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Abstract—The polycrystalline inclusion complex of cyclomaltohexaose, (a-CD)2ÆNaI5Æ8H2O, has been investigated via dielectric
spectroscopy over a frequency range of 0–100 kHz and the temperature range of 125–450 K. Additionally, a Raman spectroscopy
study was accomplished in the temperature ranges of (i) 153–298 K and (ii) 303–413 K. The ln r versus 1/T variation revealed the
order–disorder transition of some normal hydrogen bonds to those of a ﬂip-ﬂop type at 200.9 K. From 278.3 up to 357.1 K, the
progressive transformation (H2O)tightly bound ! (H2O)easily movable takes place resulting in an Arrhenius linear increment of the
ac-conductivity with activation energy Ea = 0.32 eV. In the range of 357.1–386.1 K a second linear part with Ea = 0.55 eV is
observed, indicating the contribution of sodium ions via the water-net. The rapid decrease of the ac-conductivity at T > 386.1 K
is due to the removal of the water molecules from the crystal lattice, whereas the abrupt increase at T > 414.9 K is caused by the
sublimation of iodine. The Raman bands at 160 and 169 cm1 indicate the coexistence of (I2ÆIÆI2) and ðI3  ÆI2 M I2ÆI3  Þ units,
respectively. The ðI3  ÆI2 M I2ÆI3  Þ units are presented as form (I), and their central I ion is disordered in occupancy ratio diﬀerent
from 50/50 (e.g., . . .60/40. . .70/30. . .). The (I2ÆIÆI2) units are displayed by the 2 equiv forms (IIa) and (IIb). In (IIa) the central I
ion is twofold disordered in an occupancy ratio of 50:50, whereas in (IIb) the central I ion is well-ordered and equidistant from the
two I2 molecules. At low temperatures the transformation (I)!(IIa) takes place, whereas at high temperatures the inverse one
(IIa)!(I) happens. X-ray powder diﬀraction and Rietveld analysis revealed a triclinic crystal form with space group P1 and lattice
parameters that are in good agreement with the theoretical values.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The addition of metal iodides (MIn) and molecular
iodine (I2) to aqueous solutions of cyclomaltohexaose
(a-cyclodextrin, a-CD) can form polyiodide inclusion
complexes that are crystallized in four diﬀerent crystalline forms (triclinic, tetragonal, pseudohexagonal, and
hexagonal) depending on the counterion’s nature and
its coordination scheme.1,2 By means of X-ray analysis,
Noltemeyer and Saenger1,3 have determined in detail the
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crystal structure of the a-CD polyiodide complexes with
cadmium and lithium metals at room temperature. They
found that the a-CD molecules are stacked like coins in
a roll (head to head), producing dimers in whose tubular
cavities nearly linear pentaiodide ions ðI5  Þ are embedded. Four of the ﬁve iodine atoms are well ordered (full
occupancy) forming two I2 units that are located within
the a-CD cavities. The remaining central iodine anion,
which is located between the large sides (O(2),O(3) rims)
of the opposing a-CD molecules, is disordered in various occupancy ratios. In the polyiodide complex with
Cd2+, which is crystallized in the tetragonal crystal form
with space group P42212, the occupancy ratio of the central I ion was 50/50 (Fig. 1a). Thus, the researchers
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Figure 1. The geometry of the pentaiodide units embedded in the aCD dimers of (a) the tetragonal (a-CD)2ÆCd0.5ÆI5Æ27H2O and (b) the
triclinic (a- CD)2ÆLiI3ÆI2Æ8H2O, according to the single-crystal X-ray
analysis.1,3 The well-ordered iodine atoms are presented as black
spheres. The disordered iodine ions are presented as probability
ellipsoids.

rendered the pentaiodide type as (I2ÆIÆI2) and the chemical formula as (a-CD)2ÆCd0.5ÆI5Æ27H2O (named a-Cd in
our work). In the case of the polyiodide complex with
Li+ (triclinic P1), the occupancy ratio of the disordered
I ion was 69/31 (Fig. 1b). Therefore, they suggested
that each a-CD dimer accommodates two units I3  ÆI2
or I2ÆI3  (I3  ÆI2 M I2ÆI3  ) in a statistical ratio of 69:31,
and they rendered the chemical formula as (a-CD)2Æ
LiI3ÆI2Æ8H2O (named a-Li in our work). Teitelbaum
et al.4 have carried out a Raman spectroscopy study of
the polycrystalline a-Li at room temperature. They
observed two bands at 110 and 173 cm1 that were ascribed to the presence of I3  ions and weakly coordinated I2 molecules, respectively. In addition, Mizuno
et al.5 have examined the Raman spectra of the single
crystals of a-Cd and a-Li complexes at room temperature. Both samples showed two bands at 107 and
161 cm1 that were attributed to the varied composition
of disordered ðI3  Þx and ðI5  Þx chains, respectively.
We have recently investigated the Raman spectra of
the polycrystalline a-Cd in the temperature ranges of
(i) 153–293 K and (ii) 303–383 K,6 in order to explore
the polyiodide variations. It was found that at room
temperature, two kinds of pentaiodide units coexist in
the polyiodide chain as it was indicated by a strong
Raman band at 160 cm1 (I2ÆIÆI2) and a shoulder
at 168 cm1 (I3  ÆI2 M I2ÆI3  ). The latter signal
(168 cm1) slightly diﬀers from that reported for a-Li
(173 cm1) by Teitelbaum et al.,4 probably due to the

diﬀerent bond lengths of I2 units. During the cooling
process the shoulder at 168 cm1 disappears, whereas
the band at 160 cm1 remains, due to the gradual transformation (I3  ÆI2 M I2ÆI3  )!(I2ÆIÆI2). During heating
the band at 160 cm1 disappears, and the initial shoulder at 168 cm1 becomes the main band because of the
inverse transformation (I2ÆIÆI2) ! (I3  ÆI2 M I2ÆI3  ).
These eﬀects are caused by the continuous changes of
the occupancy ratio of the disordered I ions with temperature. We did not detect the characteristic Raman
band m1 of I3  ions at approximately 105–110 cm1
due to the limited frequency range of the spectrometer
(P100 cm1). Instead of this, we observed the progressive overtones at 211 (2 · 107) and 312 cm1 (3 · 107),
whose intensity variation followed the intensity variation of the band at 168 cm1 during cooling and heating.
This eﬀect veriﬁed that the non-detectable band at
107 cm1 and the band at 168 cm1 originate from
the same chemical species (I3  ÆI2 M I2ÆI3  ). The shoulder
at 168 cm1 was not reported by Mizuno and co-workers, probably because their research was restricted to
only room temperature.
Additionally, we have used dielectric spectroscopy
measurements, which provided suﬃcient information
about the electrical conduction of various a-CD polyiodide complexes with diﬀerent metal ions.6–8 Speciﬁcally,
in the temperature range of 120–300 K—where all the
water molecules of the crystal lattice exist—the dielectric
constant (e 0 , e00 ) and the phase shift (u) of a-Cd and a-Li
complexes7 revealed the following: (i) the well-known
order–disorder transition of some normal hydrogen
bonds to those of ﬂip-ﬂop type9,10 and (ii) the existence
of two kinds of water molecules (tightly bound, easily
movable) in a-Cd and one kind (tightly bound) in aLi. Furthermore, we have investigated the ac-conductivity and the phase shift of a-Cd over the extended
temperature range of 240–425 K6 in order to detect all
the diﬀerent mechanisms of charge transport that take
place in the sample (proton conduction, metallic movements, polyiodide interactions, and dehydration process). It was found that the Arrhenius exponential
behaviour of the ac-conductivity in the temperature
range of 276.2–377.0 K is not aﬀected by the dehydration process because of the continuous transformation
(H2O)tightly bound!(H2O)easily movable and the contribution of the cadmium ions via the water-net. When most
of the water molecules have been removed from the
lattice, the ac-conductivity decreases rapidly since the
already depleted metal ions act as localized charges
no longer making a contribution. Finally, an abrupt
increase of the ac-conductivity was observed at
T > 413.2 K due to the sublimation of iodine.
All of the above phenomena are of great scientiﬁc
interest due to the fact that the hydrogen-bonded
networks are systematically studied in biological
systems,11–15 and the polyiodides display potential
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technical applications in various areas.16–18 Since each
one of the a-CD polyiodide complexes is expected to
present characteristic dielectric properties as a result of
the diﬀerences in the counterion’s nature, the degree of
hydration and the pentaiodide formations, in the present work we extend our research to the a-cyclodextrin–pentaiodide inclusion complex with sodium metal
(a-Na). The dielectric measurements are carried out over
a frequency range of 0–100 kHz and the temperature
range of 125–450 K. Besides this, the Raman spectra
are investigated in the temperature ranges of (i) 153–
298 K and (ii) 303–413 K, and calorimetric measurements are carried out in the range of 273–443 K.

2. Results
2.1. Thermogravimetric analysis (TGA)
The thermogravimetric analysis of a-Na (Fig. 2) with a
heating rate of 5 C/min reveals eight (8) water molecules per a-cyclodextrin dimer, so the general composition is (a-CD)2ÆNaI5Æ8H2O. The number of the water
molecules was calculated from the weight loss in the
temperature range of 70–125 C where the dehydration
process takes place. Figure 3 shows the number of the
remaining water molecules per dimer, as the temperature increases.
2.2. X-ray powder diﬀraction (XRD) and Rietveld analysis
A few grams of polycrystalline a-Na were ﬁnely handpulverized in order to reduce the greater volume fraction
of certain crystal orientations (texture) in the sample.
We collected the experimental XRD pattern at room
temperature covering the 5–55 2h range, in order to
perform a Rietveld reﬁnement of the lattice parameters.

Figure 2. Simultaneous thermogravimetry (TGA) and diﬀerential
thermal analysis (DTA) of (a-CD)2ÆNaI5Æ8H2O, with a heating rate
of 5 C/min.

Figure 3. The variation of the number of the remaining water
molecules per a-CD dimer in (a-CD)2ÆNaI5Æ8H2O during the heating
process.

Figure 4 shows the experimental X-ray powder diﬀraction pattern. The Rietveld reﬁnement of this proﬁle
(POWDER CELL 2.4 software) with the triclinic P1 structure of (a-CD)2ÆLiI3ÆI2Æ8H2O1 is also shown in Figure
4: Rp = 7.17%, Rwp = 10.93%, Rexp = 7.97%, and
v2 = 1.880. We obtained a triclinic P1 crystal form with
the following lattice parameters a = 13.4800(0) Å,
b = 13.9001(7) Å, c = 15.6284(1) Å, a = 93.8542(3),
b = 87.8343(0), and c = 120.351(0), which diﬀer by
less than 1% from those values reported by Noltemeyer
and Saenger.1 We note that some experimental peak
intensities at room temperature vary from those calculated, mainly due to the fact that the greatest percentage
of the pentaiodide ions does not follow the

Figure 4. Rietveld reﬁnement pattern of (a-CD)2ÆNaI5Æ8H2O. Black
circles: experimental pattern, solid line: reﬁned model. The curve at the
bottom is the diﬀerence between the observed and calculated intensities
in the same scale. Black vertical lines indicate the positions of the
allowed reﬂections.
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I3  ÆI2 M I2ÆI3  geometry, which was found from the single-crystal X-ray analysis of a-Li.1 This structural
change becomes obvious from the Raman spectroscopy
study. The observed isomorphism between the a-Na and
a-Li complexes indicates that the coordination scheme
of the Na+ ions is similar to that of the Li+ ions (four
OH-groups and a H2O molecule in a square pyramidal
form). Noltemeyer and Saenger1 have shown that the
cations Li+, Na+, and Tl+ have the ability to interact
with the a-CD hydroxyl groups, forming isomorphous
crystal structures (triclinic P1). Finally, the total absence
of any hump (indicative of amorphous material) in the
experimental pattern proves the purity of the synthesized sample (single phase).

2.3. Dielectric spectroscopy

Figure 6. Temperature dependence of the phase shift (u) of
(a-CD)2ÆNaI5Æ8H2O at 300 Hz.

The temperature dependence of the dielectric constant
(e 0 , e00 ) of a-Na over the range of 125–342 K, at a frequency of 300 Hz, is shown in Figure 5. The real part
e 0 increases in an extended and well-distinguished single
sigmoid fashion from 6.4 at 125.3 K to 31.3 at 278.3 K
with an inﬂection point observed at 207.6 K
(e 0 = 17.3). Above 278.3 K, e 0 increases rapidly to the
value e 0 = 57.7 at 341.6 K. The imaginary part e00 presents a slab bell-shaped curve with peak value e00 = 3.6
at 211.2 K, whereas at T > 278.3 K it increases rapidly
to the value of 33.8 at 341.6 K.
Figure 6 shows the phase shift u of a-Na at a ﬁxed frequency of 300 Hz, over the temperature range of 125–
450 K. Speciﬁcally, it drops from 86.7 at 125.3 K to a
minimum value of 77.3 at 200.9 K, then it increases
to 84.3 at 266.5 K, whereas at T > 281.4 K it decreases
abruptly to a second minimum value of 30.9 at 388.9 K;
then it increases again to 53.8 at 414.9 K and ﬁnally

drops to 4.8 at 447.9 K. At higher ﬁxed frequencies
(1–100 kHz), the e 0 T), e00 (T) and u(T) variations present
similar behaviour.
The temperature variation of the ac-conductivity (ln r
vs 1/T) of a-Na during the heating process under an applied frequency of 300 Hz is shown in Figure 7. This plot
presents the sigmoid curve (a) in the temperature range
3.59 K1 < 103/T < 7.98 K1 and the linear parts (b), (c)
in the temperature ranges 2.80 K1 < 103/T < 3.59 K1
and 2.59 K1 < 103/T < 2.80 K1, respectively. At 103/
T < 2.59 K1 there is an abrupt decrease to a topical
minimum value at 103/T = 2.41 K1 and then a rapid
increase up to 103/T = 2.23 K1.
The impedance plot ImZ versus ReZ (0–100 kHz) of
a-Na in the temperature range of 287.2–391.5 K
(Fig. 8a and b) shows circular arcs whose radii continuously decrease up to 385.9 K and then increase at

Figure 5. Temperature dependence of the real (e 0 ) and imaginary (e00 )
part of the dielectric constant of (a-CD)2ÆNaI5Æ8H2O at 300 Hz.

Figure 7. Temperature dependence of the ac-conductivity (ln r vs 1/T)
of (a-CD)2ÆNaI5Æ8H2O at 300 Hz.
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2.4. Diﬀerential scanning calorimetry (DSC)
The DSC trace of a-Na in Figure 9, recorded with a scan
rate of 10 C min1, shows a small shoulder and a
strong endothermic peak with onset temperatures 75
and 100 C, respectively. At 158 C a small peak is observed, followed by an upward baseline which indicates
the decomposition of the sample.
2.5. Raman spectroscopy
The Raman spectra of a-Na during the cooling process
in the range of 120 to 25 C are shown in Figure 10a
and b. Initially, at 25 C there is only one strong
band at 160 cm1 with an intensity of 41.04. As the

Figure 8. Impedance plot of (a-CD)2ÆNaI5Æ8H2O in the temperature
ranges of (a) 287.2–360.0 K and (b) 369.8–391.5 K.

391.5 K. The linear segment which is generated in the
low-frequency region at T  360 K becomes well distinguished at higher temperatures.

Figure 9. DSC thermogram of (a-CD)2ÆNaI5Æ8H2O with a heating rate
of 10 C/min.

Figure 10. Raman spectra of (a-CD)2ÆNaI5Æ8H2O during cooling, in
the temperature ranges of (a) 30 to 25 C and (b) 120 to 40 C.
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3. Discussion
3.1. Charge transport properties

Figure 11. Raman overtones of (a-CD)2ÆNaI5Æ8H2O during cooling, at
the representative temperatures of 25, 30, 70, and 120 C.

temperature decreases the intensity increases to the
value of 53.37 at 30 C. From 40 up to 120 C,
the intensity of the band at 160 cm1 ﬂuctuates between
the values of 44 and 48. Figure 11 shows the Raman
spectra during cooling at the representative temperatures of 25, 30, 70 and 120 C, in the extended frequency range of 100–600 cm1. Two more bands are
observed at 211 cm1 and 308 cm1 whose intensities
gradually decrease, as the temperature is lowered up to
120 C.
The Raman spectra of a-Na during the heating process in the range of 30–140 C are shown in Figure
12a–d. At 30 C there is a strong band at 160 cm1 with
an intensity of 39.33 and a shoulder at 169 cm1 with an
intensity of 26.79. At 40 C the intensities of the strong
band and the shoulder decrease to the values of 26.08
and 18.12, respectively. At 50 C the intensity of the
band at 160 cm1 decreases to 20.45, whereas the intensity of the shoulder at 169 cm1 increases to 21.68. At
60 C the initial shoulder becomes a strong band at
169 cm1 with an intensity of 17.07, whereas the initial
band at 160 cm1 becomes a shoulder with an intensity
of 12.57. From 70 up to 120 C, the intensities of these
two bands continuously decrease. At 130–140 C, there
is a strong band at 172 cm1, whereas the shoulder at
160 cm1 still remains. Figure 13 shows the Raman
spectra during heating at the representative temperatures of 30, 40, 50, and 70 C in the extended frequency
range of 100–650 cm1. From 30 up to 40 C, the intensities of the bands at 211 cm1 and 308 cm1 decrease
from 3.78 to 2.86 and from 1.08 to 0.88, respectively.
At 50 C they increase taking the values of 4.18 and
2.53, whereas at 70 C they decrease again to 2.80 and
2.03, respectively.

All the diﬀerent electrical conduction mechanisms that
take place in the temperature range of 125–450 K are
clearly depicted in the ln r versus 1/T plot (Fig. 7). Speciﬁcally, the extended sigmoid (a) in the temperature
range of 125.3–278.3 K is caused by the well-known
order–disorder transformation9,10 of some normal hydrogen bonds to those of ﬂip-ﬂop type during the heating
process. Generally, the ﬂip-ﬂop hydrogen bonds of the
cyclodextrin complexes produce extended chains that
consist of disordered water molecules and hydroxyl
groups. In the present case, the fact that a second sigmoid was not observed indicates the existence of only
one kind of water molecule (tightly bound) in the above
temperature region, as in the case of the isomorphous
a-Li.7 This conclusion is also conﬁrmed by the existence
of a single step, a single bell-shaped peak and a single
minimum value at T < 278.3 K in the e 0 (T), e00 (T), and
u(T) variations, respectively. The order–disorder transition temperature is 200.9 K as it is found by the topical
minimum of the phase shift (Fig. 6).
The linear part (b) in the range of 278.3–357.1 K
shows an Arrhenius behaviour according to r =
r0exp(Ea/kBT), with activation energy Ea = 0.32 eV.
This exponential increment of the ac-conductivity is a
result of the continuous transformation:
ðH2 OÞtightly bound ! ðH2 OÞeasily movable

ð1Þ

which gradually increases the number of the mobile
charge carriers (reorientated H2O dipoles) in the crystal
lattice. This procedure is also responsible for the abrupt
increase of e 0 , e00 and the rapid decrease of u at approximately T > 278.3 K. Figure 3 shows that in the temperature range of 343–353 K (70–80 C), very few easily
movable water molecules have been removed from the
sample as it is also conﬁrmed by the small endothermic
shoulder of the DSC trace at 348 K (75 C) over the
same range (Fig. 9). At 353 K, the remaining tightly
bound water molecules start to escape from the lattice
as evident from the strong DSC peak with onset temperature 373 K (100 C). It has been shown19–21 that the
progressive dehydration process reduces the concentration of the mobile water molecules in the sample, resulting in a lower increasing rate (lower Ea) of the
conductivity. However, the ac-conductivity of a-Na
follows the Arrhenius behaviour without any deviation
until 357.1 K (84.1 C) because of the gradual transformation 1 which counterbalances the reduction of the
easily movable water molecules.
The linear part (c) in the range of 357.1–386.1 K also
follows the Arrhenius law, presenting an activation energy of 0.55 eV, which is greater than that of the linear
part (b). That happens because the contribution of the
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Figure 12. Raman spectra of (a-CD)2ÆNaI5Æ8H2O during heating, in the temperature ranges of (a) 30–60 C, (b) 70–90 C, (c) 95–110 C, and (d) 120–
140 C.

water network is ampliﬁed by the sodium ions’ movements, as it is indicated by the impedance plot. At T<
360 K, where the Na+ ions are restricted by four hydroxyl groups and one water molecule in a square pyramidal form,1 the continuously decreased radii of the
circular arcs in Figure 8a are exclusively attributed to
the continuous transformation 1. This thermally activated process results in a gradual reduction of the grain
interior impedance. The generated linear segment in the
low-frequency region at 360 K reveals the onset of
space charge in the material.21–23 This phenomenon is
directly related to the released Na+ ions, which oscillate
with the frequency of the applied ﬁeld, contributing to
the ac-conductivity. This contribution is facilitated via
a chemical exchange of H+ in the water-net, described
as the deGrotthuss mechanism.15,24–26

The rapid decrease of the ac-conductivity at T >
386.1 K is due to the fact that most of the water molecules have been removed from the crystal lattice (1.8
remaining molecules per dimer according to Fig. 3)
causing a signiﬁcant attenuation of the proton conduction. Additionally, the breakdown of the water-net minimizes the contribution of the sodium ions that act as
localized charges. For these reasons, the phase shift rises
in the temperature range of 388.9–414.9 K (Fig. 6), and
the radii of the circular arcs increase at 391.5 K in the
impedance plot (Fig. 8b).
Finally, the abrupt increase of r at T > 414.9 K is
caused by the sublimation of iodine, which is also evident from the small endothermic peak with onset temperature 431 K (158 C) in the DSC trace (Fig. 9).
This process provides conductive paths27 along the
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and well distinguished, presenting a frequency of
169 cm1).
The gradually decreased intensity of the I3  overtones
in the Raman spectra during the cooling process
(Fig. 11) indicates the progressive transformation:
ðI3  I2 $ I2 I3  Þ ! ðI2 I I2 Þ

Figure 13. Raman overtones of (a-CD)2ÆNaI5Æ8H2O during heating, at
the representative temperatures of 30, 40, 50, and 70 C.

polyiodide chains, resulting in an increase in connectivity and strong electron interactions between the neighboring I5  units. As the temperature increases, the
eﬀusion of the sublimed iodine molecules causes the
rupture of the grain boundaries. This eﬀect is responsible for the upward baseline above 435 K (162 C) in
the DSC trace. We clarify that this procedure should
not be related to the decomposition of the a-cyclodextrin molecules. According to Bettinetti et al.,28 the
decomposition of a-CDs begins at temperatures higher
than 523 K.

3.2. Pentaiodide transformations
From the dielectric measurements, it becomes apparent
that the polyiodide chains make an essential contribution to the ac-conductivity at T > 414.9 K. All the pentaiodide variations up to the sublimation of iodine are
depicted in the Raman spectroscopic results. As in the
case of a-Cd,6 two kinds of pentaiodide units (I2ÆIÆI2
and I3  ÆI2 M I2ÆI3  ) are detected during the thermal
examination of the sample. At room temperature
(25 C), there is only one strong band at 160 cm1, indicating that the polyiodide chains exclusively consist of
(I2ÆIÆI2) units.4,5,18,29–31 However, the observed overtones of the I3  ions at 211 cm1 (2 · 107) and
308 cm1 (3 · 107) (Fig. 11) reveal that besides the
(I2ÆIÆI2) units there are also some pentaiodides of
(I3  ÆI2 M I2ÆI3  ) type. The expected band at
170 cm1, which corresponds to the m1 of the weakly
coordinated I2 of this type,6,18,32 is obscured by the
strong band at 160 cm1, indicating a negligible
(I3  ÆI2 M I2ÆI3  ) population at room temperature (at
higher temperatures this weak band becomes intense

ð2Þ

This transformation is due to the fact that the occupancy ratio of the disordered I ions in the
(I3  ÆI2 M I2ÆI3  ) units continuously changes from an
initial value of, for example, . . .60/40. . .70/30. . . to the
ﬁnal value of 50/50 as the temperature decreases. All
of these eﬀects are explicitly shown in Figure 14, where
the (I3  ÆI2 M I2ÆI3  ) units are presented as form (I).
The (I2ÆIÆI2) units are displayed by the 2 equiv forms
(IIa) and (IIb), which remain unaﬀected during cooling.
In form (IIa) the central I ion is twofold disordered in
occupancy ratio 50/50, whereas in form (IIb) the central
I ion is well ordered (full occupancy) and equidistant
from the two I2 molecules. This distinction is clariﬁed
by the following discussion of the Raman spectra during
heating.
At 30 C the band at 169 cm1 is well distinguished
(strong shoulder), coexisting with the main band at
160 cm1 (Fig. 12a). As the temperature increases the
band at 169 cm1 becomes more intense in comparison
to that at 160 cm1. Thus, at 60 C we observe a main
band at 169 cm1 and a shoulder at 160 cm1. This relative intensity change is caused by the transformation
ðI2 I I2 Þ ! ðI3  I2 $ I2 I3  Þ

ð3Þ

which implies a progressive change of the occupancy
ratio of the I ions in the initial (25 C) form (IIa), from
50/50 to the value of . . .60/40. . .70/30. . . and so on
(Fig. 14). Similar changes also happen to the occupancy
ratio of the I ions in the initial (25 C) form (I) (e.g.,
. . .60/40. . .70/30. . .!. . .70/30. . .80/20. . .). Therefore, it
appears to be explicit that as the temperature increases
the vario-occupancy ratio of the disordered ions I in
the pentaiodide forms (I) and (IIa) presents the tendency
to take the value of 100/0 (this ratio does not really exist.
It is merely a creation on the part of the authors in order
to illustrate full occupancy). It is obvious that the disordered I ions in form (I) will become well ordered earlier
than those in form (IIa), according to the order–disorder
transition
ðI3  I2 $ I2 I3  Þ !


ðdisordered I Þ

ðI3  I2 Þ

ð4Þ

ðwell-ordered I Þ

This transition indicates a charge transfer interaction
between the I ion (Lewis base donor) and one of the
two I2 molecules (Lewis acid acceptors). This eﬀect can
be detected by the u(T) variation as was shown in the
case of a-Cd,6 where a topical minimum of u was observed at 404.3 K (before the sublimation of iodine).
In the present case, we did not observe any topical min-
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Figure 15. The temperature dependence of the Raman intensity ratio
I169/I160 of (a-CD)2ÆNaI5Æ8H2O during the heating process.

Figure 14. The coexistence of the two pentaiodide forms I2ÆIÆI2 and
I3  ÆI2 M I2ÆI3  in (a-CD)2ÆNaI5Æ8H2O at 25 C and the progressive
variation of the occupancy ratio (x/y) of the disordered I ions as the
temperature decreases up to 120 C and as the temperature increases
up to 130 C. The disordered I ions are presented as dashed ellipsoids.
The size of each ellipsoid is determined by the corresponding amount
of each ratio. The well-ordered I ions are presented as black spheres.
The ratio 100/0 indicates full occupancy (well-ordered I ions).

imum of u at approximately 405 K. That happens because the population of form (I) is negligible at 25 C,
and at elevated temperatures the transition 4 is limited
in the polyiodide chains. On the contrary, in a-Cd there
was a great population (I) at room temperature, which
resulted in a strong charge-transfer interaction at
404.3 K.
The population of form (IIb) remains unaﬀected during heating, retaining the shoulder at 160 cm1 in the

range of 70–130 C. Figure 15 shows the variation of
the intensity ratio I169/I160 with temperature. From 30
up to 70 C, this ratio increases due to the gradual transformation 3. In this temperature region, the intensity
variation of the I3  overtones (Fig. 13) follows the intensity variation of the band at 169 cm1. This eﬀect shows
that the non-detectable band at 107 cm1 and the
band at 169 cm1 originate from a single chemical species (I3  ÆI2 M I2ÆI3  Þ6,31 Above 70 C, the transformation 3 is completed, resulting in an almost constant
I169/I160 ratio (Fig. 15).
All of the above Raman spectral data provide suﬃcient information about the polyiodide structural
changes with temperature, indicating that the occupancy
ratio of the disordered I ions determines the predominant pentaiodide form. The question that could be
raised at this point is what kind of disorder do we observe, dynamic, static or a combination of them? The
most eﬀective way to discriminate between these two
kinds of disorder is the detailed crystallographic study
(X-ray or neutron diﬀraction) over a range of temperatures, by an expert.9,33–35 Speciﬁcally, the neutron diffraction analysis would also determine the interactions
between the O(2),O(3) hydrogen atoms H and the disordered I ions. Such O–H  I interactions have been
recently reported for the a-cellobiose2NaIÆ2H2O complex36 and for the cyclomaltohexaicosaose triiodide
inclusion complex.37

4. Conclusions
Dielectric spectroscopy is an eﬀective method to detect
all the diﬀerent electrical conduction mechanisms that
take place in (a-CD)2ÆNaI5Æ8H2O during the heating
process. This becomes evident from the ln r versus 1/T
plot. Speciﬁcally:
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(i) The extended sigmoid (a) in the range of 125.3–
278.3 K reveals the well-known order–disorder
transformation of some normal hydrogen bonds
to those of the ﬂip-ﬂop type at 200.9 K and the
existence of only one kind of water molecules
(tightly bound).
(ii) The linear part (b) in the range of 278.3–
357.1 K shows the continuous transformation
(H2O)tightly bound ! (H2O)easily movable with activation energy Ea = 0.32 eV. This transformation
counterbalances the reduction of the water molecules during the dehydration process.
(iii) The linear part (c) in the range of 357.1–386.1 K
presents a greater activation energy (Ea = 0.55 eV)
than that of the linear part (b) revealing the
sodium ions’ contribution to the ac-conductivity.
This contribution is facilitated via the water-net.
(iv) At T > 386.1 K the ac-conductivity decreases rapidly due to the dehydration process that turns the
sodium ions into localized charges and attenuates
the proton conduction.
(v) Finally, the abrupt increase of the ac-conductivity
at T > 414.9 K is caused by the sublimation of
iodine, which results in strong electron interactions
between the neighboring I5  units.
Additionally, the Raman spectroscopy provides complementary information about the polyiodide structural
changes with temperature. Two kinds of pentaiodide
units (I2ÆIÆI2) and (I3  ÆI2 M I2ÆI3  ) coexist in the polyiodide chain of a-Na at room temperature, as indicated by
the characteristic Raman bands at 160 and 169 cm1,
respectively. The (I3  ÆI2 M I2ÆI3  ) units are presented
as form (I), and their central I ion is disordered in
occupancy ratio diﬀerent from 50/50 (e.g., . . .60/
40. . .70/30. . .). The (I2ÆIÆI2) units are displayed by the
2 equiv forms (IIa) and (IIb). In (IIa) the central I
ion is twofold disordered in occupancy ratio 50/50. In
(IIb) the central I ion is well ordered and equidistant
from the two I2 molecules. At low temperatures, the
transformation (I)!(IIa) takes place, whereas at high
temperatures the inverse one (IIa)!(I) happens. All of
these eﬀects are caused by the continuous changes of
the occupancy ratio of the disordered I ions with
temperature.

5. Experimental
5.1. Materials and synthesis
a-Cyclodextrin, iodine, and sodium iodide were obtained from Fluka Chemica. a-CD (5.50 g, 5.66 mmol)
were dissolved in distilled water (40 mL) at room temperature under stirring until the solution became almost
saturated. Then 0.17 g of sodium iodide (1.13 mmol)

and 0.22 g of solid iodine (0.866 mmol) were added
simultaneously 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) that was covered with Teﬂon and then immersed in a Dewar ﬂask (500 mL) containing water at
the same temperature. After two days, very ﬁne thin needles of a-Na were grown with a dark brown-black color
and uniform composition. These were separated in a
Buchner ﬁlter and dried in air.
5.2. Characterization methods of the synthesized inclusion
complex
5.2.1. Thermogravimetric analysis (TGA). Thermogravimetric analysis of the crystals was performed using
a NETZSCH-STA 409 EP Controller TASC 414/3 (reference Al2O3). The sample (101.20 mg) was heated in the
temperature range of 20–140 C with a heating rate of
5 C min1.
5.2.2. X-ray powder diﬀraction and Rietveld analysis. The experimental X-ray powder diﬀraction pattern
was obtained with a Siemens D 5000 diﬀractometer
(CuKa1,Ka2 radiation, in 0.015 steps with a dwell time
of 10 s/step, scan range: 5–55 2h, monochromator:
graphite crystal). The calculation of the simulated
X-ray powder diﬀraction pattern of (a-CD)2ÆLiI3ÆI2Æ8H2O and the Rietveld reﬁnement of the lattice parameters were performed by the computer program
38,39
POWDER CELL 2.4 developed by Nolze and Kraus.
5.3. Techniques
5.3.1. Diﬀerential scanning calorimetry (DSC). The differential scanning calorimetry method (Perkin–Elmer
DSC-4 instrument) was used with a thermal analysis
data station (TADS) system for all calorimetric measurements. Known weights (10–16 mg) of a-Na were
sealed into aluminum pans and then heated from 0 up
to 170 C, with a heating rate of 10 C min1, in a
dynamic nitrogen atmosphere.
5.3.2. Dielectric spectroscopy. For dielectric spectroscopy a pressed pellet of powdered sample, 20 mm in
diameter with thickness 1.05 mm, was prepared with a
pressure pump (Riken Powder model P-1B) at room
temperature. Two platinum foil electrodes were pressed
at the same time with the sample. The electrical measurements were taken using a low-frequency (0–
100 kHz) dynamical signal analyzer (DSA-HewlettPackard 3561A) at a temperature range of 125–450 K.
The data was transferred to a personal computer
through an HP 82335 Interface Bus (IEEE-488), where
it was stored and analysed by a software program
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(2PLT -1996). An analytical description of the process is
given in previous articles.19,40
5.3.3. Raman spectroscopy. The Raman spectra were
obtained at 4 cm1 resolution from 3500 cm1 to
100 cm1 with a data point interval of 1 cm1 using a
Perkin–Elmer NIR FT spectrometer (Spectrum GX II)
equipped with an InGaAs detector. The laser power
and spot (Nd: YAG at 1064 nm) were controlled to be
constant at 50 mW during the measurements, and 400
scans were accumulated. Two experiments were performed in the temperature ranges of (a) 120 to 25 C
and (b) 30–140 C, with diﬀerent samples. During the
cooling process, the sample was enclosed in a glassy tube
and held at a constant temperature (±1 C) by means of
a low-temperature cell (Ventacon).
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