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Abstract

The frequency and temperature dependence of the real and imaginary parts of the dielectric constant (ε′, ε′′), the phase shift (φ) and the ac-
conductivity (σ ) of the polycrystalline (β-Cyclodextrin)2·CsI7·13H2O (β-Cs) have been investigated over the frequency and temperature ranges
of 0–100 kHz and 140–425 K, respectively, in combination with Raman spectroscopy and DSC. The ε′(T ), ε′′(T ) and φ(T ) variations at frequency
300 Hz in the range 140 K < T < 300 K show two sigmoids, two bell-shaped curves and two minima, respectively, revealing the existence of
two kinds of water molecules, tightly bound and easily movable ones. β-Cs shows the transition of normal hydrogen bonds to those of flip-flop
type at 199.9 K. As the temperature increases most of the thirteen water molecules per cyclodextrin dimer remain tightly bound and only a small
number of them become easily movable. The DSC trace shows a small endothermic peak with an onset temperature of 80 ◦C, which is related
to the easily movable water molecules. Strong peaks at 115 and 135 ◦C are caused by the tightly bound water molecules and the sublimation of
iodine, respectively. The Cs+ ions contribute to the ac-conductivity via a Grotthuss mechanism with an activation energy 0.64 eV when all the
water molecules exist in the crystal lattice and 0.45 eV when the easily movable water molecules start to escape. The Raman peaks at 179, 170 and
166 cm−1 are due to the I2·I−3·I2 polyiodide chains consisting of I−3 units indicating charge transfer interactions and lengthening of I2 units,
respectively. The charge of I−7 units remains localized with negligible contribution to the conductivity until the sublimation of iodine starts.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

When β-Cyclodextrins (β-CDs) are crystallized from aque-
ous solutions with metal iodide/iodine, channel type complexes
are formed in which the β-CD molecules are stacked like coins
in a roll (head to head) and in their tubular cavity heptaio-
dide chains (I2·I−3·I2 in a Z-like form) are developed [1,2].
All of these systems have the same crystal structure (mono-
clinic P21) as (β-CD)2·KI7·9H2O which has been determined
in detail by X-ray analysis [2]. This analysis showed that the
atoms of I2 units are disordered in positions with main occupan-
cies I(4A) = 0.89, I(5A) = 0.70 and with minor occupancies
I(4B) = 0.15, I(5B) = 0.14. Inversely, the iodine atoms I1, I2 of
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the central I−3 unit are in positions with full occupancy (1,0)

(Fig. 1). X-ray, Far-Infrared and Raman study of polyiodide
(C2H5)4N+I−7 complex by Nour, Chen and Laane [3], have
also shown that I−7 ions are of type I−3·2(I2) with I2 roughly
perpendicular to the triiodide units.

The investigation of the dielectric relaxation properties of
the β-CD complexes with Ba2+, Cd2+ [4] and K+, Li+ [5,6]
revealed the existence of two kinds of water molecules, tightly
bound and easily movable ones. Specifically at temperatures
T < 330 K where all the water molecules exist in the lattice, the
real part (ε′) and imaginary part (ε′′) of the dielectric constant
as well as the phase shift (φ) showed two steps, two peaks and
two minima, respectively. All systems also showed the transfor-
mation of normal hydrogen bonds to those of flip-flop type [7,
8] at approximately 200 K. At temperatures T > 330 K where
the dehydration process starts the dielectric parameters ε′, ε′′
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Fig. 1. Geometry of the dimers (two β-CD molecules head to head) and the polyiodide chain in the (β-CD)2·KI7·9H2O complex according to Fig. 4 of Ref. [2].
are no longer sensitive to depict the polarization effects taking
place because of the high conductivity values. The phase shift
and the ac-conductivity however, could detect all the different
processes in the samples.

The presence of two kinds of water molecules was also con-
firmed by the appearance of double endothermic peaks in the
DSC traces which were directly related to the fractions of eas-
ily movable and tightly bound water molecules. These fractions
depend on the progressive transformation

(H2O)tightlybound → (H2O)easilymovable. (1)

The contribution of the water-net work to the ac-conduc-
tivity (σ ) of the above complexes is very important since it
facilitates the relay mechanism of the proton transport. This
process is amplified by the movements of metal ions which are
fourfold coordinated by two water molecules and two hydroxyl
groups in a near-tetrahedral arrangement [2]. As the tempera-
ture increases they become free to oscillate, contributing to the
abrupt increase of the ac-conductivity (linear part in the lnσ vs
1/T plot) via a Grotthuss mechanism [9,10]. When the water
molecules start to escape from the crystal-lattice the slope of the
linear part decreases because of the gradual breakdown of the
water-net work. This process renders the charges of the metal
ions localized.

The contribution of the polyiodide chains to the ac-conduc-
tivity was determined by Raman spectroscopy. All of the above
complexes showed an initial peak position of 179 cm−1 at 30 ◦C
which shifted to 165–166 cm−1 at temperatures higher than
100 ◦C [4,6]. That happens because of the lengthening of the
disordered I2 units caused by a charge transfer interaction of
I−3 units in each cyclodextrin dimer (order–disorder transition).
The influence of the I−7 ions on the ac-conductivity is negligi-
ble until 130 ◦C approximately where the sublimation of iodine
starts. This was confirmed by a third endothermic peak in the
DSC traces and a rapid increase of the ac-conductivity in the
lnσ vs 1/T plot.

Since the polyiodides present interesting electrical proper-
ties and many complicated structures [3,11], in the present work
we investigate the dielectric properties of the (β-CD)2·CsI7·
13H2O complex (β-Cs) over the temperature region 140–
425 K. Besides this, Raman spectra in combination with dif-
ferential scanning calorimetry are recorded in the temperature
region 300–425 K.

2. Experimental

β-Cyclodextrin, iodine and cesium iodide were purchased
from Fluka. The preparation of the sample was carried out
according to Ref. [1]. One gram of β-CD was dissolved in
80 ml of distilled water at room temperature under stirring
until the solution became almost saturated. Then 0.59 g ce-
sium iodide and 0.44 g solid iodine were added simultane-
ously to the solution and it was heated to 70 ◦C for 20–25
min. The hot solution was transferred quickly through a folded
filter to an empty beaker (100 ml) which was covered with
Teflon and then immersed in a Dewar flask (500 ml) con-
taining water at the same temperature. After two days, very
fine reddish-brown thin needles of β-Cs were grown with uni-
form composition. These were separated in a Buchner filter and
dried in air. The water content of the crystals was determined
by thermogravimetric analysis (NETZSCH-STA 409 EP, Con-
troller TASC 414/3, heating rate 5 ◦C min−1). The β-Cs com-
plex was found to contain thirteen water molecules per dimer
(Fig. 2), so the general composition is (β-CD)2·CsI7·13H2O.
The number of water molecules was calculated from the weight
loss in the temperature range of 25–125 ◦C, where all the wa-
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Fig. 2. Thermogravimetric analysis (TGA) of (β-CD)2·CsI7·13H2O.

ter molecules have been removed as evident from the TGA
curves. The same curves reveal that the sublimation of iodine
starts at T > 125 ◦C as was also confirmed by Raman spec-
tra and the variation of conductivity. We used TGA analysis
instead of Karl Fischer method, because the presence of io-
dine in β-Cs does not provide reliable results. Both methods
were used in the case of the hydrated β-CD·TERB complex
[12].

A pressed pellet of powdered sample, 20 mm in diameter
with thickness 1.01 mm, was prepared with a pressure pump
(Riken Power model P-1B) at room temperature. Two platinum
foil electrodes were pressed at the same time with the sample.

The dielectric measurements were taken in the temperature
range of 140–425 K using a low-frequency (0–100 kHz) dy-
namical signal analyser (DSA-Hewlett–Packard 3561A), which
was connected to a personal computer for further process-
ing of the data. A description of the data analysis is given in
Ref. [12]. The differential scanning calorimetry (DSC) method
(Perkin–Elmer DSC-4 instrument) was used with a thermal
analysis data station (TADS) system for the calorimetric mea-
surement.

The Raman spectra were obtained at 4 cm−1 resolution from
3500 cm−1 to 100 cm−1 with data point interval of 1 cm−1

using a Perkin–Elmer NIR FT-spectrometer (Spectrum GX II)
equipped with an InGaAs detector. The measurements were
performed in a temperature range of 30–125 ◦C (303–398 K).
The laser power and spot (Nd: YAG at 1064 nm) were con-
trolled to be constant at 50 mW during the experiments. 500
scans were accumulated.

The experimental X-ray powder diffraction pattern was ob-
tained with a Siemens D 5000 diffractometer (Cu Kα1 =
1.5406 Å, Cu Kα2 = 1.5444 Å, scan range: 5–55◦ 2θ , mono-
chromator: graphite crystal, scan speed: 0.045 2θ ·s−1). The
calculation of the theoretical X-ray powder diffraction pattern
was performed by the computer program Powder Cell 2.3 de-
veloped by G. Nolze and W. Kraus [13], using the single crys-
tal (β-CD)2·KI7·9H2O diffraction data reported by Saenger in
Ref. [2].
3. Results

3.1. Temperature dependence of ε′, ε′′ and the phase shift φ

The temperature dependence of ε′ and ε′′ over the range
140–300 K at a frequency of 300 Hz is shown in Figs. 3
and 4. The real part ε′ increases in a double sigmoid fashion
from 4.2 at 140.8 K to 10.2 at 227.5 K and then to 42.6 at
288 K. The inflection point of the first sigmoid is observed at
199.9 K (ε′ = 6.8) and that of the second sigmoid at 269.0 K
(ε′ = 29.7). Above 291 K, ε′ increases rapidly to the value
ε′ = 52.5 at 303.9 K. The ε′′(T ) variation presents a double
bell-shaped curve with peak values ε′′ = 1.1 and ε′′ = 12.8 ob-
served at 202.8 K and 274.1 K, respectively. For T > 282 K ε′′
increases rapidly to the value ε′′ = 20 at 291.4 K. By increas-
ing the frequency of the applied field to 1 kHz the two sigmoids
in ε′(T ) plot and the two bell-shaped curves in ε′′(T ) plot re-
main separated. For higher applied frequencies (10–100 kHz)
the above features become indistinguishable.

Fig. 3. Temperature dependence of real (ε′) part of the dielectric constant of
(β-CD)2·CsI7·13H2O at 300 Hz.

Fig. 4. Temperature dependence of imaginary (ε′′) part of the dielectric con-
stant of (β-CD)2·CsI7·13H2O at 300 Hz.
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Fig. 5. Temperature dependence of phase shift φ of (β-CD)2·CsI7·13H2O at
300 Hz.

The phase shift φ at a fixed frequency of 300 Hz (Fig. 5)
over the range 140–425 K presents two topical minima 82.5◦
and 64.9◦ at 199.9 K and 260.4 K, respectively, followed by
an abrupt decrease to a plateau-like region with a third topical
minimum 7.5◦ at 375 K and a fourth topical minimum 6.3◦ at
397.4 K. Finally at T > 414.3 K there is a rapid decrease to the
value 0◦ at 425 K. At higher fixed frequencies all the topical
minima are still distinguishable.

3.2. Temperature dependence of conductivity

The temperature variation of the ac-conductivity (lnσ versus
1/T ) under an applied frequency of 300 Hz is shown in Fig. 6
during the heating process. This plot shows two sigmoid curves
(a) and (b) in the temperature ranges 4.86 K−1 < 103/T <

7.0 K−1 and 3.50 K−1 < 103/T < 4.86 K−1, respectively, and
two linear parts (c), (d), in the temperature range 2.66 K−1 <

103/T < 3.50 K−1. For 103/T < 2.66 K−1 there are two topi-
cal minima at 2.61 and 2.44 K−1. For 103/T < 2.44 K−1 there

Fig. 6. Temperature dependence of ac-conductivity (lnσ vs 1/T ) for the com-
plex (β-CD)2·CsI7·13H2O at 300 Hz.
is an abrupt increase as a consequence of sublimation of iodine.
Thermal hysteresis is totally absent for β-Cs as shown in Fig. 7.

3.3. Calorimetric measurements

The DSC trace of (β-CD)2·CsI7·13H2O recorded with a
scan rate of 10 deg min−1 shows a small endothermic peak at
80 ◦C over a temperature range of 35 ◦C and two strong en-
dothermic peaks with onset temperatures 115 and 135 ◦C over
a temperature range of 25 and 20 ◦C, respectively, as depicted
in Fig. 8.

3.4. Raman spectra

The Raman spectra shown in Figs. 9–11 in the tempera-
ture range of 30–125 ◦C, display an initial peak at 30 ◦C at
179 cm−1 with almost constant intensity as the temperature in-
creases. At 65 ◦C a shoulder arises at 170 cm−1 whose intensity
increases with temperature and shifts to the value 166 cm−1

in the temperature range of 95–125 ◦C. The peak intensity

Fig. 7. Temperature dependence of ac-conductivity (lnσ vs 1/T ) for the com-
plex (β-CD)2·CsI7·13H2O during the cooling and heating process, at fre-
quency 300 Hz.

Fig. 8. DSC thermogram of (β-CD)2·CsI7·13H2O: heating rate 10 deg min−1.
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Fig. 9. Raman spectra of (β-CD)2·CsI7·13H2O complex at 30–75 ◦C.

Fig. 10. Raman spectra of (β-CD)2·CsI7·13H2O complex at 80–100 ◦C.
takes a maximum value 0.53 at 115 ◦C and then decreases to
0.37 at 125 ◦C where the initial band at 179 cm−1 has disap-
peared.

3.5. X-ray powder diffraction

Since only the single crystal structure of β-CD complex
with potassium metal is available in the literature, we compare
in Fig. 12 our experimental X-ray powder diffraction pattern
of (β-CD)2·CsI7·13H2O complex with the simulated pattern
of (β-CD)2·KI7·9H2O calculated from the single-crystal X-ray
diffraction data [2]. It is obvious that β-Cs exhibits an XRD
pattern that is in good agreement with that calculated of the
β-K complex which is similar to those of β-Ba, β-Cd and β-Li
[4,6]. Therefore all these complexes are isomorphous as it was
predicted by Saenger [2]. The hump around 25 degrees in (a)
is caused by the presence of some amorphous material, while
the multitude of peaks at higher 2θ angles is not a result of
phase impurities but corresponds to weak Bragg reflections as
evident from the calculated pattern (b). Some diffraction peaks
exhibit larger relative intensities than those of the theoretical
pattern owing to the non-random distribution of crystal orien-
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Fig. 11. Raman spectra of (β-CD)2·CsI7·13H2O complex at 105–125 ◦C.
Fig. 12. (a) Experimental X-ray powder diffraction pattern of (β-CD)2·
CsI7·13H2O and (b) calculated X-ray powder diffraction pattern from sin-
gle-crystal data of (β-CD)2·KI7·9H2O complex.

tations (texture). The non-crystalline material does not affect
the macroscopic dielectric properties, since the fundamental
building blocks (β-CD dimers, coordinated metal ions and hep-
taiodide units) are expected to be unchanged.

4. Discussion

From the above experimental results, is evident that β-Cs be-
haves similarly as β-Ba, β-Cd [4] and β-K, β-Li [5,6]. That is,
the functions ε′(T ), ε′′(T ) and φ(T ) present two sigmoids, two
loss peaks and two topical minima, respectively, for T < 300 K,
indicating that two kinds of water molecules coexist in the crys-
tal lattice, namely tightly bound and easily movable ones. The
first ε′(T ) sigmoid, the first ε′′(T ) peak and the first φ(T ) min-
imum correspond to the transformation of some normal hydro-
gen bonds to those of flip-flop type (order–disorder transition)
according to Saenger [7,8]:

HB–O· · ·HA–O → O–HB· · ·O–HA. (2)

The transition temperature is found at 199.9 K.
The second sigmoid of ε′(T ), the second peak of ε′′(T ) and

the second minimum of φ(T ) are clearly distinguished as in the
case of β-Ba complex, showing that during the heating process
most of the thirteen (13) water molecules per dimer remain
tightly bound and only a small number of them are transformed
to easily movable ones. This is also confirmed by the DSC trace
which shows a small endothermic peak at 80 ◦C corresponding
to the removal of the few easily movable water molecules and a
strong peak at 115 ◦C assigned to the remaining tightly bound
water molecules.

The lnσ vs 1/T plot reflects all the different effects which
take place as the temperature increases. The low temperature
sigmoid (a) for T < 205.7 K (103/T > 4.86 K−1) is due to
the H+ and OH− of the normal hydrogen bonds of the water
and the β-CD molecules, whereas the high temperature sig-
moid (b) for 205.7 K < T < 285.7 K (3.50 K−1 < 103/T <

4.86 K−1) is caused by the transition of some normal hydro-
gen bonds to those of flip-flop type and the transformation
of few tightly bound water molecules to easily movable ones.
The linear part (c) over the range 285.7 K < T < 341.2 K
(2.93 K−1 < 103/T < 3.50 K−1) is due to the contribution of
metallic cations which move under the applied alternate field.
An activation energy Eα = 0.64 eV as calculated from the
Arrhenius equation σ = σo exp(−Eα/KBT ). In the low tem-
perature range the coordination shell restricts the movement of
Cs+ ions, rendering them unable to make an essential contri-
bution to the ac-conductivity. As the temperature increases the
tetrahedral arrangement is broken, resulting in the release of
positive ions which are free to oscillate back and forth with
the frequency of the field and to contribute to the total ac-
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conductivity. During this process there is a gradual transfor-
mation of the tightly bound water molecules to easily movable
ones, giving rise to proton diffusion via a Grotthuss mechanism
[9,10]. For this reason the phase shift in Fig. 5 drops rapidly for
T > 282.2 K.

The linear part (d) in the temperature range of 68–102 ◦C
(2.66 K−1 < 103/T < 2.93 K−1) with activation energy Eα =
0.45 eV shows a lower increase of the ac-conductivity because
the concentration of charge carriers (H2Oeasilymovable) is re-
duced due to their gradual escape from the sample (DSC trace in
Fig. 8). At higher temperatures the conductivity does not follow
the Arrhenius exponential behaviour but decreases to a topical
minimum at 109 ◦C (103/T = 2.61 K−1) due to the removal
of all easily movable water molecules. The new increment up
to 122 ◦C (103/T = 2.53 K−1) corresponds to the transforma-
tion of the remaining tightly bound water molecules according
to Eq. (1). Finally the conductivity decreases up to 136.8 ◦C
(103/T = 2.44 K−1) due to the removal of all the water mole-
cules. This explanation is in agreement with the presence of
the endothermic peak at 115 ◦C in the DSC trace. The rapid in-
crease of the ac-conductivity for 103/T < 2.44 K−1 is due to
the sublimation of iodine (third endothermic peak at 135 ◦C in
Fig. 8). This effect shows that the polyiodide chains contribute
efficiently to the conductivity for T > 130 ◦C. At lower tem-
peratures their contribution is negligible, as evident from the
spectroscopic results.

The Raman peaks at 179, 170 and 166 cm−1 correspond to
d(I–I) bond distances 2.72, 2.75 and 2.77, respectively, accord-
ing to a linear correlation of Raman frequencies v(I–I) versus
the d(I–I) [14]. So the initial band at 179 cm−1 could be as-
signed to an average d(I–I) distance of 2.72 Å, resulting from
the simultaneous major and minor occupancies of the I2 units,
while the peak at 166 cm−1 corresponds to the separation dis-
tance of the two disordered atoms I(4A)–I(5A) = 2.77 Å. The
peak at 170 cm−1 corresponding to d(I–I) = 2.75 Å is attributed
to an intermediate state in which a charge transfer interaction
I2· · ·I−3 → I−3· · ·I2 takes place due to the symmetric stretch
of iodine molecules [15]. Thus, during the heating process a
lengthening of I(4B)–I(5B) distances of I2 units to 2.77 Å takes
place. It has been shown that the symmetric I−3 ion with I–I
distance 2.90 Åhas a Raman peak at 110 cm−1 [3]. In our case
the interiodine distance I(1)–I(2) = 3.003 Å of the I−3 units
indicates that the corresponding Raman peak is located at fre-
quencies below 100 cm−1 which was not possible to detect. All
the above results show that the electronic density remains local-
ized since there is no interaction between the neighbouring I−7
units (I(5)–I(5) = 4.50 Å) until the sublimation of iodine starts.
This process shortens the distances between the heptaiodide
ions, providing conducting paths for the localized charges [16].

5. Conclusions

The temperature dependences of ε′, ε′′ and the phase shift φ

of the (β-CD)2·CsI7·13H2O complex for T < 300 K, reveal the
existence of two kinds of water molecules, tightly bound and
easily movable ones. The transition of normal hydrogen bonds
to those of flip-flop type happens at 199.9 K. As the tempera-

ture increases most of the thirteen water molecules per dimer
remain tightly bound and only a small percentage of them be-
come easily movable. The small endothermic peak of the DSC
trace, with onset temperature 80 ◦C, is related to the easily mov-
able water molecules while the strong peaks at 115 and 135 ◦C
are caused by the tightly bound water molecules and the subli-
mation of iodine, respectively.

The different components contributing to the conductivity
are detected from the lnσ vs 1/T plot, indicated by the sig-
moids (a), (b) and the linear parts (c) and (d). The low temper-
ature sigmoid (a), for T < 205.7 K is due to the H+ and OH−
of the normal hydrogen bonds of the water and the β-CD mole-
cules, whereas the high temperature sigmoid (b) for 205.7 K <

T < 285.7 K is caused by the transition of some normal hydro-
gen bonds to those of flip-flop type and the transformation of
few tightly bound water molecules to easily movable ones. The
linear parts (c), (d) over the range 285.7 K < T < 375.9 K with
activation energies 0.64 and 0.45 eV, respectively, are related to
the contribution of the metal ions and the removal of the water
molecules to the ac-conductivity.

The Raman peaks at 179, 170 and 166 cm−1 indicate charge
transfer interactions in the I−7 units. Their negative charge re-
mains localized with negligible contribution to the conductivity
until the sublimation of iodine starts.
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