
ABSTRACT 
 

HUNT, Marcus A. Structure and Stability of Columnar α- and γ-Cyclodextrin Hydrates. 

(Under the direction of Alan E. Tonelli and C. Maurice Balik.) 

 

α- and γ-Cyclodextrin (CD) recrystallized rapidly from aqueous solution can form 

columnar structures with only water as the guest molecule. Complementary water vapor 

sorption and wide-angle x-ray diffractometry (WAXD) experiments were performed on 

columnar α-CD to elucidate the crystal structure present at varying sorption levels. 

Equilibrium isothermal water vapor sorption experiments at 40° C revealed that columnar 

α-CD is unstable above a water activity of approximately 0.67. This was confirmed by 

WAXD patterns collected over time, which further revealed that columnar α-CD 

undergoes a phase transformation from columnar to cage structure after approximately 

0.25 hours at 40° C and a water activity of 1.0. 

 

Upon vacuum-drying at 90° C for 15 hours, γ-CD in the columnar structure undergoes a 

phase change to an amorphous structure. Complementary water vapor sorption and 

WAXD experiments were performed on columnar γ-CD in its vacuum-dried and as-

precipitated states to elucidate its stability in humid environments and the crystal 

structure present at varying sorption levels. Isothermal water vapor sorption at 40° C 

revealed that vacuum-dried γ-CD reverts to cage structure sometime during a sorption 

experiment at a water activity of 1.0. As-precipitated columnar γ-CD converts to cage 

structure after 164 hours at a = 1.0 and 40° C. 



 

The crystal morphology of as-received CD in the cage polymorph observed by scanning 

electron microscopy is indicative of its crystal structure, while the crystal morphology of 

columnar CD is not discernable due to the rapid precipitation method employed. 
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STRUCTURE AND STABILITY OF COLUMNAR α- AND γ-

CYCLODEXTRIN HYDRATES 

 
1. INTRODUCTION 

 

1.1. Physical and Chemical Properties of Cyclodextrin 

Cyclodextrins (CDs) are cyclic oligosaccharides capable of forming inclusion complexes 

(ICs) with small molecules and macromolecules due to their hollow, truncated cone 

structure.  CD molecules may be composed of 6, 7, or 8 glucopyranose units, which 

correspond to α-, β-, and γ-CD, respectively.  The glucopyranose units are α(1→4)-

linked and adopt a chair conformation, effectively forming a ring of rings.  Figure 1.1 

shows α-CD perpendicular to the cavity axis.  These molecules have a hydrophilic 

surface and a hydrophobic cavity as a result of the orientation of the hydroxyl groups.  

The secondary alcohols are located on the surface of the CD while the CH groups face 

the cavity interior. 
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FIGURE 1.1. Chemical structure of α-CD containing 6 glucose residues.

 

CD was first isolated by Villiers1 in 1891 and characterized by Schardinger2 in 1904, 

which is why it is also referred to as Schardinger dextrin.  CD is synthesized from starch 

by the enzymatic action of Bacillus macerans or any other organism containing a 

glycosyl transferase—a type of amylase enzyme.  A helical turn of a starch molecule is 

removed by the enzyme and then the ends are connected to form a cyclic molecule.  

Below is a reaction scheme for the formation of CD with a glycosyl transferase.3

( ) ( )xxn
ncyclizatiocoupling

n GcycloinCyclodextrGG −+⎯⎯⎯⎯⎯ →← −
/  

CDs containing 6-12 glucopyranose (G) units are obtained from a particular enzyme with 

α-, β-, and γ-CD comprising the largest percentage.  CD with five glucopyranose units is 

not likely due to ring strain.  The most important commercial glycosyl transferase is from 

Bacillus No. 38-2 as it remains active at temperatures and pH levels where other enzymes 

are unreactive.  Approximately 80% of starch is converted to β-CD, and this is why β-CD 

is the most widely used and the least expensive natural CD.3
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Figure 1.2 shows a side view of β-CD.  It is clear that the molecule is not cylindrical, but 

rather torus-shaped.  This is due to the torsional angles about the bridging oxygen atoms.  

The secondary hydroxyl groups are located at the large end while the primary hydroxyl 

groups are located at the narrow end.  CD can be modified from its natural form to alter 

its functionality by the substitution of some or all of the hydrogen atoms in the hydroxyl 

groups shown in Figure 1.2.  This is most often done for β-CD, which is commonly 

modified by the addition of methyl or hydroxypropyl groups to increase its water 

solubility.  Other moieties used to modify CD are thiol, methoxy, and carboxymethyl.4 

 

 

FIGURE 1.2. Chemical structure of β-CD containing 7 glucose residues where R’ is H 

for the unmodified form. 

 

Table 1 lists general properties of CDs.  The internal diameters range from approximately 

5 – 10 Å while the height is fixed at approximately 8 Å.  One parameter of interest is the 

low solubility of β-CD in water relative to α- and γ-CD.  Based on the water absorption 
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trend, it is expected that β-CD would be more soluble than α-CD and less soluble than γ-

CD in water.  One theory that attempts to explain the water solubility of natural CDs is a 

difference in the sizes of CD aggregates which form in aqueous solution.  Coleman et al.5 

found that α-, β-, and γ-CD form aggregates in aqueous solutions of ~2000 Å at 25 g/L 

from light scattering measurements.  This means that differences in aggregate size among 

the natural CDs cannot account for the vast differences in water solubility.  Instead, they 

suggest that the interaction of the aggregates with the hydrogen-bonding network of the 

surrounding liquid water controls the solubility.  Since β-CD is asymmetric it disrupts the 

structure of water whose symmetry is hexagonal and results in reduced water solubility.  

This theory was proven by Tchoreloff et al.6 based on surface potential measurements of 

aqueous solutions of α-, β- and γ-CD.

 

TABLE 1.1. Physical properties of CD.*

 α-CD β-CD γ-CD 
Glucose units 6 7 8 
Molecular weight (g/mol) 972 1135 1297 
Internal cavity diameter (Å) 4.7 – 5.2 6.0 – 6.4 7.5 – 8.3 
Outer diameter (Å) 14.6 15.4 17.5 
Height (Å) 7.9 7.9 7.9 
Cage crystal melting range (°C) 255 – 260 255 – 265 240 – 245 
Solubility in H2O (g/mL) 0.145 0.0185 0.232 
Water molecules per CD 6 11 17 
    

*After reference 4 
 

1.2. Crystallography of Cyclodextrin 

CD can exist in two major classes of crystal structures called cage and columnar (Figures 

1.3a and 1.3b).8  α- and β-CD, because of their relatively small diameters, can also 
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crystallize in the layer structure (Figure 1c) to partially accommodate large guest 

molecules.  In the cage and layer structures, the CD cavities are not aligned, whereas they 

stack on top of each other in the columnar structure to form long cylindrical columns or 

channels in which, for example, small or polymer guest molecules can reside.9-16

 

 

FIGURE 1.3. Schematic representation of the packing of α-CD molecules within their 

crystal lattices: cage (a), head-head columnar (b) and layer (c) structure. 

 

The as-received α-CD cage structure shown in Figure 1.3a has a herringbone 

arrangement in which the cavity of each molecule is blocked by neighboring molecules.  

It is obtained upon recrystallization of α-CD from water and has characteristic WAXD 

reflections at 2θ = 12.0° and 21.7° that are independent of the crystal water content.  

Manor and Saenger17 assigned the α-CD hexahydrate unit cell to the orthorhombic space 

group P212121 with cell dimensions a = 14.86 Å, b = 33.99 Å, and c = 9.52 Å.  They 

report that two water molecules are located inside the α-CD cavity and the other four are 

outside.  Both water types are involved in hydrogen bonding with α-CD. 

 

(c) (b) (a) 
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Another structure similar to the cage structure, in the sense that the cavities are unaligned, 

our crystal structures have been reported for α-CD ICs in the columnar structure; two 

α-CD, respectively. 

is the layer structure (Figure 1.3c).8  Here, α-CD molecules are arranged almost parallel 

to the ring plane to form layers that are shifted half a molecule with respect to adjacent 

layers.  The layer structure forms when the guest molecule is larger than the cavity of α-

CD.  It has been assigned two possible space groups depending on the host CD and the 

guest molecule included: P21
20 or P212121

21 with a = 24.57 Å, b = 13.68 Å, and c = 15.48 

Å. 

 

F

are classified as the head-head (Figure 1b) arrangement, where the primary hydroxyl ends 

of adjacent α-CD molecules in a column meet.  The other two are head-tail, which means 

that the primary hydroxyl end of one α-CD molecule is adjacent to the secondary 

hydroxyl end of another α-CD molecule in the same column.22-24  These differences are 

due, in part, to the influence of the guest molecule type on the conformation and thus, 

packing of α-CD.  The head-to-head configuration can exist in either the triclinic P1 

space group with a = 13.38 Å, b = 13.88 Å, and c = 15.69 Å, α = 94.1°, β = 87.8°, γ = 

120° or the tetragonal space group P42212 with a = b = 19.93 Å and c = 30.88 Å.  The 

crystals contain 4 and 13.5 moles of water per mole of α-CD, respectively.  The head-tail 

configuration can exist in the monoclinic P21 space group with a = 8.054 Å, b = 13.51 Å, 

and c = 25.33 Å, β = 103.9° or the orthorhombic P21212 space group with a = 21.89 Å, b 

= 16.54 Å, and c = 8.30 Å.  These crystals contain 6 and 9.7 moles of water per mole of 
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Topchieva et al.25 initially prepared α-CD in the columnar structure containing only 

ater by first preparing a polymer-CD IC, then removing the polymer.  However, Rusa et 

ngement (Figure 1.4a) in 

hich the cavity of each molecule is blocked by neighboring molecules.  Harata27 

w

al.26 directly prepared α-CD in the columnar structure with only water as the guest 

molecule by rapid precipitation of α-CD from its aqueous solution using chloroform.  X-

ray analysis confirmed the presence of α-CD in the columnar structure with a 

characteristic reflection centered at 2θ = 20.0°.  Thermal analyses revealed that water 

occupies three distinct sites based on different binding energies. 

 

The as-received γ-CD cage structure also has a herringbone arra

w

assigned the cage γ-CD hydrate unit cell to the monoclinic space group P21, with a = 

16.85 Å, b = 11.10 Å, c = 20.27 Å and β = 105.0°.  He reports that 14.1 water molecules 

are distributed over 23 sites per γ-CD molecule while 7.1 of those water molecules are 

located inside the γ-CD cavity.  Only the water molecules outside the cavity are involved 

in hydrogen bonding with γ-CD, while the molecules inside the cavity are disordered 

with respect to γ-CD.  The WAXD pattern for cage γ-CD has characteristic reflections at 

2θ = 12.4°, 16.5°, and 18.8° and 23.4° that persist in the crystal independent of water 

content. 
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(a) (b)  

FIGURE 1.4. Schematic representation of the packing of γ-CD molecules within their 

crystal lattices: cage (a) and columnar (b) structure. 

 

The γ-CD ICs form the columnar structure in which the cavity of each molecule is 

aligned in a columnar fashion.  The orientation of γ-CD in the columns, however, is 

neither head-head nor head-tail; it is instead head-head:tail-head, resulting in a 3-

molecule repeating unit (Figure 1.4b).  Kamitori et al.28 assigned the γ-CD•12-crown-4-

LiSCN IC unit cell to the tetragonal space group P4212 where space group with a = 23.75 

Å, and c = 22.92 Å.  They report that 14.1 water molecules are distributed over 23 sites 

per γ-CD molecule, while 7.1 of those water molecules are located inside the γ-CD 

cavity.  Columnar γ-CD has a very distinctive WAXD reflection centered at 2θ = 7.5°.  

Rusa et al.26 first prepared γ-CD in the columnar structure with only water as the guest 

molecule.  This was done by rapidly precipitating γ-CD from an aqueous solution using 

acetone. 
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1.3. Cyclodextrin Water Vapor Sorption 

Very little work has been done with regard to absorption of small molecules by CD.  The 

only molecule studied has been water, which is appropriate considering CD crystallizes 

from water as a hydrate.  Nakai et al.29 characterized as-received α-, β-, and γ-CD in the 

as-received cage structure by isothermal water vapor absorption experiments at 40° C and 

complementary wide-angle x-ray diffractometry (WAXD) to determine the effect of 

water content on the WAXD pattern.  They confirm the existence of a hydrate containing 

6 water molecules per α-CD molecule that forms from a = 0.2 – 1.0 (a = partial pressure 

of water vapor / saturation pressure of water vapor).  They also confirm the existence of a 

hydrate containing 7 water molecules per γ-CD molecule that forms from a = 0.3 – 0.5.  

Another hydrate containing almost 17 water molecules per γ-CD molecule was found at a 

= 0.93.  Using the same sorption technique, Tanada et al.30 report that cage α-CD forms a 

hexahydrate between a = 0.2 and 1.0 at 20° C and that cage γ-CD forms two hydrates at 

intermediate and high activities. 

 

The water vapor sorption of amorphous α-, β-, and γ-CD was also performed.31  The as-

received CD cage structure samples were ground in a tungsten carbide vibrating mill to 

destroy any crystallinity.  After vacuum-drying the amorphous CD, the samples were 

allowed to absorb water at various water activities.  Complementary WAXD also 

collected as a function of water activity showed that each natural CD recrystallized to 

their cage structure at high humidity.  α-CD became crystalline at a = 0.615 while γ-CD 

recrystallized at a = 0.79. 
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1.4. Cyclodextrin Inclusion Complexes 

The most famous and widely utilized property of CD is its ability to form ICs with small 

as well as polymeric molecules.  Much work has been done in this ever-expanding field, 

especially with the recent advances in pharmaceuticals.7  However, CD ICs of small 

molecules have been known since the 1930’s by Freudenberg et al.32  Included guests can 

range from acids and salt complexes to aliphatic and aromatic hydrocarbons.  They can 

either form the cage structure as in the case of 1-propanol and α-CD or columnar 

structure as with valeric acid and α-CD.33  Small molecule ICs can be made in the solid 

state or in solution where CD is soluble in water, as well as in dimethyl sulfoxide and 

dimethyl formamide. 

 

There are several methods for synthesizing CD ICs.  The first way is to dissolve the guest 

molecule in an aqueous solution of CD.  The IC precipitates either immediately or upon 

slow cooling from the heated solution.  If the guest molecule is not water-soluble, an 

appropriate organic solvent is used to dissolve the guest then this solution is mixed with 

the CD aqueous solution.  The IC is obtained as a precipitate and washed with the organic 

solvent and water to remove any uncomplexed material.  Another technique, which is 

best suited for industrial processes, is to mix the guest molecule with a saturated solution 

of CD in water.  The paste-like mixture is then stirred until the viscosity is increased and 

finally dried.3 
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Recently, polymer-CD ICs have been made with CD in the undissolved state.  Solid CD 

particles in the cage structure are suspended in a polymer solution where the polymer 

solvent is a nonsolvent for CD.34   Cage and columnar CD powders were suspended in 

deuterated acetone solutions of poly(N-acylethylenimine).  Using solution 1H nuclear 

magnetic resonance spectroscopy, a reduction in proton peaks for the polymer molecules 

occur over time with a simultaneous buildup of water peaks in acetone.  This is because 

water is displaced from the cavities as polymer chains are included from the solution.  In 

the case where the polymer is a low molecular weight liquid, the CD particles can be 

suspended in the neat polymer.35  As-received α- and γ-CD were mixed with 

poly(ethylene glycol) (PEG) having molecular weights of 200 and 400 g/mol.  X-ray 

diffraction patterns collected over time show a transformation from cage to columnar 

structure.  For these cases, two mechanisms have been proposed for the inclusion of the 

polymer in CD.  The first involves the rearrangement of CD molecules on the particle 

surfaces to form a columnar structure into which the polymer chains diffuse. The second 

mechanism is the threading of individual CD molecules onto polymer chains adsorbed on 

the particle surfaces.  When a critical amount of the polymer is threaded by the CD, 

nucleation occurs followed by further growth of the columnar structure. 

 

The discovery of polymer-CD ICs in 1991 by Harada and Kamachi36 has brought new 

interest to the field of CD ICs (Figure 1.5).  Aqueous solutions of low molecular PEG 

were mixed with aqueous solutions of α-CD.  A white precipitate formed which was the 

polymer-CD IC.  The rate of precipitation was a function of PEG molecular weight.  
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Many other polymers have since been included in CDs ranging from nonpolar 

hydrocarbons to polar polyesters and polyamides.  In every case, the resulting CD crystal 

structure is columnar and the polymer chain cross-section is smaller than the cavity of the 

host CD.  However, much less is known about the resulting unit cell parameters 

compared to small molecule ICs.  Structure determination is difficult due to the 

precipitation method most commonly used to form CD ICs.  Complexation is so rapid 

that the precipitate is composed of small, agglomerated crystals.  X-ray diffraction 

requires larger single crystals to perform a crystal structure analysis for polymer-CD ICs. 

 

 

FIGURE 1.5. Schematic representation of the arrangement of α-CD threaded onto PEG 

in a ratio of two repeat units per CD. 

 

Miyake et al.37 recently reported that CD molecules in the columnar structure with a 

polymer guest exist in both head-to-head and head-to-tail arrangements in a ratio of 2 to 

1, respectively.  In contrast, Becheri et al.38 suggest that polymer-CD IC crystal 

precipitation is preceded by the formation of worm-like aggregates of CD in aqueous 

solution, which are most likely oriented in a head-to-head fashion.  This explains how CD 
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in the columnar structure with no guest molecule other than water can be obtained from 

rapid precipitation. 

 

1.5. Motivation 

Much work has been done on the crystal structure and water vapor sorption of CD in the 

cage crystal structure.  However, the structure of columnar CD with no guest molecule 

and its water sorption behavior has not been studied in great detail.  The purpose of this 

work is to compare the water vapor sorption behavior of cage CD and columnar CD 

crystals prepared via the Rusa method26 and to study the stability of CD columnar 

structure to water vapor.  It is found that CD undergoes a crystal structure transformation 

from the columnar to the cage structure at a particular water vapor activity.  

Complementary WAXD is used to follow the crystal structure phase transformation.  

These studies were performed for α- and γ-CD. 

 

β-CD was not characterized because of its complex WAXD pattern behavior.  It does not 

have any reflections that persist at all hydration levels, making identification of cage or 

columnar structure difficult.  The WAXD pattern of β-CD changes as a function of 

sample storage conditions (e.g. atmospheric temperature and relative humidity).  It is also 

suggested that β-CD is not capable of forming a columnar structure by rapid precipitation 

from aqueous solution as are α- and γ-CD.39  Panova et al.40 confirm that β-CD in 

aqueous solution precipitated with an organic solvent results in the formation of cage 

structure.
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Characterization of the structure and stability of columnar CD provides a sound basis for 

the analysis of crystallographic and water sorption data for polymer-CD ICs, for which 

no work has been reported.  The detailed microstructure of polymer-CD ICs is still not 

clear.  For example, the domain size and distribution of columnar crystals is not known 

(i.e. the column length).  The degree of complexation, or the percent coverage of the 

polymer chain with CD, has not been systematically studied.  This work lays the 

foundation for answering these questions with the aid of coupled x-ray diffraction and 

small-molecule absorption techniques. 
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2. EXPERIMENTAL 
 

2.1. Materials and Sample Preparation 

The α- and γ-CD were purchased from Cerestar in powder form.  Chloroform and 

acetone were obtained from Aldrich and used without further purification.  De-ionized 

water used for all recrystallizations was purified with a US Filter system. 

 

Columnar α-CD was made by first preparing a solution containing 1.825 g of α-CD in 

12.5 mL of deionized water and stirring continuously at 50° C for 1 hour.  The clear 

solution was then quickly poured into 50 mL of stirred chloroform at room temperature 

and the precipitate was immediately vacuum-filtered and allowed to dry overnight under 

vacuum draft.26  This is shown schematically in Figure 2.1. 

 

To prepare columnar γ-CD, a solution containing 11.6 g of γ-CD in 50 mL of deionized 

water was stirred continuously at 50° C for 2 hours.  The clear solution was then poured 

into 250 mL of stirred acetone at room temperature.  The precipitate was immediately 

vacuum-filtered and is henceforth referred to as “as-precipitated”.26  As-precipitated γ-

CD columnar structure which was then vacuum-dried at 90° C for 15 hours is referred to 

as “vacuum-dried”. 
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Filter  

 
FIGURE 2.1. Diagram outlining the method of recrystallization to form columnar CD. 

 

To prepare columnar γ-CD, a solution containing 11.6 g of γ-CD in 50 mL of deionized 

water was stirred continuously at 50° C for 2 hours.  The clear solution was then poured 

into 250 mL of stirred acetone at room temperature.  The precipitate was immediately 

vacuum-filtered and is henceforth referred to as “as-precipitated”.26  As-precipitated γ-

CD columnar structure which was then vacuum-dried at 90° C for 15 hours is referred to 

as “vacuum-dried”. 

 
2.2. Gravimetric Sorption 

Two sorption systems were employed to probe the structure of CD.  Both use electronic 

balances capable of recording sample weight changes and a computer for data collection.  

The sample is hung from one side of the balance beam and a counterbalance made of 

aluminum foil is placed on the opposite side of the beam.  The first system is static in 
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RT 
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Precipitation

Water 

CD 

Precipitate 
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nature because gas is introduced in a closed chamber at a fixed total pressure.  Additional 

gas is introduced in the chamber to increase the gas pressure up to a maximum of one 

atmosphere (~760 torr).  It is designed for sorption of gases like carbon dioxide (CO2).  

The second system employs dynamic sorption in which gas flows through the system at a 

constant pressure of one atmosphere.  It is designed for sorption of vapor dissolved in a 

carrier gas whose sorption is negligible compared to the vapor sorption.  The partial 

pressure of vapor is varied by adjusting the flow rates of gas lines carrying different 

concentrations of vapor. 

 

2.2.1. Static Absorption of Carbon Dioxide in Cyclodextrin 

Figure 2.2 shows a schematic diagram of the static gravimetric balance.  It is designed for 

sorption of gases at pressures below one atmosphere.  Gas is introduced in the reservoir 

with the valve between the balance chamber and reservoir closed.  Once the pressure 

equilibrates in the reservoir, this valve is opened to allow gas to penetrate the sample.  

For this work CO2 gas was used because it is inert.  Approximately 0.5 g of CD was 

placed on a piece of aluminum foil and hung on the Cahn 2000 gravimetric balance.  The 

balance chamber was evacuated until no sample weight loss was recorded.  An interval 

sorption experiment was performed in which CO2 gas was initially introduced in the 

balance chamber at approximately 100 torr, then the mass gain was monitored until the 

sample mass reached equilibrium.  The pressure was then increased by about 100 torr and 

again equilibrium was established.  This was repeated up to a pressure of one atmosphere. 
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FIGURE 2.2. Static gravimetric absorption apparatus. 

 

2.2.2. Dynamic Absorption of Water Vapor in Cyclodextrin 

A custom-built gravimetric balance (Figure 2.3) was used to measure the sorption of 

water vapor in dehydrated CD.  This apparatus is capable of vapor sorption experiments 

with any volatile liquid.  Nitrogen is used as a carrier gas for the vapor because it is inert 

and its sorption by the sample is low relative to the vapor.  Helium gas is used to purge 

the balance chamber to prevent water condensation on the balance mechanism.  The 

density of helium is lower than nitrogen which prevents it from entering the sample 

chamber.  Both the vapor-containing nitrogen and helium gases exit the apparatus 

through a common outlet located above the sample and below the balance mechanism. 
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FIGURE 2.3. Dynamic gravimetric absorption apparatus. 

 

Using flow meters for regulation, dry nitrogen gas was mixed with nitrogen gas bubbled 

through a water-containing reservoir to achieve the desired water activity.  The 

flowmeters were first calibrated using calibration data provided by the manufacturer 

(Omega, Appendix 8.3).  The humid gas was then passed through the sample chamber at 

a constant flow rate of 400 mL/min.  This flow rate was chosen because it is the 

maximum flow rate in the custom-built balance that does not cause artifacts in weight 

measurement as a result of buoyancy forces from gas flow across the sample.  The 

maximum flow rate was used to achieve the highest resolution setting for the flowmeters. 
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Samples weighing 0.2 – 0.5 g were vacuum-dried in the balance chamber at 40° C to 

remove any water in the CD crystals.  “Vacuum-dried” γ-CD was also dried in a vacuum 

oven at 90° C for 15 hours before drying in the balance chamber.  The samples were then 

tested at 40° C and water activities ranging from 0.1 – 1.0.  Detailed instructions for 

using the dynamic absorption gravimeteric balance are provided in Appendices 8.1 and 

8.2.  As with the static balance, interval sorption experiments were performed in which 

samples were allowed to sorb water until equilibrium weight gain was achieved at each 

water activity.  The asymptotic values (c) are defined as the equilibrium sorbed weight 

and is added to the weight gain at lower activities (Figure 2.4a).  After reaching a 

constant weight, the water activity was increased by approximately 0.2 and equilibrium 

was re-established.  This was repeated up to the saturation concentration of water vapor 

in nitrogen gas at 40° C as shown in Figure 2.4a (a = 1.0 or 55.3 torr).  A desorption 

isotherm was also collected by decreasing the water activity in increments of –0.2, down 

to a water activity of approximately 0.1.  The cumulative concentration of water in CD as 

a function of water activity for these experiments is plotted as sorption/desorption 

isotherms at 40° C. 
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FIGURE 2.4. Schematic diagrams for interval (a) and integral (b) sorption isotherms at 

40° C using the dynamic sorption system. 

 

Integral sorption kinetics experiments (Figure 2.4b) were also conducted from a = 0 to ax 

= 0.55, 0.8 and 1.0 to determine the time-dependence of the CD phase transformation 

from the columnar to the cage structure at activities near the transformation.  

Approximately 0.3 g of vacuum-dried α- or γ-CD columnar structure was placed in the 

gravimetric balance chamber at 40° C and the desired final water activity.  Here, water 

uptake was measured as a function of time instead of water activity as for interval 

sorption experiments.  In the case of γ-CD, the as-precipitated material was tested as well. 

 

2.3. Wide-Angle X-ray Diffraction (WAXD) 

WAXD measurements were performed using a Siemens type-F x-ray diffractometer with 

a Ni-filtered Cu Kα radiation source (λ = 1.54 Å).  The supplied voltage and current were 
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30 kV and 20 mA, respectively.  The diffraction intensities were measured every 0.1° 

from 2θ = 5 to 30° at a rate of (2θ = 3°)/minute unless otherwise specified. 

 

Time-dependent WAXD experiments designed to track the phase transformation of CD 

and to complement the sorption kinetics experiment were conducted with CD stored at 

40° C in water vapor at a = 1.0.  The sample was removed from the humidity chamber at 

various times during the experiment and placed in the diffractometer to collect 

diffractograms as a function of time.  The characteristic peaks for α-CD cage structure 

are centered at 2θ = 12.0° and 21.7°.  α-CD columnar structure has one major peak at 2θ 

= 20.0°.  The characteristic peaks for cage γ-CD occur at approximately 2θ = 12.4°, 

16.5°, and 18.8°, and 23.4°.  Columnar γ-CD has one major peak at 2θ = 7.5° with minor 

reflections at 2θ = 16.7° and 21.8°.  To minimize time spent outside of the humidity 

chamber, diffractograms for α-CD were only collected from 2θ = 10 – 25° and from 2θ = 

5 – 25° for γ-CD, which include all of the aforementioned reflections.  

 

2.4. Cyclodextrin Crystal Structure Determination 

The reflections in the WAXD pattern for cage and columnar α- and γ-CD were tabulated 

and the distance between equivalent planes, d, was calculated for each using Bragg’s 

Law, which is given by 

θλ sin2 ∗= dn  

22 



where n is the number of equivalent lattice planes within d, λ is the x-ray wavelength and 

θ is the angle the incident x-ray beam makes with the crystal plane (Figure 2.4).  These 

measured d-spacings were compared to d-spacings calculated from the hkl values and 

unit cell parameters for the CD crystal given in the literature. 

θ d

d·sin θ 

θ

 

FIGURE 2.5. Schematic diagram for the derivation of Bragg’s Law.  Spheres represent 

atoms or equivalent planes in a crystal lattice and arrows indicate refraction of the 

incident x-ray beam. 

 
In some cases more than one calculated dhkl matched a given measured d-spacing.  Three-

dimensional drawings of the crystal lattices described in the literature were created to 

determine which dhkl was the best fit.  This was done by inputting crystallographic data 

including lattice parameters and atomic positions for cage and columnar α- and γ-

CD.17,20-24,27,28  The computer software used was CrystalDesigner 7.041 and produced 

three-dimensional drawings of the unit cell showing molecular orientation as well as two-

dimensional drawings of selected hkl planes.  The electron density of a given plane was 

also determined by summing the number of atoms whose centers were within 0.3 Å of the 

plane.  In cases where more than one dhkl matched a measured d-spacing, the hkl plane 
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with the highest electron density was chosen as the best match.  This is because larger 

electron densities generally produce higher intensity reflections in the WAXD pattern. 

 

2.5. Thermogravimetric Measurements 

Thermogravimetric analysis (TGA) was performed with a Perkin Elmer Pyris 1 

Thermogravimetric Analyzer on samples weighing 5 mg. Samples were placed in an 

open platinum pan that was hung in the furnace. The weight percentage of remaining 

material in the pan was recorded during heating from 25 to 600° C at a heating rate of 10 

°C/min. Nitrogen was used as the purge gas. 

 

2.6. Microscopy 

2.6.1. Optical Microscopy 

As-received α- and γ-CD powder samples were placed on a glass slide.  Using an 

Olympus optical microscope in reflection mode, optical micrographs were captured using 

a digital camera. 

 

2.6.2. Scanning Electron Microscopy 

 Powder samples were mounted on double-sided, conductive carbon tape, which was then 

adhered to a metal stub.  Each stub was coated with a gold-palladium alloy using cold 

physical vapor deposition to minimize charging artifacts.  Samples were placed in the 

chamber of a Hitachi S3200 SEM (Figure 2.5) and imaged from 200 to 50,000X. 
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3. MORPHOLOGY OF CYCLODEXTRIN 
 
3.1. Optical Microscopy 

Figure 3.1 shows optical micrographs taken in reflection mode of as-received α- and γ-

CD powder.  The particles appear to be single crystals because of their partial 

transparency and regular shapes.  α-CD generally has a lenticular morphology whereas γ-

CD has a mixture of lenticular and plate-like morphologies.  On a qualitative scale, the 

particle size of γ-CD is larger and the distribution is broader than α-CD particles.  This 

could be due to differences in crystallization conditions of the two products or indicative 

of differences in the crystallization kinetics of α- and γ-CD. 
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chloroform.  α-CD in the cage structure forms small, lenticular crystals approximately 50 

µm x 300 µm in size.  This would suggest a tetragonal or orthorhombic crystal structure 

and it is in fact orthorhombic with a space group of P212121.  Not seen in the optical 

micrograph in Figure 3.1a are the crystal cracks and other imperfections, as well as 

morphologies other than lenticular, which are visible in the upper-left corner of Figure 

3.2a.  Due to the nature of the rapid crystallization process used to prepare the columnar 

structure, it is difficult to determine the unit cell type based on particle morphology.  This 

is evidenced by the agglomerated appearance of the columnar α-CD particle in Figure 

3.2b. 
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morphologies, indicative of low order.  This is consistent with Harata’s27 crystal structure 

determination which shows that cage γ-CD is monoclinic with a space group of P21.  

Figure 3.3b shows the morphology of as-precipitated columnar γ-CD which appears 

crystalline, indicating the crystal domain size is on the order of the particle size.  

However, determination of the crystal type is not possible due to the large number of 

particle defects.  The cracks and other defects seen in Figure 3.3b could be due to 

exposure to the high vacuum in the SEM. 

 

)

FIGURE 3.3. SEM micrographs of γ-CD.  Cage structure

structure (b) and vacuum-dried amorphous structure (c). 
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It is not understood why columnar γ-CD particles have a regular morphology while 

columnar α-CD particles do not.  One reason could be a lower crystallization rate for γ-

CD at a given temperature compared to α-CD as a result of γ-CD’s higher molecular 

weight.  This would also explain the larger particle size for as-received γ-CD particles.  

Large crystals usually result from slower crystal growth rates. 

 

Columnar γ-CD, when vacuum-dried, reverts to an amorphous phase as shown by Rusa et 

al.26 whereas the structure of columnar α-CD is unaffected.  The morphology of the as-

precipitated columnar γ-CD undergoes a drastic change upon vacuum-drying as shown in 

Figure 3.3c.  The particles are small cubic structures with each side ranging between 

approximately 5 to 10 µm.  It is also interesting to note that the unit cell proposed by 

Kamitori et al.28 for columnar γ-CD is tetragonal with a = b = 23.75 Å and c = 22.92 Å.  

These parameters result in a unit cell that is nearly cubic in shape.  If the particle 

morphology is an indication of the molecular ordering, then it is possible to conclude that 

the lattice is cubic or at least crystalline.  This conflicts with the fact that x-ray 

diffractometry shows vacuum-dried columnar γ-CD to be amorphous.  It is possible that 

rearrangement of γ-CD occurs in ambient conditions after vacuum-drying.  
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4.  ABSORPTION OF CARBON DIOXIDE AND WATER 

VAPOR BY CYCLODEXTRIN 
 

4.1. Static Absorption of Carbon Dioxide in Cyclodextrin 

At subatmospheric pressures, CO2 has a very low solubility in polymer and organic 

compounds.  The small amount of CO2 that is dissolved in these materials therefore tends 

to reside in voids or free volume that is present.  Thus, the sorption of CO2 can be used as 

an indicator of the amount of free volume in a given sample.  Free volume exists in the 

cavity of CD as well as in interstitial sites between the CD molecules.  CO2 sorption is 

explored here as an indirect probe of this free volume.  Similar sorption experiments 

conducted with polymer-CD ICs might provide an indication of the degree to which the 

channels of CD are filled by the guest polymer.  CO2 sorption might also be phase 

dependent, allowing identification of cage or columnar CD and well as their ratio if both 

crystal types exist in a given sample. 

 

Since the cavity of γ-CD (8-10 Å) is larger than the cavity of α-CD (5 Å), it is expected 

that the solubility of CO2 in γ-CD might be larger than in α-CD.  Figure 4.1, however, 

shows an entirely different behavior.  γ-CD approaches an asymptote of approximately 

0.08 moles of CO2 per mole of γ-CD, at 760 torr CO2, while α-CD continues to absorb 

gas up to one atmosphere, with no indication of leveling. 
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FIGURE 4.1. Sorption isotherms for CO2 in as-received α- and γ-CD at 25° C. 

 

The reason for this behavior is not known at present.  It is possible that α-CD has more 

free volume in the unit cell than γ-CD, resulting in higher CO2 sorption levels compared 

to γ-CD.  However, the low sorption levels in both cases relative to water vapor sorption, 

apparently suggest that CO2 does not penetrate the CD crystals under these sorption 

conditions.  Rather, the CO2 molecules may simply adsorb on the external and internal 

surfaces of the sample.  Higher sorption levels could then only be attributed to higher 

surface areas.  The amount of CO2 sorbed per gram of CD in Figure 4.1 is consistent with 

a rough calculation of the mass of a monolayer of CO2 on CD crystals having a size 

distribution as shown in Figures 3.1 and 3.2.  The optical micrographs of Figure 3.1 show 

that the average particle size of as-received α-CD is slightly smaller than the average as-
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received γ-CD particle.  Thus, the α-CD sample has a larger surface area which is 

consistent with its higher CO2 sorption level.  From these experiments, it appears that 

CO2 does not penetrate the CD crystal.  Thus, the use of CO2 sorption as a probe of free 

volume does not appear to be feasible with CD. 

 

4.2. Dynamic Absorption of Water Vapor by Cyclodextrin 

4.2.1. α-Cyclodextrin Cage Structure 

Figure 4.2 shows the water vapor interval sorption isotherm at 40° C for as-received α-

CD cage structure, which forms a stable hydrate at a = 0.2 containing approximately 6 

moles of water per mole of α-CD as evidenced by little additional sorption for a > 0.2.  

The desorption stage exhibits the same trend as the sorption stage but with slightly higher 

sorption levels from a = 0.2 – 0.8. 
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FIGURE 4.2. Sorption isotherm of water vapor in as-received cage α-CD at 40° C. 

 

4.2.2. α-Cyclodextrin Columnar Structure 

Water vapor sorption of α-CD columnar structure exhibited different behavior compared 

to the cage structure (Figure 4.3).  After drying, α-CD columnar structure exhibits 

steadily increasing water sorption up to a water activity of approximately 0.67.  At this 

point water is dramatically expelled from the CD to form a trihydrate, which contains 

half the amount of water as the stable hydrate of the as-received cage structure.  This 

reduction in water sorption above a = 0.67 suggests a crystal transformation from the 

columnar to the cage structure.  X-ray diffraction patterns for the sample performed at the 

end of the sorption and desorption isotherms confirms the existence of this phase 

transition (see section 5.2). 
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FIGURE 4.3. Sorption isotherm of water vapor in columnar α-CD at 40° C. 

 

The reason for the loss of water in the sorption isotherm of α-CD columnar structure 

above a = 0.67 is not well understood.  If the resulting structure is cage, a hexahydrate 

should form (Figure 4.2), not a trihydrate.  It is well known that an extensive network of 

hydrogen bonds exists in the cage structure.22  If a similar hydrogen-bonding network 

exists in the columnar structure, disruption of these intermolecular α-CD hydrogen bonds 

and formation of adsorbed water/α-CD hydrogen bonds would give rise to increased α-

CD mobility.  This would result in destabilization of the columnar structure and 

reorganization to form the preferred α-CD cage structure hydrate. 
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Also of interest is the sorption maximum for α-CD columnar structure, which is 

approximately 5.3 moles of water per mole of α-CD.  This is close to the maximum water 

vapor sorption for the cage structure, suggesting that α-CD columnar structure might 

reach the same hydration level excluding any effects of the aforementioned phase 

transformation.  If this is true, the location of water with respect to α-CD, and hence 

water/α-CD hydrogen bonds, could be similar in both cage and columnar crystals. 

  

The desorption stage of the experiment in Figure 4.3 reveals that the α-CD trihydrate 

formed during the sorption stage is stable from approximately a = 1.0 to 0.35.  Since α-

CD in the cage form contains approximately 6 moles of water at the same water 

activities, this would suggest that a new trihydrate crystal is formed after exposing α-CD 

columnar structure to a water activity above 0.67 at 40 °C. 

 

The integral sorption kinetics experiment performed on α-CD columnar structure (Figure 

4.4) also showed evidence of the phase transformation to the cage structure.  After 

approximately 0.25 hours, the sample sorbed its maximum of 5.5 moles of water per 

mole of α-CD columnar structure.  This was followed by a loss of approximately 2.3 

moles of water per mole of α-CD over a period of about 4 hours.  This loss is attributed 

to the phase transformation to the cage structure, since the amount of water lost compares 

well with the 2 moles of water lost in the sorption isotherm of α-CD columnar structure 

shown in Figure 4.3. 
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FIGURE 4.4. Water vapor sorption kinetics of columnar α-CD at a = 1.0 and 40° C. 

 
Another integral sorption experiment was conducted with columnar α-CD at 40° C but at 

a = 0.80 (Figure 4.5).  This experiment was performed to understand the kinetics of the 

columnar to cage phase transformation as a function of water activity.  Here, the sorption 

maximum is 4 molecules of water per molecule of α-CD and occurs at 0.6 hours.  The 

decrease in the sorption maximum with decreasing water vapor pressure is expected.  The 

time at which the sorption maximum occurs represents an increase compared to the a = 

1.0 case.  This indicates that the diffusion of water in columnar α-CD is controlled by the 

phase transformation rate kinetics.  This is further evidenced by the order-of-magnitude 

increase in the time to reach sorption equilibrium, which is approximately 40 hours. 
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FIGURE 4.5. Water vapor sorption kinetics of columnar α-CD at a = 0.8 and 40° C. 

 

An integral sorption kinetics experiment for columnar α-CD was also done at a = 0.55 

and 40° C and is shown in Figure 4.6.  Based on the interval sorption isotherm for 

columnar α-CD in Figure 4.3, no phase transformation is expected below a = 0.67.  

However, the sorption behavior at a = 0.55 is similar to the behavior at a = 1.0 and 0.8, 

suggesting that a transition does occur over the extended time period of the integral 

sorption experiment.  This means that the phase transition behavior of columnar α-CD is 

dependent on whether the experiment is interval or integral sorption. 
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FIGURE 4.6. Water vapor sorption kinetics of columnar α-CD at a = 0.55 and 40° C. 

 

The kinetics for the columnar to cage phase transformation at a = 0.55 (Figure 4.6) are 

even slower than at a = 0.8 and 40° C (Figure 4.5), requiring over 90 hours to reach 

equilibrium weight.  The sorption maximum is approximately 5 moles of water per mole 

of CD, which is inconsistent with the trend observed at a = 1.0 and 0.8.  The reduction 

from 5.5 at a = 1.0 to 4 moles of water per mole of CD at a = 0.8 would suggest an even 

lower maximum sorption level at a = 0.55.  One possible explanation for the lack of a 

trend in the sorption maximum as a function of water activity is that a = 0.55 is below the 

transition activity observed for interval sorption (a = 0.67).  At activities below 0.67 it is 

possible that the rate at which water is sorbed by CD is much faster than the rate at which 

the phase transformation occurs.  This would result in maximum sorption before the 
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columnar to cage phase transformation occurs.  These two processes may occur 

simultaneously at activities above 0.67, resulting in less time for CD to sorb water.  The 

ultimate sorption level of approximately 4.1 moles of water per mole of CD in Figure 4.6 

is also higher than the ultimate sorption level at a = 1.0 and 0.8.  This could also be a 

result of the slow columnar to cage phase transformation below a = 0.67. 

 

Figure 4.7 is a comparison of the data in Figures 4.4—4.6 on a common logarithmic time 

scale.  The initial slope of the sorption curve for a = 1.0 is larger than the initial slopes of 

the sorption curves for a = 0.8 and 0.55.  If the particle geometry is consistent for each 

sample, this indicates that the diffusion of water in columnar α-CD is concentration-

dependent.  The lack of a trend in the maximum and ultimate sorption levels as a function 

of water activity is clear.  According to the interval sorption isotherm for columnar α-CD 

(Figure 4.3), the water content at a = 0.8 and 0.55 is 4 and 4.8 water molecules per CD 

molecule, respectively, which matches well with the integral absorption maxima at the 

same water activities (Figure 4.7).  However, the maximum integral absorption at a = 1.0 

(Figure 4.4) is higher than the interval absorption at the same activity (Figure 4.3) most 

likely because the diffusion of water through the columnar α-CD crystals is faster than at 

lower activites.  This results in the highest possible absorption level before the phase 

transformation causes water to be expelled from the crystals.  Although the sorption 

maxima in Figure 4.7 do not appear to exhibit a trend with water activity, the competition 

between the sorption kinetics and the columnar-to-cage phase transformation kinetics 

explains the resulting sorption behavior. 
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Another possible explanation for the sorption behavior shown in Figure 4.7 is a 

difference in the initial amount of columnar structure in each sample relative to other 

structures before sorption.  It is known that rapid precipitation of α- and γ-CD from 

aqueous solution does not result in complete crystallization in the columnar structure.40  

Amorphous and cage structures can precipitate as well, which have different sorption 

behaviors compare to columnar structure.29,31  The integral sorption isotherms in Figure 

4.7, which are from different precipitations of α-CD, could then be composite sorption 

isotherms of multiple crystal types containing mostly columnar structure. 
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FIGURE 4.7. Comparison of integral water vapor sorption of columnar α-CD at a = 0.55, 

0.8 and 1.0 at 40° C. 
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4.2.3. γ-Cyclodextrin Cage Structure 

Figure 4.8 shows the water vapor interval sorption isotherm of as-received γ-CD cage 

structure, which exhibits a plateau between a = 0.3 – 0.6 corresponding to a hydrate of 

approximately 6 molecules of water per molecule of γ-CD and a final adsorption level of 

more than 16 molecules of water per molecule of γ-CD.  The desorption stage exhibits 

the same trend as the sorption stage but the transition is shifted to lower activities, 

indicating a strong affinity for water by γ-CD. 
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FIGURE 4.8. Sorption isotherm of water vapor in as-received cage γ-CD at 40° C. 
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4.2.4. γ-Cyclodextrin Columnar Structure  

4.2.4.1. Vacuum-dried γ-Cyclodextrin 

The equilibrium water vapor sorption experiment requires sample dehydration, which is 

expected to produce an amorphous structure in the case of γ-CD as described by Rusa et 

al.26  The starting material in such an experiment is therefore amorphous γ-CD.  As a 

result, the sorption isotherm of vacuum-dried γ-CD (Figure 4.9) exhibits different 

behavior than the cage polymorph in that no stable hydrate is observed at intermediate 

water activities.  Instead, an almost linear increase in water uptake versus water activity 

occurs.  This was also observed by Nakai et al.31 in which γ-CD was ground in a tungsten 

carbide vibrational mill to create amorphous γ-CD.  The resulting sorption isotherm at 

40° C is linear with no intermediate hydrate present and is similar to the sorption 

behavior of amorphous γ-CD shown in Figure 4.9. 
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FIGURE 4.9. Sorption isotherm of water vapor in vacuum-dried columnar γ-CD at 40° C. 

 

The maximum sorption level at a = 1.0 is approximately 17 moles of water per mole of γ-

CD, which is comparable to the maximum sorption level of cage γ-CD (Figure 4.8).  This 

suggests that the sample transforms to the cage structure during the sorption experiment.  

The desorption stage is nearly identical to cage structure desorption with a stable hydrate 

of approximately 6 moles of water per mole of γ-CD forming between a = 0.25 – 0.35, 

which further indicates that an amorphous-to-cage crystal structure transition occurs 

during sorption.  Also, WAXD performed at the end of the desorption stage confirms the 

presence of the cage structure (discussed in section 5.4.1).   
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An integral sorption kinetics experiment for vacuum-dried columnar γ-CD at a = 1.0 is 

shown in Figure 4.10.  The maximum sorption level of 18 moles of water per mole of γ-

CD is reached after approximately 2 hours.  This sorption level could be attributed to the 

hydrate of vacuum-dried columnar γ-CD if the amorphous structure contains more free 

volume than the resulting cage structure.  The sorption maximum is followed by the 

expulsion of approximately 3 moles of water to 15 moles per mole of γ-CD, which is 

close to the sorption level of cage γ-CD at the same water activity as seen in Figure 4.8.  

The WAXD pattern of this sample (discussed in section 5.4.1) collected approximately 

24 hours after completion of the sorption kinetics experiment shows a complete 

transformation to the cage structure. 

43 



0

5

10

15

20

0 10 20 30 40 5

C
on

ce
nt

ra
tio

n 
(m

ol
 H

2O
/m

ol
 C

D
)

Time (hr)

0

 

FIGURE 4.10. Water vapor sorption kinetics of vacuum-dried columnar γ-CD at a = 1.0 

and 40° C. 

 

4.2.4.2. As-precipitated γ-Cyclodextrin 

Since vacuum-drying would render as-precipitated columnar γ-CD amorphous, the initial 

water content of this sample was measured using TGA (Figure 4.11). The TGA scan 

shows two major regions of weight loss.  The first one is a dehydration step that occurs 

between 25° C and 160° C.  The dehydration step accounts for approximately 24 wt % or 

22.4 moles of water per mole of γ-CD.  The dehydration step occurs over a range of 135° 

C, suggesting multiple binding energies for water.  The broadness of the transition could 

result from water molecules in different environments (e.g. water inside versus water 
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outside the γ-CD cavity) exiting the crystal at different temperatures.  The second weight 

loss region occurs between 310° C and 420° C, which is associated with the 

decomposition of γ-CD. 
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FIGURE 4.11. TGA of as-precipitated columnar γ-CD containing 24 wt % or 22.4 moles 

of water per mole of γ-CD. 

 

An integral sorption kinetics experiment was also performed with as-precipitated 

columnar γ-CD (Figure 4.12).  After approximately 20 minutes, the sample sorbed its 

maximum of 24.5 moles of water per mole of γ-CD, followed by a loss of 7.9 moles after 

approximately 7 hours.  The final water vapor sorption level of 16.6 moles is close to that 

of γ-CD cage structure which contains 16.1 moles (Figure 4.8), suggesting a columnar-to-

cage phase transformation takes place that requires approximately 7 hours at 40° C and a 

= 1.0.  In comparison, columnar α-CD reaches a maximum sorption level of 5.5 moles of 
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water per mole of α-CD after 15 minutes at 40° C and a = 1.0.  After approximately 100 

hours columnar α-CD reverts to cage α-CD (see section 5.2) as indicated by a loss of 2.3 

moles of water per mole of α-CD. 
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FIGURE 4.12. Water vapor sorption kinetics of as-precipitated columnar γ-CD at a = 1.0 

and 40° C. 
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5. WAXD STUDIES OF SORPTION-INDUCED CRYSTAL 

STRUCTURE TRANSFORMATIONS IN 

CYCLODEXTRIN 
 

5.1. α-Cyclodextrin Cage Structure 

Figure 5.1a shows the WAXD pattern for as-received cage α-CD.  It has many 

reflections, but there are three salient peaks associated with its crystal structure occurring 

at 2θ = 12.0°, 14.4° and 21.7° (Figure 5.1a).  Unlike the low-intensity peaks, which 

disappear with a reduction in water content, these peaks persist independent of the 

hydration level.18  WAXD (Figure 5.1c) performed on α-CD columnar structure after 

sorption to a = 1.0 confirms that a phase transformation from columnar to cage structure 

occurs based on the presence of the α-CD cage structure peak at approximately 2θ = 

12°26.  Also, after completion of the desorption isotherm (Figure 4.3), the WAXD 

diffractogram of α-CD trihydrate also showed a strong peak for the cage crystal at 2θ = 

12°. 
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FIGURE 5.1. WAXD diffractograms of as-received cage α-CD (a) and vacuum-dried α-

CD columnar structure before (b) and after (c) sorption equilibrium is reached at a = 1.0. 

 

5.2. α-Cyclodextrin Columnar Structure 

α-CD columnar structure has significantly fewer reflections with two salient peaks 

centered at 2θ = 13.2 and 20.0° (Figure 5.1b).  The reason for fewer reflections in α-CD 

columnar structure is probably due to small and/or imperfect crystals relative to the cage 

structure.  Since formation of α-CD columnar structure occurs rapidly, the molecules do 

not have sufficient time to order completely, possibly resulting in amorphous regions. 
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The crystal structure of columnar α-CD has not been directly identified due to the 

method in which it is obtained.  Because it is precipitated rapidly from solution by a 

nonsolvent, the crystals formed are too small for traditional single crystal x-ray 

diffractometry studies.  Further complicating the matter are the four possible columnar α-

CD crystal structures obtained with various guest molecules.20-24  For this work, the 

crystal structure of columnar α-CD is presumed isomorphous with the triclinic P1 crystal 

of LiI3/I2-α-CD IC.22  Figure 5.2 is a 3D model of the columnar α-CD of this crystal with 

the guest molecules omitted and shown along the c-axis of the unit cell which is parallel 

to the column axis.  It contains 4 water molecules per α-CD which are all located in 

interstitial sites.  The interstitial spaces are small compared to the volume occupied by α-

CD.  
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FIGURE 5.2. Projection of columnar α-CD crystal perpendicular to the column axis 

(reference 22). Gray and blue circles represent carbon and oxygen, respectively, 

comprising α-CD.  Yellow circles represent oxygen contained in water molecules and 

gray lines identify unit cell edges. 

 

The crystal assignment for columnar α-CD is based on the close match of the measured 

d-spacings (Table 5.1) calculated from the WAXD diffractogram reflections shown in 

Figure 5.1b to the dhkl values calculated from the LiI3/I2-α-CD IC crystal proposed by 

Noltemeyer and Saenger.22  The reflection at 2θ = 11.5° could not be assigned to this 

lattice possibly because it belongs to α-CD cage structure which exhibits a reflection near 

2θ = 12°.26
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TABLE 5.1. Crystallographic characteristics of columnar α-CD crystal structure. 

2θ(obs) 
(deg) 

d(obs) 
(Å) 

d(calc)a 

(Å) hkl 

7.65 11.6 11.6 100 
11.5 7.72 - - 
13.1 6.78 6.82 110 
16.2 5.48 5.45 021 
17.2 5.15 4.86 003 
20.0 4.45 4.50 120 
20.8 4.28 4.22 211 
22.7 3.92 3.86 300 
27.1 3.29 3.24 310 

    
aCalculated assuming a triclinic lattice with a = 13.38 Å, b = 13.88 Å, c = 15.69 Å, α = 

94.1˚, β = 87.8˚, γ = 120˚ (reference 22). 

 

LiI3/I2-α-CD IC contains 4 moles of water per mole of α-CD which are located outside 

the α-CD cavities because of the included iodine guest molecules.22  Since α-CD in the 

cage crystal contains 2 molecules of water per α-CD cavity17, the corresponding 

columnar structure should also contain 2 molecules of water per α-CD cavity assuming 

molecular packing has no effect on the α-CD cavity.  LiI3/I2-α-CD IC would then contain 

6 molecules of water per molecule of α-CD if no iodine was present.  Therefore, the 

maximum water content of α-CD columnar structure (5.6 moles of water per mole of α-

CD, Figure 4.3) matches well with the triclinic crystal reported by Noltemeyer and 

Saenger22. 

 

To quantify the stability of α-CD columnar structure, WAXD was performed over time 

under the same environmental conditions as the integral sorption kinetics experiment in 
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Figure 4.4  Time-dependent WAXD patterns are shown in Figure 5.3.  The 2θ = 12.9° 

peak, which represents the (110) plane in the α-CD columnar structure, disappears after 

0.42 hours.  This could correlate with the peak at 0.25 hours in the sorption kinetics 

experiment as shown in Figure 4.4.  Shortly afterward, a significant buildup of the α-CD 

cage peak at 2θ  = 12.2° occurs. 

10 15 20 25

In
te

ns
ity

2θ (°)
 

122 hr 

75.4 hr 

25.0 hr 

4.15 hr 

2.48 hr 

1.83 hr 

0.93 hr 

0.42 hr 

0 hr 

FIGURE 5.3. Time-dependent WAXD diffractograms of α-CD columnar structure at a = 

1.0 and 40° C. 

 

Without further analysis, it would appear that the columnar-to-cage phase transformation 

occurs in less than an hour.  However, the columnar α-CD peak at 2θ  = 19.8° persists 

while the 2θ  = 12.2° peak area continues to increase after 100 hours (Figure 5.3), 

suggesting that columnar α-CD transforms to some intermediate structure containing 
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reflections for both columnar and cage crystals.  The α-CD trihydrate formed at the end 

of the sorption isotherm (Figure 4.3) could be characteristic of this third structure.  It is 

also possible that the phase transition is heterogeneous in which case the surface of the 

crystals transform first because of their direct exposure to water vapor.  The molecules in 

the bulk would therefore require a longer time to transform due to fewer degrees of 

freedom.  Further elucidation of this transition would require single crystal x-ray 

diffraction studies. 

 

5.3. γ-Cyclodextrin Cage Structure 

Figure 5.4a shows WAXD patterns for as-received cage γ-CD.  It has relatively low order 

compared to cage α-CD crystals as it is monoclinic with a space group of P21.  Because 

the cavity of γ-CD is large (8-10 Å), each molecule is partially complexed with its 

neighbor.  Two glucose units are located within each cavity.  This contributes, in part, to 

the low packing order. 
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FIGURE 5.4. WAXD patterns of as-received cage γ-CD (a), as-precipitated columnar γ-

CD (b), vacuum-dried columnar γ-CD (c), vacuum-dried columnar γ-CD after 

equilibrium sorption/desorption (d) and vacuum-dried columnar γ-CD after kinetic 

sorption at a = 1.0 and 40° C (e). 

 

5.4. γ-Cyclodextrin Columnar Structure 

5.4.1. Vacuum-dried γ-Cyclodextrin 

It has been shown that γ-CD in the columnar structure is destabilized by the removal of 

water under vacuum at 90 °C, resulting in an amorphous structure.26  Figure 5.5 shows 

the unit cell of columnar γ-CD.28  The large interstitial sites between the columns is 
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where a portion of the crystal water resides in the fully hydrated structure.  When this 

water is removed, structure destabilization is likely since the interstitial water is loosely 

bound.  This would suggest that water residing in interstitial sites between γ-CD stacks 

stabilizes the structure through primary CD-water and possibly secondary CD-water-

water-CD hydrogen bonds.  Unlike γ-CD, α-CD is stable upon vacuum-drying, indicating 

that CD-CD hydrogen bonds are present in α-CD.  It is possible that γ-CD in the columns 

tilt in a random fashion after removal of water in an attempt to adopt the more stable cage 

structure.  This randomness is evident by the absence of reflections in the WAXD pattern 

of vacuum-dried columnar γ-CD shown in Figure 5.4c, which compares x-ray patterns of 

γ-CD cage structure with various other samples. 
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FIGURE 5.5. Projection of columnar γ-CD crystal perpendicular to the column axis 

(reference 28). Gray and blue circles represent carbon and oxygen, respectively, 

comprising α-CD.  Yellow circles represent oxygen contained in water molecules and 

gray lines identify unit cell edges. 

 

To further understand the kinetics of the phase transformation in vacuum-dried columnar 

γ-CD suggested in Figures 4.7 and 4.8, time-dependent WAXD patterns were collected 

for samples stored at a = 1.0 and 40° C.  Figure 5.6 shows no significant change in the 

crystal structure of vacuum-dried columnar γ-CD on the time scale of the sorption data 

for the same sample studied in Figure 4.8.  Therefore, the expulsion of 3 moles of water 

per mole of γ-CD after 2 hours at a = 1.0 and 40° C is not a result of a crystalline phase 

transformation.  Complete phase transformation occurs over a much longer time period as 
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evidenced by the appearance of cage γ-CD reflections sometime between 24 and 192 

hours (8 days).  In contrast, a similar sample subjected to the integral sorption kinetics 

experiment of Figure 4.8 then stored under ambient laboratory conditions for 24 hours 

did undergo a phase change to the cage structure (Figure 5.4e).  This sample endured a 

total of 50 hours of exposure to water vapor at 40° C and a = 1.0.  This difference in the 

number of reflections for the x-ray pattern at 192 hours in Figure 5.6 and Figure 5.4e 

could be due to the 24 hour time period between the conclusion of the experiment in 

Figure 4.8 and the collection of the WAXD pattern in Figure 5.4e.  This suggests that the 

phase change is accelerated by either a reduction in water activity or temperature. 
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FIGURE 5.6. WAXD patterns of vacuum-dried columnar γ-CD at a = 1.0 and 40° C.  
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5.4.2. As-precipitated γ-Cyclodextrin 

The crystal structure of columnar γ-CD has not been completely characterized due to the 

method in which it is obtained.  Rapid precipitation from solution with a nonsolvent 

produces crystals that are too small for traditional single crystal x-ray diffractometry 

studies.  For this work, the crystal structure of columnar γ-CD is presumed isomorphous 

with the tetragonal P4212 crystal of γ-CD•12-crown-4-LiSCN IC.28  This assignment is 

based on the close match of the d-spacings (Table 5.2) derived from the as-precipitated 

columnar γ-CD hydrate WAXD pattern shown in Figure 5.4b to the d-spacings calculated 

for the structure of γ-CD•12-crown-4-LiSCN IC proposed by Kamitori et al.28  This 

lattice contains 7.7 molecules of water per molecule of γ-CD, all located outside the γ-CD 

cavities because of the included crown ether guest molecules. 

 

TABLE 5.2. Crystallographic characteristics of columnar γ-CD crystal structure. 

2θ(obs) 
(deg) 

d(obs) 
(Å) 

d(calc)a 

(Å) hkl 

5.30 16.7 16.5 011 
7.45 11.9 11.9 200 
10.5 8.42 8.25 202 
11.6 7.66 7.64 003 
12.1 7.31 7.27 013 
14.2 6.25 6.43 023 
14.9 5.94 - - 
15.8 5.62 5.50 033 
16.7 5.32 5.44 331 

    
aCalculated assuming a tetragonal unit cell with a = b = 23.75 Å, c = 22.92 (ref. 28). 
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The WAXD patterns collected as a function of time for as-precipitated columnar γ-CD 

stored at a = 1.0 and 40° C (Figure 5.7) show a gradual reduction in the intensity of the 

characteristic columnar structure peak centered at 2θ = 7.45°.  New peaks at 2θ = 12.4°, 

15.2°, 16.5°, and 18.8° begin to appear after 164 hours.  These new reflections match 

well with those for cage γ-CD as shown in Figure 5.4a, confirming the occurrence of a 

crystal structure transition as suggested by the corresponding water vapor integral 

sorption kinetics experiment (Figure 4.10).  However, the time at which the apparent 

transition occurs in the sorption kinetics experiment again is shorter than the time for the 

phase change seen in the WAXD patterns of Figure 4.10.  This could indicate that the 

free energy of columnar γ-CD is not significantly higher than that of cage γ-CD, resulting 

in a small driving force for a cage-to-columnar transition.  Also, the mobility of γ-CD is 

much lower than the mobility of water through the γ-CD crystal, giving rise to a 

discrepancy in the time to reach sorption equilibrium and the time to reach phase 

equilibrium. 
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6. CONCLUSIONS AND FUTURE WORK 
 

From optical and scanning electron microscopy images, as-received cage CD particles 

have crystal domain sizes on the order of the particle size.  The morphology of columnar 

CD is not discernable due to the rapid precipitation method employed.  Optical images of 

as-received CD indicate that carbon dioxide adsorbs onto CD particle surfaces and does 

not penetrate the crystals. 

 

α-CD recrystallized rapidly from aqueous solution formed a columnar structure with only 

water as the guest molecule.  Isothermal sorption experiments at 40° C revealed that α-

CD columnar structure unstable above a water activity of 0.67, at which point a phase 

transformation occurs resulting in the formation of a stable α-CD trihydrate.  This was 

confirmed by continuous WAXD experiments, which further revealed that α-CD 

columnar structure undergoes a heterogeneous phase transformation from columnar to a 

mixture of cage and columnar crystal structures after approximately 0.5 hours at 40° C 

and a = 1.0.  Complete transformation to the cage structure occurs on the order of 100 

hours. 

 

γ-CD recrystallized rapidly from aqueous solution also forms a columnar structure with 

only water as the guest molecule.  Upon vacuum-drying at 90° C for 15 hours, an 

amorphous phase results.  Equilibrium water vapor sorption at 40° C suggests that 

amorphous γ-CD transforms to cage structure after sorption up to a = 1.0, since the 
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desorption stage is nearly identical to the desorption behavior of cage γ-CD.  This is also 

confirmed by WAXD performed at the end of the equilibrium water vapor sorption 

experiment.  However, kinetic sorption and time-dependent WAXD experiments reveal a 

more extended phase transformation process that occurs between 24 and 192 hours (8 

days) at 40° C and a = 1.0.  As-precipitated columnar γ-CD also exhibits a gradual 

transition to cage structure at 40° C and a = 1.0 that ends after 164 hours.  Columnar γ-

CD formed by rapid precipitation from aqueous solution is unstable upon vacuum-drying 

and in a humid environment at elevated temperatures. 

 

This work shows that water content plays an integral role in the structural analysis of CD.  

It is impossible to understand the structure of CD without considering crystal water.  It is 

very likely that water is also an important structural feature of polymer-CD ICs as well.  

Therefore, water vapor sorption of these materials should reveal new insights into the 

structure of polymers when included in their CD ICs. 

 

Absorption studies provide an indirect approach to probing the microstructure of CD ICs 

by determining the gas and vapor solubilities of the precipitated ICs.  Future work will 

include water vapor sorption experiments for polymer-CD ICs.  The first system in this 

series of studies will be PEG-CD IC since it was the first and is the most characterized 

polymer CD IC.  Also of interest is sorption of CD ICs with hydrophobic polymer guests.  

No water vapor sorption would occur inside the CD cavities.  The only remaining 

sorption sites are columnar crystal interstices or uncomplexed CD.  Any free polymer or 
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CD will result in a deviation of water vapor sorption from the amount residing in 

interstitial sites.  This information could be used to estimate the extent of polymer 

complexation by CD. 

 

Future studies of the crystal structure of columnar CD with polymers as guest molecules 

are also being considered.  Transmission electron microscopy (TEM) is a characterization 

technique widely used to study the microstructure of materials.  It is also to possible to 

obtain structural information via electron diffraction.  By analogy, x-ray diffraction uses 

x-ray radiation whereas the TEM uses electrons to elucidate crystal structure.  The 

advantages of TEM over WAXD are significant.  TEM crystals can be very small and 

diffraction intensities are greatly increased.  This is ideally suited for CD which 

precipitates into small crystals that agglomerate.  New CD IC formation techniques can 

be explored to obtain quality electron diffraction crystals.  One approach, often used to 

obtain polymer single crystals for electron diffraction studies, is to make soluble 

polymer-CD ICs at high temperature that precipitate upon slow cooling. 
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8. APPENDIX 
 
8.1. Hardware Instructions for the Dynamic Absorption Balance 

• Prepare sample by weighing approximately 0.3 – 0.5 g and place on the aluminum 

pan. 

• Obtain a piece of aluminum foil as a counter-balance weighing approximately 0.03 g 

less than the combined weight of the sample, sample pan, and sample pan hanger. 

• Wrap the foil counter-balance around the counter-balance hang-down wire and place 

wire on the reference side of the balance mechanism. 

• Suspend the hanger and pan containing the sample from the sample side of the 

balance mechanism. 

• Lower the balance until the o-ring at the top of the jar touches the glass ball joint and 

lock into place with the joint clamp. 

• Before evacuating the chamber, make sure the flowmeter, vacuum-pump, and vapor 

source chamber to sample chamber valves are CLOSED. 

• Turn the pump on and then open the vacuum valve SLOWLY, checking to make sure 

the sample is not disturbed by the flow of air out the jar. 

• Collect desorption data by following the general software instructions in Appendix 

8.2. 

• When desorption is complete, end data collection and close vacuum valve. 

• Restart data collection for the dry gas flow equilibration step. 

• Turn helium cylinder and regulator on.  Set to pressure to 15 psi. 
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• Open “Gas Control” program on the desktop and set the helium mass flow controller 

to 20 mL/min. 

• Turn nitrogen cylinder and regulator on. Set pressure to 15 psi. 

• Turn dry gas flowmeter on to a flow of 141 mm (400 mL/min, Appendix 8.3) until 

the vacuum connector can be removed (atmospheric pressure), and then remove the 

connector. 

• When sample weight re-equilibrates, turn off data collection. 

• Create a new data collection file for the first step in the sorption experiment. 

• Repeat procedure as needed for subsequent vapor activities in the sorption 

experiment. 
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8.2. Software Instructions for the Dynamic Absorption Balance 

• Open “Main Program” on the desktop. 

 
• Click “Load”. 

 
• Open “New Balance” folder on the desktop. 

 
• Open “Methods” folder and open “a-CD sorp.met”. 
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• Click “Start at Beginning”. 

 
• Click “No”. 

 
• Click “OK”. 

 
• Enter “30” and click “OK”. 

 
• Choose a folder to save the data in, type the filename at the bottom of the dialog 

box, and click “Save”. 
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• Click “Continue”. 

 
• Click “OK”. 

 
• Change time scale to 1:00:00 to magnify the scale. 

 
• Check “AutoScale Weight”. 

 
• Click maximize button in top-right corner to show the taskbar. 

• Click on “Weight” on left side, move mouse over “Common Plots”, then click on 

top-middle button in menu. 
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• Click on “Weight” on left side, move mouse over “Point Style”, then click on 

solid circle in menu. 

 
• After at least 2 minutes, adjust flow meters to desired flow rates. 

NOTE: Use middle of float to measure scale reading 

• Keep checking scale reading on flow meters for the first 5 minutes to make sure 

flow does not deviate. 

• After an hour has passed, change time scale so that all data is visible. 

• When sample mass levels out, measure humidity by inserting hygrometer into 

common outlet on the front of the glass jar just until the opening in the plastic 

tube is outside of the outlet. Repeat humidity measurement at end of data 

collection. 

• Click red button in the top-left corner, then click close button in top-right corner 

to stop data collection. 
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8.3. Calibration Curves for the Dynamic Absorption Balance 
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FIGURE 8.1. Conversion plot for the flowmeter scale setting to actual flowmeter flow 

rate. 

 
 
TABLE 8.1. Flowmeter settings for a total constant flow rate of 400 mL/min. 

Water Activity 
Wet Gas 

Flowmeter Setting 
(mm) 

Dry Gas Flowmeter 
Setting (mm) 

0.10 19 133 
0.20 38 123 
0.35 64 106 
0.50 86 86 
0.65 106 64 
0.80 123 38 
1.00 141 0 
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