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The frequency and temperature dependence of the real (¢') and imaginary (8”) parts of the
dielectric constant of polycrystalline complex B-cyclodextrin-4-:-butylbenzyl alcohol [B-
CD' TERB' 11.2H>0)] and B-cyclodextrin [B-CD" 9.8H,O] and of the corresponding dried
forms (B-CD' TERB' 3.8H,O and B-CD' 2.4H,O, respectively) has been investigated, in the
frequency range 0-100kHz and temperature range 130-350K. The dielectric behaviour is
described well by Debye-type relaxation (o dispersion). All systems except for the -
CD' TERB' 3.8H>O, exhibit an additional *! dispersion at low frequencies, which usually is
attributed to proton transport. In the non-dried samples the temperature dependence of ¢ and
emax exhibits two steps, whereas in the dried samples it exhibits only the low temperature step.
The low temperature step is due to the tightly bound water molecules, whereas that at higher
temperatures is due to easily removable water. The temperature dependence of &” shows a
peak which has been attributed to a transition between ordered and disordered hydroxyl 3-CD
groups, and water molecules. The relaxation time varies exponentially with temperature (in the
range 8-12 pisec), in a reverse V like curve, with maximum values located at the corresponding
order—disorder transition temperatures. Activation energies of the order of ~2.5kJ mol ! are
calculated for the transition in every sample. The disorder in the hydrogen bonding is equiva-
lent to a system of two dipoles with opposite directions, and the model of Frohlich can be
applied to explain the order—disorder transition and the temperature dependence of the relaxa-
tion time. An apparent negative activation energy before the transition temperature can be
attributed to reorientation of the hydrogen bonding around the cyclodextrin molecules, and it
is related to endothermic drifts observed by calorimetric studies of B-CD. The order—disorder
transition can be probed also from the phase shift component of the current passing through
the sample relative to the applied signal.

1. Introduction

atoms located 1A apart are only half occupied in the

X-Ray [1] and neutron [2] diffraction studies by
Saenger and colleagues have shown that in the crystal
structure of B-cyclodextrin (B-CD)* 11H,O some water
molecules and hydroxyl groups are statistically disor-
dered. Specifically, the eleven water molecules are dis-
tributed over 16 positions of which 3 are fully occupied.
6.13 water molecules are in the cavity distributed over 8
positions of which only one is fully occupied, 4.85 are
out of the cavity in 8 interstitial sites of which 2 are fully
occupied. At room temperature there are 53 hydrogen
bonds per asymmetric unit. 35 of these are of the normal
type O—H:'**O—H' "' and 18 are of the type called by
Saenger et al. ‘flipflop’, O—H'*'H—O [3] The H

* Author for correspondence. e-mail: jpapaio@cc.uoa.gr

flip-flop type bond due to disorder, which is related to
rotation of OH groups according to the scheme:

Ho O\ N

0H—0 === 0—H--0

o

Preliminary  calorimetric measurements of [
CD' 11H,O [1] in crystalline powder form showed an
exothermic process at 226 K when the sample was
cooled down to 100 K. The process was attributed to
an ordering of dynamically disordered flip-flop H
bonds into one or the other form at low temperatures.
This was verified by a neutron diffraction study of -
CD' 11D,O at 120K [4] where most of the flip-flop-
type hydrogen bonds had disappeared. Hanabata et al.
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[5] also found an exothermic process, which started
around 120K, and became endothermic above 154 K.
The sample returned to normal behaviour around
170K and a first-order phase transition occurred at
226 K.

Consequently, calorimetric and dielectric studies of -
CD' 11H,0O[6] have shown a first-order phase transition
beginning at ~203 K. The plots of permittivity (&') and
loss (¢") versus temperature showed this transition at
209.8 K, and it was attributed to the very gradual
onset of proton ordering in the arrangement of water
molecules with decrease in temperature. Above 250 K
there is a rapid rise in ¢” with increasing temperature
which is caused by the movements of protons (protonic
conduction). The same behaviour has been observed in
protein—water interactions [7, 8] where two kinds of
water molecule have been identified. The main charac-
teristic of the dielectric behaviour of proteins is that they
exhibit two kinds of dielectric dispersion, designated ¢
and o, and € dispersion is of biological importance
because it is related to the proton transfer mechanism.

Since cyclodextrin inclusion complexes are of interest
in fundamental research as well as for industrial applica-
tions, we examine in this paper the dielectric properties
of the inclusion complex of B-CD with 4-t-butylbenzyl-
alcohol (B-CD'TERB). Furthermore, we attempt a
comparison of the dielectric characteristics with those
of B-CD. In both cases the samples were under the
same humidity (15°%) at ambient temperatures.

Crystallographic studies of B-CD:11H,O under
various humidity conditions [9] have shown that it
loses some crystal water reversibly (from 12.3 molecules
of HyOat 1007 humidity to 9.4 at 13/ humidity per [3-
CD molecule), but the crystalline structure remains
intact.

The X-ray study of the crystal structure of [3-
CD' TERB' 10.2H,O [10] has shown that two B-CD
molecules are held together by hydrogen bonds to
form dimers in the cavity of which two 4-z-butylbenzyl
alcohol molecules are accommodated. The interdimer
space contains 10.2 water molecules, distributed over
15 sites that form a hydrogen bond network with them-
selves and the B-CD hydroxyl groups. The ¢-butyl
groups are buried inside the hydrophobic cavity, while
the polar hydroxyl groups protrude from the cavity at
the primary sides of the dimer.

The role of water molecules is of fundamental import-
ance in cyclodextrins and, as already mentioned, £
dispersion is associated with charge carriers that hop
between localized sites (protonic conduction). The
mechanism of the protonic conduction, the contribution
to it of water molecules inside and outside the cavity and
the conditions that determine its absolute values are not
clear. In the present work we investigate both dielectric

dispersions (o, ) and the possible mechanisms that
might cause them, for the systems 3-CD: TERB and
B-CD in the frequency range 0-100kHz and tempera-
ture range 100-320 K. Further, we examine the dielectric
relaxation results relative to the nature of the first-order
phase transition by the application of Frohlich’s model
to the flip-flop hydrogen bond.

2. Experimental

B-Cyclodextrin (MW 1135.01) was purchased from
Fluka Chemika and was recrystallized (non-dried
sample) once from water and then it was dried in the
air for 5 minutes. Thermogravimetric analysis (TA
Instruments 2050, heating rate 10°Cmin~") was used
to determine the water content which was 9.8 water
molecules per B-CD (B-CD'9.8H,0), figure 1). A
second sample (dried sample) was dried in an oven
kept at 45°C for two days and then it was kept in a
desiccator. Thermogravimetric analysis, as before, and
the coulometric Karl-Fisher titration method (Metrom
652 KF-coulometer) were used to find the water content
of the dried sample which was determined as 2.4 water
molecules per B-CD (B-CD: 2.4H,0). The preparation
of B-CD'TERB" 10.2H,O complex is described else-
where [10] In order to obtain dried B-CD* TERB the
same experimental procedure was followed as in the case
of B-cyclodextrin. The water content of the non-dried
and dried B-CD* TERB complexes was determined to
be 11.2 and 3.8 water molecules per complex molecule
(B-CD* TERB: 11.2H,O and B-CD-TERB'3.8H,0),
respectively. Thermogravimetric analysis was used for
the water content of [-CD:'TERB'11.2H,O and
thermogravimetric and Karl-Fischer methods were
used for the B-CD' TERB' 3.8H,O sample. Thus the
dried samples of B-CD and B-CD'TERB contain 2.4
and 3.8 molecules H,O and the non-dried contain 9.8
and 11.2 molecules H,O, respectively. By extensive
heating of the sample at 45°C the water molecules,
which occupy removable sites in crystal lattice, can be
distinguished from the tightly bound water molecules
[11]

Pressed pellets of powdered samples, 20mm in
diameter with thickness between 0.5mm and 2mm
were 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 pellet was then loaded in a temperature-
controlled chamber, between two brass rods accompa-
nied by a compression spring. A K-type thermocouple
was kept close to the sample, and the whole cell was kept
under an N, atmosphere. The humidity in the cell
chamber as measured by a Digital thermo-hygrometer
was 1576 at room temperature at the beginning and the
end of each experiment.
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Figure 1. Thermogravimetric analysis 300
(TGA) of non-dried B-CD' 9.8H,O
and 3-CD' TERB' 11.2H,O.

Impedance spectroscopy (IS) experiments utilized a
Hewlett-Packard 3561A low frequency dynamic signal
analyser (DSA) operating in both frequency and time
domains (up to 100kHz) which is capable of measuring
amplitude and phase accurately relative to a trigger
signal. The instrument can measure simultaneously the
amplitude of the impedance vector and the phase shift of
the sample under consideration at each frequency value
in the region between 0 and 100 kHz. The data can be
transferred to a PC through an HP 82335 interface bus
(IEEE-488), where it can be stored and analysed by a

350 375 400 425 450 47¢

T IKI

software program [12] The imaginary and real parts of
either impedance or dielectric constant versus frequency
and temperature and the Cole-Cole plots can be
calculated and plotted by the program ‘wplot’ [13]
version 1.4.

DSA applies a signal of periodic noise 72.5mVyps to
the sample connected in series with a fixed known
resistance R; = 45.6kS2. The voltage drop across the
external resistance V; was kept at less than 1076 of
the applied, to minimize the effects of R; on the phase
difference. Initially the sample was short-circuited and
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the amplitude spectrum (signal level as a function of
frequency) and the phase spectrum (phase as a function
of frequency) of the periodic noise signal across the
resistance were displayed simultaneously and stored in
memories M; and M, of the DSA. Thereafter, the
sample was connected and the same procedure was
repeated. The new amplitude and phase spectra of the
signal across the resistance R; were displayed also and
stored in the buffer memory of the DSA. Then by use of
the ‘math function’ the amplitude voltage ratio Vi/V
versus frequency and the phase shift ¢ versus frequency
of the corresponding traces were calculated. These data
were stored in the internal non-volatile memory, where
up to 40 contiguous time records could be stored for
additional processing. The above data acquisition time
was of the order of 4ms for a full impedance spectrum.
It is worth noting that following the above procedure
the influence of parasitic capacitance was completely
obliterated, since their contribution is included in the
phase spectrum which is the reference in memory M.

3. Results
3.1. Frequency dependence of dielectric permittivity

3.1.1. Dry samples

The frequency dependence of the real (¢') and
imaginary (&") parts of the dielectric constant in the
frequency range 0-100kHz for fixed temperatures,
during the cooling experiment from 320K to 124K,
are shown in figure 2 for 3-CD* TERB- 3.8H,O and
in figure 3 for B-CD" 2.4H,O. Every curve is composed
of 800 experimental points (400 points for the 1 kHz-
100 kHz range and 400 points for the 0-1 kHz range). It
is observed that generally the &' versus frequency curves
are of sigmoidal shape with the inflection point at
around 20 kHz. In the case of the 3-CD* TERB- 3.8H,0,
over the low frequency range 100-2000 Hz the slope of
the curves increases with decreasing frequency for tem-
peratures between 170 K and 252 K, whereas the curves
are almost flat at temperatures close to 124 K and 320 K.
In the case of B-CD-2.4H,0 the corresponding slopes
of & versus frequency increase with decreasing fre-
quency for every temperature.

The frequency variation of &” has the form of a loss
peak, centred at a characteristic frequency fax. This loss
peak is broad, with a half-height width of 1.18 decades
of frequency. In the case of B-CD* TERB" 3.8H,O only
the o-dispersion is apparent. In the case of -
CD: 2.4H,0 both o and €2 dispersions, are observed.
In both cases the o dispersions are described by the
Debye relaxation type (see discussion). The e values
of each loss peak increase with temperature from 1.3 to
3.2 for B-CD* TERB" 3.8H,Oand from 1.5 to 4.8 for -
CD' 2.4H,0 (figure 4(a)). The values in both samples

coincide in the low temperature limit and deviate as
the temperature increases. The inflection points appear
at ~250K and ~215K for B-CD* TERB and -CD,
respectively. The accurate value of fmax for each curve
of &" versus frequency was found by fitting the local
maximum over a short range of frequency. The relaxa-
tion time (T = 1/ 27¥;ay) in both cases is strongly depen-
dent upon temperature as depicted in figure 5(a). The
maxima of 10.3 s for f-CD-2.4H,O and 9.8 us for 3-
CD' TERB' 3.8H,O occur at the transition tempera-
tures 215K and 250K, respectively.

In order to test whether the low frequency dielectric
dispersion €2, in the case of B-CD" 2.4H,0, arises from
proton conduction processes, blocking electrodes com-
posed of Pt/mica were used to inhibit charge carrier
injection into the sample. The frequency and tempera-
ture dependence of ¢ and &” were the same as before,
except for the smaller absolute values. The €2 dispersion
disappeared whereas the o dispersion was unaffected.
The same observations were obtained by Morgan and
Pethig for various polycrystalline proteins [14, 15]

3.1.2. Non-dry samples

In both samples, B-CD:9.8H,O and [B-CD:
TERB' 11.2H,0O, o and €? dispersions were observed.
The absolute values of &' and & in the case of B-CD-
9.8H,0O were found to be the same as those reported
previously [6] Our results differ in the temperature
variation of frequency maxima. The resulting relaxation
time exhibits the temperature variation depicted in
figure 5(b).

The &max versus T plot has a double-step-like form in
both B-CD'9.8H,O and B-CD'TERB'11.2H,O, as
depicted in figure 4(b).

3.2. Variation of €' and &" with temperature

3.2.1. Dry samples

The plots of ¢ and &” against temperature for the
fixed frequencies 200Hz, 1kHz, 100kHz are shown in
figures 6 and 7.

The &' values of B-CD:TERB:3.8H,O, at 200 Hz,
increase in a step-like form from 2.5 at low temperatures
to 6.5 at high temperatures. The corresponding values of
B-CD'24H,O are almost the same as in f-
CD'TERB' 3.8H,O in the low temperature limit but
at high temperatures they deviate strongly to higher
values (A¢' =43). The same qualitative picture is
observed for the other, higher fixed frequencies but
with smaller deviations, i.e., at 1 kHz A¢’ = 3.2 and at
100kHz Ag’ = 0.2. The coincidence of the &’ versus T
curves of the two samples over the temperature interval
T<2I5K at a constant frequency of 100kHz is
remarkable.
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Figure 2. Frequency dependence of real (&)
and imaginary %9 parts of the dielectric
constant of the B-CD' TERB' 3.8H,O for
fixed temperatures («) 124K, (b) 224K
and (c) 320K.

£ or¢e

30

615

B-CDTERB3.8H,0
\N AT epassrh

. " (a): T=124 K

254

2.0 1

1.5 4

1.0 4

0.5

a-dispersion

0.0 M

45 |

35
30

25

15
1.0+

0.5 [ ymremmiemrr™"

0.0 :

" (b): T=224 K

a-dispersion

€ (c): T=320 K

a-dispersion

104 10°
f [Hz]



616 J. C. Papaioannou et al.

8 T T
B-CD2.4H,0 (a): T=207 K
7r .

0 _M‘wk_‘“\‘\ . (b): T= 298 K

“or g
\l
I
i

£
(0]
T

a-dispersion

4
3|, Q-dispersion
2

(©): T=318 K

10 } -

a-dispersion

Q-dispersion

b ™

Figure 3. Frequency dependence of real (&)
and imaginary (¢") parts of the dielectric 0
constant of the -CD: 2.4H,0O for fixed 102 10°
temperatures («) 207K, (b) 298K and
(c) 318K




Dielectric relaxation of B-cyclodextrin complex 617

5 T M 1 T ] M T Al 1
B-CD2.4H,0 -
4- .
B-CDTERB3.8H,0 |
3 ]
2] ]
>
4y
N E 1 1 v T T ] T 1 v 1
. 8— i
w B-CD.9.8H,0
6 ]
B-CDTERB11.2H,0
4 1
2 ]
: o 0 : : : . .
F 4, Pl f max 1 T T T T
 mperature for B A 100 150 200 250 300 350
and (b) non-dried samples of T [K]
B-CDTERB and -CD.

The ¢” versus T curve of B-CD' TERB: 3.8H,O at less broad by increasing the frequency up to 1kHz
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230K and a half-width of ~150K. This maximum curves are transformed to step-like curves. In the case
absorption shifts to higher temperatures and becomes of dried -CD" 2.4H,0 the maximum value of &”, at
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200 Hz, is found at 196 K and shifts to higher tempera-
tures as the frequency increases in a way similar to the
corresponding -CD: TERB complex. The abrupt
increase of & for temperatures higher than 275K is
due to protonic conductivity, which is almost zero in
the case of B-CD* TERB" 3.8H,O. The abrupt increase
of & versus T becomes smaller as the frequency

T T T ¥ T T T
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increases, and disappears completely at frequencies
higher than 5kHz, indicating that the mechanism
which is responsible for this absorption has an eigenfre-
quency smaller than 5kHz.

Figure 8 shows the phase shift versus temperature
plots. It is interesting to note that the temperatures
where the minima of the phase shifts are observed are
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very close to the temperature of the maxima of figure 7.
The turning points correspond to a transition attributed
to order-disorder. The phase shift (an experimentally
measured parameter) versus temperature plots show
the temperature of the observed transition even for
high frequencies where the &” versus temperature
curve does not have a maximum. It is interesting to
note that dried o-CD did not show any minimum in
the phase shift versus temperature plot [16]

3.2.2. Non-dried samples

The plots of ¢ and &" against temperature for the
fixed frequencies 200 Hz, 1kHz, 100kHz are shown in
figures 9 and 10, respectively. The & values of -
CD'TERB' 11.2H,0O at 200 Hz increase in a double-
step fashion from 2.5 at low temperatures to 6.5 at
250K and then to 11.0 at high temperatures. The &'
values of B-CD- 9.8H,O are almost the same as those
of B-CD'TERB'11.2H,O in the low temperature
region, but as the temperature increases they deviate
strongly (Ae' =12.5). For the fixed frequency of
1kHz the &' values vary in the same way (A&’ = 7.5).
For 100kHz the deviations became very small
(Ag" =0.3) but their shape which is no longer a
double step presents a minimum value at the inflection
point of the first step and a maximum value at the inflec-
tion point of the second step.

The &" versus T curve of B-CD* TERB' 11.2H,0, at
200 Hz, is broad-bell shaped with maximum value at
208.0K and a half-width of ~130K. This maximum
absorption shifts to higher temperatures with increasing
frequency up to 1kHz Beyond this frequency the bell
shaped &" versus T curves are transformed to step-like
curves similar to the &' versus T curves. In the case of -
CD" 9.8H,O the maximum value of &”, at 200 Hz, is
located at 188.9 K and shifts to higher temperatures as
the frequency increases, in a similar way with that of -
CD' TERB' 11.2H,;O. An abrupt increase of &”, due to
protonic conductivity, for temperatures higher than
225K appears in both non-dried samples. In the low
temperature range 100-175K the values of &' and &”
are the same for non-dried and dried samples. The
phase shift versus temperature curves have the same
shapes as those of the dried samples.

4. Discussion
4.1. Characterization of o and @ dispersion
The dependence of " and " on frequency (figure 2) in
the case of B-CD- TERB"3.8H,O is described well by
Debye relaxation [17] in all the temperatures examined,
and the following equations are valid:

85 — &

g =g+ W, (1)
S
Emax = (8 — €-0) 2. (3)

Where & is the static dielectric constant, &, is the dielec-
tric constant at high frequencies and &,y is the maxi-
mum value of &”. The validity of the Debye equations is
shown from the plots of &"/(¢' —&.) against the
angular frequency w, which give straight lines of slope
T passing through the origin, figure 11, according to
equation (4):

g’ (8/ — sx) = 0T, (4)

In the case of B-CD" 2.4H,O the system exhibits both
dc conductivity () and Debye relaxation, and it is char-
acterized by equations (1) and (9):

v (&s—E)oT O
CE T o (5

where & is the vacuum dielectric permittivity. The ‘dc
contribution’ to &” is proportional to the specific con-
ductance o of the system, and inversely proportional to
the frequency w, since the higher the frequency the
smaller the available time for cationic motion [18] If
o< 1/ the contribution of conductivity to &” will
be significant, and this gives rise to the ! dispersion
(figure 3).

X-Ray studies [9] at various humidities have shown
that the dehydration of B-CD* 11H,O is due primarily
to loss of water from the B-CD cavity through the
opening of the primary side. With this in mind, we can
explain why there is no proton conduction (£ disper-
sion) in the case of samples of dried B-CD:TERB
(B-CD* TERB: 3.8H,0, figure 2), since the guest 4-¢-
butylbenzyl alcohol molecules have displaced the water
molecules from the B-CD cavities and there exist few
water molecules in the lattice.

The Debye-type relaxation is valid for only few
systems and it refers to (a) the orientation of dipoles
in a viscous environment [17} (b) dipole hopping
between two states [19, 20] and (c) charge carrier
hopping. In the present systems case (b) is the most
plausible.

The loss maximum &, increases with temperature
for both dried and non-dried samples examined, as
shown in figure 4. This observation deviates from
Debye’s theory that requires the maximum amplitude
to be independent of temperature (equation (3)). That
happens because Debye’s theory assumes a fixed number
of dipoles of similar energies. In our case the effective
number of hopping dipoles increases with temperature
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Figure 10. Temperature dependence of
&' for non-dried samples of -
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as the macrocycle’s hydroxyl groups and possibly water
molecules go from an ordered to a disordered state.
Thus there exist more interactions among hydroxyl
groups and water molecules. In the case of the non-
dried samples the number of hopping dipoles is even
higher, because as more water molecules enter the
system they are less tightly bound and have a higher
probability of being disordered. Therefore, the second
stage in the case of non-dried samples can be attributed
to the existence of the easily movable water molecules,
while the first stage involves strongly bound water
molecules.

4.2. Order—disorder transition and relaxation time

A flip-flop hydrogen bond arises when the hydrogen
atom is disordered over two positions (Hy and Hg)
between two oxygen atoms [2, 4}

HB—O ! 'HA—OH O—HB' ! 'O—HA.

A model has been developed [20, 21] in which the
molecules have two equilibrium positions, A and B,
with opposite dipole directions. Energy of at least E is
required for the molecules to turn from one equilibrium
position to the other. The A and B positions of figure
12(a) can be considered as the hydrogen positions.

According to rate process theory [18, 22] in the
absence of an external electric field the transition prob-
ability for a dipole moving between equilibrium states A
and B is given by

1.5 2.0

: T
0.5 1.0

w107 [rad sec
W = voexp(—E/kT), (6)

where v is the vibrational frequency of the hydrogen
atoms in the potential well, E is the energy barrier for
dipole reorientation, & is the Boltzmann constant and T
is the absolute temperature.

For an applied field 7, the work done by the field in
moving a carrier of charge ¢ by a distance ¢ in the
direction of the field is equal to Ved. This work done
corresponds to the difference in the potential energy of
states A and B (figure 12(5)). The energy barrier to
migration in the two directions A — B and B— A is
given by (E — Ved/2) and (E + Ved/2), respectively,
and hence it is more probable that the dipole turns
from state A to state B than vice versa. Therefore, the
transition probabilities become

Wa-B =voexp[—(E —eVd/2)/ kT], (7)
WgB- A = vo€Xp [—(E +e Vd/2)/k T]. (8)

If evd < kT, the net probability P of a dipole hopping
from A to Bis

P =vo(eVd/kT)exp(—E/kT). (9)

At low temperatures the predominant term of prob-
ability P is eVd/kT, which decreases with increasing
temperature. The second term, exp (—E/kT), is the pre-
dominant one at high temperatures, and the probability
P increases with increasing temperature. Since the
relaxation time is inversely proportional to the net prob-
ability, the opposite trends should be observed for the
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potential energy

Figure 12. Schematic potential
energy diagram showing (a) the
disordered state (flip-flop hydro-

(a): flip-flop H-bond (b):
Hg-O - Hy-O + O-Hg- O-H,

normal H-bond
H-O - H-O or O-H - O-H

}

eVglz

thi/2
\ )

gen bond) and (b) the normal
hydrogen bonded state.

distance

Table 1. Activation energies and transition temperatures of B-CD and the complex 3-CD' TERB in dry and non-dry form.

Sample Ttransition/ K El < T< Ttransition)/ kJmOl_l El < T> Ttransition)/ kJmOl_l
B-CD' 2.4H,O 215.0 241 -223
B-CD' 9.8H,O 197.3 2.76 - 274
-CD' TERB' 3.8H,O 246.0 2.39 - 218
B-CD' TERB' 11.2H,O 2134 2.01 -229

dependence of relaxation time with temperature. It
increases at low temperatures and decreases at high tem-
peratures. Therefore, equation (9) explains the T versus
temperature curves (figure 5). The absolute values of T
vary between 8.0us and 11.5ps. These values are in
agreement with NMR experiments on hydrated 3-CD
[23] and with the characteristic Debye correlation time
of ~10ps, at 263 K, related to dipole moment reorienta-
tion resulting either from proton transfer or molecular
rotation in ice [24]

The transition temperatures listed in table 1 were cal-
culated from the plots of figure 5, T versus 7. Activation
energies as calculated from the Arrhenius equation:

T = Texp(—E/RT) (10)

by plotting InT against 1/ T for the linear regions on
either side of the transition temperature are listed
in table 1 also. These activation energies have small
absolute values in the range 1.1-1.7k Tiransition, and
correspond to the heights of the intrinsic barriers
shown in figure 12.

The phenomenon of the increase in relaxation time
with increasing temperature, implying negative activa-
tion enthalpy, has been observed in proteins like lyso-
zyme and collagen [8] In these cases the activation

entropy also was negative, which suggested that the
activation processes involve the breaking of a hydrogen
bond between the protein and a water molecule and the
formation of a more stable hydrogen bond between
reoriented water molecules. For the compounds exam-
ined we can assume that before the transition tempera-
tures, listed in table 1, a reorientation of the hydrogen
bonding around the cyclodextrin molecules is taking
place related to the flip-flop hydrogen bonding and to
the exothermic and endothermic drifts observed by
Hanabata et al. [5] in the calorimetric study of [-
CD' 11H,O over the temperature range 120-226K.
The temperatures of the above order—disorder transi-
tions are higher for the dried than for the non-dried
samples, which is expected since a large number of less
tightly bound water molecules in the non-dried samples
facilitates reorientation of hydrogen bonding,

A model of the processes above the transition tem-
perature has been given by a quasielastic neutron scat-
tering experiment on B-CD-11H,O [25] This study
showed that dynamic processes which involve formation
and breaking of hydrogen bonds and positional fluctua-
tions of water molecules are taking place. A very simple
two=site jump model with two different jump distances,
1.5 A for reorientational jumps of hydroxyl groups and
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water molecules and 3 A for diffusive motions of water
molecules enclosed in the B-CD cavity, explain the data
very well. At room temperature both types of motion
occur with a similar distribution of jumlp rates extending
at least from 2x 10°s™" to 2> 10'""s™". This study
shows that the diffusive motions can be followed down
to at least 240K.

The present experiments determined relaxation times
at the range 8.0-11.5 us (~10°s™"), much lower than the
above, which are in the frequency range corresponding
to dipole orientation [26] in an external electric field. It is
n(ito }5:)0s§ible to detect relaxation frequencies higher than
~10°s™".

5. Conclusions

The dielectric behaviour of dried and non-dried [3-
cyclodextrin and its complex with 4--butylbenzyl
alcohol (TERB) are described well by Debye-type
relaxation (o dispersion). All systems except dried -
CD'TERB (B-CD: TERB-3.8H,0) exhibit an addi-
tional dc conductivity (£ dispersion) which is related
to proton transport.

In the non-dried systems the temperature dependence
of & and emax exhibits two steps, whereas the dried
systems exhibit only one step, coinciding with the low
temperature step of the non-dried samples. The low tem-
perature step is caused by the order—disorder transition
of the tightly bound water and the hydroxyl groups of
B-CD molecule, whereas the other arises from the less
tightly bound, easily removable water molecules. The
height of the first step is the same in dried and non-
dried samples, denoting that the removable water does
not contribute to that order—disorder transition. It
should be noted that no order-disorder transition tem-
perature was detected in samples of a-cyclodextrins,
which do not have flip-flop-type hydrogen bonds,
according to a neutron diffraction study [2]

The temperature dependence of ¢” shows a maximum
that has been attributed to the order—disorder transi-
tion. This maximum vanishes progressively for frequen-
cies higher than 5kHz, indicating that the mechanism
involved has an eigenfrequency smaller than this value.
Furthermore the €2 dispersion decreases as the frequency
rises, and vanishes above 5kHz. The absence of €2 dis-
persion, which is related to proton conduction in the
case of B-CD:TERB:3.8H,O, is not yet clear and
currently is under research.

The relaxation time varies exponentially with tem-
perature (in the range 8-12ps), in a reverse V-like
curve, with maximum values at the corresponding
order—disorder transition temperatures.

The control of the proton conduction and the
mechanism that takes place is of general interest, espe-
cially in biological systems.

We thank Dr D. Tsiourvas for his help with the
thermogravimetric measurements and the Greek
National Research Foundation (. K.Y.) for the scholar-
ship offered to N. D. Papadimitropoulos.
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