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The  �-cyclodextrin  (�-CD)  polyiodide  inclusion  complex  (�-CD)2·Co0.5·I7·21H2O  has  been  synthesized,
characterized  and  further  investigated  via  FT-Raman  spectroscopy  in the  temperature  range  of  30–120 ◦C.
The experimental  results  point  to the  coexistence  of  I−7 units  (I2·I−3·I2) that  seem  not  to  interact  with  the
Co2+ ions  and  I−7 units  that  display  such  interactions.  The  former  units  exhibit  a disorder–order  transition
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of  both  their  I2 molecules  above  60 C  due  to a symmetric  charge–transfer  interaction  with  the  central  I 3

[I2←  I−3→  I2], whereas  in the  latter  units  only  one  of  the two  I2 molecules  becomes  well-ordered  above
30 ◦C. The  other  I2 molecule  remains  disordered  presenting  no  charge–transfer  phenomena.  The  Co2+ ion
induces  a considerable  asymmetry  on  the  geometry  of  the  I−3 anion  and  a significant  modification  of
its  Lewis  base  character.  Complementary  dielectric  measurements  suggest  no important  involvement  of
H···I  contacts  in  the  observed  modification  of the  I−3 electron-transfer  properties.
. Introduction

It is well known that �-, �- and �-cyclodextrins (�-, �-, �-CDs)
xhibit the fascinating ability to act as hosts to numerous inorganic
nd organic guest components forming stable inclusion complexes
f well-defined stoichiometry [1].  Despite the fact that a vast variety
f such systems have comprised the subject of in-depth experi-
ental and theoretical investigations over the years, little work has

een reported [2–6] on the physicochemical properties of the crys-
allographically characterized [7–10] �-CD and �-CD polyiodide
nclusion complexes with different metal ions (named (�-CD)-M
nd (�-CD)-M, respectively, M stands for the corresponding metal).
ur recent studies [11–18] have been exclusively focused on these
rystalline materials since: (i) the highly disordered H-bonding net-
orks are of great biological importance [19,20], (ii) polyiodides
isplay potential technical applications in a wide range of areas
uch as electronics, optical devices, batteries etc. [21,22], and (iii)

ost–guest interactions play a fundamental role in the intriguing
elds of molecular recognition, self-assembly and supramolecular
hemistry in general [6,23].
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Aiming at a profound understanding of the underlying phenom-
ena that appear in the aforementioned complexes as a function of
temperature, we  have combined several experimental techniques.
Interestingly enough, dielectric spectroscopy and thermal analy-
sis have shed light not only on the dipolar (H2O, –OH) and metal
ion fluctuations in the interstitial spaces between the neighbor-
ing CD stacks (head to head arranged CD dimers) but also on
the extensive electron delocalization along the disordered polyio-
dide chains which are embedded in the CD tubular cavities. These
endless chains are composed of weakly interactive I−5 ions in (�-
CD)-M [7–9,14,15,18] and non-interactive I−7 ions in (�-CD)-M
[10–13,16,17]. The examination of the nature of the polyiodide sub-
units has been carried out by means of FT-Raman spectroscopy.
This method has offered valuable information on the evolution
of the intra/intermolecular interactions of the individual building
blocks during the thermal variation of the samples under research
by allowing us to observe a series of detailed snapshots of all the
relevant structural conversions.

Concerning (�-CD)-M complexes where the I atoms of the two  I2
molecules of each heptaiodide (I2·I−3·I2) are disordered in positions
of main and minor occupancies [10], the obtained FT-Raman data
have revealed the following [11–13,16,17]: (i) through slow heating

both the I2 molecules of I−7 gradually become elongated and well-
ordered (disorder–order transition) due to a thermally activated
charge–transfer interaction with the central I−3 ion [I2. . .I−3. . .I2],
and (ii) the symmetry as well as the extent of the electron
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onating properties of I−3 (Lewis base character) appear to depend
n each metal ion’s relative position and ionic potential q/r (q is the
harge and r the ionic radius [24]), respectively. As regards metal
ons with an ionic potential that is lower than ∼1.50, they seem not
o affect the Lewis base character of I−3 which displays a symmet-
ic and full charge–transfer interaction with the two I2 molecules
I2← I−3→ I2]. Nevertheless, when the ionic potential of the metal
ons is greater than ∼1.50, the Mn+. . .I−3 interactions have proven
o become significant. In the case of a face-on position of Mn+ in
elation to I−3, the charge–transfer interaction of the latter one
ith both the I2 molecules is attenuated but remains symmetric

I2← I−3→ I2], whereas in the case of a side-on position of Mn+

n relation to I−3, the above charge–transfer interaction becomes
on-symmetric [I2← I−3 I2].

In the present work, we carry out the synthesis, characterization
nd high temperature (30–120 ◦C) FT-Raman spectroscopic study
f the �-CD polyiodide inclusion complex with cobalt ion ((�-CD)-
o). Our main aim is the elucidation of the temperature-dependent
−

7 structural changes in order to obtain valuable insights into the
o2+. . .I−3 interactions and the emerging modification of the I−3
ewis base character. Additionally, complementary dielectric mea-
urements are conducted for the determination of the extent of
he disorder phenomena in the corresponding hydrogen-bonding
etwork.

. Experimental

.1. Materials and synthesis

�-CD and solid iodine were obtained from Fluka Chemica
hereas cobalt iodide (CoI2) was obtained from Alfa Aesar. �-
D, 1.0 g, (0.881 mmol) was dissolved in distilled water (80 mL)
t room temperature with continuous stirring (full dissolution).
hen, 0.36 g of cobalt iodide (1.151 mmol) and 0.44 g of solid iodine
1.733 mmol) were simultaneously added to the solution which
as heated to 70 ◦C for 20–25 min. The hot solution was quickly
ltered through a folded filter paper into an empty beaker (100 mL)
hich was covered with Teflon and then immersed in a Dewar flask

500 mL)  containing hot water at the same temperature. After 2
ays, reddish–brown crystals of (�-CD)-Co had grown which were

solated by filtration and dried in air.

.2. Simultaneous thermal analysis (STA), elemental analysis and
-ray powder diffraction (XRPD)

Simultaneous thermogravimetry analysis (TGA) and differen-
ial thermal analysis (DTA) of the crystals were conducted using

 NETZSCH-STA 409 EP Controller TASC 414/3 (reference Al2O3).
oth the weight variation of the sample (68.70 mg)  and the relevant
ndothermic transitions were recorded during heating from 23 to
48 ◦C with a heating rate of 5 ◦C min−1 under a dynamic nitrogen
tmosphere.

The C and H contents of the inclusion complex were determined
icroanalytically on a Perkin–Elmer 2400 Series II CHNS/O Elemen-

al Analyzer (combustion analysis) operating in the CHN mode. The
xygen mode could not be used due to the presence of metal ions in

he sample. The Co content was measured on a Perkin–Elmer Elan
100 ICP-MS (inductively coupled plasma-mass spectrometer).

The X-ray powder diffraction pattern was obtained with a
iemens D 5000 diffractometer using monochromatized Cu K�1
adiation of � = 1.54059 Å (monochromator: graphite crystal) at

0 kV and 30 mA.  The diffraction data were collected in the 2�
ange of 5–55◦ with a constant step of 0.015◦ and a dwell time of

 s/step. The calculation of the simulated X-ray powder diffraction
attern of (�-CD)2·KI7·9H2O [10] was performed by means of the
Fig. 1. Simultaneous thermogravimetry (TGA) and differential thermal analysis
(DTA) of (�-CD)2·Co0.5·I7·21H2O with a heating rate of 5 ◦C min−1.

computer program POWDERCELL 2.4 developed by Nolze and Kraus
[25,26].

2.3. FT-Raman spectroscopy

The Raman spectra were obtained at 4 cm−1 resolution from
3500 cm−1 to 100 cm−1 with a data point interval of 1 cm−1 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. The solid sample was packed into
a suitable stationary cell and the low laser power was  used in order
to prevent both photochemical and thermal decomposition by the
laser beam. During gradual heating from 30 to 120 ◦C the temper-
ature was  raised in 10 ◦C increments in the range of 30–70 ◦C, in
5 ◦C increments in the range of 70–100 ◦C, and in 10 ◦C increments
in the range of 100–120 ◦C. The temperature variation was con-
trolled with a Ventacon Winchester instrument equipped with a
CALCOMMS 3300 autotune controller.

2.4. Dielectric spectroscopy

For the dielectric measurement, a pressed pellet of powdered
sample (544.6 mg)  20 mm in diameter with thickness 1.06 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 pellet was  then loaded
into a temperature-controlled chamber, between two brass rods
accompanied by a compression spring. The electrical data were
obtained using a low-frequency (0–100 kHz) dynamical signal ana-
lyzer (DSA-Hewlett-Packard 3561A) at the temperature range of
108.0–308.0 K (slow heating).

3. Results and discussion

3.1. Characterization of the synthesized inclusion complex

The TGA and DTA curves of (�-CD)-Co from room tempera-
ture to 148 ◦C (heating rate: 5 ◦C min−1) are shown in Fig. 1. The
number of crystalline water molecules per �-CD dimer was cal-
culated from the weight loss (10.69%) in the temperature range
of ∼42–131 ◦C, where the dehydration process progressively takes

place. The result is consistent with ∼21 water molecules per dimer
by taking into account the general composition (�-CD)2·MI7·nH2O
(M stands for the metal ion) that has been described for all the
inclusion complexes of the family [10–13,16,17]. The two strong
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ig. 2. (a) Experimental X-ray powder diffraction pattern of (�-CD)2·Co0.5·I7·21H
D)2·KI7·9H2O calculated from the respective single crystal data [10].

ndothermic peaks at 79 and 111 ◦C, conform with the gradual
emoval of the two coexistent kinds of H2O molecules and this
iscrimination is explained by the following discussion. In the

nterstices of the crystal lattice, some of the water molecules are
ositionally disordered displaying extensive thermal motions (eas-

ly movable state) whereas others are neatly coordinated with
ully occupied positions (tightly bound state) reflecting differences
n the corresponding local environments. Through slow heating,
he energy content of the interstitial water arrangement contin-
ously increases resulting in the loss of the disordered water
olecules at lower temperatures (79 ◦C) than those at which the

oss of the well-ordered ones occurs (111 ◦C). The third endother-
ic  peak at 142 ◦C is assigned to the sublimation of I2 which

nvolves the degradation of polyiodide moieties and the extensive
lectron delocalization along the chain length [11–18].  Further-
ore, we have carried out the compositional analyses of Co, C

nd H elements for the following reasons: (i) to determine the
uantitative relationship between the cobalt ions and the �-CD
imers of the inclusion complex; this is a prerequisite for the thor-
ugh interpretation of the metal ions’ effect on the polyiodide
harge–transfer phenomena (studied via FT-Raman spectroscopy),
nd (ii) to verify the validity of the water content estimated from
he TGA/DTA data (Fig. 1) in order to eliminate the possibility of
ny partial loss of iodine in the range of ∼42–131 ◦C. The exper-
mental results are: Co, 0.76%; C, 28.20%; H, 5.21% (Co to C to

 ratio: 1:37.10:6.85). In view of the general composition (�-
D)2·MI7·nH2O the respective theoretical values are: Co, 1.64%; C,
8.06%; H, 5.10% (Co to C to H ratio: 1:17.11:3.11). It is clearly
vident that both the experimental %Co value and the relevant

o to C to H ratio significantly differ from the corresponding the-
retical ones suggesting that the crystal lattice does not exhibit
.0 cobalt ion per �-CD dimer. Considering a statistical distribu-
ion of 0.5 Co2+ per �-CD dimer ((�-CD)2·M0.5·I7·nH2O) the already
t room temperature and (b) simulated X-ray powder diffraction pattern of (�-

calculated degree of hydration from the thermal analysis data
(Fig. 1) remains unchanged (n = ∼21 H2O) whereas the resultant
theoretical Co, C and H contents are: Co, 0.83%; C, 28.29%; H, 5.14%
(Co to C to H ratio: 1:34.08:6.19). It becomes apparent that the
experimental values obtained as well as the relevant Co to C to
H ratio are in very good agreement with the theoretical ones for
a statistically distributed cobalt ion (0.5 Co2+ per dimer). There-
fore, the general composition of (�-CD)-Co can be described as
(�-CD)2·Co0.5·I7·21H2O.

The X-ray powder diffraction (XRPD) pattern of (�-CD)-Co at
ambient temperature along with the simulated pattern of (�-
CD)2·KI7·9H2O ((�-CD)-K) calculated from the respective single
crystal data [10] are shown in Fig. 2a and b. It is obvious that all
the well-distinguishable Bragg reflections (h k l) of the experimen-
tal XRPD pattern are located at positions (2�  angles) identical to
those of the reflections in the theoretical pattern implying that (�-
CD)-Co is isomorphous to (�-CD)-K displaying a monoclinic crystal
form with space group P21 [10]. The relative reflection intensities in
the XRPD pattern of (�-CD)-Co differ from the corresponding ones
in the pattern of (�-CD)-K as a result of: (i) the much higher degree
of hydration of (�-CD)-Co (21 H2O per dimer) in comparison to that
of (�-CD)-K (9 H2O per dimer) indicating that the co-crystallized
water molecules of these two  systems are neither expected to
occupy equivalent lattice positions nor to present identical spatial
correlations, (ii) the structural differences between the I−7 ions of
(�-CD)-Co and (�-CD)-K (as evident from the FT-Raman investiga-
tion) which emerge from the individual nature of each counterion
along with slight variations during synthesis and crystallization,
(iii) an inevitable though little contribution of texture effects, and

(iv) the different scattering powers of cobalt and potassium ions
accompanied by their different distributions in the relevant crys-
tal lattices. Moreover, we  report that the total absence of any
hump (indicative of amorphous material) in the experimental XRPD
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Fig. 3. (a) The crystalline structure of the polyiodide inclusion complex (�-CD)2·KI7·9H2O, viewed along the b-axis and based on the single-crystal X-ray analysis carried out
by  Betzel et al. [10]. In every space between the O(6) rims of the neighboring �-CD dimers a K+ ion is located. The Z-shaped I−7 ions (I2·I−3·I2) are embedded in the �-CD
dimers. The well-ordered I atoms of I−3 are presented as white spheres. The I2 units consist of disordered I atoms in positions of minor (d(I–I) < 2.77 Å) and main occupancies
(d(I–I)  = ∼2.77 Å) [10] that are presented as spotty gray and black ellipsoids, respectively. The K+ ions are presented as gray spheres. (b) Schematic representation of the
statistical distribution of Co2+ ions (0.5 Co2+ per dimer) in the polyiodide inclusion complex (�-CD)2·Co0.5·I7·21H2O. For each space between the O(6) rims of two neighboring
� ck the
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-CD  dimers where a Co2+ ion is located, another respective space is expected to la

attern proves the purity of the synthesized inclusion complex
single phase).

The observed isomorphism reveals that the cobalt ions exhibit
imilar coordination schemes to those described for potassium
ons in the single crystal X-ray diffraction study of (�-CD)-K by
etzel et al. [10]. However, the elemental analysis data (0.5 Co2+

er dimer) suggest that the former ions do not display exactly
he same structural motif as that of the latter ones. As regards
he crystal structure of (�-CD)-K [10], in every space between
he O(6) rims of the neighboring �-CD dimers along each �-CD
tack, one K+ ion was found to be located (coordinated with H2O
olecules and O(6)H groups outside the CD annuli) opposite to

he central I−3 ion of the enclosed Z-shaped I−7 units (Fig. 3a). In
he present case, the statistical distribution of the cobalt ions can
e interpreted as follows: for each space between the O(6) rims
f two neighboring dimers where a Co2+ ion is located there is
nother respective space between two other �-CD dimers which
acks the presence of a Co2+ ion (Fig. 3b). The fractional coordi-
ates of the Co2+ ions as well as the specific spatial correlation
etween their lattice positions and the vacant Co2+ ion posi-
ions in the unit cell of (�-CD)-Co can only be determined by

eans of detailed crystallographic analysis which is beyond the
cope of the current work. Nevertheless, a coexistence of I−7 units

hich interact with the Co2+ ions and I−7 units which present
o such interactions should be expected. This consideration is

urther confirmed by the high temperature FT-Raman spectra of
�-CD)-Co.
 presence of a Co2+ ion (vacant metal ion position).

3.2. FT-Raman spectroscopy

The FT-Raman spectra of (�-CD)-Co in the temperature range
of 30–120 ◦C are shown in Fig. 4a–c. For the interpretation of the
spectral data obtained, the following points have been taken into
account: (i) the increase of the characteristic intramolecular dis-
tance of solid I2 (d(I–I) = 2.715 Å) as it becomes coordinated to a
Lewis base donor (electron density donation to its �* antibond-
ing orbital) along with the consequent shift of its Raman-active
v1 mode at 180 cm−1 to lower frequencies (decreased I2 force
constant) [22,27], (ii) the empirical correlation between the vibra-
tional frequency v(I–I) and the intramolecular distance d(I–I) of I2
in weak-medium strength charge–transfer (CT) compounds, sug-
gested by Deplano et al. [28,29],  and (iii) the concentration of
the major part of the electron density of I−3 ion on its terminal
iodine atoms [22,30,31].  At 30 ◦C, the strong band at 178 cm−1 and
the easily distinguishable shoulder at 171 cm−1 reveal that in (�-
CD)-Co there are disordered I2 molecules which display different
mean intramolecular distances –d(I–I) of ∼2.72 (these molecules are
denoted as (I)) and ∼2.75 Å (denoted as (II)), respectively, reflect-
ing differences in the occupancies of the corresponding I atoms. In
the range of 30–50 ◦C, the band at 171 cm−1 becomes more intense
while the one at 178 cm−1 becomes less intense indicating that the

I2 molecules (I) are gradually transformed into (II) ones (change of
–d(I–I) from ∼2.72 to ∼2.75 Å) as the temperature is raised. The isos-
bestic point at 175 cm−1 provides further evidence of two discrete
structures of disordered I2 molecules which exchange population
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Fig. 4. Raman spectra of (�-CD)2·Co0.5·I7·21H2O during heating, in the temperature
ranges of (a) 30–60 ◦C, (b) 70–90 ◦C, and (c) 95–120 ◦C. The inset in (c) highlights the
almost constant Raman intensity ratio (I181)/(I166) in the range of 95–120 ◦C.
ica Acta Part A 83 (2011) 279– 287 283

via the slow heating of the crystals [32]. The downshift of the band
at 178 cm−1 is considered to result from the initiation of the elon-
gation of the disordered I2 molecules (I) (disorder–order transition)
due to a thermally activated charge–transfer interaction with the
I−3 Lewis base donor. This behavior seems rather peculiar since in
our previous studies the polyiodide charge–transfer phenomena in
(�-CD)-M complexes have proven to begin at higher temperatures
(T = ∼70 ◦C) [11–13,16,17].

At 60 ◦C, what becomes obvious is the presence of two strong
bands at 181 and 171 cm−1 and a shoulder at 168 cm−1. The band
at 181 cm−1 exists from the beginning of the experiment but is
masked by the initial band at 178 cm−1 and its appearance reveals
that there are also disordered I2 molecules with –d(I–I) = ∼2.71 Å
(denoted as (III)). The shoulder at 168 cm−1, apart from showing
that the elongation of the I2 molecules (I) is still in progress it may
further comprise evidence for the initiation of the elongation of I2
molecules (II) due to a charge–transfer interaction with I−3. From
60 to 90 ◦C, the shoulder at 168 cm−1 and the band at 171 cm−1

are gradually shifted to the final frequency of 166 cm−1 implying
that the disordered I2 molecules (I) and (II) progressively become
well-ordered exhibiting a final intramolecular distance of ∼2.77 Å.
The intermediate states of the I2 bond lengthening are responsible
for the intermediate bands observed at 168 and 167 cm−1. More-
over, in the aforementioned temperature region, the continuously
decreased intensity of the band at 181 cm−1 in combination with
the continuously increased intensity of the intermediate bands
and the final band at 166 cm−1 suggest that the disordered I2
units (III) undergo a disorder–order transition as well presenting
a final intramolecular distance of ∼2.77 Å. The isosbestic point at
174 cm−1 supports the evolution of such an underlying process.
From 95 to 120 ◦C, the intensity ratio of the bands at 181 and
166 cm−1 remains almost invariant (inset in Fig. 4c) and the fact
that the former band is retained without being downshifted in this
range implies the existence of disordered I2 molecules that do not
display either charge–transfer effects with I−3 or a disorder–order
transition (denoted as (IV), –d(I–I) = ∼2.71 Å).

The spectral features described above are consistent with the
coexistence of two  discrete types of heptaiodide units in (�-CD)-
Co. The gradual shifts of the bands at 171 and 181 cm−1 to the
final frequency of 166 cm−1 are attributed to the disorder–order
transition of the I2 molecules of the I−7 units which seem not to
interact with the Co2+ ions (Fig. 5). In some of these I−7 units, the I2
molecules display a mean intramolecular distance –d(I–I) of ∼2.71 Å
((III)) whereas in others a –d(I–I) of ∼2.75 Å ((II)). This makes sense, if
we take into consideration that real crystals deviate from the ideal
picture of a periodical perfect repetition of a unit cell [33]. Both (II)
and (III) are disordered exhibiting I atoms which are distributed in
positions of main and minor occupancies. The single crystal X-ray
analysis of the isomorphous (�-CD)-K [10] has shown that for the
positions of main occupancies d(I–I) = ∼2.77 Å (for the positions of
the minor occupancies the relevant d(I–I) was not estimated). This
finding has been validated not only for (�-CD)-K but also for a series
of (�-CD)-M inclusion complexes by our recent vibrational spec-
troscopy investigations [11–13,16,17]. At ∼70 ◦C, a symmetric and
full charge–transfer interaction begins between the central I−3 ion
and the two I2 molecules [I2← I−3→ I2] of the aforementioned I−7
units resulting in the complete ordering of the disordered I atoms
of (II) and (III) at the corresponding positions of main occupancies
(well-ordered state, d(I–I) = ∼2.77 Å). Such an interpretation con-
forms with a centrosymmetric (D∞h symmetry, r1 = r2) or nearly
centrosymmetric I−3 ion indicating an equal distribution of the
electron density between its two  terminal iodine atoms I(1), I(3)

(Fig. 5) and an ability of the latter ones to act as Lewis base donors
to the same extent [22,30,31].  Furthermore, experimental and the-
oretical studies on a series of solid polyiodide systems have shown
that the characteristic Raman-active v1 mode of a centrosymmetric
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Fig. 5. The thermal variations of the I2 molecules in (�-CD)2·Co0.5·I7·21H2O. The I−7 units (I2·I−3·I2) are viewed along the a-axis whereas the �-CD molecules are omitted
for  the sake of clarity. Above 60 ◦C, the I2 molecules (II) and (III) of the I−7 units which present no interactions with the Co2+ ions (vacant metal ion position) display a
disorder–order transition due to a symmetric charge–transfer interaction with the central I−3 (r1 = r2). In the case of the I−7 units which interact with the Co2+ ions, the latter
ones  seem to occupy a side-on position in relation to I−3 (r2 > r1). Above 30 ◦C, the I2 molecules (I) undergo a disorder–order transition due to a charge–transfer interaction
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−
3 with r1 = r2 ≈ 2.90–2.92 Å or a nearly centrosymmetric I−3 with

r1 + r2) ≈ 5.80–5.85 Å  appears at the narrow frequency range of
105–110 cm−1 [4,22,34–37]. The present (r1 + r2) length is longer

han 6.00 Å [10] and this band is expected to be located near or
elow 100 cm−1 [38] in the spectra of (�-CD)-Co. Thus, it could not
e detected due to the limited frequency range of the spectrometer
≥100 cm−1).

In the case of the I−7 units which interact with the Co2+ ions
he situation is more complicated. The two coexistent bands at

 > 95 ◦C, suggest a side-on position of Co2+ in relation to I−3 (Fig. 5)
nd a remarkable influence of the cation on the electron donat-
ng properties of the anion. Taking into consideration that the ionic
otential q/r of Co2+ is 2.70 (q = +2, r = 0.74 Å), the above explanation
s in accordance with our recent work which demonstrated that the
n+. . .I−3 interactions in (�-CD)-M systems become strong when

he ionic potential of the cation is greater than ∼1.50 [16]. The ter-
inal I atom of I−3 nearest to the cobalt ion (I(3)), is expected
ordered state exhibiting no charge–transfer interaction with the I(1) terminal atom

to exhibit a greater negative charge (electron density) than the
other terminal I atom (I(1)) whereas the intramolecular I–I dis-
tance (r2) nearest to the cobalt ion is expected to be longer than
the other intramolecular I–I distance (r1) [30,39].  However, since
the disordered I2 molecules (IV) do not undergo any disorder–order
transition, it becomes apparent that the I(1) terminal atom does not
possess any considerable electron density and consequently it can-
not act as a Lewis base donor. On the other hand, the unexpected
initiation of the disorder–order transition of the I2 molecules (I)
(178 → 166 cm−1) in the low temperature range of 30–40 ◦C makes
clear that the major part of the electron density of I−3 is concen-
trated on the I(3) terminal atom which exhibits a tremendously
increased tendency to act as a Lewis base donor. Thus, the I−3

ion appears to be highly asymmetric presenting a large distortion
(�d = r2–r1 > 0.1 Å) [22]. This conclusion is further confirmed by
the existence of the weak band at 140 cm−1 (Fig. 4a–c), which is
assigned to the v3 asymmetric stretch (125–150 cm−1) of the I−3
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on [22,34,39–42]. As it is already known, the v3 vibrational mode
along with the bending mode v2 at ∼50–70 cm−1) of a centrosym-

etric I−3 ion (D∞h) is IR-active and Raman forbidden [22]. The fact
hat, in the present case, this mode has become Raman-active indi-
ates the important lowering of the I−3 symmetry. For this reason,
he electron donating ability of I−3 is amplified in the r2 direction
electron transfer to (I)) and totally diminishes in the r1 direc-
ion (no electron transfer to (IV)). Such a significant modification
f the Lewis base character of I−3 was not observed in the pre-
iously investigated (�-CD)-M complexes whose metal ions (Li+,
d2+, V3+) appeared to occupy side-on relative positions [16]. Even

n the case of the V3+ ion, which displays a greater ionic potential
q/r = 4.05) than that of Co2+, the I−3 ion was found to be weakly dis-
orted (�d = r2–r1 ≤ 0.1 Å). This finding was justified by: (i) the total
bsence of the corresponding v3 asymmetric stretch in the Raman
pectra of (�-CD)-V, (ii) the verified ability of both the terminal I
toms of I−3 to act as Lewis base donors and (iii) the initiation of
he I−7 charge–transfer interaction at ∼75 ◦C. Therefore, it becomes
bvious that Co2+ induces a larger distortion of the I−3 geometry
han V3+ and the interpretation of this discrepancy relies on the
alance between the cation’s ionic potential and its tendency to

nteract with polyiodide species. More specifically, several studies
n a series of iodide-selective membrane electrodes that contained
he cobalt ion have repeatedly reported an extremely enhanced
electivity for I− anions being attributed to a unique Co2+. . . iodide
nteraction [43–45].  In our work, this specific behavior of Co2+ ion
eems to play a key role in the noticeable perturbation of the bond-
ng and electronic structure of I−3 and the resultant modification
f its electron donating properties (total asymmetry). The v1 vibra-
ional mode of the asymmetric I−3 ions is located near or below
00 cm−1 (non-detectable), providing evidence for an important

ncrement of their total length (r1 + r2) due to their strong interionic
nteractions with Co2+.

Finally, it is believed by the authors that dynamical phenomena
re mainly involved in the disorder of all the existing I2 units in the
rystal lattice of (�-CD)-Co; in such a case, the lifetime of the ground
tate is expected to be shorter than that of the Raman vibrational
cale (10−13 s) [46] supporting the term “mean distance –d(I–I)” that
as been adopted in the current research.

.3. Dielectric spectroscopy

All the disorder phenomena that progressively appear in
he hydrogen-bonding network of (�-CD)-Co over the temper-
ture range of 108.0–308.0 K, are characterized in terms of the
omplex permittivity ε* which is represented by the following
elation [47]:

∗(f ) = ε′(f ) − jε′′(f ) (1)

here the real part ε′ defines the capacitance of the sample, the
maginary part ε′′ (loss factor) expresses the energy dissipation per
ycle, f is the frequency of the applied electric field and j = √−1.

The temperature dependences of the real part ε′ and
he imaginary part ε′′ at the low frequency of 300 Hz are
hown in Fig. 6a and b. At T < 220.0 K, the sigmoid curve
f low height (�ε′ = 6.04, inflection point at 193.5 K) in
he ε′(T) variation as well as the flat bell-shaped curve
ε′′max = 0.81 at 193.5 K) in the ε′′(T) variation are attributed
o the order–disorder transition (Ttrans = 193.5 K) of some nor-

al  hydrogen bonds to those of flip-flop type according to the
cheme:
O–H· · ·O–H
normal H-bonds)

→ O–(1/2H)·  · ·(1/2H)–O
(flip-flop H-bonds)

(2)

Flip-flop hydrogen bonds have been originally detected in the
ingle crystal of �-cyclodextrin hydrate (�-CD·11H2O) at room
of the dielectric constant ε of (�-CD)2·Co0.5·I7·21H2O at 300 Hz.

temperature by means of neutron diffraction analysis [48,49] and
exhibit hydrogen atoms that are dynamically disordered in two
energetically nearly equivalent positions with similar occupational
parameters (∼0.5, entropically favored). The dielectric data of (�-
CD)-Co at T < 220.0 K resemble those of the (�-CD)-M inclusion
complexes with Ba2+, Cd2+, Li+, K+ and Cs+ ions (6.0 ≤ �ε′ ≤ 8.4,
0.7 ≤ ε′′max ≤ 1.4, Ttrans = ∼200.0 K) [11,12,50] implying that very
few normal hydrogen bonds are transformed into flip-flop ones
and a rather not extended flip-flop hydrogen-bonding network is
produced. This behavior is opposed to the one of (�-CD)-Bi [17]
whose dielectric study showed that the greatest per cent of nor-
mal  hydrogen bonds was  transformed into those of flip-flop type
(�ε′ = 49.6, ε′′max = 16.0, Ttrans = 223.6 K) resulting in a high den-
sity flip-flop network which consisted of endless chains and many
circular arrangements [49]. Furthermore, these results in combina-
tion with those obtained from FT-Raman spectroscopy and thermal
analysis techniques suggested that apart from the Bi3+ ions the
aforementioned network appeared to play a key role in limiting
the Lewis base character of I−3. More specifically, the terminal and
negatively charged I atoms of the I−3 ions seemed to close one or
more flip-flop circular rings by accepting a certain number of disor-

dered H-atoms which belonged to the vicinal O(6) hydroxyl groups.
Such hydroxyl-iodide interactions have been also reported for other
carbohydrate-polyiodide complexes [37,51].
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Concerning (�-CD)-Co, the very low density flip-flop network
ndicates absence of structurally complicated hydrogen-bonding
chemes almost eliminating the possibility of O(6)–H.  . .I−3 inter-
ctions and revealing that the I−3 Lewis base character in the
−

7 units which interact with the Co2+ ions is exclusively modi-
ed by the latter ones. This is further supported by the following

acts: (i) in the I−7 units which display no interactions with
he Co2+ ions the symmetric and full charge–transfer interaction
I2← I−3→ I2] during heating shows no involvement of the rel-
vant I−3 ions in hydrogen-bonding, and (ii) even in the case of
�-CD)-Te [17] where a flip-flop network was formed with a much
igher density (�ε′ = 18.6, ε′′max = 4.8, Ttrans = 216.8 K) than the cor-
esponding one of (�-CD)-Co, there was no experimental evidence
or the existence of O(6)–H.  . .I−3 interactions. At T > 220.0 K, both
he ε′(T) and ε′′(T) variations in Fig. 6a and b illustrate a well-
istinguishable sigmoid curve which is followed by a rapid increase.
he first experimental feature is ascribed to the transformation
f a small per cent of tightly bound water molecules (fully occu-
ied positions) to easily movable ones (distributed over specific
ositions) whereas the second one corresponds to the continuous
ransformation (H2O)tightly bound→ (H2O)easily movable being consis-
ent with proton transport and extensive dipole relaxation in the
ighly disordered interstitial water arrangement [19,20,52–54].
he latter processes are further accompanied by metal ion dislo-
ations mainly emerging from the strong influence of the applied
lternating field. All the intriguing phenomena described above
ave been thoroughly interpreted in our previous investigations
11–18].

. Concluding remarks

In this work, via the employment of the temperature-dependent
T-Raman spectroscopy, we have been able to observe all the hep-
aiodide (I2·I−3·I2) structural conversions along with the relevant
lectron transfer phenomena in the polycrystalline �-cyclodextrin
olyiodide inclusion complex (�-CD)2·Co0.5·I7·21H2O ((�-CD)-Co).
he cobalt ions are found to exhibit a statistical distribution of 0.5
o2+ per �-CD dimer indicating the coexistence of I−7 units which
resent no interactions with the Co2+ ions and I−7 units which inter-
ct with the Co2+ ions. The former units display a disorder–order
ransition of both their I2 molecules at T > 60 ◦C due to a sym-

etric and full charge–transfer interaction with the central I−3
I2← I−3→ I2], whereas in the case of the latter ones the situa-
ion is more complicated. More specifically, at T > 30 ◦C only one of
he two disordered I2 molecules gradually becomes elongated and
ell-ordered (disorder–order transition) due to a charge–transfer

nteraction with the central I−3. The other I2 molecule remains in
he disordered state exhibiting no charge–transfer interaction with
−

3. Such behavior has not been observed in the previous studies
f other �-CD metal-polyiodide complexes of the family ((�-CD)-
), where the I−3 ion was found to donate electron density to

oth the I2 molecules of I−7. In the current research, the significant
odification of the Lewis base character of I−3 ion is exclusively

ttributed to its specific interaction with the Co2+ ion. Accord-
ng to the obtained experimental results, the Co2+ ion appears to
ccupy a side-on position in relation to I−3 inducing a considerable
symmetry on the geometry and the electron donating properties
f the latter ion. Therefore, it becomes explicit that by changing
he nature of the metal ion we can achieve control of the underly-
ng polyiodide charge–transfer processes. Additionally, it should be
tressed that apart from the detection of all the above effects, FT-

aman spectroscopy proves to be of great importance for one more
eason; it may  even depict in detail the very slight differences in
he structures of the disordered polyiodide subunits. Finally, com-
lementary dielectric measurements support the existence of a

[

[
[

ica Acta Part A 83 (2011) 279– 287

limited flip-flop H-bonding network in (�-CD)-Co suggesting no
important influence of H···I contacts on the electron transfer prop-
erties of I−3.
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