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Abstract: A new polymorph of anhydrous 3-cyclodextrin (polymorph III) was obtained and charac-
terized for the first time using powder X-ray diffraction, infrared spectroscopy, and thermal analysis.
The solution enthalpy and time of dissolution in water were determined using solution calorimetry
for this polymorph and compared with those of the dried commercial form of 3-cyclodextrin (poly-
morph I), its amorphous form, and 2-hydroxypropyl-B-cyclodextrin. The specific heat capacities
of polymorphs I and III were determined using differential scanning calorimetry across a wide
range of temperatures, providing enthalpy and Gibbs energy values for the polymorphic transi-
tion at 298 K. The affinities of polymorph III and 2-hydroxypropyl-B-cyclodextrin for water were
characterized by determining their hydration isotherms, which provided values of hydration Gibbs
energy. Being energy-rich, the new-found polymorph of 3-cyclodextrin has a significantly higher
dissolution rate and an increased affinity for water compared with the dried commercial form of
-cyclodextrin. These properties render the new polymorph promising in industrial applications for
guest inclusion in aqueous solutions and pastes, and may be a desirable alternative for water-soluble
-cyclodextrin derivatives.
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1. Introduction
Balakhontsev, 1.S.; Talashmanova,

S.M.; Ziganshin, M.A.; Gorbatchuk, The solubility of natural cyclodextrins is a key issue when they are used to reduce the
V.V. New Polymorph of negative effects of substances dissolved in water. Natural cyclodextrins are widely applied
B-Cyclodextrin with a Higher in pharmaceutics, the food industry, textiles, and cosmetics [1-4] because of their ability
Bioavailability. Chemistry 2024, 6, to encapsulate various guests into their molecular cavity. The most widely used cyclodex-
51-61. https://doi.org/10.3390/ trin is -cyclodextrin (3CD), which accounts for approximately half of pharmaceutical
chemistry6010003 applications [5]. An important property of cyclodextrins is their ability to solubilize poorly

soluble drugs [6,7], which requires a cyclodextrin form with a high dissolution rate. This is
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a problem for 3CD, which has a relatively poor solubility and slow rate of dissolution in

Received: 20 November 2023 water [8]. Increased dissolution kinetics can be achieved using the metastable polymorphic

Revised: 15 December 2023 form of the substance [9,10]. Thus, a search for high-energy polymorphic forms of 3CD

Accepted: 20 December 2023 may be of practical importance [11].

Published: 23 December 2023 Polymorphism of guest-free BCD is significantly less studied than crystalline patterns
of its inclusion compounds, which show a wide variety of packing types [12-14]. A

relatively stable form of a CD hydrate with low energy and solubility was prepared from

an aqueous solution heated with a laser beam [15]. A channel-type (columnar) polymorph
(named in this work as polymorph II) of anhydrous 3CD was formed via precipitation
This article is an open access article ~ {fOM an acetone-water solution [16] and via the treatment of polymer inclusion complexes
distributed under the terms and ~ With organic solvents [17]. This polymorph has a different packing type [17] than the
conditions of the Creative Commons ~ polymorph I prepared by drying a commercial 3CD hydrate [18,19]. In Table 1, the
Attribution (CC BY) license (https://  literature information available for both polymorphs I and II is presented. Some data
creativecommons.org/ licenses /by / on BCD without guest and water can be found in the CCDC database, e.g., No. 762697,
40/). WEWTO], but they present a host packing in an inclusion compound where disordered
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molecules of the guest and solvent were removed with software methods [20]. Generally,
anhydrous BCD cannot be studied using single-crystal X-ray diffraction (SCXRD) because
its crystals tend to crack during drying [21,22].

Table 1. Literature data regarding the polymorphs of anhydrous 3CD.

Polymorph I (Cage-Type) II (Channel-Type)

Precipitation from an
acetone-water solution [16];
Preparation method Drying of CD hydrate (form I) treatment of polymer
inclusion complexes with
organic solvents [17]

Characteristic PXRD peaks 5.5, 6.5,9.6,11.0,12.9,13.5, 14.1,
(26), ° 16.9,18.2, 22.3 [18,19]

Crystal system Monoclinic [23] Hexagonal [17]

7.2,11.9,18.1 [17]

Onset point of thermal

a b
degradation, K 5407 [24] 478-483 7 [17]

? at a heating rate of 10 K min~ 1% ata heating rate of 20 K min—1.

The phase transition in anhydrous BCD was previously observed in a DSC experiment
at 483-513 K [25] but the nature of this transition was not investigated. In the present
work, the product obtained by heating dry BCD to 508 K was first characterized as a new
polymorph based on its thermal stability, heat capacity, thermokinetics of the corresponding
polymorphic transition, powder XRD pattern, hydration isotherm, and rate and enthalpy
of dissolution in water. In addition, the dissolution properties of 2-hydroxypropyl-beta-
cyclodextrin (HPBCD), which are widely used for solubilization and guest inclusion in
solutions [6,26,27], and amorphous 3CD were studied to reveal the advantages of the new
BCD polymorph.

2. Materials and Methods
2.1. Materials

B-cyclodextrin (CD), Wacker Chemie AG, Burghausen, Germany, Merck Cat. No.
W402826, and (2-hydroxypropyl)-f-cyclodextrin (HPBCD, MW ~1540, with a substitution
degree of 1.0), Merck, Darmstadt, Germany, Cat. No. 389145 were dried before the experi-
ments for 8 h in a vacuum of 100 Pa at 393 K. For 3CD, this produced the initial anhydrous
form (polymorph I). In dried CDs, the hydration level was less than 1% wt. according to
thermogravimetry data. To prepare the high-temperature polymorph (polymorph III), the
initial form (polymorph I) was heated to 508 K in a thermal analyzer (see below) in an
argon flow of 75 mL min~! at a rate of 10 K min~! and then cooled immediately to 303 K
at the same rate. For the PXRD measurement with the indexing of the obtained pattern, a
larger amount of polymorph IIl was prepared by heating polymorph I at 505 K for 5 min
in a ventilated oven and then cooling it in air to room temperature in the presence of a
desiccant (3 A molecular sieves).

The amorphous BCD was prepared by ball milling the initially dried CD using a
vibration ball mill Narva DDR GM 9458 (30 W, 50 Hz) and drying for 8 h in a vacuum of
100 Pa at 393 K.

To determine the hydration isotherms via CDs and the X-ray powder diffractograms of
the BCD hydrates, the samples of anhydrous CDs were equilibrated for 120 h at 298 K, with
the vapors of the saturated aqueous solutions of different inorganic compounds having a
known water activity (humidity) or with saturated water vapor, as described previously [23].
The change in mass due to the hydration of the CD samples was determined gravimetrically.
To recrystallize in the water vapor, the anhydrous fCD sample was equilibrated with the
saturated vapor of distilled water for 24 h. To recrystallize from the aqueous solution, 30 mg
of the dry BCD polymorph was dissolved in 2 mL of distilled water at room temperature.
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The solutions in both cases were kept in the air at room temperature until the powders of
the BCD hydrate were formed.

2.2. Thermal Analysis and Thermal Kinetics

For the thermal analysis, a combined method of thermogravimetry and differential
scanning calorimetry (TG/DSC) was applied using a thermal analyzer STA 449 C Jupiter
(Netzsch, Selb, Germany). The samples were heated at a rate of 10 K min~! in an argon
flow of 75 mL min~!. In the full cycle TG/DSC experiment, the sample was also cooled
at 10 K min~! in the same argon flow. To obtain the kinetic parameters, heating rates of 4,
10, and 30 K min—! were used under the same conditions. From the data obtained in this
experiment, the kinetic parameters of the polymorphic transition were calculated using
Netzsch Thermokinetics 3.1 software.

The heat capacities of the BCD polymorphs were measured using a DSC204 F1 Phoenix
(Netzsch, Selb, Germany) calorimeter with a sapphire disk as a standard as described
elsewhere [28].

2.3. Powder X-ray Diffraction (PXRD)

Powder diffractograms were obtained using a MiniFlex 600 (Rigaku, Tokyo, Japan)
diffractometer with a D/teX Ultra detector. In this experiment, Cu K« radiation (30 kV,
10 mA) was used and Kf radiation was attenuated with a Ni filter. The experiments
were conducted without sample rotation at room temperature in the reflection mode at a
rate of 10° min~! for the anhydrous CD samples and at 5° min~! for the hydrates. The
diffractograms were also determined with an additive of standard silicon powder SRM
640d, and corresponding corrections were applied to the patterns obtained. The samples of
anhydrous BCD were studied in a standard glass holder immediately after being taken out
to air with a humidity of 20-40%.

To determine the cell parameters of polymorph III, the PXRD experiment was also
held at an increased X-ray tube power (30 kV, 20 mA) with a scanning rate of 0.5° min~!
and a sample rotation of 80 rpm. To avoid the hydration of the fCD sample in the course
of this experiment, the desiccants (freshly dried molecular sieves) were placed in the
diffractometer camera. The indexing of patterns was performed using EXPO2014 software
with further Rietveld refinement [29,30]. The cell parameters were found to have an M20
figure of merit value equal to 11.

2.4. Solution Calorimetry

The dissolution enthalpies and kinetics were measured at 298.15 & 0.01 K using a
semi-adiabatic calorimeter described earlier [31]. In this experiment, a sample of 30 mg
was dissolved in 100 mL of distilled water. For each CD form, the dissolution experi-
ment was carried out three times, and the average parameters of the calorimetric curves
were calculated.

2.5. Infrared Spectroscopy

Infrared (IR) spectra were collected using the Vertex 70 (Bruker, Karlsruhe, Germany)
Fourier-transform infrared spectrometer, which was purged with dry air before the exper-
iment to remove the atmospheric humidity. The interferograms were recorded with 64
scans and a resolution of 2 cm~!. The spectra of the solid samples were recorded using
an attenuated total reflection MIRacle accessory with a germanium crystal (PIKE Tech.,
Madison WI, USA).

3. Results
3.1. Preparation of Polymorph 111

The high-temperature polymorph (polymorph III) was prepared by heating the initial
anhydrous fCD (polymorph I) to 508 K with further cooling to room temperature in an
argon flow in the TG/DSC experiment. The corresponding TG/DSC curves are provided in
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Figure 1. During the first heating of polymorph I, an endothermic effect was observed with
an onset point at 495 K (Figure 1). The enthalpy of such effect was AHy = 16.5 k] mol 1.
This effect was absent for the sample prepared by heating polymorph I to 508 K and
cooling (Figure 1), and no peaks of phase transition could be seen in the corresponding
DSC cooling curve in a separate TG/DSC experiment (Figures 57 and S8), which indicates
the irreversibility of the observed transition.

DSC /(mW/mg) TG /%
T exo TG
-0.15{== 100
-0.20
-0.25 95
-0.30 L]
-0.35 DSC
-0.40 l %0
-0.45
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Temperature /K

Figure 1. Curves of the TG/DSC analyses of polymorphs I and IIl with a heating rate of 10 K min~!.

According to the TG data, BCD had no mass loss in the range of 473-513 K (Figure 1).
Thus, the endothermic process at these temperatures corresponds to a polymorphic tran-
sition, leading to the formation of the new polymorph III. For this high-temperature
polymorph III, the onset point of thermal destruction was 526 K, which is 8 K lower than
that of the initial form. The lower thermal stability of polymorph III can be explained by its
higher energy compared to that of the initial 3CD form.

To differentiate between the endothermic polymorphic transition at 495 K and the
thermal degradation of BCD, the dependence of the observed transition on the heating rate
was determined in the DSC experiment, and the corresponding activation energy E, was
calculated using model-free and optimal model methods [32,33]. The experimental data
and description of the calculation are provided in Supplementary Information (SI). For
this transition, model-free Ozawa-Flynn-Wall and Friedman methods produced activation
energies E, equal to 430 and 350 k] mol !, respectively, in the conversion range of 0.1-0.7.
The optimal thermokinetic model is the Prout-Tompkins equation with E, = 430 kJ mol !
and a process order of n = 1.92. These E, values are 3—4 times higher than the activation
energy E, =105 k] mol™ 1 of the BCD thermal degradation reaction [24], which confirms the
different nature of the observed endothermic effect.

The changes in the crystal packing during the polymorphic transition were studied
using the powder X-ray diffraction method. For this, the diffraction patterns were obtained
for polymorph I, polymorph III, and the products resulting from saturation with water
vapor at a relative humidity of 33% (water activity a,, = 0.33), recrystallization in water
vapors at a,, = 1.0 (both at 298 K) and from an aqueous solution (Figure 2). For this
experiment, polymorph III was prepared using two methods: heating polymorph I to 508
K and cooling in an argon flow and, on a larger scale, heating to 505 K and cooling in air.
Both methods produce samples with nearly the same PXRD pattern (Figures 2b,c and S9).

The obtained diffractograms indicate the distinct packing of high-temperature poly-
morph III (Figure 2b,c) in comparison to that of the initial polymorph I (Figure 2a). The
diffractogram of polymorph III was also compared (Figure S9) with the pattern simulated
from the SCXRD data for a channel-type inclusion compound where disordered molecules
of guest (chloramphenicol) and solvent (water) were removed using software methods [20].
This simulation and polymorph II exhibited coinciding intensive peaks at 20 values of 7.2°
and 11.9°, which in [17] are attributed to characteristic interplanar spacings of channel CD
packing. Polymorph III had no main PXRD peaks at these positions. Therefore, the crystal
packing of polymorph III is not of the channel type.
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Relative intensity

Figure 2. PXRD patterns at room temperature for (a) polymorph I; (b) polymorph III prepared by
heating polymorph I to 508 K and cooling in an argon flow; (c) polymorph III prepared by heating
polymorph I to 505 K and cooling in air; the products of polymorph III (d) hydration at water activity
aw = 0.33, (e) recrystallization in water vapors at ay, = 1.0, and (f) recrystallization from an aqueous
solution at 298 K; (g) diffractogram of the saturated hydrate CD-11.2H,0.

The indexing of the high-temperature polymorph III diffractogram (Figure S5) for
the sample prepared by heating polymorph I to 505 K and cooling it in air provided a
triclinic cell with parameters of a = 17.09 A b=1512A,c=11.76 A, a =109.5°, B =95.8°,
v =70.6°, and Ry = 5.466 (Table 1). The cell volume of this high-temperature polymorph
was V =2704 A3, which is more compact than the initial dried fCD form, which had
V =2894 A3 [23]. For comparison, polymorph Il had a hexagonal cell [17] with volume
V = 3069 A3 (Table 2).

Table 2. Cell parameters of the anhydrous 3CD polymorphs.

Polymorph I II I “
Crystal system Monoclinic Hexagonal Triclinic
a=17.09 A
a=13.703 A b=1512A
Cell parameters b=16.065 A a=1534 A c=11.76 A,
P c=13163 A c=15.06 A [17] o =109.5°
B =92.69° [23] B =95.8°
vy =70.6°
Cell volume, A3 2894 3069 2704

? Characteristic PXRD peaks were at 26 values of 9.5, 13.4, 14.4, 15.7, 16.5, 19.2, and 22.6°.

At a water activity of a,, = 0.33 and 298 K, the hydration of polymorph II resulted
in minor changes in its diffraction pattern (Figure 2d) without altering its main packing
type. In saturated water vapors of a,, = 1.0, this polymorph forms a mixture of aqueous
BCD solution and its solid hydrate, unlike the initial polymorph I, which remains in a
solid state under these conditions [19,34]. The products of such recrystallization in water
vapors (Figure 2e) and recrystallization of the same high-temperature polymorph III from
an aqueous solution (Figure 2f) without drying have practically the same packing as the
saturated hydrate CD-11.2H,0O prepared via the saturation of polymorph I at a,, = 1.0
(Figure 2g). Therefore, no chemical reactions occur in anhydrous BCD upon heating to
508 K, which is 5 K above the peak point of the polymorphic I—1II transition. The absence
of chemical changes was also confirmed by by determination of IR spectra, which are the
same for both polymorphs (Figure S6).

3.2. Dissolution Rate

Being the high-temperature form produced through the endothermic transition, poly-
morph III was expected to have a higher dissolution rate. To study the dissolution rate in
water for this polymorph and the other studied anhydrous forms of 3CD and dried HPRCD
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for comparison, the method of solution calorimetry was chosen, which can estimate the
time of fast dissolution processes [35].

The calorimetric curves were determined for the dissolution of polymorphs I and
111, the amorphous forms of dried ball-milled 3CD, and dried HPBCD (Figure 3). The
corresponding dissolution time values t,,, and enthalpies AHg, are provided in Table 3.

exo —

Endothermic
dissolution

Exothermic ---

hydration ===/ 777U eI

-100 -50 0 50 100 150 200 250
tis

Figure 3. Calorimetric dissolution curves in water at 298 K for (a) polymorph I, (b) polymorph III,
(c) anhydrous amorphous CD, and (d) anhydrous HPBCD. The start of dissolution was atf=0s.
The dotted lines are the extrapolations of the baselines after the end of the dissolution effects.

Table 3. Dissolution properties of the anhydrous forms of ACD and HPBCD in water at 298 K.

. A Solution enthalpy
Dissolution time tg,,/s AH,yy, /K] mol 1
Polymorph I 190 £ 15 -86=£1
Polymorph III 43 =4 9441
Amorphous 3CD *? 43 +4 (90 + 10) ¥ =111 £1
HPBRCD“ 100 £ 10 —144 £1

# PXRD patterns are provided in SI; ? the total dissolution time with a prolonged endothermic effect having
negligibly small enthalpy values.

The dissolution of polymorph I includes two processes: the exothermic hydration
curve of anhydrous BCD and the endothermic dissolution of the BCD hydrate. These
processes have been separately characterized elsewhere [36] and can be seen in the com-
plex shape of the polymorph I dissolution curve (Figure 3a). This calorimetric curve
demonstrates a rather fast exothermic effect in the first 35 s after the start of dissolution,
with the next prolonged endothermic event lasting 155 s. The ratio of these thermal
effects was 3.5:1 and corresponds to the values of the polymorph I solution enthalpy
AHg o = —86 = 1 k] mol~! and the literature’s data [36] of AHgop, = —91 kJ mol ! for the
same anhydrous fCD form and AHg,,, = +35 kJ mol ! for saturated hydrate fCD-12H,0,
which results in a ratio of 3.6:1 for the CD hydration and FCD-12H,0O hydrate dissolu-
tion enthalpies. The composition of the saturated CD hydrate is from the single crystal
XRD [37]. This means that the hydration and hydrate dissolution events do not occur
simultaneously to any significant extent but occur one after another.

The dissolution curve of polymorph III (Figure 3b) only displayed an exothermic effect
with AHgg, = —94 & 1 kJ mol ! within the first 43 s (Table 3). Therefore, its hydration and
dissolution processes were simultaneous. The difference in the AHy,,, values of polymorphs
Iand III at 298 K was 8 =+ 2 k] mol ! lower than the enthalpy of the polymorphic transition
at +16.5 k] mol~! with onset at 495 K, which may have been caused by the difference in the
experimental temperatures (Figure 1). The amorphous CD with a dissolution enthalpy
of AHgypn, = —111 4 1 kJ mol ! showed the same dissolution time of 43 s as polymorph
III, practically occurring in one exothermic step, followed by a very small but prolonged
(tsoin = 90 £ 10 s) endothermic effect, which only accounted for ~3% of the total dissolution
enthalpy. This may have been caused by the formation of crystalline CD hydrate from
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a minor part of the initial amorphous sample, which had 17 k] mol~! higher energy than
polymorph IIIL.

The dissolution curve of anhydrous HPBRCD with AHgq), = —144 £ 1 KJ mol~! had
the same shape as polymorph III but with a much higher dissolution time of ¢}, = 100 s
(Figure 3d, Table 2). Thus, the dissolution rate of polymorph III in water was close to that
of amorphous BCD, being 4.4 and 2.3 times higher than that of the initial polymorph I
and HPBCD, respectively, despite the latter being amorphous and its dissolution being
more exothermic. A similar difference in the dissolution rates of these forms was also
visually observed.

3.3. Thermodynamic Properties

Different properties for CD polymorphs I and III were also observed in the DSC
experiment where the dependences of their molar heat capacities Cp,,; on temperature T in
the range of 343—463 K were determined. This range was chosen because it excludes the
influence of water traces in dried argon used to purge the CD samples. The obtained plots
of Cp,m vs. T are provided in Figure 4, and the values of C, ;, at each studied temperature
are provided in SI. The molar heat capacity of the initial polymorph I can be described
using the equation Cp,, = —1219 + 10.36T — 0.00623T2. This equation extrapolated to the
temperature T = 298 K results in Cp,m = 1316 & 13 J K~ mol~!, which is slightly lower
than 1342 + 10 ] K~ ! mol~! measured earlier at the same temperature [38]. The molar heat
capacity of polymorph III can be described as Cp,, = —884 + 9.05T — 0.00478T2. Hence,
the molar heat capacity of polymorph Il is higher than that of polymorph I in the studied
temperature range (Figure 4).

2500 -
2300 - I

2100 +

» N KT mol-!

1900 -

G

1700 A

1500

340 360 380 400 420 440 460 480
Temperature /K

Figure 4. Dependence of molar heat capacity on temperature for 3CD polymorphs I and III.

The enthalpy of the I=III transition AHy at 298 K can be estimated using Kirchhoff’s
law with a value of AH(495 K) = 16.5 k] mol~! determined in the DSC experiment
(Figure 1) and the difference in the heat capacities AC;, », of polymorphs I and III:

298
AHy (298 K) = AH+(495K) + 105 ACp,m(T)dT =7.1 (mk—g)l)

The calculated value of AH(298 K) coincides with the difference in the dissolution
enthalpies of polymorphs I and III in water at 298 K, which is equal to 8 + 2 k] mol !
(Table 2).

Since the endothermic process in anhydrous BCD at 495 K is the transition from polymorph
I to polymorph 111, followed by the melting of BCD at 774 K [24], the polymorphic transition
is enantiotropic with a Gibbs energy transition value of zero AG(495 K) = 0, according to
the Burger and Ramberger heat-of-transition rule [39]. Hence, the value of the polymorphic
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transition entropy at its onset point is equal to AS(495 K) = 33 ] mol ! K~!. Thus, the entropy
of the I—1II transition at 298 K can be calculated as follows:

B 25 ACpm(T) - (]
AS (298 K) = ASy(495K) + 195 T‘” =82 (mo1K>

This produces a positive value of transition Gibbs energy at the standard temperature,
AG(298 K) = 4.7 k] mol !, which means that polymorph III has a higher Gibbs energy
than polymorph I at 298 K. Such relationship can explain the higher dissolution rate of
polymorph III and, therefore, its higher bioavailability.

3.4. Affinity for Water

To compare the water affinity of polymorph III with that of polymorph I and HPBRCD,
we measured the hydration isotherms for polymorph III and HPBCD using their equili-
bration with water vapors of fixed humidity at 298 K, followed by the gravimetric deter-
mination of the hydrates” composition. The hydration isotherm of polymorph I has been
determined elsewhere [34]. The isotherms were fitted using the Hill equation as described
earlier [40]. The equation used, and the approximation parameters are provided in SI. These
are the inclusion capacity S, water activity at 50% saturation ag s (which is a hydration
threshold), and cooperativity parameter for separate inclusion steps.

The hydration of polymorph III occurs in two steps (Figure 5b), corresponding to the
inclusion capacity S of 2.5 and 1.6 mol of water per mol of CD, with hydration thresholds
ap5s at 0.09 and 0.30, respectively. Such steps mean that the hydration of polymorph III
produces a phase transition, which may be induced by the inclusion inside the fCD cavity
because the uptake of four water molecules at a,, = 0.33 does not produce significant
changes in the polymorph III PXRD pattern (Figure 2d). For comparison, 4.5 and 7 water
molecules have such inclusion types in 3CD-9.4H,0 and CD-12.3H,0 single crystals,
respectively [21]. The hydration of polymorph III at a,, = 0.43 produces a mixture of
aqueous solution and crystalline CD hydrate with a total 3CD/water molar ratio of 1:20.5,
where the liquid phase is visually observed. Such behavior was not observed under the
same conditions for polymorph I, which could not absorb more water than needed to form
its hydrates in two steps (Figure 5b), corresponding to the inclusion capacity S of 9.2 and
2.2 mol per mol of BCD with a hydration threshold a¢ 55 at 0.26 and 0.97, respectively [34].

12

Hydration, mol water per mol CD

0

0 ' 0:2 ' 0:4 ’ 0?6 ' Of8 ' 1l

aW
Figure 5. Water sorption isotherms on (a) polymorph I [34] and (b) polymorph III, and on (c) anhy-
drous HPBCD at 298 K. T = 298 K. The dotted line corresponds to the formation of a liquid solution.

The isotherm of HPBCD hydration (Figure 5c) performed only one step with a lower
hydration capacity of S = 2.2 mol mol~! and hydration threshold of ag.ss = 0.04. This
isotherm also became vertical at a,, = 0.43 with HPBCD providing a liquid drop of its
aqueous solution. Thus, this BCD derivative is more water soluble than the previously
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studied HPBCD, with a lower substitution ratio of 0.6, which does not dissolve in water
vapors even at a,, =1 [41].

The affinities of the studied CDs for water can be characterized by their hydration
Gibbs energy AGy,, which were calculated for each hydration step using the equation:

AGh =RT In ap.5s (1)

This equation provides the Gibbs energy [40] of water transfer from its pure liquid to
stable hydrate form with the inclusion capacity S. The values of AGy, for the first and second
hydration step for polymorph IIl were —5.9 and —3.0 k] per 1 mol of water, respectively.
HPBCD had a value of AG}, = —7.9 k] mol~!. For comparison, two steps of polymorph I
hydration correspond to AGy, values of —3.3 and —0.1 k] mol !, respectively [34]. Therefore,
the affinity for water changes in the following order: HPBCD > polymorph III > polymorph
I. While HPBCD is highly soluble in water (>600 mg mL~1) [42], a similarly high solubility
could be expected for polymorph III. Still, the equilibrium solubility of polymorph III is
restricted by the ability of BCD to recrystallize into its saturated hydrate form, resulting in
a low solubility of 18.4 mg mL~! [42], which was visually observed for polymorph III in
water vapors at an activity of a,, = 0.43 as mentioned above. Such dissolution-crystallization
behavior can be useful for the preparation of inclusion compounds in pastes using a small
amount of water or for the quick removal of undesirable compounds from an aqueous
solution via their complexation with BCD using much faster dissolution of polymorph
III. This property renders polymorph III a promising alternative to the more expensive
synthetic derivatives of cyclodextrins.

4. Conclusions

The new polymorph III of -cyclodextrin was prepared through an endothermic
transition by heating the dried commercial form of 3-cyclodextrin (polymorph I). The
absence of chemical changes in -cyclodextrin using this treatment was proven by its IR
spectra and PXRD patterns after its hydration. Polymorph III has a triclinic cell with an
essentially different packing than that of polymorph I. Polymorph III is energy-rich: the
I — III polymorphic transition has a positive enthalpy of +8 k] mol~! and a Gibbs energy of
+4.7 k] mol~! at 298 K. The dissolution of polymorph III in liquid water is 4.3 and 2.3 times
faster than the dissolution of polymorph I and hydroxypropyl-p-cyclodextrin (HPB3CD),
respectively, under the same conditions. Polymorph III dissolves in water vapors at the
same humidity as the highly water-soluble HPBCD and has a higher affinity for water with
a more negative hydration Gibbs energy than polymorph L. Thus, the new polymorph can
be used for the preparation of inclusion compounds in pastes or for the quick removal of
undesirable compounds from water, being a cheaper alternative to the chemically modified
[3-cyclodextrin.
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for polymorphs I and III; Hill equation used for approximation of each isotherm step; Table S3:
Parameters of hydration isotherms for CD polymorphs and HPBCD. Supplementary Information:
The following supporting information (thermokinetic analysis of the polymorphic transition; PXRD
data for polymorph III and amorphous CD/HPBCD; IR spectra for CD polymorphs I and III;
Molar heat capacity data for fCD polymorphs I and III.
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