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Abstract

The effect of water on a-, B-, and y-cyclodextrins (CD) was investigated using sorption calorimetry,
differential scanning calorimetry and dynamic vapor sorption in order to understand the phase
behavior and to create phase diagrams. By relating earlier X-ray diffraction patterns of cyclodextrins
equilibrated over saturated salt solutions and literature regarding the cyclodextrin hydrates to the
sorption calorimetry and vapor sorption results, it proved possible to determine several distinct
cyclodextrin structures depending on the cyclodextrin/water composition. For a-cyclodextrin, a phase
diagram was derived, containing four distinct hydrates with a possibly stoichiometric hydrate at a-
CD-6H,0 and a hydrate of unknown stoichiometry close to a-CD-11H,0. For B-cyclodextrin, the
suggested phase diagram has three distinct hydrates that are non-stoichiometric in nature, with the
most hydrated form being B-CD-10-12H,0. The y-cyclodextrin was investigated with sorption
calorimetry and compared to X-ray diffraction patterns, which suggested up to four separate hydrates.
The structures were less crystalline at a lower humidity than the a- and B-cyclodextrin counterparts.
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1. Introduction

The active ingredients and excipients in a solid formulation can reside in different structures. These
structures can be highly varied in terms of their physiochemical and biopharmaceutical properties,
which can affect the uptake and efficacy of the active pharmaceutical ingredient (API). Different
cyclodextrins are widely used in the pharmaceutical industry, as well as cosmetics, the food industry,
agriculture and chromatography.

Due to their torus shaped form with a circular cavity, the cyclodextrin molecules are prone to form
inclusion complexes, mainly of the host-guest type, with other molecules. The non-cytotoxic nature,
coupled with the host-guest interaction, is what makes the cyclodextrin useful as a solubilizer,
chelating agent, and for chiral analytical methods. The most interesting of these abilities, at least in
the context of this study, is their ability to form host-guest inclusion complexes. A guest molecule
that is sterically able to be held inside the cavity of the cyclodextrin is provided a non-polar
microenvironment without breaking or forming any covalent bonds. This relationship can improve
the solubility of hydrophobic compounds, and offer protection from light, oxidation or other
incompatible compounds. (Martin Del Valle 2004). Of the three first-generation cyclodextrins, a-, B-,
and y-cyclodextrin, B-cyclodextrin is generally the most used and economical of the three.

For an API to be effective, it needs to be sufficiently hydrophobic to cross the cellular membranes,
but at the same time soluble enough to reach the membranes in the first place. Cyclodextrin has
found use for compounds that cross the membranes as intended, but suffer from inferior drug
delivery. As cyclodextrin only permeate membranes with difficulty, the accepted mechanism is that
CD carries the pharmaceutical compound to the barriers by keeping them in solution, where the
guest molecule can detach and diffuse through the membrane. Other methods to achieve solubility
for hydrophobic APIs involve formulations with co-solvents, surfactants and altered pH conditions,
which can cause adverse reactions, while cyclodextrins are largely devoid of harmful effects in
reasonable doses. Other advantages in formulations with cyclodextrin include binding volatile
compounds, increased stability of the API, reduction of smell, bitterness or irritation (Martin Del Valle
2004).

The main purpose of this thesis was to investigate how the structure of the three first generation
cyclodextrins is affected by the water/cyclodextrin composition, compare it with earlier research,
and create accurate and detailed temperature-composition phase diagrams for the a-, B-, and y-
cyclodextrin/water system. As far as the author of this thesis is aware, there is no readily available
phase diagrams for either the a-, B- or y-cyclodextrin/water systems

In order to study the crystal structures and amorphous state of the cyclodextrin the main methods
were differential scanning calorimetry (DSC) and sorption calorimetry, with supportive use of
dynamic vapor sorption (DVS), thermogravimetric analysis (TGA) and earlier X-ray diffraction (XRD)
data.
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2. Theory

2.1. Cyclodextrin

The cyclodextrin molecules are ring-shaped a-D-
glucopyranose monomers linked by a(1-4) glycosidic
bonds most commonly formed by six, seven or eight
monomers, which are denominated a-, B-, and y-
cyclodextrin respectively. The B-cyclodextrin structure can
be seen in figure 1. Smaller ring sizes would be too
sterically strained, and cannot be produced by glycosyl-
transferase enzymes, but other cyclodextrins with 10, 14
and 26 glucoses have been previously studied. The larger
cyclodextrin rings, however, tend to lose the well-known
“doughnut” shape found in a-, B-, and y-CD (Szejtli 1998,
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Figure 2. Chemical Structure of f-cyclodextrin (Saenger

Saenger 1998). A relevant property for the cyclodextrinto  ;99g).

form inclusion complexes is the difference in

hydrophilicity between the hydrophilic ring exterior, and the less hydrophilic inside. The result of this
property is a favourable situation for a host-guest relationship with guest molecules that fit inside the
cavity (Saenger 1998). An interesting difference between a-, B-, and y-cyclodextrin, except for the
difference in cavity size, is the variation in water solubility. While a-, and y-cyclodextrin have a solubility
of 0.15 M and 0.18 M respectively, B-cyclodextrin has a very limited solubility of 0.016 M at normal

temperature and pressure (NTP) (Jozwiakowski 1985).

In their solid state, cyclodextrin is known to form several
different crystalline hydrates and crystal structures. The
primary structures of cyclodextrins are either channel
structures with linearly aligned cavities that form extended
channels in the lattice as seen in figure 2 (c), or cage
structures where the cyclodextrin is blocking off the nearby
cavities, isolating the guest molecules. Typical cage
structures are the herringbone and the brick structure, as
can be seen in figure 2 (a) and (b). The channel type structure
is stabilized by hydrogen bonding between the cyclodextrin
molecules, and is normally found complexed with some
small organic molecules, longer molecules, or ionic guests.
The cage structures are more commonly found in cases
where the a-, B-, or y-cyclodextrins are co-crystallized with
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Figure 2. Schematic description of cyclodextrin in a (a)
herringbone, (b) brick type, and (c) channel crystal
structure (Saenger 1998).

water or other smaller molecules. No crystalline forms of cyclodextrin devoid of guest molecules such

as water have been reported (Saenger 1998).

Several single crystal structures of a-, B-, and y-cyclodextrin have been reported, several with slight

variations in water content. Some of the reported structures include a-CD6H,0 (Klar 1980) a-CD-6H,0
(Manor 1974) and a-CD-11H,0 (Puliti 1998) for a-CD, with one paper specifying the hexahydrate as
having four water molecules being located on the outer side of the cyclodextrin torus through
extensive hydrogen bonding, and two water molecules located inside the cavity hydrogen bonded to

each other and to the cyclodextrin (Manor 1974).
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For the B-cyclodextrin, some of the determined structures include B-CD-11H,0 (Betzel 1984), B-
CD-12H,0 [Lindner 1982], 3-CD-10.5-12.0H,0 (Ripmeester 1993), f-CD'9.4-12.3H,0 (Steiner 1994), -
CD-8H,0 and B-CD'12H,0, with the latter structure determined to have 6.5 water molecules statistically
distributed over eight sites within the B-cyclodextrin cavity, and 5.5 water molecules statistically
distributed over eight sites on the outside of the torus. The distribution is non-stoichiometricin nature,
and all sites cannot be occupied by the water molecules at the same time due to steric hindrance
(Lindner 1982). An investigation by Betzel/ et al found the same structure of eight water sites within
the cavity and eight external sites, with 6.13 water molecules distributed over the former, and 4.88
water molecules distributed over the latter sites (Betzel 1984). This illustrates that the variation
depending on methodology and other factors can be quite significant.

Some of the reported y-cyclodextrin structures include y-CD'13.3H,0 (Harata 1984), y-CD'14.1H,0
(Harata 1987), and y-CD'17H,O (Maclennan 1980), displaying that some structures have been
investigated several times with slightly different results. Like in B-cyclodextrin, the 14 sites in the
cyclodextrin cavity, and the 9 external sites cannot be fully occupied due to steric hindrance, with 7.1
water molecules occupying the internal sites, and 7.0 water molecules occupying the outside for the
tetradecahydrate of y-CD (Harata 1987).

2.2. Phase Diagrams

According to Donald R. Askeland and Wendelin J. Wright a phase can be defined as any portion of a
system that is physically homogenous within itself and bounded by a surface that separates it from
other portions. An example of a system with several different and distinct phases could be solid ice,
liguid water, and water vapor, which can all coexist in a stable system under certain conditions. An
important relationship between the number of phases and number of components in a system is Gibbs
phase rule:

2+C=F+P

Here Cis the number of chemically independent components, F is the number of degrees of freedom,
and P is the number of phases present. The number 2 represents the ability to change pressure and
temperature. However, as this thesis only considers phase diagrams with a fixed pressure, calculations
of the degrees of freedom will use the number 1 instead. This study uses the two component
cyclodextrin/water system in a temperature-composition diagram (Askeland 2014).

2.3. Differential Scanning Calorimetry

DSC is one of the more commonly used methods to measure the glass transition (Tg) and the melting
temperature (Tm), but can also provide valuable information on heat capacity, crystallization, or other
changes to a material. There are two different types of DSC. One type keeps a specific temperature or
gradient by using individual heaters on two holders for hermetically sealed aluminium crucibles, one
for the sample and one empty reference crucible, and measures the power difference. The other type
(which is used in this thesis) is the heat flux DSC, which uses a single furnace and measures the
temperature difference between the sample and the reference, which can be converted into the heat
flow (Fried 2003).
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2.4. Thermogravimetric Analysis

TGA is a method where changes in weight are measured as a function of an increase in temperature.
The method can provide useful information regarding vaporization, desorption or several other
physical or chemical changes. It relies on a furnace that can be controlled to increase the temperature
steadily over time or hold it at a set temperature, and a precision balance for the sample. The TGA
continually weighs the sample as it is heated, and the results are commonly plotted as a mass -
temperature curve or a differential rate of mass loss - temperature curve (Coats 1963).

2.5. Dynamic Vapor Sorption

DVS is a technique focused on investigating the

amount of water in a solid sample as a function

of the water activity, called the sorption- ool vapor
humidifier

desorption isotherm. The isotherm is divided \

. . -— —
into two separate curves, where the adsorption e T — = [ ™ e
isotherm is created by increasing the humidity, — e e
gas flow
A
1

and the desorption isotherm is created by 1 -
decreasing the humidity. The difference #WL?J —

X . L_controter b humidity probes
between these two plots is called the hysteresis.

Theoretically any volatile solvent could be used
as vapor, but the most common application is water
set between 0 percent relative humidity (%RH) and 100 %RH (Sheokand 2014).

Figure 3: Schematic for a typical DVS instrument (Sheokand 2014).

Functionally, the DVS is a gravimetric method that contains a temperature controlled incubator with
sample and reference chambers, a microbalance, and temperature and humidity probes. The mass
flow controllers are programmed to create the desired humidity through the mixing of dry air and
saturated vapor, an illustration of the instrument can be seen in figure 3.

2.6. Sorption Calorimetry

The isothermal sorption double twin calorimeter can provide useful information regarding the
hydration of organic materials. Due to separate calorimetry measurements it can not only measure
the sorption isotherm, but also the differential sorption enthalpy. The vessel itself has two chambers
connected by a tube of known length and diameter. With the sample contained in one end of a vessel
a vaporizable liquid, such as water, is added to the other end which will then vaporize and be adsorbed
by the initially dry sample. The isothermal calorimeter measures the heat produced at a set
temperature, and as the different chambers in the vessel are separated, they can also be separately
monitored to provide the thermal power of evaporation P*??, and the thermal power of sorption P*°™,
From these values registered in the upper and lower chamber it is possible to calculate the partial
molar enthalpy of mixing of water:

) H vap
mix __ vap sorp ' 'w
H™ = HUP 4 PP e

Where H * is the molar enthalpy of evaporation for water and H ™ refers to the molar enthalpy

of mixing for water to CD, H,O(l) 2 H,O(CD). It is also possible to calculate the water activity in the
sample chamber (Wads6 2002, Kocherbitov 2011):

Pvap
a, =1

w - vap
Prrax

page 4



2.7 X-Ray Powder Diffraction

While any XRD instruments have not been used for the duration of this study, an integral part of
determining conformational changes in cyclodextrin is based on diffraction data derived from previous
studies. X-ray diffraction can be used to provide information concerning the amorphous state, or the
crystal structure of a crystalline material. The high energy photons (x-rays) targets a material, which
results in a part of the beam being absorbed, and other parts scattered from electron interaction,
which produces a scattering pattern. For a crystal the interplanar spacing and scattering angle can be
connected by Bragg’s law;

sin @ = A

hkl

Where @is half the angle of the diffracted x-ray beam, and dh is the interplanar spacing that cause
constructive reinforcement of the x-ray beam. A powdered sample will for a given incident and
reflected beam show these reinforced peaks, which can be used as a signature for a given crystalline
material. (Askeland 2014, Fried 2003)

2.8. Non-freezing water

When a biopolymer is in a hydrated state, some of the water will interact with the polymer
molecules. These water molecules are normally referred to as bound water. As the interactions
between carbohydrates and water is normally weaker than the interactions between the water
molecules themselves, cooling a hydrated biopolymer can almost fully dehydrate it by the
crystallization of water. However, some of the water may stay in the biopolymer phase. The reason
for this is an effect of water on the glass transition that prevents full dehydration. The water that
stays in the biopolymer phase therefore does therefore not necessarily reflect the bound water at
higher temperatures, and can be called the non-freezing water (Kocherbitov 2016).
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3. Experimental

3.1. Materials and Data Handling

The a-cyclodextrin acquired from Wacker Chemie AG, and the B-, and y-cyclodextrin was acquired
from Sigma-Aldrich. The materials were dried, but otherwise used as received. The water added to
the samples was ultrapure water by Veolia PURELAB.

Resulting data from the instruments were transferred to and processed in MathWorks MATLAB
2014b.

3.2. DSC

3.2.1. Sample preparation

The cyclodextrin samples were prepared by drying them under vacuum with molecular sieves for over
24 hours, after which they were transferred in a glove-box with <5 %RH into HPLC vials sealed with
plastic paraffin film for storage. Over the course of the study, hydration of cyclodextrins was performed
by several different procedures in order to find the most accurate and efficient method. These
included:

e Adding 5-15 mg of dried a-cyclodextrin to an aluminium crucible of known weight and
measuring the dry weight. The open crucibles were then transferred to desiccators, where
they were equilibrated for over five days at constant temperature (21 °C) and humidity. The
water activity in the desiccators was controlled through saturated salt solutions including
MgCl,, KCl, Mg(NOs),, KNOs and NaCl. After removing the crucibles from the desiccators they
were quickly sealed and weighed.

e Adding 10-20 mg of dried a-cyclodextrin to an aluminium crucible of known weight, and
measuring the dry weight. A small amount of liquid water (approximately 3-15 mg) was then
added before sealing the crucible. The samples were left to equilibrate for over two days
before measurements were taken.

e Adding 100-200 mg dried a- or B-cyclodextrin to HPLC vials of know weight and measuring the
dry weight. Purified water was added to reach a cyclodextrin mass fraction between 5 and 85
%. The HLPC vials were thoroughly mixed, and left to equilibrate for over five days. Before
measurements were taken the vials were carefully mixed again in order to homogenize the
fine cyclodextrin particles and ensure a representative sample was added to the aluminium
crucibles.

e Carefully adding the base of the aluminium crucible to the DVS quartz sample pan and
equilibrating it in the DVS at 0 %RH 25 °C until the mass was stable. A smaller amount of 2-5
mg dried a- or B-cyclodextrin was added and dried at 0 %RH 40 °C for one 45 minutes then
equilibrated at 0 %RH 25 °C for 15 minutes. The relative humidity was set to an appropriate
level for the intended hydration level, using earlier DVS data for 25 °C as reference. When the
sample weight was within the desired range the program was stopped and the crucible was
sealed as quickly as possible. Before DSC measurements the samples were left to equilibrate
for over 24 hours.
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3.2.2. DSC program

The DSC measurements were performed on a METTLER TOLEDO DSC-1 using STARe excellence
software with Indium used for calibration. The sample was added to and weighed in a hermetically
sealed aluminium crucible, and then lowered into the sample slot. The reference was an empty
aluminium crucible weighing 49.00 mg. Sample purge flow of nitrogen was set to 80 ml/min and the
nitrogen to the instrument was set to 240 ml/min. The program was started at -70 °C for 5 minutes,
and then increased to the target temperature at a rate of either 1 °C/minute or 10 °C/minute.

3.3. Sorption Calorimetry

The sorption calorimetry experiments were conducted at 25 °C. The individual parts of the calorimetry
vessel were cleaned with >99.5 % EtOH, dried with pressurized air, and placed in a desiccator with blue
silica gel overnight under vacuum. The lower chamber was then cleaned in a plasma cleaner at RF level
High for 5 minutes before assembly. The empty vessel was weighed a total of 5 times over 20 minutes.
After drying the sample under vacuum with molecular sieves for over 24 hours, the a-, B-, or y-CD
samples were transferred to the upper chamber in a nitrogen gas flushed glove box with <5 % relative
humidity. The vessel was then weighed a total of 5 times over 20 minutes again to get a stable mass of
the sample. The injection channel was added to the vessel which was then carefully lowered into the
calorimeter. When the baseline was stabilized, after approximately 24 hours, approximately 250 pl
purified water was added to the lower cell.

3.4.DVS

The a- and B-CD samples were dried under vacuum with molecular sieves for over 24 hours before
analyzing them on a TA Instruments Dynamic Water Vapor Sorption Analyzer Q5000 SA. The quartz
crystal sample pans were cleaned with >99.5 % EtOH and dried with pressurized air before adding
between 2-4 mg of the dried sample and starting the program. The samples were dried at 40 °C at
0 %RH for one hour, and then analyzed for adsorption/desorption between 0 %RH and 95 %RH at 25,
40, 50 or 60 °C. The rate of relative humidity increase was set to a step increment of 5 % RH per hour
for a-cyclodextrin, and 1 %RH per hour for B-cyclodextrin in the range of 0-25 %RH with 5 %RH per
hour for the remainder of the program.

3.5. TGA

The a- and B-CD samples were dried under vacuum with molecular sieves for over 24 hours before
analysis on a TA Instruments TGA Q500 thermogravimetric analyzer. The samples were added to the
platinum sample pan and heated under nitrogen gas from 20 °C to 800 °C at a heating rate of 10
°C/min.
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4. Results and Discussion

4.1. a-cyclodextrin

4.1.1. Sorption Calorimetry and Dynamic
Vapor Sorption

The sorption calorimetry data for
cyclodextrin, as seen in Figure 4, show that
there are three distinct one phase regions.
The first one is between 1-2, second is 3-4
and the most hydrated region is 5-6. The
corresponding water concentrations are
between 0.66-1.34 %, 6.00-6.62 % and 8.94-
9.94 %, respectively. All values for the a-
cyclodextrin phase transitions can be found
in Table 1 and Table 2. The method to
calculate the regions for vapor sorption is
illustrated in Figure 44 in Appendix 7.1, and
the DVS regions was calculated through

a-

files: data, data, mass: 86.9, T=25C

o o o o
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Figure 4. Sorption calorimetry data for a-cyclodextrin, sample size
86.9 mg. S1, S; and S3 denote the one phase regions seen in Table 1
and table 2.

cubic spline interpolation. The most hydrated a-cyclodextrin structure is, according to the sorption
calorimetry data, a-CD6H,0, which is consistent with the most commonly reported structure in
literature [Manor 1974]. However, neither the sorption calorimetry nor the sorption isotherm created
by DVS gave any evidence for the crystalline phase a-CD11H,0 reported by Puliti et al. (Puliti 1998).

The adsorption isotherm from the DVS data, as seen in Figure 5, has the same features, but the three
one-phase regions have a water concentration between 0-0.21 %, 4.78-5.44 %, and 7.69-8.50 %water.
These values are consistently and significantly lower than the sorption calorimetry comparison, but

the overall appearance still remains the same.

Some possible reasons for the discrepancy
between DVS and sorption calorimetry are
differences in sample preparation. While the
dried cyclodextrin was never exposed to air
with a higher relative humidity than 5 %, the
DVS procedure exposes it to air with >30
%RH for a longer period, up to a minute
while loading the sample pan into the dry
nitrogen flow. It is possible that the drying
procedure in the DVS is less thorough than
the 24-hour vacuum with molecular sieves,
leaving more initial water in the samples.
There are also other factors to consider
when comparing the methods. Different
techniques to measure the sorption

0 ~-CD adsorption isotherm 0-20 %RH, 25C
o :

Figure 5. Adsorption isotherm for a-cyclodextrin from DVS between
0 and 20 %RH.

isotherm may give slightly divergent results, as the measured isotherm will be influenced by factors
such as the water transfer kinetics to and from the sample (Wadso 2002).
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One additional calorimetry scan of a-
cyclodextrin, which can be seen in Figure
44 Appendix 7.1, had a considerably less
stable baseline, which could be attributed
to some amount of water in the
calorimetry cell. As a result, the first one-
phase region is not distinguishable. The
other regions are at equivalent positions as
the ones in Figure 4, although at slightly
lower water content, which is to be
expected if the starting material is not
properly dried. The remaining
adsorption/desorption isotherms for a-
cyclodextrin can be seen in Figure 6, and

Sorption Isotherm for a-CD at 60 C
T T T T

'O adsorption|
O desorption |

Water Activity (%)

L&

0 1 2

3 4 6 7 8 9
Water Content (%)

Figure 6. DVS data for the complete adsorption/desorption isotherm
for a-cyclodextrin at 60 °C.

Appendix 8.1 Figure 45 and 46. Notable differences are the diminishing two phase regions, and higher
measured water content for all regions. The latter phenomena could be explained by an increasingly
dry starting material, as it is reasonable that the powder desorbs more water at 60 °C, 0 %RH than 40
°C, 0 %RH. The former change, however, appears to be a relevant as the intermediate one-phase region
is between 0.66 percentage points (pp) wide at 25 °C, and is steadily increased to 1.3 pp at 60 °C,

compare Figures 5 and 6.

Table 1. The phase transitions measured by different temperatures and analysis methods. The results are
presented as wt% of water, using the number connotation found in Figure 4, with Sx denoting different one phase

regions.
Method Temperature (°C) | S1 Sz S3
Sorp. Cal. | 25 0.66 1.34 6.00 6.62 8.94 9.94
DVS 25 0 0.21 4.78 5.44 7.69 8.50
DVS 40 0 0.30 4.72 5.44 7.68 8.43
DVS 50 0 0.48 4.93 5.92 7.77 8.82
DVS 60 0 0.67 5.04 6.32 7.98 8.88

Table 2. The phase transitions measured by different temperatures and analysis methods presented in moles of

water per mole of a-cyclodextrin

Method Temperature (°C) | S1 Sz S3

Sorp.Cal. | 25 0.36 0.73 3.45 3.83 5.30 5.96
DVS 25 0 0.11 2.71 3.11 4.50 5.02
DVS 40 0 0.16 2.68 3.11 4.49 4.97
DVS 50 0 0.26 2.80 3.40 4.55 5.22
DVS 60 0 0.36 2.87 3.64 4.68 5.26
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Earlier vapor sorption experiments (Nakai 1986) have shown a-
CD to be “dehydrated” down to less than one molecule of water
per a-cyclodextrin, adsorb four molecules at 11 %RH, and having
a maximum hydration at 6.6 water molecules per a-cyclodextrin
over 79 %RH, see Figure 7. In order to dehydrate the a-
cyclodextrin, Nakai et al. prepared it in at 110 °C for 3 hours
under vacuum, which illustrates the difficulty of thorough
dehydration. As will be elaborated on in the next section, their
method of dehydration, however, produced a highly amorphous
material that is completely different in XRD than the more
crystalline anhydrate produced by drying in vacuum under
molecular sieves.

4.1.2. X-Ray Diffraction
In Figure 8, (a) represents the XRD

Amount of water adsorbed
(mol/mol )}

—
=L - ]

b L
T T

4. adsorption; A, desorption.

et

._-n-—'—t_.—-—

'y

Y
v

pattern of the least hydrated - @ \
structure, (b) the intermediate _
structure, and (c) the most hydrated | )
structure of a-cyclodextrin. In

comparison to Figure 9, the a- (b) |
cyclodextrin  dried at  room | |
temperature (left) has a distinctly
different pattern from when it is dried

at elevated temperatures (right). As sG]

the cyclodextrin stored at 11 %RH is |

still more amorphous, albeit slightly | .

Ji [
Mot

less than initially, than itis in the 21.6 T " 20()
%RH data, it suggests that the a-

ol
‘ ‘\

el

20 40 60 80 100
RH (%)

Figure 7. Water vapor sorption/desorption
isotherm for a-CD 40 °C (Nakai 1986).

(a)

5 10 1 2025 30
LMM'\/J\MNA\N‘W
5 10 15 w2 30
(c)
5 10 520 %30
26(°)

Figure 8. X-ray diffraction patterns for (a) 0 %RH Figure 9. X-ray diffraction patterns for (a)

cyclodextrin does not properly (b)21.6 %RH and (c) 97.3 %RH a-cyclodextrin.  dehydrated (b) 11 %RH and (c) 79 %RH
recrystallize until it is stored at higher Data courtesy of Sanna Gustavsson et al.

humidity levels. After recrystallization

recrystallized a-cyclodextrin (Nakai 1986).

of the amorphous material at 79 %RH the diffraction pattern is very similar to the fully hydrated
material, Figure 8 (c) and Figure 9 (c), clearly demonstrating that it re-crystallizes to the stable a-

CD6H-0.
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The relevant a-cyclodextrin XRD measurements from Sanna Gustavsson et al. are shown in Figure 10.
The diffraction patterns show little or no difference between the low humidity measurements at 0 —
11.3 %RH, seen in Figure 11. The same is true for the measurements between 32.8 and 97.3 %RH, as
can be seen in Figure 12. No discernible peak-shift can be detected, so the compositional change of
approximately 0.5 molecules of water per cyclodextrin when increasing the water activity does not

seem to have any major effect on the crystal structure.

0 %RH
6.4 %RH

11.3 %RH
21.6 %RH
32.8 %RH
43.2 %RH
70.9 %RH
80.9 %RH
87.8 %RH
93.7 %RH
97,3 %RH

5
26(%)

Figure 10. X-Ray diffraction patterns for a-cyclodextrin equilibrated in the humidity range 0-97.3 %RH.

All X-ray diffraction data presented has been normalized by the baseline between 7-7.5 degrees, and
intensity normalized to the starting peak located at approximately 5 degrees.

—— 0 %RH
——— 64 %RH
11.3 %RH

"

| ar TR I | *v noaflAd Iy A
/| ) } \}J / | |/ A / j’\u‘-“j Wy U \{ J Y v J‘_ﬁ“ A ﬁ‘;“‘fJgLL Vs Mow 7 ’ﬁ‘m j\\‘/ﬁz’"\ "y

|
25 30

5
20(%)

Figure 11. X-Ray diffraction patterns for a-cyclodextrin equilibrated at 0, 6.4 and 11.3 %RH.
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The data in Figures 11 and 12 support the earlier calorimetry and sorption isotherm data, as there are
no transitions over 30 %RH, meaning all scans between 32.8 and 97.3 %RH should be of the same,
most hydrated, crystal structure. The scans between 0 and 11.3 %RH also appear to have the same
structure, meaning the least hydrated crystal structure. The comparison between 11.3, 21.6 and 32.6
%RH seen in Figure 13 illustrates the transitions more clearly. There is a drastic difference between the
32.6 %RH diffraction pattern and the others, marking a clear transition. There is also, however, clear
differences between 11.3 % and 21.6 %RH that cannot be found in other patternsin Figure 11. Notable
differences are the peaks at 14.3°, 15.1°, 18.0° and 21.5°.

Even if the transitions in XRD are located at somewhat higher humidity than expected from sorption
calorimetry and DVS measurements at 25 °C, it supports the notion that there are three crystal
structures: one low hydration structure, one intermediate o-CD'4H,0 structure, and one well-
established o-CD-6H,0 structure.

32.8 %RH
43.2 %RH
70.9 %RH

80.9 %RH
B7.8 %RH
93.7 %RH
97,3 %RH

20(%)

Figure 12. X-Ray diffraction patterns for a-cyclodextrin equilibrated between 32.8 and 97.3 %RH.
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11.3 %RH
21.6 %RH

| 328 %RH

Figure 13. X-Ray diffraction patterns for a-cyclodextrin equilibrated between at 11.3, 21.6 and 32.6 %RH. All three patterns are assumed
to represent different crystal structures.
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4.1.3. Differential Scanning Calorimetry

For the a-cyclodextrin all of the DSC measurements were
performed at 1 °C/minute, as the transitions were
substantially more distinct at lower scan rates. Selected
parts of the DSC scans are available in Appendix 7.1. The
scans between 20.0 and 56.7 % cyclodextrin in water
appear to show a transition from liquid+a-CD(s) = liquid.
This is consistent both with the shape of the transition,
as well as earlier literature (Specogna 2015). Due to the
nature of the transition with a broad endothermic peak
with a clear endset, the endset was used for temperature
determination. In accordance with the dissolution data
seen in Figure 14 from Specogna et al., 10 wt% a-

1254

1.00 4 t:_ 4
2.
0754 ™——3 =
= 080 |
= |
E oz “ 1 -
E o]
"
£ 03]  —(1)10%
—(2) 20%
{050 4 —_— 2%
075 —— (4] 30%
1.00

20

3 40 5 80 70 8 90
Temperature ("C)

Figure 14. Heat flow of a-cyclodextrin at increasing
concentrations (adapted from Specogna 2015).

cyclodextrin did not show any enthalpy change, as it was already fully dissolved. Their dissolution

temperatures, however, are considerably higher

for the other samples with a sharp, narrow
transition, with a peak at 76.5 °C for 30 wt% a-

cyclodextrin, see Figure 14. The start of an

equivalent transition was found with a peak at
78.6 °C for 56.7 wt% a-cyclodextrin.

Temperature (°C)

Analysis of the heat flow between 20.0 and 91.9
wt% a-cyclodextrin can be seen in Figures 15,16

and 17. The transition temperature for dissolution w|

was determined by the endset, and the transition

temperature of the sharp peaks was determined
by onset.

20 30

40 50 60 70 80 %
a-cyclodextrin content (wit%)

Figure 15. Onset and endset temperatures of peaks between

20 and 92 wt% a-cyclodextrin in water.

Itis clear from Figure 15 that there are two distinct

isothermal transitions: one with an onset of approximately 77 °C, and a second with an onset of

approximately 82.5 °C.

The transition enthalpy increased linearly with the 77 °C isothermal transition, with an r? of 0.995.
Extrapolation to 0 J/g gives a starting composition of 55.0 % o — cyclodextrin.
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Figure 16. Enthalpy for the melting of ice at different a-
cyclodextrin concentrations.
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Figure 17. Enthalpy of the isothermal peaks seen in Figure 15.
The linear regression is for the peaks between 0 and -25 J/g.



Another interesting comparison is the amount of freezing water in the samples. Figure 16 shows the
relationship between the cyclodextrin content and water enthalpy, which is representative of the
amount of freezing water. Linear regression extrapolates the amount of nonfreezing water to 13.0 %.
The true amount, however, seems to be very close to the sample with 84.4 % a-cyclodextrin meaning
that the nonfreezing water is closer to 15.6 % by weight. This is equivalent to a-CD-10H,0.

While there was no visible indication by either sorption calorimetry or the sorption isotherm for a
highly hydrated structure of a-cyclodextrin, the DSC scans show a change in the isothermal transition
between 82 and 84 % a-cyclodextrin equivalent to
between «-CD'10H,0. and a-CD'12H,0 and the
non-freezing water is equivalent to a-CD'10H,0. " °
These data, in combination with earlier reported
crystal structures of o-CD'11H,0 (Puliti 1998),
provide sufficient evidence to conclude that there
is indeed a phase-transition from 82 to 84 % a-
cyclodextrin, followed by a fourth one-phase ©

region. 02t o

1.2

0.8F

06+

Cp difference, (JigK)

[o]
One more interesting feature of the DSC scans in ol

0 ‘I‘D ZID I}lD 4‘D 56 BID 7‘D E‘D
the 10 to 90 % a-cyclodextrin region is a possible | eoyciodmirn (k) _ B
transition with a consistent onset of -10 °C. The Z_i‘;gfofji}fgrt:’a/p v difference of the glass like transition for
enthalpy is linearly diminishing with decreased

water content, and not distinguishable over 75 % a-cyclodextrin, see Figure 18. It could possibly be a

glass transition, but its exact nature is currently unclear.

The DSC scans in the range 93 to 100 % a-cyclodextrin are difficult to interpret. Some reoccurring
features are endothermic peaks of highly varying enthalpy just over 30 °C, and a series of endothermic
peaks between the intermediate and the least hydrated one phase region. The latter peaks have a
temperature onset that decreases with increased a-cyclodextrin concentration, as can be seen in
Figure 19, and linearly decreasing enthalpy, see Figure 20.
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- i U . i
a-cyclodextrin content (wt%) Figure 20. Enthalpy of the DSC peaks from Figure 19.

Figure 19. Onset temperature of the DSC peaks between 94
and 100 % a-cyclodextrin.
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4.1.4. Adjustments for the a-cyclodextrin phase diagram

In order to derive a phase diagram for the a-cyclodextrin/water system, the discrepancy between the
vapor sorption and the DVS sorption isotherm has to be addressed. The DVS isotherm is consistent
with the vapor sorption isotherm data, but shifted to a lower water content. A likely explanation for
this is the difference in drying of the a-cyclodextrin between the two methods; while the a-
cyclodextrin for the vapor sorption is transferred into the chamber in a gloved box, the DVS exposes
the powder to ambient air for up to a minute before the experiment is started. Because of this the DVS
dries the a-cyclodextrin at 40 °C and 0 %RH for one hour, which is a less effective drying method than
vacuum with molecular sieves. The DVS measurements will therefore be shifted by the difference
between the DVS and the sorption calorimetry measurements at 25 °C in the phase diagram.

The only DSC peaks presented in the phase diagram are the ones who were deemed reproducible.
There were, however, several additional events that could be of interest. These include endothermic
peaks between 30-35 °C with high enthalpy variation, wide endothermic peaks between 55 and 75 °C
in the S, region, and an endothermic peak at 60 to 70 °C for a sample equilibrated at 5 %RH.
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4.1.5. Phase Diagram of a-cyclodextrin

The information obtained from sorption calorimetry, DVS and DSC was used to derive the phase
diagram shown in Figure 21.

In Figure 21 S; to S is designating the different solid forms of a-cyclodextrin. The isothermal transition
of liquid+S,=> liquid+Sx could be melting of S4, and starts at 55.0 wt% cyclodextrin as seen in Figure 16.
The melted a-cyclodextrin will most probably be dissolved into the single phase liquid at increased
temperatures, but that dissolution could not be found on DSC, either because the transition was not
clear enough, or because it occurred at temperatures over 110 °C. The phase transition from S3+S,
-2S4+H,0 is set at a-CD-11H,0 in accordance with DSC data, non-freezing water and literature. Like S;

S, and Ss there is probably a one phase region for Ss, but it would need to be measured, for example
using desorption calorimetry.

' Liquid+Sy
Wl liquid '

60—

Temperature (°C)

Liquid+Ss S4+S3 |

20—

- l ! \ L 1 ! ! I

50
a-cyclodextrin (weight %)

Figure 21. Temperature - composition phase diagram for the a-cyclodextrin/water system. Blue is DSC data, green is DVS data,
red is sorption calorimetry data and black is the solubility at 25 °C (Jozwiakowski 1985).
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4.2. B-cyclodextrin
4.2.1. Sorption Calorimetry and Vapor Sorption

Initially, some samples for the DSC were prepared
by using saturated salt solutions. The weight-
change of these samples could also be used to
create a simple adsorption isotherm, that can be
seen in Figure 22.

As the adsorption isotherm from saturated salt
solutions was lacking the details required to
determine any solid phase transitions DVS seemed
like a more effective option, which had the
additional advantage of variable temperature.
Figures 23-26 are the results from scanning dried B-
cyclodextrin between 0 %RH and 95 %RH in steps

of 5 % per hour.

Sorption Isotherm for 3-CD at 25 °C
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Figure 23. Sorption isotherm of [f-cyclodextrin at 25 °C.
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Figure 22. Adsorption for dried -cyclodextrin equilibrated
in saturated salt solutions.
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Figure 24. Sorption isotherm of [f-cyclodextrin at 40 °C.



sorption Isotherm for 4-CD at 50 °C

sorption Isotherm for 8-CD at 60 °C
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Figure 26. Adsorption isotherm of -cyclodextrin at 60 °C.

Water Concentration (wt%)

Figure 25. Sorption isotherm of [-cyclodextrin at 50 °C.

While there is evidence of phase-transitions at all temperatures, the sorption isotherms at 40 and 50
°C have a significantly clearer two-phase region around 6 wt% water. One reason is that the vapor
kinetics are too slow at lower temperatures, and the 25 °C adsorption isotherm would need longer
than one hour per increment to equilibrate. A second two-phase region around 12 wt% water is only
apparent in the sorption isotherm at 60 °C, but can also be detected in the sorption calorimetry
measurements in Figures 27 and 28. The sorption calorimetry has the same two-phase regions that
can be seen in the vapor sorption data, but also shows an irregular one-phase region up to 6 wt%
water, with more even one-phase regions between 30 and 50 %RH and 55 to 95 %RH.

files: data, data, mass: 75, T=25C
: " - v

files: data, data, mass: 127, T=25C
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Figure 27. Sorption calorimetry scan of 127 mg [-cyclodextrin. Figure 28. Sorption calorimery scan of 75 mg [-cyclodextrin.

S1S2 and S; marks the one-phase regions for Table 3 and 4.

All the discernible solid phase transitions can be seen in Table 3 and 4. In Table 3, the transitions are
written as weight% water, while Table 4 lists them in number of moles of water per mole of B-
cyclodextrin. All sorption calorimetry scans for composition and differential enthalpy are collected in

Appendix 7.2.
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Table 3. Solid state transitions between one- and two-phase regions in [f-cyclodextrin, with data presented in weight
percentage of water.

Method Temperature (°C) | S; S, Ss

Sorp. Cal. | 25 0 4.69 7.93 10.83 | 13.18 | 15.11
Sorp. Cal. | 25 0 4.98 8.58 11.14 | 13.44 | 15.30
Sorp. Cal. | 25 0 7.07 8.78 12.59 | 13.84 | 15.65
DVS 25 0 5.16 - - 13.54 | 15.22
DVS 40 0 4.66 8.82 11.23 | 13.36 | 15.24
DVS 50 0 4.30 9.57 11.58 | 13.62 | 14.71
DVS 60 0 3.76 7.60 9.40 12.98 | 14.83

Table 4. Solid state transitions between one- and two-phase regions in 3-cyclodextrin, with data presented in moles of water
per mole of B-cyclodextrin.

Method Temperature (°C) | S; S, S3

Sorp. Cal. | 25 0 3.1 5.4 7.7 9.6 11.2
Sorp. Cal. | 25 0 3.3 5.9 7.9 9.8 11.4
Sorp. Cal. | 25 0 4.8 6.1 9.1 10.1 11.7
DVS 25 0 34 - - 9.9 11.3
DVS 40 0 3.1 6.1 8.0 9.7 11.3
DVS 50 0 2.8 6.7 8.3 9.9 10.9
DVS 60 0 2.5 5.2 6.5 9.4 11.0

As was the case with a-cyclodextrin, samples in DVS are slightly less hydrated than the sorption
calorimetry measurements, probably due to the starting material for sorption calorimetry being
slightly more dry. The difference is, however, not as pronounced for the B-cyclodextrin and most visible
for the early transitions. Another interesting feature is that the S, region is significantly more varied
than the S; and S; region.
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4.2.2. X-Ray Diffraction

When comparing the diffraction patterns between 0 %RH and 33 %RH it is clear that the first and last
patterns represent different structures. The transition, however, is not clear. The difference can be
seen in Figure 29, and some gradually disappearing peaks are located at 6.5°, 9°, 13-14°, and 18°. The

B-cyclodextrin patterns in Figure 29-32 were normalized by baseline between 7-8°, and intensity
normalized for the 6° peak.

0 %RH
6.4 %RH
11.3 %RH
21.6

32.8 %RH

Figure 29. X-Ray diffraction patterns for -cyclodextrin equilibrated between 0 and 32.8 %RH.

32.8 %RH
43.2 %RH
52.8 %RH

20()

Figure 30. X-Ray diffraction patterns for B-cyclodextrin equilibrated between 32.8 and 52.8 %RH.
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While the almost identical diffraction patterns for 32.8 %RH and 43.2 %RH are very similar to the
diffraction pattern for 52.8 %RH and higher, there are some subtle differences at 21°, 23°, and in the
26-27° region. The diffraction data is somewhat inconclusive as regards a phase transition between 43
and 53 %RH, but does not disprove it.

For higher humidity levels, there were no clear differences between the diffraction patterns. Figure
31 illustrates the similarity from 52.8 %Rh to 97.3 %RH.

52.8 %RH
70.9 %RH
B0.9 %RH

&7.8
97.3 %RH

'Y

20(%

Figure 31. X-Ray diffraction patterns for B-cyclodextrin equilibrated between 52.8 and 97.3 %RH.

The sorption calorimetry and vapor sorption data

show three one-phase regions of B-cyclodextrin

hydrates. The first transition at roughly 25 %RH

coincides with the largest difference in diffraction

pattern, between 21.6 and 32.8 %RH. The gradual |
nature of the transition that is suggested by the | _
step-by-step change of diffraction pattern is also | T

reasonable when looking at the differential enthalpy I X 1A " “ ‘

from the sorption calorimetry that is not entirely /W) WAAN AV ’ 

consistent with a one-phase region. The second two- - : > -
phase region is seen in calorimetry and vapor Figure 32. Diffraction pattern change for B-cyclodextrin
sorption at 50-55 %RH. While the diffraction pattern between 43.2.and 70.9 %RH.

changes only marginally over that region, see Figure

32, the XRD, DVS and sorption calorimetry data together strongly suggest a second solid phase
transition over the humidity region 50-55 %RH.
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4.2.3. Differential Scanning Calorimetry

No thermally induced phase changes could be found for the B-cyclodextrin hydrates equilibrated over
saturated salt solutions according to the DSC scans in Appendix 7.2. The crucible containing hydrated
samples would rupture before any other deviations in the heat flow could be found, with a combined
melting and chemical degradation at temperatures over 300 °C.

The B-cyclodextrin has quite low solubility at room temperature, at approximately 2 wt%. The solubility
is improved at higher temperatures, and the heat flow showed a typical dissolution shape between 15
and 40 wt% B-cyclodextrin. As the DSC experiments at high water concentrations were limited to 110
°C in order to prevent the crucible from rupturing and to protect the instrument, no dissolution could
be detected at higher concentrations. In comparison with MicroDSC measurements by Specogna et al.,
figure 34, the heat flow was very similar in shape but was the transitions were at lower temperatures
for 15 and 20 wt% B-cyclodextrin.
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Figure 33. Endsets for the dissolution of B-cyclodextrin in Figure 34. ubsc hea?f/ow of B-cyclodextrin in water at
water. (0) marks measured data, and (x) marks solubility at different concentrations (adopted from Specogna 2015).

NTP.

Measuring the melting enthalpy of the B-cyclodextrin/water system proved to be more complicated
than initially thought. The early scans, seen in Figure 36, gave a very reasonable figure for the amount
of nonfreezing water at 3-CD-11.7H,0, but the storage procedure of the dry (-cyclodextrin and (3-
cyclodextrin/water solutions were not optimal, which could affect the accuracy of measurement. A
second set of samples were prepared with new storage procedures using short term storage in sealed
HPLC vials. The resulting enthalpy measurements can be seen in Figure 35.
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enthalpy of melting versus water content enthalpy of melting versus water content for all primary scans
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Figure 35. Second data set for the B-cyclodextrin/water

system, with a nonfreezing water of 10.8 wt% water, or 3 -
CD-7.6H,0.

Figure 36. First data for B-cyclodextrin showing the
nonfreezing water to be 15.8 wt%, or 3-CD-11.7H,0.

The resulting nonfreezing water of 3 -CD-7.6H,0 was lower than expected, so the dry B-cyclodextrin
was tested in TGA and compared to another sample dried in an identical fashion. The first TGA scan
indicated 7 moles of water per B-cyclodextrin molecule (Figure 37), while the second scan indicated
less than 0.6 moles of water per B-cyclodextrin molecule (figure 38) remaining in the dried B-
cyclodextrin. Due to the TGA method, the cyclodextrin will adsorb some water from the ambient air
during the time it takes to start the heating program, somewhere up to one minute. A mass loss of one
percent is therefore not unexpected, but the mass loss of almost 9 wt% is far higher. This means that

some part of the drying process did not function as intended and that the figure of 10.8 wt%
nonfreezing water is not accurate.
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Figure 37. TGA scan of dried [-cyclodextrin with higher Figure 38. TGA scan of dried f-cyclodextrin with typical
than expected water content. weight loss.
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Temperature (°C)

4.2.4. Phase Diagram

The data obtained by sorption calorimetry, DVS and DSC was used to derive the phase diagram seen
in Figure 39. S; to S is designating the different solid crystal forms of B-cyclodextrin. The DVS data at
25-50 °C marking the one-phase region for S; were too imprecise to accurately represent the transition.
The sorption calorimetry data for 75 mg was not used, as it was not in accordance with the other two
sorption calorimetry and the DSC measurements. No thermally induced transitions could be found in
the S;1-S3 region, and the non-freezing water was set at 15.8 wt% based on Figure 36. The liquidus line
appears linear between 15 and 40 wt% water, but it would be beneficial to study it with more sensitive
methods at lower cyclodextrin concentrations, in order to increase the accuracy of the liquidus line in
the region 2-15 wt% water. The DVS measurements clearly show that the two-phase regions for S;-S3
are steadily increasing in the range 25 to 60 °C. Higher temperatures were not tested in order to not
damage the DVS equipment, but it would be beneficial for the phase diagram to create sorption
isotherms at even higher temperatures.

100 —

80—

S>+S3 S1+S;
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Liquid+Ss

20—

J Ice +S3

0 10 20 30 40 50 60 70 80 £
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Figure 39. Temperature-composition phase diagram for the [3-cyclodextrin/water system. Blue is DSC data, green is DVS data
data, red is sorption calorimetry data and Black is literature data for 8-cyclodextrin at 25 °C (Jozwiakowski 1985).
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4.3 y-cyclodextrin

4.3.1. Sorption Calorimetry

The sorption calorimetry measurement of y-cyclodextrin (Figure 40) shows three possible one-phase
regions in the range 0 to 13 %RH, 15 to 65 %RH and 75 to 95 %RH.

files: data, data, mass: 97, T=25C
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Figure 40. Sorption calorimetry of 80 mg y-cyclodextrin.

4.3.2. X-Ray Diffraction

Upon closer analysis of the y-cyclodextrin XRD data, it was possible to detect several possible
transitions. The material also appeared to be significantly less crystalline with a lower signal-to-noise
ratio than its a and 8 counterpart, leading to more difficulties comparing diffraction patterns. The first
solid state transition was detected in sorption calorimetry between 12 and 15 %RH, and a

corresponding diffraction pattern shift can be seen between y-cyclodextrin equilibrated at 11.3 %RH
and 21.6 %RH, as seen in Figure 41.
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21.6 %RH
11.3 %RH

Figure 41. X-Ray diffraction patterns for y-cyclodextrin equilibrated in 11.3 and 21.6 %RH

The second noticeable shift in diffraction pattern is observed between y-cyclodextrin equilibrated at
57.5 %RH and 70.9 %RH, as can be seen in Figure 42. Notable differences include additional peaks

around 5°, 8%, 11°. and between 14 and 15°.
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Figure 42. X-Ray diffraction patterns for y-cyclodextrin equilibrated in 57.5 and 70.9 %RH
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A third solid state transition was found between 80.9 and 97.3 %RH (see Figure 43). Unlike the earlier
transitions there is not a clear explanation from the sorption calorimetry experiment. This material,
however, appears to be a lot more crystalline than the earlier diffraction patterns with a more distinct

baseline.

80.9 %RH
87.3 %RH

Figure 43. X-Ray diffraction patterns for y-cyclodextrin equilibrated 80.9 and 97.3 %RH.
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4.4. Inaccuracies and Improvements

As is the case in many areas, learning happens gradually. As the B-cyclodextrin was studied at an earlier
time, the DSC methods used for a-cyclodextrin were better suited and more accurate than the
saturated salt equilibration and addition of small amounts of water used for the B-cyclodextrin. The
handling and storage of the highly hygroscopic cyclodextrins were also continuously improved, as
awareness of their quick absorption of water increased.

One constant source of error that is very difficult to eliminate entirely is the presence of small amounts
of water. Any water remaining after the cyclodextrin is dried under vacuum with molecular sieves will
transfer to the sorption calorimetry and DSC measurements, and the DSC relies on drying the material
at a slightly elevated temperature under a flow of dry nitrogen. While the vacuum method is generally
reliable, there are exceptions such as the one seen in Figure 35, and the DSC method definitely leaves
some water as is evident from comparing the results to sorption calorimetry, and Figure 38 where TGA
shows a mass loss until over 100 °C.

4.5. Future Research

The natural progression for this thesis would be to study the phase behavior of y-cyclodextrin in as
much detail as a-cyclodextrin. The sorption calorimetry and XRD combined give an insight to the solid
phase of y-cyclodextrin, but additional DSC and DVS data could give additional understanding of the
transitions, as well as provide information regarding dissolution, and other thermally induced
transitions such as Ty and Tn for the different crystal structures or the amorphous state.

Other interesting methods that could provide useful data is the desorption calorimetry method
(Kocherbitov 2004) where a salt solution is used to dehydrate a sample with high water activity. Since
literature describes a-, and y-cyclodextrin hydrates that could not be found through the sorption
calorimetry or vapor sorption measurements in this study it would be useful to measure the phase
transition directly.

Lastly, it would be beneficial to characterize the multitude of transitions found in a-cyclodextrin to
definitively understand the phase behavior at a given temperature and composition.

page 29



5. Conclusions

The structures of a-, B-, and y-cyclodextrin at different temperatures and compositions were
investigated with the help of sorption calorimetry, DSC, DVS, TGA and earlier X-ray diffraction patterns.
For a-cyclodextrin the DVS, sorption calorimetry and X-ray data all pointed towards three distinct
crystal structures in the range of 0 to 10 wt% water, with a-CD-6H,0 being found over a large humidity
range over approximately 20 %RH. The DSC provided dissolution temperatures, Tmice and several
isothermal transitions over 55 wt% cyclodextrin, which could in turn create a phase diagram for a-
cyclodextrin with four separate crystal structures.

The B-cyclodextrin crystal structures mirrored the a-cyclodextrin in the region up to 15 wt% water,
with sorption calorimetry, DVS and X-ray data verifying three distinct crystal structures. Unlike a-
cyclodextrin there were no thermally induced phase changes in the solid region, and the dissolution
temperature was far higher. A phase diagram could be constructed for B-cyclodextrin, with fewer
distinct phases than a-cyclodextrin.

While a phase diagram could not be constructed due to a focus on a- and B-cyclodextrin, a comparison
of sorption calorimetry and X-ray diffraction patterns detected three separate structures, with a fourth
being indicated by the diffraction pattern for 97.3 %RH. The diffraction patterns, however, were less
orderly than the other cyclodextrin patterns indicating that y-cyclodextrin may be more amorphous at
lower humidity levels than the other first-generation cyclodextrins.
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7. Appendices

7.1 a-cyclodextrin data
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Figure 44. An illustration for the calculation of the sorption calorimetry phase transitions
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Figure 45. Less precise sorption calorimetry measurement of (a) the sorption isotherm on a-cyclodextrin and (b) the
corresponding differential enthalpy
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files: data, data, mass: 86.9, T=25C files: data, data, mass: 86.9
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Figure 46. Sorption calorimetry measurement of (a) the sorption isotherm on a-cyclodextrin and (b) the
corresponding differential enthalpy
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Figure 47. Sorption isotherm of a-cyclodextrin from DVS measurements at 40 °C
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Sorption Isotherm for «-CD at 50 C
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Figure 48. Sorption isotherm of a-cyclodextrin from DVS measurements at 50 °C
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Figure 49. Sorption isotherm of a-cyclodextrin from DVS measurements at 60 °C
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Figure 50. DSC measurements of a-cyclodextrin between 20.0 wt% CD and 56.7 wt% CD.
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Figure 51. DSC measurements of a-cyclodextrin between 56.7 wt% CD and 91.9 wt% CD.
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Figure 52. DSC measurements of a-cyclodextrin between 9.9 wt% CD and 89.2 wt% CD.
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Figure 53. DSC measurements of a-cyclodextrin between 9.9 wt% CD and 89.2 wt% CD.
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Figure 54. DSC measurements of a-cyclodextrin between 94.8 wt% CD and 99.9 wt% CD.
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7.2 B-cyclodextrin data
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Figure 55. Sorption calorimetry measurement of (a) the sorption isotherm on B-cyclodextrin and (b) the

corresponding differential enthalpy
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Figure 56. Sorption calorimetry measurement of (a) the sorption isotherm on [-cyclodextrin and (b) the

corresponding differential enthalpy
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Figure 57. Sorption calorimetry measurement of (a) the sorption isotherm on [-cyclodextrin and (b) the
corresponding differential enthalpy
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Figure 58. Primary and secondary DSC measurements of [3-cyclodextrin equilibrated over saturated salt solutions.
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Figure 59. DSC measurements of [3-cyclodextrin in the range of 40 to 110 degrees celsius
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Figure 60. Some DSC scans of [f-cyclodextrin in the range -4 to +11 degrees Celsius. Samples
prepared by mixing dried cyclodextrin and liquid water
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7.3 y-cyclodextrin data
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Figure 61. Sorption calorimetry measurements of (a) the sorption isotherm on y-cyclodextrin and (b) the
corresponding differential enthalpy
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