextrin, the association rate constants ranged from 2×106 to 

2×107 M-1s-1 while the dissociation rate constants ranged from 12 s-1 to 6000 s-1 at 25 °C. The 

kinetics were thus significantly slower than for any other β-cyclodextrin complex reported in the 

literature, due to the large energy barrier for threading the ionic sidechains of the bile salt anions. 

Bile salts with taurine and glycine sidechains had identical binding affinities but the kinetics 

differed by a factor of 10. Introduction of a single hydroxyl group at the binding site of the bile salts 

reduced the lifetimes and binding constants of the complexes more than 50 times. The strong 

temperature dependence of the rate constants revealed that the large activation energies were mainly 

enthalpic with a small contribution from entropy. The larger γ-cyclodextrin was threaded by the 

non-ionic end of the bile salts and the kinetics were too fast to be accurately determined. The study 

demonstrates that ionic groups on guest molecules constitute significant energy barriers for 

threading and dethreading of β-cyclodextrin hosts.   



Introduction 

Cyclodextrins (CDs) are cyclic oligosaccharides with a shape sometimes described as a hollow 

truncated cone. Due to their hydrophobic interior and hydrophilic exterior they readily form water 

soluble inclusion complexes with a large variety of guest molecules.1 For this reason they have 

found applications within pharmacy, food and environmental technologies, advanced materials, 

etc.2 They are also important building blocks for supramolecular structures and molecular machines, 

for example as wheels on molecular axles.3 CD inclusion complexes also serve as simple model 

compounds for protein-ligand binding and molecular recognition, and they are used to develop and 

validate molecular modelling force fields.4 

Most of the applications rely on the binding affinity of the guest moiety for the CD host, and 

binding constants for thousands of CD complexes with predominantly small guest molecules have 

been reported. However, the kinetics of the complexation and dissociation processes have only been 

determined for relatively few complexes, probably less than a hundred.5–22 Of these, most are with 

the small αCD, fewer with the wider βCD and its derivatives, and rate constants have only been 

reported for a few complexes with γCD,23–26 which has the largest diameter of the natural CDs. 

With timescales ranging from nanoseconds to seconds for the vast majority of complexes, the 

dynamics are sufficiently fast to be of negligible importance for many practical applications but 

may be crucial for understanding the properties of some supramolecular systems.27 Also, for 

molecular machines that rely on the shuttling of a CD along an axle, or the threading/dethreading of 

an axle, it is of great importance to identify the energetic barriers that control the motion of the CD. 

Kinetic data may also add a new dimension to the understanding of the molecular recognition 

properties of CDs and advance the understanding of the relationships between structure and binding 



affinity.27 As shown in equation 1, the binding constant, K, is equal to the ratio of the complexation 

and dissociation rate constants. 

𝐺𝐺 + 𝐶𝐶𝐶𝐶
𝑘𝑘−1
⇌
𝑘𝑘1
𝐶𝐶𝐶𝐶:𝐺𝐺  𝐾𝐾 = 𝑘𝑘1

𝑘𝑘−1
  (Eq. 1) 

A strong binding can thus be due to fast complexation kinetics or slow dissociation kinetics. 

Conversely, a low binding constant can be due to a short-lived complex or a poor ability of the host 

and guest to structurally adapt to each other and form a complex. Thus, knowledge of the kinetics 

can assist the structural and mechanistic interpretation of the equilibrium complexation 

thermodynamics.  

The present study reports the complexation and dissociation kinetics for complexes of several bile 

salts (BS) (Figure 1) with two βCDs and a γCD. In addition to being of importance for the intestinal 

absorption of CD-bound drugs,28 BSs are suitable model compounds as many structural analogues 

are available, thereby making it feasible to probe the effects of systematic structural variations. 

Further, their complexes with various CDs have previously been thoroughly characterized in terms 

of structure and binding thermodynamics.29–33 The present systematic study of structurally similar 

systems at a range of temperatures aims to contribute to the general understanding of the structural 

factors that control the complexation kinetics. 



 

Figure 1 Structures of the 5 bile salt anions employed in present study. Full names of the BSs are glycocholate (GC), taurocholate 
(TC), glycochenodeoxycholate (GCDC), taurochenodeoxycholate (TCDC), and cholate (C). 

 

  



Experimental Section 

Chemicals 

Sodium salts of the bile salt anions glycocholate (GC), taurocholate (TC), cholate (C), 

glycochenodeoxycholate (GCDC), and taurochenodeoxycholate (TCDC) were purchased from 

Sigma-Aldrich at a purity of at least 97%. βCD and γCD were from Sigma-Aldrich. Heptakis(2,6-

di-O-methyl)-β-cyclodextrin (DIMEB) with an isomeric purity of 95%  was purchased from 

Cyclolab (Budapest, Hungary). All chemicals were dried overnight in vacuum at 55 °C prior to 

weighing the amounts for the solutions. 

 

Isothermal Titration Calorimetry 

Titrations were made on a VP-ITC (Malvern Panalytical, Malvern, UK) at several temperatures 

ranging from 10-70 °C. Solutions of CD in Milli-Q water were titrated into solutions of BS in Milli-

Q water in aliquots of 10μL, except for the first injection which was only 2μL and neglected in the 

data analysis. Peaks were integrated in the Origin Microcal software. Cell concentrations and 

integrated heat signals were exported to Matlab where all titrations for a given host-guest 

combination were globally fitted with a ‘One Set of Sites’ binding model which requires ΔH to be 

linearly dependent on the temperature and K to follow the van’t Hoff equation.34 

 

NMR 

Titration series were prepared directly in the NMR tubes by mixing stock solutions of CD and BS in 

D2O. 1H-NMR spectra were recorded at several temperatures in the interval 10-55 °C on a 400 MHz 

Bruker spectrometer. After insertion of the sample into the spectrometer, but prior to the locking 



and shimming procedures, the sample was left to thermally equilibrate for 300 seconds. Each 

spectrum was acquired with 128 scans and a spectral resolution of 0.0488 Hz per point in the range 

-1 to 8 ppm. Spectra were phase and baseline corrected prior to analysis. The intensities of all 

spectra in a titration series were adjusted for differences in receiver gain. 

Rate constants were obtained by fitting the Bloch-McConnell equations35 for a two-site exchange 

system to the BS 18-CH3 NMR singlet. The solution to the Bloch-McConnell equations in the form 

presented as equation 14 in the article by Římal et al.36 was used to the fit the experimental NMR 

peaks using in-house Matlab scripts, inspired by the Asymexfit36 and the LineShapeKin37 Matlab 

packages. More details of the fitting procedure are provided in the Supporting Information. 

 

  



Results and Discussion 

Complexation and dissociation rate constants were determined by NMR lineshape analysis. A 

proton in exchange between two different environments show up as two distinct peaks in the NMR 

spectrum if the exchange kinetics are sufficiently slow. If the exchange kinetics are fast, the proton 

only senses a single averaged environment and show up as a single peak. Between these two kinetic 

extremes, the exchange process results in a broadening of the NMR peak(s), and the exchange 

kinetics can be derived from the exact shape of the peak(s). This has previously been exploited to 

obtain complexation and dissociation kinetics for guest molecules that are in exchange between a 

nonpolar CD cavity and a polar aqueous solvent.5 

The current study explores the kinetics for complexes of 5 bile salts with βCD at a range of 

temperatures, and discusses the relationship between the structure of the guest molecule and the 

complexation kinetics. Further, to elucidate the influence of the host structure, a few complexes 

with a partially methylated βCD, 2,6-dimethyl-βCD (DMβCD), and natural γCD were also studied. 

 

NMR lineshape analysis 

In all of the studied host-guest systems the complexation kinetics were determined from the shape 

of the 18-CH3 peak. The 18-CH3 group in the BSs is particularly suited for this purpose as its 

chemical shift is relatively sensitive to complexation and is well separated from the other peaks in 

the spectrum.5 A titration series of NMR samples were prepared for each host-guest system. Within 

each series the concentration of BS was constant (around 1 mM) while the concentration of CD in 

most of the series ranged from 0 to 8 mM. Thus, the fraction of bound BS ranged from 0 to almost 

100%. For the systems with the slowest complexation kinetics two separate peaks of 18-CH3 were 

observed; one for the free BS and one for the bound BS. As the concentration of CD increased, the 



bound peak grew at the expense of the free peak. Other systems were in fast exchange and produced 

only a single 18-CH3 peak at a chemical shift that is a population-weighted average of the chemical 

shifts of the free and bound states. Some complexes went from the slow-exchange regime to the 

fast-exchange regime with increasing temperature, as shown in Figure 2. 

 

Figure 2 The 18-CH3 group in TCDC underwent slow exchange at 15 °C (A) and fast exchange at 55 °C (B) in the presence of βCD. In 
each of the 8 samples the concentration of TCDC was 1.04 mM while the concentration of βCD ranged from 0 to 4.03 mM. 

 

For each complex, the Bloch-McConnell equations35 were fitted to the 18-CH3 peak(s) in each 

spectrum of the titration series to yield the complexation and dissociation rate constants, k1 and k-1. 

In addition to these two rate constants the equations include the transverse relaxation rates for the 

free and bound states, RA and RB, and the difference in resonance frequency between the two states, 

Δω. Further, the binding constant, K, must be known in order to calculate the populations of the free 

and bound BS from the known total concentrations of BS and CD. Due to the relation expressed in 

equation 1 knowledge of K eliminates one of the reaction rate constants. A detailed description of 

the fitting process is provided in the Supporting Information. In short, K for each complex were 

obtained from ITC experiments, Δω was estimated from the spectra of free and bound BS, RA was 



determined from the lineshape of the free 18-CH3, and only k1 and RB were varied to obtain the best 

fit of the simulated peaks to the experimental peaks. Excellent fits to experimental data were 

obtained in most cases, as illustrated in Figure 3 and in the Supporting Information. 

 

 

Figure 3 The 18-CH3 singlet of GC exhibited intermediate exchange at 25 °C in the presence of βCD. In all spectra, the concentration 
of GC was 1.04 mM , and the concentration of βCD incrementally increased from 0 mM (rightmost peak) to 8.06 mM (leftmost 
peak). Experimental data are shown with circles and the fit is shown with solid lines. 

 

Kinetics of βCD complexes 

For the βCD complexes, the complexation reaction took place at a time scale that allowed for 

precise determination of the kinetic parameters, except for the complex with TC which was so fast 

at the highest temperatures that practically no broadening of the peaks was observed. All rate 

constants are presented in Table 1 along with binding constants determined by ITC experiments and 



reported in the literature. Only for a single complex, βCD:C, was it necessary to conduct new ITC 

experiments. The resulting enthalpograms are shown in Figure S1, and the analysis yielded a 

binding constant and binding enthalpy of 3974 M-1 and -27.0 kJ/mol, both at 25 °C, and a 

differential heat capacity of 330 J/mol/K.  The binding constant is very similar to a previously 

reported ITC value and confirms that the bile salt C binds to βCD with a slightly higher affinity 

than GC and TC.38 

Table 1 Rate constants for the complexation and dissociation reactions along with the binding constants that were used in the 
fitting procedure. 

 Temperature 
(°C) 

k1
a 

(106 M-1s-1) 
k-1

a 

(s-1) 
K 

(103 M-1) 
Source 
of Kb 

βCD:GC 15 1.2 2.9 × 102 4.14  
 25 2.0 6.9 × 102 2.96 Ref. 34 
 35 3.0 1.4 × 103 2.08  
 45 4.6 3.2 × 103 1.44  
 55 6.0 6.1 × 103 0.98  

βCD:TC 15 13 3.2 × 103 4.14  
 25 17 5.8 × 103 2.96 Ref. 34c 
 35 23 1.1 × 104 2.08  

βCD:C 15 4.0 6.8 × 102 5.84  
 25 5.3 1.3 × 103 4.12 This work 
 35 8.1 2.8 × 103 2.85  
 45 11 5.6 × 103 1.94  
 55 14 1.1 × 104 1.30  

βCD:GCDC 15 1.1 4.8 232  
 25 1.9 12 156 Ref. 31 
 35 3.3 32 102  
 45 3.5 55 64.6  
 55 4.4 1.1 × 102 39.8  

βCD:TCDC 15 13 56 232  
 25 17 1.1 × 102 156 Ref. 31c 
 35 21 2.1 × 102 102  
 45 28 4.3 × 102 64.6  
 55 35 8.7 × 102 39.8  

a) Errors on the rate constants are estimated to be around 5% for complexes with C, GC and TC and up to 20% for 
complexes with GCDC and TCDC. 

b) Binding constants at the exact temperatures were calculated from the binding constant and binding enthalpy at 25 °C 
and the differential heat capacity as explained in the Supporting Information. 

c) The binding thermodynamics of tauroconjugated and glycoconjugated bile salts seem identical.39,40 Therefore, the 
binding constants of TC and TCDC are assumed identical to their glycoconjugated counterparts at all temperatures. 

 



Rate constants for the βCD:GCDC complex have previously been reported in the literature.5 While 

the presently reported k-1 does not differ remarkably from the previous value, k1 differs by almost 

two orders of magnitude, most likely due to the previously reported binding constant being 40 times 

too small. The presently used binding constant was determined by ITC which is better suited for 

determination of large binding constants than the previously used NMR titration. Thus, the value of 

k1 reported in the present work is undoubtedly more accurate. 

The structures of complexes between βCDs and BSs have been thoroughly described in the 

literature. The D ring of the steroid body and part of the conjugation tail of the BSs are included in 

the βCD cavity, while the charged end of the conjugation tail protrudes from the narrow primary 

rim of the CD.29,30,41 While the structures of the complexes are known, it is less certain how the bile 

salts enter the CD cavity. The kinetic results strongly indicate that the BSs thread the CD via the 

conjugation tail, as the identity of the conjugation tail seems to be the decisive structural parameter 

that determines the value of the association rate constant, k1. The two glycoconjugated BSs, GC and 

GCDC, have more or less identical k1’s at all temperatures. Similarly, the k1’s of the two 

tauroconjugated BSs, TC and TCDC, are almost identical, albeit almost 10 times larger than their 

glycoconjugated analogues. The complexation rate constant for C is somewhere in between those of 

the tauro- and glycoconjugated bile salts. 

Whereas the rate constant for the formation of the complexes is determined by the identity of the 

BS conjugation tail, the dissociation rate constants also depend on the steroid moiety of the guest. 

Comparing GC to GCDC and TC to TCDC, it is clear that the presence of a hydroxyl group on C12 

in GC and TC increases k-1 by a factor of around 50. It has long been established that the presence 

of the 12-OH leads to a significant decrease in binding constants, presumably because it prevents 

βCD from encroaching onto the C-ring of the BSs.30,42 The kinetic parameters reveal that the 12-OH 

reduces the lifetime of the complex, i.e. it reduces the binding constant by destabilizing the 



complexed state rather than preventing the formation of the complex. This is not surprising but it 

confirms the overall picture of a complexation/decomplexation process in which the conjugation tail 

penetrates the CD, and the CD resides on the C and D rings of the BS for an extended time if there 

is no 12-OH to disturb the interaction. 

The energetics of the complexation process is illustrated in Figure 4. The primary energetic barrier 

for the formation and dissociation of the complexes is related to moving the charged conjugation 

tail through the hydrophobic cavity of the CD. This situation inevitably involves the dehydration of 

the hydrophilic charged group and may be regarded as the transition state. Glycoconjugation 

increases the transition state energy relative to tauroconjugation. The 12-OH on the steroid body of 

the BSs does not affect the energy of the transition state but decreases the binding constant by 

increasing the energy of the complexed state. 

 

Figure 4 Glycoconjugation (GC/GCDC) of the BSs increases the energy of the transition state relative to tauroconjugation (TC/TCDC), 
leading to slower kinetics. The presence of 12-OH (GC/TC) on the steroid body of the BSs increases the energy of the complexed 
state, leading to smaller binding constants. 



Activation energy, enthalpy and entropy 

Activation energies, enthalpies and entropies (ΔG‡, ΔH‡, ΔS‡) were determined by linear regression 

to the Eyring plots in Figure 5 and are listed in Table 2. For all complexes, the negative slopes 

clearly indicate positive activation enthalpies for complexation and dissociation. Unfortunately, the 

errors on ΔH‡ are ΔS‡ are relatively large, especially when the data points are few, and 

consequently it is not possible to identify any differences in the enthalpic and entropic contributions 

among the complexes. Nevertheless, some overall conclusions can still be made. The activation 

energies are dominated by large enthalpies with only a minor entropic contribution. This is the case 

for complexation as well as for dissociation, but the entropic barrier seems slightly higher for the 

complexation reaction. This could be related to the flexible sidechain on the BSs which must adopt 

a proper conformation to penetrate the CD. In the complex, the motion of the sidechain is already 

somewhat restricted and therefore less entropy is lost when it moves through the CD during 

dissociation. 

 

Figure 5 Eyring plots for the complexation (left) and dissociation (right) reactions for complexes with natural βCD. 

 



Table 2 Activation enthalpies, entropies and energies for the complexation ond dissociation of BS complexes with natural βCD. The 
listed errors are at the 95% confidence level and determined from the linear regression to the Eyring plots. 

 Complexation Dissociation 
 ΔH‡ 

(kJ/mol) 
TΔS‡ 

at 298 K 
(kJ/mol) 

ΔG‡  
at 298 K 
(kJ/mol) 

ΔH‡ 

(kJ/mol) 
TΔS‡ 

at 298 K 
(kJ/mol) 

ΔG‡  
at 298 K 
(kJ/mol) 

GC 29 ± 4 -8 ± 4 37.1 ± 0.2 57 ± 2 1 ± 2 56.8 ± 0.1 
GCDC 24 ± 13 -13 ± 13 37.2 ± 0.7 59 ± 9 -8 ± 9 66.8 ± 0.5 
TC 18 ± 15 -14 ± 15 31.7 ± 0.4 43 ± 24 -8 ± 24 51.5 ± 0.7 
TCDC 17 ± 1 -15 ± 1 31.8 ± 0.1 51 ± 6 -10 ± 6 61.3 ± 0.3 
C 23 ± 3 -11 ± 3 34.5 ± 0.2 53 ± 4 -3 ± 4 55.1 ± 0.2 

 

Due to the relatively large errors, the thermodynamic parameters do not bring us closer to 

understanding why taurine sidechains penetrate the CD cavity more easily than glycine sidechains. 

The taurine sidechain is one methylene group longer and ends in a negatively charged sulfonate 

group whereas the glycine sidechain ends in a negatively charged carboxylate group. The difference 

does not seem to be steric in nature as the sulfonate group is larger than carboxylate. It is more 

likely due to the weaker hydration of the sulfonate group in which the negative charge is more 

spread out than in the carboxylate group. However, the faster kinetics of C relative to GC, both 

anions containing a carboxylate group, reveals that more factors are at play. 

 

Kinetics of complexes with γCD and DMβCD 

To explore the effects of host structure, a few complexes with other CDs were studied. The larger 

γCD was employed to study the effect of ring size, and 2,6-dimethyl-βCD (DMβCD) was employed 

to study the effect of replacing two thirds of the hydroxyl groups at the rims of the CD with less 

polar methoxy groups. 

The exchange dynamics of the studied γCD complex, γCD:GCDC, were too fast to determine the 

kinetic parameters. The 18-CH3 peak gradually broadened as the fraction of bound GCDC increased 

(Figure S17), but this was merely due to the reduced tumbling rate of the complex. No exchange 



broadening was observed. Simulating the peaks with various values of k-1 revealed that k-1 must be 

larger than 2×108 M-1s-1 to properly reproduce the experimental peaks. The much faster kinetics of 

γCD relative to βCD is most likely due to the ability of γCD to enter the steroid body of the BS via 

the A-ring. NMR and molecular modelling has shown that γCD is not restricted to the C and D-

rings of the guest but is large enough to encapsulate most of the steroid structure by shuttling back 

and forth on the BS.33,43 It seems reasonable that the uncharged and relatively nonpolar A-ring has a 

much lower energy barrier for penetrating the nonpolar CD cavity than the ionic hydrophilic 

sidechain. 

Rate constants for complexes with DMβCD are shown in Table 3. Chemical modification of the CD 

rims only had a slight effect on the complexation kinetics with GCDC as the parameters are very 

similar to the complex with natural βCD (Table 1). However, methylation of the CD had a 

significant impact on the complexation with GC where rate constants increased 3-4 times relative to 

the natural βCD. The binding constant was only slightly affected which means that methylation 

apparently lowers the energy of the transition state (see Figure 4). This raises the question: Why 

does host methylation lower the energy barrier for the GC guest but not for the GCDC guest? For 

both guests it is the same glycine sidechain that must penetrate the CD, so it makes no sense that 

methylation lowers the transition state energy for GC but not for GCDC. This puzzling observation 

must be left unanswered. The kinetic effects of host modification is a largely unexplored topic. 

Bohne et al. investigated the dynamics of triplet xanthone in complex with a few modified βCDs, 

including a partially methylated βCD, and the reported alterations of the rate constants were 

somewhat smaller than those presently observed for GC.14 More kinetic studies of complexes with 

modified CDs are required to understand the effects of host modification. Such studies may also 

assist the molecular interpretation of why modifications of the CD sometimes increase binding 

constants and sometimes reduce binding constants. 



Table 3 Rate constants for complexation and dissociation reactions for complexes with γCD and DMβCD. Binding constants for the 
complexes with DMβCD were obtained by ITC. Global fits to ITC enthalpograms at several temperatures are shown in the Supporting 
Information along with the best fit parameters. 

 Temperature 
(°C) 

k1
a 

(106 M-1s-1) 
k-1

a 

(s-1) 
K 

(103 M-1) 
Source 
of Kb 

DMβCD:GC 15 4.3 1.3 × 103 3.18 This work 
 25 5.3 2.0 × 103 2.68  
DMβCD:GCDC 25 2.3 15 150 This work 

 35 2.8 27 103  
 55 4.5 1.0 × 102 42.9  

γCD:GCDC 25 > 200 > 2000 96 Ref. 33 
a) Errors on the rate constants are estimated to be around 5% for the complex with GC and up to 20% for the complex 
with GCDC. 

b) Binding constants at the exact temperatures were calculated from the binding constant and binding enthalpy at 25 °C 
and the differential heat capacity as explained in the Supporting Information. 

 

General discussion of cyclodextrin kinetics 

The association rate constants for the studied BS complexes with βCDs are significantly smaller 

than those previously reported for βCD complexes, which are often close to the diffusion controlled 

limit.7,11–13,22,24,44 The pure diffusion-controlled rate constants for a bimolecular reaction between 

molecules of the relevant sizes is around 1010 M-1s-1 at 25 °C,12,22 but due to geometric constraints it 

has been argued that the diffusion controlled limit for CD complexes is around 109 M-1s-1.44 The 

association rate constants for the studied BS complexes range from 2×106 to 2×107 at 25 °C and are 

thus at least one order of magnitude smaller than the reported association rate constants for other 

βCD complexes. (Even smaller rate constants were obtained for βCD complexes by a capillary 

electrophoresis method but these seem unrealistic)45. The small rate constants for the BS guests are 

most likely due to the large energy required to move the ionic groups on the sidechains through the 

CD cavity. The previously studied complexes with βCD can form without moving an ionic group 

through the CD and therefore have much lower activation energies. 



It has often been noted that for a series of guests binding to βCD the association rate constants 

differed very little while the dissociation rate constants varied significantly more, meaning that the 

binding affinity was dictated by the dissociation rate constants.12,22,44 This can be interpreted by 

referring to Figure 4. It seems that for many of these complexes structural modifications of the 

guest hardly altered the energy barrier for forming the complex. The energy required for those 

guests to penetrate the βCD is likely very small as no steric barriers or dehydration of ionic groups 

hinder complexation. The host and guest only need to meet and reorient to form a complex. 

Variations in guest structure mainly affected the energetic stabilization of the complexed state and 

thereby the lifetimes of the complexes. For the BSs, on the contrary, replacing a taurine sidechain 

with a glycine sidechain reduced the complexation rate constant by one order of magnitude but did 

not affect the binding affinity as the modified part was sufficiently separated from the binding site. 

While this feature seems unique among all studied βCD complexes it is widely observed for αCD 

complexes. Cramer et al. studied a series of azo dyes binding to αCD and found only slight 

variations in the binding constant while the rate constants spanned seven orders of magnitude.46 The 

guest modifications only affected the energy barrier but hardly impacted on the energy difference 

between the free and bound state. Similar observations were made for other azo dyes binding to 

αCD.47  In a study of the complexation dynamics of αCD with alkanes having bulky and ionic end 

groups, Lyon et al. provided a beautiful example of the structural factors that control the 

complexation rate and the binding affinity. Increasing the size of the end groups decreased the rate 

constants without affecting the binding affinity. Increasing the length of the alkyl chain increased 

the binding affinity without affecting the rate of complexation.48 In the literature in general, the 

reported dynamics of αCD complexes are much slower than for βCD complexes; complexes 

between certain bolaform surfactants and αCDs even have lifetimes lasting thousands of 

seconds.17,21 The generally slower kinetics of αCD complexes is undoubtedly related to the smaller 



cavity of αCD and the larger abundance of structural motifs that act as barriers to the threading of 

αCD. The present work has identified functional groups which act as barriers to the threading of 

βCDs, not because of steric factors but due to hydrophilicity.  



Conclusions 

The kinetics of the studied β-cyclodextrin complexes with bile salts were remarkably slow 

compared to all other complexes with β-cyclodextrins reported in the literature. The slow kinetics 

were due to the large energy required to move the hydrophilic ionic conjugation tail of the bile salt 

anions through the hydrophobic cavity of the cyclodextrin. The energy barrier was highest for 

glycine conjugated bile salts for which the kinetics were ten times slower than for their taurine 

conjugated analogues. The type of conjugation only affected the energy barrier and not the energy 

of the bound state, thus the two types of bile salts had the same binding affinity despite the large 

difference in kinetics. On the contrary, the molecular structure of the binding site affected the 

energy of the bound state without affecting the complexation rate. A hydroxyl group on C12 of the 

steroid body of the bile salt severely destabilized the complex and reduced the lifetime of the 

complex and the binding affinity by a factor of ~50. 

The energy barrier for the complexation and dissociation processes was predominantly enthalpic 

with a slight contribution from entropy. Partial methylation of the hydroxyl groups at the rims of the 

β-cyclodextrin host reduced the energy barrier for binding to one bile salt guest while the kinetics 

were unaltered for another bile salt guest. This puzzling observation could not be explained. The 

larger γCD could be threaded by the other less hydrophilic end of the bile salts, resulting in a lower 

energy barrier and much faster kinetics. 
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