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Abstract
The limited applications of α-cyclodextrin (αCD) require elaboration of effective preparation procedures for inclusion com-
pounds of this native macrocyclic host. The solid-phase guest exchange in anhydrous inclusion compounds with organic 
guests was used in the present work to activate the inclusion properties of αCD without the presence of water. The initial 
inclusion compounds and the products of this exchange process were characterized using thermogravimetry combined 
with mass spectrometry of evolved vapors (TG/MS) and powder X-ray diffraction. Solid-phase guest exchange in inclusion 
compounds of αCD enables encapsulation of organic guests in the higher amounts than can be achieved with a saturated 
hydrate of α-cyclodextrin under the same conditions. The developed guest exchange procedure does not demand optimiza-
tion of components ratio and preparation conditions. The solid-phase guest exchange in one of the studied ternary systems 
produces an amorphous inclusion compound, which heating gives a true amorphous αCD without any traces of its crystalline 
phase. This is a first evidence of α-cyclodextrin amorphization without its complete dissolution, that can be used in practical 
applications where an amorphous state of this host is needed having a higher inclusion capacity than its crystalline forms.
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Introduction

Inclusion compounds of cyclodextrins (CDs) are widely used 
in pharmaceutics and in food, textile and cosmetic industries 
[1–5]. For preparation of such solid inclusion compounds, 
the most used methods are the grinding [6] or “CD + guest” 
mixing in pastes and slurries [2, 7], which does not require a 
large amount of solvent and complete dissolution of the CD. 
However, the efficiency of these methods is not the same 
for different CDs. For example, complexation with alpha-
cyclodextrin (αCD) can be not effective in the presence of 
hydration water [8]. Typically, water is used as the third 
component to activate the guest inclusion [9, 10], but, in the 
case of αCD, water acts more like a competing agent [8]. 

This is a result of the much higher affinity of αCD for water, 
compared with that of beta-cyclodextrin (βCD) [11]. This 
fact restricts significantly the applicability of conventional 
preparation methods for αCD inclusion compounds (clath-
rates), thus reducing the practical application of αCD.

Due to the fact that water is a worse activating guest for 
αCD than for βCD, a method of solid-phase guest exchange 
may be more preferable for preparation of αCD inclusion 
compounds. This method was developed for the prepara-
tion of βCD inclusion compounds with guests, which are 
not included by dry βCD or its saturated hydrate [10, 12]. 
In this work, we propose the usage of organic compounds 
to activate a guest inclusion in αCD in the absence of water 
in accordance with the scheme shown in Fig. 1. Volatile 
organic compounds—ethanol, 2-propanol and acetoni-
trile—were chosen as “leaving guests” as they are well 
included (more than 1 mol per mol αCD) into anhydrous 
αCD (Fig. 1b) and have a relatively small affinity for αCD 
according to the Gibbs inclusion energy, estimated on the 
basis of their vapor sorption isotherms [11]. In addition, a 
hydrophobic dichloromethane was also taken as a leaving 
guest, which is not included by dry αCD [11] but can be 
encapsulated by αCD hydrate in the presence of a desiccant 
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[8]. Thus, all selected departing guests have a significantly 
lower affinity for αCD than water, and their exchange should 
be thermodynamically more favorable.

The objective of this study was to develop a method for 
preparing the αCD inclusion compounds by solid-phase 
guest exchange and to compare inclusion capacity in the pro-
posed method (Fig. 1c) with a conventional procedure where 
water is replaced with a target guest (Fig. 1a). In the present 
work, a comparison was also made for various leaving guests 
to find the one that is most effectively exchanged in αCD by 
other organic compounds. The effect of the initial crystal 
packing and the structural changes caused by guest exchange 
on the resulting inclusion capacity was also studied.

The effect of the used guest exchange procedure on the 
crystallinity of the resulting product was also studied. The 
most interesting in this relation is the preparation of αCD 
in amorphous state, which increases its inclusion capacity 
for small molecules that are important for food industry [13, 
14].

Experimental

Materials

α-Cyclodextrin, Sigma-Aldrich, Cat. No. 28705, was dried at 
140 °C for 8 h in vacuum of 100 Pa before the experiments. 
Such dried αCD has a hydration level less than 1% by mass 
with the absence of volatile organic guests checked by ther-
mogravimetry with mass spectrometry of evolved vapors. 
Organic guests were purified as described in Ref. [15]. Addi-
tionally, all guests were dried using 3Å molecular sieves. 
The purity of guests checked by GC was at least 99.5%.

Sample preparation

Initial αCD clathrates with ethanol, 2-propanol and acetoni-
trile were prepared by saturation of dried αCD in binary 
‘solid host + guest vapor’ systems as described earlier 
[11]. The clathrate with dichloromethane αCD·0.6CH2Cl2 
was prepared in two steps: (1) saturation of hexahy-
drate αCD·6H2O with dichloromethane vapor in the 
presence of 3Å molecular sieves to prepare clathrate 
αCD·1.0CH2Cl2·2H2O as described elsewhere [8]; (2) dehy-
dration by the heating of αCD·1.0CH2Cl2·2H2O at 140 °C 
for 20 min in air in oven. For solid-phase guest exchange, 
the samples of initial binary αCD clathrates (50-60 mg) were 
equilibrated with Guest 2 vapors in sealed 15-mL vials for 
72 h. In these vials, an excess of liquid sorbate (100 μL) was 
placed in a separate glass micro-insert and had not any direct 
liquid–solid phase contact with a host powder. Molecular 
sieves 3Å (60-70 mg) were added as a desiccant to the vials.

To prepare the guest-free amorphous αCD, its amorphous 
inclusion compound was heated at 140 °C for 20 min in 
oven in air and then cooled to room temperature (RT). The 
amorphous αCD was crystallized by saturation with water 
vapors for 2 h at RT.

Simultaneous thermogravimetry with mass 
spectrometry

Simultaneous thermogravimetry with mass spectrometry of 
evolved vapors (TG/MS) was used to determine the compo-
sition of αCD clathrates. This experiment was performed 
using Netzsch STA 449 C Jupiter with quadrupole mass 
spectrometer QMS 403 C Aeolos as described elsewhere 
[16]. The temperature was scanned with a rate of 10 K min−1 
up to 280 °C in argon atmosphere. For ternary clathrates 
with strongly overlapping MS peaks, an additional MS-cal-
ibration was used. For this calibration, an equimolar liquid 
mixture of guests was sampled directly to TG/MS device in 
the isothermal mode at 120 °C. A ratio of guest peaks on 
ion curves was used for the calculation of mass spectrometer 
sensitivity to the studied guests. The contents of organic 
guest in inclusion compounds were estimated with an error 
of 0.1 mol per 1 mol of αCD.

X‑ray powder diffraction

X-ray powder diffractograms were obtained using Rigaku 
MiniFlex 600 diffractometer with a D/teX Ultra detector. 
Cu Kα radiation (30 kV, 10 mA) was used, Kβ radiation 
was attenuated with Ni filter. The experiments were made 
at room temperature in the reflection mode, at speed of  
5° min−1, without sample rotation. Samples were placed into 
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Fig. 1   Scheme of the studied clathrate preparation procedures
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a glass holder. The most diffractograms were determined 
also with addition of standard silicon powder SRM 640d, 
and corresponding corrections were applied to the patterns 
obtained.

Results and Discussion

To study the solid-phase guest exchange according to the 
scheme in Fig.  1b and c, binary inclusion compounds 
αCD·2.2EtOH, αCD·1.2i-PrOH and αCD·2.1MeCN 
prepared as described in [11] were used as the initial 
state. Also, the anhydrous clathrate αCD·0.6CH2Cl2 was 
used for this purpose being prepared by dehydration of 
αCD·1.0CH2Cl2·2H2O, which is formed as described in [8]. 
The compositions of these binary clathrates were determined 
by the TG/MS method. For αCD·2.2EtOH, αCD·1.2i-PrOH, 
αCD·2.1MeCN and αCD·1.0CH2Cl2·2H2O, the obtained TG/
MS curves coincide with those previously published [8, 11]. 
The TG/MS curves for αCD·0.6CH2Cl2 are given in Elec-
tronic supplementary material (ESM).

For guest exchange, the initial binary clathrates were 
equilibrated with the saturated vapors of Guest 2 com-
pounds: propionitrile, acetone, 1-propanol, nitromethane, 

dichloromethane and benzene. These substances were stud-
ied as Guest 2 because they are poorly included by αCD 
hydrate and the hydration effect on the inclusion of these 
guests by αCD was previously studied [8]. The products 
of the solid-phase guest exchange were studied by TG/MS 
method. Corresponding TG/MS curves are shown in Fig. 2 
and ESM. From these curves, compositions of the resulting 
inclusion compounds, total mass loss corresponding to the 
guest release Δm and points of guest release peaks Tmax on 
MS curves were determined. These parameters are given in 
Table 1 for all studied Guests 2 except benzene, which is 
not included in any experiment more than 0.1 mol per mol 
αCD, ESM.

In most cases (Table 1), the products of guest exchange 
are ternary clathrates containing both leaving guest and 
Guest 2. Only n-propanol is not able to replace ethanol and 
isopropanol. Also, very small amounts of dichlorometh-
ane (0.1 mol per mol αCD) are included in the exchange 
of propionitrile and isopropanol in their binary clathrates 
with αCD. In this relation, αCD differs from βCD, which 
clathrates lose some leaving guests completely under the 
same guest exchange conditions [10, 17]. Ethanol shows the 
lowest degree of exchange, retaining at least 1.6 mol per mol 
αCD from the initial 1:2.2 (host/guest) contents. At least 
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Fig. 2   Curves of TG/MS analysis for products of solid-phase guest exchange in αCD clathrates: a αCD·0.6MeNO2·1.9EtOH;  
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half of dichloromethane remains in the products of its solid-
phase exchange (Table 1). Isopropanol and acetonitrile show 
a much higher degree of release in this process: their aver-
age residual content is 33% and 18% of their initial values, 
respectively.

The used procedure of guest exchange affects the 
observed thermal stability of the resulting products. The 
peak points of Guest 2 release in MS curves (Tmax) (Table 1) 
are lower on 30–100 °C than these values for ternary clath-
rates prepared under the optimized hydration conditions [8]. 
For products of guest exchange, the values Tmax of Guest 
2 and leaving guest are quite close in all cases (Table 1), 
making it impossible to remove one included guest with-
out removing another. Such behavior can be explained by 
encapsulation of both Guest 2 and leaving guest inside the 
αCD cavity, which thus does not discriminate these guests.

A comparison of the studied leaving guests by the 
exchange capacity of their binary clathrates for Guest 2 is 
shown in Fig. 3. Besides, the compositions of the saturation 

Table 1   Data of TG/MS 
analysis for products of 
solid-phase guest exchange in 
anhydrous inclusion compounds 
of αCD

a Clathrate composition is calculated from TG/MS data (Fig.  2, ESM) with organic guest contents being 
less than 0.1 mol per mol αCD if not given and the water contents less than 1 mol mol−1

b Tmax is a peak point of guest release on corresponding MS curves
c The product of αCD·0.6CH2Cl2 saturation with CH2Cl2 vapors
d Major peak

Guest 2 Product compositiona Δm/% Tmax (leaving 
guest)/ °C

Tmax (Guest 2)/°C

Initial inclusion compound: αCD·2.2EtOH
EtCN αCD·0.4EtCN·2.2EtOH 13.0 117 105
MeNO2 αCD·0.6MeNO2·1.9EtOH 12.8 118 112
CH2Cl2 αCD·0.1CH2Cl2·1.7EtOH 10.0 153 150
(CH3)2CO αCD·0.7(CH3)2CO·1.6EtOH 12.3 117 115
n-PrOH αCD·1.9EtOH 9.9 157 –
Initial inclusion compound: αCD·1.2i-PrOH
EtCN αCD·0.4EtCN·0.6i-PrOH 7.4 121 111
MeNO2 αCD·1.2MeNO2·0.2i-PrOH 9.7 98; 189d 98; 190d

CH2Cl2 αCD·0.3CH2Cl2·0.5i-PrOH 6.8 128 108; 190d

(CH3)2CO αCD·0.8(CH3)2CO·0.3i-PrOH 7.5 149 148
n-PrOH αCD·0.5i-PrOH 4.6 154 –
Initial inclusion compound: αCD·2.1MeCN
EtCN αCD·0.7EtCN·0.3MeCN 5.9 157 112d; 219
MeNO2 αCD·0.8MeNO2·0.3MeCN 6.0 165 131
CH2Cl2 αCD·0.4CH2Cl2·0.4MeCN 6.3 153 101; 207d

(CH3)2CO αCD·0.6(CH3)2CO·0.3MeCN 6.2 162 206
n-PrOH αCD·0.3n-PrOH·0.6MeCN 5.3 161 104d; 228
Initial inclusion compound: αCD·0.6CH2Cl2
EtCN αCD·0.1EtCN·0.4CH2Cl2 5.1 214 108
MeNO2 αCD·0.5MeNO2·0.4CH2Cl2 7.1 212 151
CH2Cl2 αCD·0.6CH2Cl2c 6.3 191 –
(CH3)2CO αCD·0.4(CH3)2CO·0.3CH2Cl2 6.1 209 121
n-PrOH αCD·0.1n-PrOH·0.5CH2Cl2 6.6 228 86d; 239
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Fig. 3   Contents of Guest 2 in αCD clathrates prepared by solid-phase 
exchange of various leaving guests at 25 °C. * Additional sorption of 
dichloromethane by the initial αCD·0.6CH2Cl2 clathrate. The data for 
water as a leaving guest are for the saturated hydrate αCD·6H2O from 
Ref. [8]
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products with the same Guest 2 vapors are shown in Fig. 3 
for hexahydrate αCD·6H2O without optimization of the 
hydration history [8] because the saturation process for this 
initial state can be recognized as the solid-phase exchange of 
water for organic guest. Unlike the studied binary clathrates 
with organic guests, the hexahydrate αCD·6H2O does not 
include Guests 2 studied in this work in significant amounts 
[8]. Thus, the solid-phase guest exchange of organic guests 
in absence of water may give better inclusion results than 
the conventional preparation procedure in the presence of 
hydration water.

Comparison of the exchange results for the studied leav-
ing guests shows that acetonitrile is the best for activation of 
inclusion for such Guests 2 as propionitrile, dichloromethane 
and n-propanol, as shown in Fig. 3. Isopropanol is the best 
leaving guest in exchange with nitromethane and acetone. 
For all Guests 2 studied, the exchange of isopropanol gives 
the same or higher inclusion capacity for Guest 2 as the 
exchange of ethanol. This difference between these two 
alcohols may be caused by a lower affinity (inclusion Gibbs 
energy) of isopropanol for dry αCD compared with that of 
ethanol [11]. Exchange of acetonitrile shows the highest 
average Guest 2 contents also being the least selective for 
all Guests 2 studied.

To reveal the effect of the structural changes upon guest 
exchange, all products of solid-phase guest exchange were 
studied by X-ray powder diffraction method. The obtained 
diffraction patterns are shown in Fig. 4 and ESM. The pat-
terns of the initial clathrates αCD·2.1MeCN (Fig. 4a) and 
αCD·1.2i-PrOH were identified elsewhere [8] as being of 
columnar and Form IIIa types, respectively. Form IIIa is the 

crystal packing type of anhydrous αCD [8] (Fig. 4b). The 
diffraction pattern of αCD·0.6CH2Cl2, ESM, belongs to the 
type of Form III.

Analysis of the diffractograms obtained (Fig. 4, ESM) 
shows that the products of guest exchange have more or less 
pure crystal packing of dried αCD (Form IIIa) (Fig. 3b) with 
characteristic peaks at 2θ angles of 4.9°, 13.7°, 16.0° [8]. In 
the products of acetonitrile exchange for all studied Guests 
2 (Fig. 4f and g, ESM), the admixture of the initial columnar 
packing (Fig. 4a) with the characteristic peaks at 7.4°, 12.0° 
and 19.8° [8, 18] is observed. Also, the traces of columnar 
packing are observed for the product of ethanol exchange for 
acetone and propionitrile (Fig. 4e, ESM). For comparison, 
columnar packing was observed for the product of acetone 
inclusion in αCD hydrate with the optimized hydration his-
tory and level [8].

The columnar packing of αCD·2.1MeCN is more loose 
and has much more space for guests than that of Form IIIa 
[8]. So, the observed partial presence of the columnar pack-
ing in diffraction patterns of exchange products with the 
leaving acetonitrile may be a cause of the better exchange 
capacity of this initial clathrate in the most studied cases 
(Table 1, Fig. 3). The exclusions are the exchange products 
with acetone and nitromethane in the initial αCD·1.2i-PrOH, 
which have Form IIIa packing (Fig. 4c, ESM), both in the 
initial and final states, but perform a higher inclusion capac-
ity than that of the initial αCD·2.1MeCN. The cause may be 
the lowest affinity of i-PrOH for dry αCD [11].

An unusual structural effect was found for the product 
of ethanol exchange for nitromethane. The resulting inclu-
sion compound αCD·0.6MeNO2·1.9EtOH has an amorphous 
structure (Fig. 4h). The diffraction pattern of this product 
has two wide halos with maxima at 2θ angles of 14° and 
20°. Such pattern with a randomly dispersed structure was 
previously observed for the amorphous αCD prepared by 
spray drying [19], while, for example, the product of αCD 
ball milling is only partially disordered [19, 20]. The amor-
phous αCD·0.6MeNO2·1.9EtOH was heated up to 140 °C in 
air, which gives a complete removal of both guests accord-
ing to the TG/MS data for this clathrate, ESM. The pre-
pared guest-free αCD still has the same diffraction pattern 
of an amorphous material, ESM, as the inclusion compound 
αCD·0.6MeNO2·1.9EtOH.

The resulting dry amorphous αCD crystallizes upon its 
saturation with water vapors, as well as the amorphous αCD 
obtained by spray drying [21]. The prepared αCD hydrate 
does not contain an amorphous phase and has a typical crys-
tal packing of Form III [22] according to its powder dif-
fraction pattern, ESM. The observed crystallization to the 
ordinary hydrate means that the amorphization of αCD is 
not caused by chemical reactions of αCD with ethanol and 
nitromethane during the saturation and heating. Thus, for 
the first time, an amorphous anhydrous αCD was obtained 
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Fig. 4   X-ray powder diffractograms for a αCD·2.1MeCN initial 
clathrate [11]; b anhydrous αCD [11]; c αCD·1.2MeNO2·0.2i-
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by the dry method without preparing its dilute solution. 
The amorphization of αCD upon exchange of ethanol for 
nitromethane may be caused by partial dissolution of the 
initial αCD·2.2EtOH in the saturated nitromethane vapors 
with the formation of solid amorphous product when a small 
fraction of the volatile organic components is evaporated.

Conclusions

Solid-phase guest exchange in anhydrous α-cyclodextrin 
clathrates allows encapsulation of organic guests in the 
higher amounts than conventional preparation methods 
for inclusion compounds of this host using its saturated 
hydrate. An activation of inclusion properties of dry 
α-cyclodextrin by organic “leaving guest” instead of water 
helps to overcome the high affinity of this native cyclodex-
trin for water, which significantly restricts the applications 
of α-cyclodextrin. The solid-phase exchange of organic guest 
does not require the optimization of preparation conditions. 
The exchange of acetonitrile and 2-propanol enables the 
highest inclusion for target guests, with acetonitrile show-
ing the lowest exchange selectivity.

The amorphization of α-cyclodextrin by the solid-phase 
exchange of the initially included ethanol for nitromethane 
and further guest release is the first evidence of preparation 
of true amorphous α-cyclodextrin without formation of its 
dilute solution. This technologically friendly procedure can 
be used to prepare dry amorphous α-cyclodextrin, which is 
of great interest for practical applications.
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