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The host as well as the guest dynamics in ion doped clathrate hydrates were studied via several deuteron
nuclear magnetic resonance techniques and using broadband dielectric spectroscopy in conjunction with the
application of large electrical fields. At a given temperature evidence for up to three relaxation processes was
found for samples with mole fractions larger than 10−4 KOH. The two slower processes, unraveled via an
electrical cleaning procedure, are similar to those detected on undoped samples in which they proceed on
slightly longer time scales. The fastest process exhibits a weak temperature dependence except close to the
transition into the low-temperature phase. Here, an incomplete proton order is established on the hydrate lattice
and a residual orientational motion of the guest molecules could be detected at low temperatures. These results
demonstrate the large degree of coupling between host and guest motions.
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I. INTRODUCTION

Clathrate hydrates continue to receive much attention due
to their ability to allow for storage of molecules of various
sizes.1 In the present paper, we focus on tetrahydrofuran
�THF� as a guest molecule. THF clathrate hydrates crystal-
lize in the so-called sII structure slightly above 0 °C. They
are dynamically disordered in several respects. On the one
hand, the water molecules forming the host lattice perform a
cooperative motion which is governed by the Bernal-Fowler
ice rules. When detected on the �s time scale, e.g., by
nuclear magnetic resonance �NMR� line-shape techniques,
this motion can be observed to freeze in at temperatures near
200 K.2,3 This freezing leads to a static proton disorder at
low temperatures. The dynamics of the THF molecules, on
the other hand, is largely unaffected by the proton dynamics
on the lattice and the guests continue to perform a fast reori-
entational motion which, on the �s scale, slows down only
below about 30 K.4

Nevertheless, the present results from NMR and from di-
electric spectroscopy �DS� experiments demonstrate that the
THF molecules can act as sensitive sensors of the behavior
of the surrounding H2O lattice, pointing to the importance of
host/guest interactions. The starting point of the approach
used in the present paper is the previously reported possibil-
ity that the dynamics of the host lattice can be accelerated
dramatically by adding minute amounts of KOH �mole frac-
tion from 10−4 to 10−3� when growing the THF clathrate
hydrates.5 Near 70 K the doping induced speed up of proton
motion on the H2O lattice was reported to amount up to
about 10 orders of magnitude.6 This result suggests that suf-
ficient protonic mobility persists down to temperatures at
which the interaction energy between the proton species out-
weighs the thermal energy so that an ordered host structure
can emerge. This phenomenon is not unique to clathrate hy-
drates. On the contrary, it was first discovered and studied for
various phases of ice.7 It has been argued that the K+ and the
OH− defects act as catalysts for the dynamics on the H2O
lattice.8,9 Along these lines ion doping has made it possible

to generate proton ordered phases, e.g., ice XI from ice Ih.10

The phenomenon seems general and applies to various other
ice phases �see p. 373 of Ref. 7 and Ref. 11�, for which the
addition of ionic defects �typically on the 10−4 level� leads to
proton-ordered phases.

KOH-doped THF clathrate hydrates have been investi-
gated previously by calorimetry,12 DS,6,13 neutron
scattering,14 and thermal conductivity measurements.15 From
these works it is well known that KOH doping can lead to a
first-order phase transition at a temperature near 62 K. In the
course of this transition which occurs similarly also in ac-
etone and 1,4-dioxane clathrate hydrates16,17 an only incom-
plete proton order is established on the hydrate lattice. As
discussed by Yamamuro et al.,13 the remaining degree of
proton disorder is hard to determine quantitatively on the
basis of calorimetric data. This is because here only the sum
of the transition enthalpies originating from the partial order-
ing of the proton lattice and from the unknown degree of
ordering of the guest molecules is accessible.

One of the goals of the current 2H-NMR study therefore
is to determine the degree of ordering of the deuterated THF
molecules �=TDF� in KOH doped TDF·17H2O clathrates.
Our results can be compared to previous deuteron NMR data
on the undoped THF clathrate hydrate.2,3,18,19 Here, over a
wide temperature range �50–200 K� Gaussian deuteron line
shapes were observed for the guest molecules. Using a dis-
torted octahedral jump model this line profile was linked to
the proton disorder of the clathrate cages.20 One of the con-
sequences of that model is that the Gaussian line shapes
should vanish to the extent to which the protons become
ordered on the lattice of water molecules. Apart from check-
ing this prediction, this situation enables the determination of
the fraction of guests which remain disordered below the
phase transition temperature.

In addition to investigating selectively guest deuterated
crystals �TDF·17H2O� we study the properties of selectively
host deuterated samples �THF·17D2O� doped with KOH and
compare our NMR results with dielectric data. For ice Ih
corresponding comparisons have yielded valuable insights
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into the nature of the defect motion in these hydrogen-
bonded networks.21

This paper is organized as follows: Next, some experi-
mental details are given. Then, in Sec. III, we report on DS
and NMR experiments performed to study the various relax-
ation processes that accompany the freezing dynamics on the
water lattice. Sec. III B is devoted to phenomena related to
the establishment of the low-temperature phase in the THF
clathrate hydrates. Then, in Sec. III C the guest molecules
are employed as sensitive sensors of the dynamics in that
phase and of its partial order. After a general discussion in
Sec. IV, which includes a detailed comparison with the be-
havior of KOH doped ice, we summarize our main findings
in Sec. V.

II. EXPERIMENTAL DETAILS

Selectively deuterated single crystals were grown from
aqueous THF solutions according to the procedure described
previously,20 except that KOH was added to the solution in
appropriate amounts. Nominal doping levels �in the 10−4 to
10−3 range, see Table I� are given as mole fraction, x
=n�KOH� / �n�KOH�+n�H2O��, with n=m /Mmol denoting
the number of molecules and Mmol the molar mass. There is
a tendency of ice-like �as well as other� solids to �push�
impurities diffusively out of the crystal lattice if the sample
is kept just below the melting point.8,22,23 Although this situ-
ation was usually avoided, it cannot be excluded entirely that
the actual KOH content in some instants is somewhat lower
than the nominal one.

For the NMR measurements the crystals were finely
ground in an inert atmosphere and then hermetically sealed
into glass tubes. The samples were stored in a liquid nitrogen
vessel, transferred from there to the NMR radio-frequency
coil as quickly as possible, and then inserted into the pre-
cooled cryostat. Other details of the NMR experiments and
of the data processing are analogous to those described
earlier,20 except that now � /2 pulses in a somewhat larger
range were used.24

The dielectric samples were grown from solutions that
were in turn obtained by melting previously grown crystals.
The dielectric measurements were carried out by re-
crystallizing these solution within dielectric cells which were
constructed from invar and sapphire. The complex dielectric
constant, ��=��−i��, was monitored with an excitation volt-
age of 1 Vrms using an �-analyzer from Novocontrol which

covered the frequency range 10−2 Hz���107 Hz. For the
electrical purging procedure25 described in Sec. III A 2, bias
voltages up to 100 V were applied and the current was si-
multaneously measured via a SourceMeter 2410 from Kei-
thley.

III. RESULTS AND ANALYSES

A. Host dynamics

1. Solid-echo spectra

In order to monitor the dynamics of the water molecules
on the clathrate hydrate lattice we recorded deuteron NMR
solid-echo spectra for KOH-doped THF·17D2O. The results
shown in Fig. 1 refer to a sample with a KOH doping level
of x=10−4. At high temperatures, the rapid D2O dynamics
gives rise to motionally narrowed spectra. Upon cooling
broad spectral features develop and for temperatures below
about 200 K the central spectral component successively
vanishes, until a Pake-like powder pattern is established. For
a quantitative description let us note that the quadrupolarly
perturbed resonance frequencies are given by

�Q = 	
1
2
�3 cos2 � − 1 − � sin2 � cos 2
� . �1�

Here � and 
 specify the orientation of the deuteron EFG
tensor in an O-D �or C-D� bond with respect to the labora-
tory frame in the usual manner and 
 and � are the aniso-
tropy and the asymmetry parameters, respectively.26 From
the spectrum shown in Fig. 1 for T=168 K we find 

=3e2qQ / �4��=2��162 kHz and �=0.1. For clathrates
with somewhat different doping levels similar values were

TABLE I. Compilation of sample compositions used for the
present work. They are selectively deuterated as indicated. The
nominal KOH mole fraction x and the method used for the study of
the crystals are also given.

Composition x /10−4 Method

THF·17D2O 1 DS/NMR

TDF·17H2O 1.8 NMR

THF·17D2O 5 DS

THF·17D2O 10 DS/NMR

FIG. 1. �Color online� Solid-echo spectra of an x=10−4 KOH
doped THF·17D2O, i.e., lattice-deuterated crystal as measured for a
pulse separation of �=20 �s. The spectra are all normalized to the
same maximum amplitude.
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found �not shown�. The spectra presented in Fig. 1 reveal a
�two-phase� character which was reported to occur also for
undoped clathrates.3,27 A comparison with those earlier re-
sults shows that the broad and the narrow contributions
evolve in similar temperature ranges. The integrated intensi-
ties of the two spectral components are of equal weight at a
temperature near 220 K, at which the characteristic time
scale is about 
−1=0.98 �s. Similar information can be ob-
tained from measurements of the spin-spin relaxation time T2
�not shown� which exhibits a minimum also at 220 K. The
short T2 values near this temperature are responsible for the
reduced signal to noise ratio of some of the spectra shown in
Fig. 1.

At temperatures near and below 170 K, a broad Pake-like
pattern has fully emerged, indicating that the motional cor-
relation times � are much larger than 
−1. Hence, the NMR
spectra presented in Fig. 1 for x=1�10−4 do not provide
signs of a KOH induced acceleration of the proton dynamics.
Such an acceleration, with time scales �1 �s for T
�100 K was reported from dielectric measurements at a
slightly higher doping level �x=1.8�10−4� �Ref. 6� and
would lead to an at least partial motional narrowing of the
deuteron NMR spectra.

2. Dielectric relaxation, electrical conductivity, and ion sweeping

The earlier dielectric observation6 of a dramatic increase
of the dynamics with respect to the undoped clathrates was
confirmed in the course of the present work for samples with
x=5�10−4 and x=1�10−3. Corresponding data acquired at
150 K are shown in Fig. 2 for x=5�10−4 as open symbols.
They indicate a dielectric loss peak at a frequency of �max
=1 MHz corresponding to a time scale of �3=1 / �2��max�
=0.16 �s. At frequencies ���max large losses due to a
strong electrical conductivity are present. These effects mask

any relaxation processes, which might occur in this range. A
unique ����DC /� behavior is not observed in the experi-
mental frequency window for this sample. This precludes a
simple subtraction of the dc conductivity, �DC, from the data,
a procedure sometimes employed to make �hidden� relax-
ation processes visible.

However, with a recently revived dielectric cleaning
technique,25 we were able to reduce the effective electrical
conductivity significantly and to uncover additional relax-
ation peaks. The experimental procedure was as follows: Af-
ter solidifying a doped clathrate hydrate solution a reference
spectrum was recorded at 150 K. Subsequently, the sample
was heated to 263 K and subjected to an electrical bias field
E while simultaneously monitoring the electrical current
flowing through the sample. Depending on the run, the E
field ranged from 47 to 935 kV/m. After about 10 min the
current settled in the sub-mA range indicating that a dynami-
cal equilibrium was reached. Then, the sample was cooled to
150 K, at which the current dropped to below 10 pA, the bias
voltage was switched off, and dielectric data were taken. The
closed symbols in Fig. 2 reflect the results of three indepen-
dent runs, i.e., each measurement started from 260 K. The
existence of two relaxation processes is clearly seen, at least
for E�280 kV /m.

These processes were monitored as a function of tempera-
ture. Results for a clathrate hydrate doped with x=5
�10−4 KOH are presented in Fig. 3. For a quantitative
analysis of the results we employed a superposition of two
Havriliak-Negami functions

�� = Im��
k=1

2
��k

�1 + �2�i��k��k��k� . �2�

Here the index k refers to the relaxation peak showing up at
lower �k=1� or higher frequencies �k=2�. The processes are

FIG. 2. �Color online� Dielectric loss spectra of THF·17D2O
doped with x=5�10−4 KOH measured at 150 K. The curve la-
beled 0 kV/m is a reference spectrum which shows a loss peak
maximum at 1 MHz and a strong dielectric low-frequency loss due
to electrical conductivity. The three other sets of data were acquired
after electrical cleaning at 263 K employing the given voltage lev-
els. The field-treated samples no longer display the peak at 1 MHz
and furthermore the conductivity loss is reduced to an extent that
enables one to observe two additional relaxation processes
unambiguously.

FIG. 3. �Color online� Dielectric loss spectra of THF·17D2O
�x=5�10−4� as measured after electrical cleaning at 260 K. From
left to right the measuring temperatures were 110, 120, 130, 135,
140, 145, and 150 K. The solid lines are fits using the Havriliak-
Negami expression, Eq. �2�, and the parameters given in the text or
in the Arrhenius plot, Fig. 4. To illustrate the superposition of the
two contributions, the parts of Eq. �2� corresponding to �1 and �2

are shown separately as dashed lines for the loss spectrum at T
=110 K.
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characterized by dispersion strengths ��k. The shape param-
eters �k and �k account for the width and the asymmetry of
the dielectric loss profiles. The solid lines in Fig. 3 represent
fits using Eq. �2� and yielded �1=0.78	0.04, �1=1 and �2
=1, �2=0.51	0.02 corresponding to loss spectra with a full
width at half maximum �FWHM� of 1.7 and 1.6 decades,
respectively. The ratio of dispersion strengths of processes 1
and 2 turned out to be ��1 /��2=9.9	0.8. From a measure-
ment of a second sample of identical composition a similar
ratio was found. This statement also holds for the relaxation
times, which are shown in an Arrhenius plot, see Fig. 4. Here
a ratio �1 /�2=67	15 was determined for the slower relax-
ations of the two samples. Thus, together with the fastest
relaxation, which we will term process 3, at a given tempera-
ture up to three processes could be identified. It should be
noted, however, that subsequent to the application of the
electrical cleaning procedure, a peak associated with this lat-
ter process is no longer detectable.

3. Slow motions monitored by stimulated echoes

The range of time scales that is available through our
dielectric measurements roughly coincides with that in which
three-pulse stimulated-echo NMR experiments permit direct
access to the �Q-modulated echo intensity

F2�tp,tm� = �cos��Q�0�tp�cos��Q�tm�tp�	 . �3�

The corresponding correlation function enables one to detect
motional processes on the time scale of ms…s. The time
intervals tp and tm appearing in Eq. �3� are called evolution
time and mixing time, respectively. Typically, by varying tm
one can find out how fast the O-D �or C-D� bonds reorient,
i.e., in the present situation, what the reorientational correla-
tion time � of the water molecules is. By adjusting tp the

sensitivity of the experiment can be varied: the larger tp is
chosen with respect to the inverse anisotropy parameter, the
smaller are the reorientation angles that are necessary to lead
to a decay of F2.

In Fig. 5, we show experimental data for an x=10−4

sample for several temperatures with tp=20 �s kept fixed.
One sees that the molecular dynamics slows down upon
cooling, but that the shape of the decay function remains
invariant within experimental error. For a quantitative analy-
sis we used the stretched exponential function

F2�tp,tm� = A1 + A2 exp�− �tm/���� . �4�

Here, � is a phenomenological parameter which quantifies
the deviations from a simple exponential relaxation. A1
+A2 and A1 are the limiting values of F2 for short and long
mixing times, respectively. The final state amplitude Z

A1 / �A1+A2� can provide information about the number,
Z−1, of magnetically distinguishable orientations that an O-D
bond can attain.

After taking into account the independently measured
spin-lattice relaxation times,28 least-squares fits of F2 based
on Eq. �4� yielded �=0.69	0.05 and Z�0 for the tempera-
ture range which is shown in Fig. 5. The latter means that a
large number of orientations in accessible for the O-D bonds.
Hence, this process seems to be analogous to the slow pro-
cess in the pure THF clathrate hydrate27 which was shown to
be associated with a long-range proton motion. Via
rotational-translational coupling a large number of orienta-
tions is visited in the course of this motion. Without doping
F2 decays exponentially,27 hence the stretched behavior
which is observed here arises from the presence of defects
and their statistical spatial distribution.

The time constants � resulting from the fits to the NMR
data are included in Fig. 4. They are compatible with the
dielectric relaxation times �1 obtained after electrical clean-
ing. Stimulated-echo measurements were also performed for
a sample with x=10−3. Again, a single correlation decay is
observed at high temperatures, yielding time constants which
agree with �1 for T�125 K, see Fig. 4. Below 125 K the
correlation times for samples with x=10−3 tend to saturate.29

FIG. 4. �Color online� Arrhenius plot of various time scales of
KOH doped clathrate hydrate samples. The correlation times are
represented as closed or half-filled symbols �dielectric results� and
open or crossed symbols �NMR data�. The squares �red in the on-
line version�, triangles �green�, and circles �blue� correspond to
KOH-contents of x=1�10−4, 5�10−4, and 1�10−3, respectively.
The crossing or half filling of symbols is used to distinguish differ-
ent samples with the same nominal composition. The dotted line
reflects an Arrhenius law with an activation energy of 7.4 kJ/mol as
reported from dielectric measurements on a sample with x=1.8
�10−4, see Ref. 6. The dashed lines reflect NMR data on undoped
samples from Ref. 27. The dashed-dotted lines are drawn to guide
the eye.

FIG. 5. �Color online� Mixing time dependent stimulated-echo
intensities F2�tm� for x=10−4 KOH-doped THF·17D2O are shown
as symbols. The solid lines are fits using a stretched exponential
function, Eq. �4�. The stimulated-echo data were recorded for an
evolution time of tp=20 �s.
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A second, faster process which would correspond to �2
was not detected for the sample with x=10−4. Fast motions
could be observed for more heavily doped samples. How-
ever, their time scales �at 100 K in the range from 10−4 to
10−2 s� and relative amplitudes show large variations from
sample to sample, for reasons which are unknown at present.

B. Monitoring the order/disorder phase transition

In contrast to the undoped THF clathrate hydrates a phase
transition can be observed in sufficiently strongly �x�1.8
�10−4� KOH doped clathrates. This phase transition affects
the host as well as the guest dynamics and can be monitored
using DS and NMR.

1. Dielectric detection

Fig. 6 documents dielectric loss spectra of a x=10−3

sample which were recorded upon heating through a tem-
perature range close to the phase transition. Above about 65
K the dielectric loss peak maximum increases steeply signal-
ing that a transition takes place from a phase with minor or
no dipolar mobility into one characterized by a significant
amount of motion. For T�64 K the peak frequencies could
be read off directly from Fig. 6. For lower temperatures the
peak frequencies were estimated from the shift factor re-
quired to construct a master plot on the basis of the dielectric
loss. The resulting time constants are included in the Arrhen-
ius plot, see Fig. 4, and indicate a jump in � near 65 K.

For a first-order phase transition one expects to observe
hysteresis upon temperature cycling and this expectation is
indeed confirmed in the present case as the inset of Fig. 6
shows. Here, we plot the temperature dependent dielectric
constant for the lowest measuring frequency utilized during
this specific run. The hysteresis �recorded at a ramping rate
of 0.3 K/min� amounts to �T�2.3 K around a midpoint
temperature of 65.1 K. Based on the calorimetric measure-
ments mentioned in the Introduction, it was reported that the

ordering in the low-temperature phase, which comprises both
host and guest degrees of freedom, is incomplete to an extent
that is not exactly known.13 With the current approach it is
also not possible to quantify the order parameter of the lat-
tice. However, the degree of order exhibited by the guest
molecules will become accessible by the experiments de-
scribed in Sec. III C 2, below.

2. Phase transformation revealed by NMR

From NMR investigations on pure THF clathrate hydrates
it is known that the guest dynamics is much faster than that
of the host lattice.19 On the timescale of the inverse Larmor
frequency, i.e., in the range of nanoseconds, the slow-down
of the THF molecules occurs near 50 K in the undoped crys-
tal.

The dynamics of the THF guests was studied for a pow-
dered TDF·17H2O crystal with x=1.8�10−4. In Fig. 7 we
show temperature dependent spectra for this sample. At tem-
peratures above 60 K the spectra exhibit a Gaussian shape
and below this temperature a markedly different line profile
is obtained. The abrupt spectral change observed just below
60 K is the hallmark of the transition into a �partially�
proton-ordered state. Figure 7 includes also a spectrum from
an undoped crystal acquired at a temperature of 43 K.20 One
has the impression that it looks like a spectrum that would
have shown up for the doped sample just below the phase
transition—if this transition had not intervened. This appar-
ent shift of temperature scale is confirmed by a quantitative

FIG. 6. �Color online� The lines represent dielectric loss spectra
of 10−3 KOH-doped THF·17D2O above and slightly below the
phase transition which reveals itself via a drop of the loss peak
maximum. The inset depicts the hysteresis associated with the first-
order phase transformation which was measured via the dielectric
constant at a frequency of 20 Hz by ramping the temperature with a
cooling/heating rate of 	0.3 K /min.

FIG. 7. �Color online� Solid-echo spectra of an x=1.8
�10−4 KOH doped, guest-deuterated TDF·17H2O crystal as mea-
sured for an echo delay of �=20 �s are represented as solid lines.
The spectra are normalized to exhibit the same integrated intensity.
Upon cooling to below the phase transition temperature the spectra
change abruptly from a bell shape to a more structured profile. The
dashed line represents measurements from an undoped TDF·17H2O
crystal, taken from Ref. 20.
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analysis for which we calculated the standard deviation �
=�
I����2d� /
I���d� from our NMR spectra. Here I���
designates the frequency dependent spectral intensity. The
results for the width parameter � are collected in Fig. 8�c�. It
is evident that ��T� varies discontinuously near the phase
transition temperature. Otherwise, the ��T� pattern seen in
Fig. 8�c� resembles that of the undoped system. However, it
appears up-shifted by more than 20 K along the temperature
axis.

From these observations it is clear that the Gaussian line
shape is the signature of the disordered phase. The extent to
which this phase disappears is reflected by the decrease in
the unstructured contribution to the line shape. This result
confirms our previous modeling of the Gaussian line shapes
in terms of a jump model, which takes into account that the
guest motion is sensitive to the proton disorder on the water
lattice.20

The hysteresis of the phase transition was also checked
via the spin-lattice relaxation of the guest molecules. In this
context it is important to point out that above the phase tran-
sition temperature the longitudinal magnetization recovery,
M�t�, was almost exponential but below this temperature it
involved a slow and a fast component. As will become ob-
vious in Sec. III C 1, below, these components refer to the
ordered and the disordered regions of the sample, respec-
tively. To record a full M�t� curve may be quite time con-

suming. But in order to monitor the amount, e.g., of the
disordered phase semiquantitatively with a high-temporal
resolution it suffices to detect M�td� at a fixed time interval td
after saturation.30 To this end td was chosen such that essen-
tially only the faster spin-lattice relaxation component con-
tributes to the signal.

By cycling the temperature from 65 to 39 K and back
with a mean rate of 1.5 K/min the midpoint of the transition
turned out to be at 60.0 K and the total width of the hyster-
esis was �T=2.3 K. This temperature agrees well with the
transformation temperature of 61.9 K from calorimetry,12 but
it is somewhat smaller than 65.1 K as found for the lattice-
deuterated crystals �cf. Sec. III A 2�. The isotope-induced
temperature shift of 5.1 K can be compared with the one
implied by reports on KOH doped H2O and D2O which or-
der at 72 and 76 K, respectively.31

C. Guest dynamics below the phase transition

1. Spin-lattice relaxation

As just noted, below the phase transition temperature the
spin-lattice relaxation turns bimodal. The corresponding
spin-lattice relaxation times are designated T1o �referring to
ordered� and T1d �referring to disordered� so that the time
dependent part of the magnetization can be described by

M�t� = M0��1 − Rd�exp�− �t/T1o�1−�o�

+ Rd exp�− �t/T1d�1−�d�� . �5�

Here M0 is the maximum signal amplitude, the �-exponents
characterize the nonexponentiality of the magnetization
build-up after saturation, and Rd measures the fraction of the
component which relaxes faster. The parameters resulting
from the fits to our data on a crystal with x=1.8�10−4 are
included in Fig. 8. In frame �a� the relaxation time of the fast
component, T1d, is seen to be practically temperature inde-
pendent, keeping more or less the numerical value observed
just above the phase transition. This indicates that T1d might
correspond to those THF molecules which remain disor-
dered, even below the phase transition temperature. The
other component, which just below the phase transition is
about one order of magnitude longer, increases significantly
upon lowering the temperature and then saturates. By com-
parison with the mean spin-lattice relaxation times of the
undoped sample, T1o appears to be shifted to higher tempera-
tures and also to larger values.

For the stretching exponent � one has to distinguish three
temperature intervals. Above the transition temperature M�t�
is close to single exponential with �=0.05. Directly below
the transition �d and �o differ significantly. Whereas the lon-
gitudinal relaxation of the disordered state remains exponen-
tial with a stretching parameter �d close to 0, �o is around
0.5. Below 48 K the two stretching exponents exhibit the
same value of about 0.25.

The assignment of the components to the ordered or to the
disordered component has been checked by measuring NMR
spectra for various waiting times tw subsequent to the satu-
ration of the longitudinal magnetization. For small tw only
the components associated with short T1 times will contrib-

FIG. 8. �Color online� �a� Spin-lattice relaxation times T1o and
T1d, �b� weighting factors Rd, and �c� square root � of the second
moment of the NMR spectra as a function of temperature. The open
symbols refer to pure TDF·17H2O �data taken from Ref. 20� and
the filled symbols to a crystal doped with 1.8�10−4 KOH �this
work�. The different closed symbols refer to runs carried out for
different thermal histories as described in the text �slower cooling,
run A: � and run B: �, as well as faster cooling, run C: ��. While
Rd depends significantly on how fast the sample was cooled into the
low-temperature phase, the numerical value of T1 is practically un-
affected by the thermal history. The dashed line indicates the mid-
point of the phase transition. Due to hysteretic effects two different
values occur at some temperature near the transition.
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ute to the spectra. With increasing tw the equilibrium spectra
which comprise all contributions will successively emerge.
Corresponding experimental results taken somewhat below
the phase transition temperature are shown in Fig. 9. For
small tw only a broad Gaussian-like line shape, characteristic
of the disordered phase, is observed. For longer tw one rec-
ognizes how a Pake-like pattern becomes superimposed onto
the unstructured central feature. These results are clear evi-
dence for the assignments implied above.

Let us now discuss the temperature dependence of the
relative weight of the T1 components. In Fig. 8�b�, we
present the contribution of the disordered part, Rd, which was
obtained under various experimental conditions. In two runs
�called run A and run B� we cooled the crystals slowly
��−0.03 K /min and �−0.14 K /min� through the phase
transition and observed that Rd is about 0.2 for 48 K�T
�60 K. In another run �run C� we quenched the crystal
��−0.63 K /min� to about 50 K and obtained a significantly
larger value, Rd�0.35. When slowly cooling the sample fur-
ther ��3.5�10−4 K /min�, the relative weight of the faster
component decreased successively, see Fig. 8�b�, and below
about 35 K it became almost undetectable. In yet another
measurement we cooled the sample quickly through the
phase transition ��−1.1 K /min� and after stabilizing the
temperature near 55 K, we observed that the magnetization
of the fast component decreased by about 12% within a time
interval of 17 h �not shown�.

We also performed spin-spin relaxation measurements for
48 K�T�60 K and found a bimodal transversal dephasing
�not shown�. The longer component, T2d= �600	100� �s, is
compatible with the values of the undoped sample which is
in the disordered state. For the other component we find
T2o=170 �s just below the phase transition, then T2o con-
tinuously shortens reaching 100 �s at 48 K.

2. Reorientations in the low-temperature phase

In KOH-doped ice7,31 and similarly for the doped clath-
rate hydrate6 the low-temperature proton ordering is not
complete. Therefore, one may ask whether for T�Tc the
disordered cages or regions in the sample are still dynami-
cally active, in other words, whether the guest molecules can
reorient on the time scales accessible with the present experi-
ments. Indeed from NMR measurements on the crystal with
x=1.8�10−4, which was rapidly cooled to 45 K and a few
Kelvin below, we obtain a short-time decay of F2. The effec-
tive time constants are in the range of 140 �s at 44.5 K to
600 �s at 38.5 K �not shown�, but the real values are likely
to be somewhat shorter.32 Unfortunately the associated spin-
lattice relaxation times are relatively short �T1�10 ms, see
Fig. 8�b�� so that the measurements could only be performed
in a narrow temperature range.

A more satisfactory determination of time scales was pos-
sible using dielectric spectroscopy. The corresponding di-
electric losses are shown in Fig. 10 for an undoped
THF·17H2O and a KOH-doped THF·17D2O clathrate hy-
drate sample. The time constants determined from the peak
maxima of the doped sample recorded at several frequencies
are indicative for a thermally activated process, see the inset
of Fig. 10. Its energy barrier is roughly the same as the one
characteristic for the slow-down of the guest dynamics in
undoped THF-clathrate hydrate.4,20,33 However, the time
scales obtained from the data in Fig. 10 are about 100 times
longer. Taking the peak amplitudes as a rough estimate for
the number of mobile guests, Fig. 10 shows that in the doped
sample their fraction is not larger than about 10–12%.34 A
similar fraction of guests in disordered environments was
inferred from our NMR measurements, see Fig. 8�b�. This
leads us to conclude that also dielectric spectroscopy moni-
tors only the molecules in the disordered regions. In other
words, the motions of the guests located in proton-ordered
regions are not detectable in the frequency window of our
dielectric measurements. Furthermore, the time scale factor

FIG. 9. �Color online� �a� Magnetization recovery as a function
of the waiting time tw and �b� solid-echo spectra measured at a time
tw after the saturation of the magnetization for a TDF·17H2O crys-
tal with x=1.8�10−4. The spectra are all normalized to the same
maximum intensity. The base lines of the spectra correspond to the
waiting times that are highlighted for a few tw by different colors
and arrows in frame �a�. The solid-echo pulse separation was �
=20 �s.

FIG. 10. �Color online� Reorientation dynamics of the mobile
guests in the low-temperature regime as measured upon heating.
The dielectric loss of an undoped sample �squares� is compared
with data for a crystal with x=5�10−4 �circles�. The measuring
frequencies are 1 kHz �open symbols� and 100 kHz �closed sym-
bols�. The inset shows an Arrhenius representation of the loss peak
frequencies of the doped sample. The dashed line reflects an energy
barrier of 585 K or 4.9 kJ/mol.
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of about 100 implies that the presence of the proton-ordered
regions slows the dynamics in the disordered domains sig-
nificantly.

IV. DISCUSSION

One recurring observation made in the course of the
present study is that the reproducibility of the results was not
always as good as we are used to from our studies on un-
doped clathrates. Repeat runs usually gave at least qualita-
tively the same results but they did not always reproduce
quantitatively. Hence, some parameters could not be deter-
mined reliably �e.g., the time constants from dielectric mea-
surements on nominally identical samples, see Fig. 4� or
some observations did not appear fully systematic �see, e.g.,
the crossing of some of the dielectric loss curves for different
cleaning voltages in Fig. 2�. This somewhat disturbing fea-
ture of the present work is not without precedence. In heavily
doped ices similar observations have been made and were
ascribed to the hard-to-control distributions of ions, domain
walls etc.7 which may arise from very slight, undesired, and
hard-to-control differences in the sample preparation.

A. Comparison with KOH doped ice

To understand better the behavior of KOH-doped clathrate
hydrates it is worthwhile to make some comparison with
KOH doped ice Ih. Here the K+ ions are thought to be inter-
stitially embedded into the crystal lattice7 and each OH− de-
fect can liberate an L-defect, i.e., an ’empty’ hydrogen bond.
These defects can be visualized as breaking the Bernal-
Fowler ice rules locally thereby speeding up the proton dy-
namics. It has been stated that each dopant molecule can
generate an activated region that involves about 104 water
molecules.35 In these domains the dynamics is apparently
accelerated to an extent which facilitates the establishment of
proton order at low temperatures. Results from neutron scat-
tering indicated that the spatial dimension of the proton or-
dered regions, which presumably emerge from the activated
domains, is smaller than 40 nm.36

If the degree of ordering depends on the amount of dop-
ing, in the sense that below a certain level no ordering oc-
curs, and with the limited solubility of KOH in ice �x
�10−3�, the random spatial distribution of the defects pre-
cludes that usually the entire sample is activated. As a con-
sequence an only partial order emerges at low
temperatures.37 Its slow establishment in the laboratory38 has
been related to the time it requires to reorganize disordered
regions that are trapped between differently oriented ordered
domains.39

Viewing, in a simplified manner, the clathrates as an ice
crystal with periodically embedded voids it becomes clear
why many of their properties resemble those of ice if one
plausibly assumes that the same microscopic mechanisms
govern the dynamics of both types of substances. So what
are the differences between them? It has been found that the
dynamics in the doped clathrate hydrates is faster than in
hexagonal ice, see, e.g., Fig. 11 in Ref. 35. This was inter-
preted to indicate that the presence of guests can induce fur-

ther defects in the surrounding hydrate lattice.17,40 Associat-
ing the less densely packed water lattice of the clathrates
relative to that of ice with a dilution of the cooperative in-
teractions mediated by the ice rules, the lower transition tem-
perature in the clathrate can be rationalized. In both sub-
stances the transformation to the partially ordered state
occurs upon cooling when the dynamics in the activated re-
gions is in the range of 0.1…1 s �see, e.g., Ref. 41 or Fig. 4�.
Incidentally, from calorimetric experiments on undoped THF
clathrate hydrate it follows that the extrapolated correlation
time near 65 K could be at least as long as several weeks.35

At temperatures T�100 K the dynamics of the fastest
reorientational process of doped ice and of doped THF clath-
rate hydrate �see Ref. 41 or Fig. 4, respectively� is very
weakly thermally activated. In other words, it exhibits an
�almost� vanishing activation energy. For ice Ih this observa-
tion was ascribed to an �almost� temperature independent
mobility of the OH− defects while at temperatures below 100
K these ionic defects become increasingly trapped.41 Conse-
quently, in Ref. 41 it was argued that sufficiently far below
the melting point L-defects cease to contribute significantly
to the dynamics in ice Ih.

B. Nature of the relaxation processes related to the host lattice

Previous dielectric measurements provided evidence for
just a single slow relaxation process in pure THF clathrate
hydrate as well as a single, much faster relaxation process in
the KOH doped system.6 However, by employing large elec-
trical fields for doped specimens we were able to detect up to
three relaxation processes at a given temperature.

The fastest of them �process 3� coincides with that de-
tected in previous dielectric experiments6 and regarding its
origin it is interesting to reconsider the data shown in Fig. 2:
The sample which has not undergone a bias field treatment
shows a loss peak at about 1 MHz. However, following the
cleaning procedure this feature has vanished and did not re-
appear in the experimental frequency window upon cooling
the sample. This finding can be interpreted as follows: At
260 K, i.e., only about 15 K below the melting point of the
system, at which the large electrical field is applied, any
mobile ionic species are precipitated to the electrodes. With
far less ionic impurities in the bulk of the sample, at lower
temperatures the ionic conductivity is dramatically sup-
pressed, in accord with our observations, see Fig. 2. More
importantly, the number of ionic centers which can facilitate
dipolar rearrangements in the activated regions is then
strongly reduced. The NMR detection of a fast process is so
far not without ambiguity, see the remarks made near the end
of Sec. III A 3, and calls for further study.

Regarding the two slower relaxations it is instructive to
point out that also for undoped THF clathrate hydrates two
processes were detected. The faster of them �corresponding
to �2� has been demonstrated via stimulated-echo NMR to
arise from on-site tetrahedral jumps of the D2O molecules,
while the slower process �corresponding to �1� has been re-
ported to involve also translational jumps of the water
molecules.27 The temperature dependences of the correlation
time constants from Ref. 27 are schematically included in
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Fig. 4, see the dashed lines. The relaxation processes that we
observe for the doped crystal show similar temperature de-
pendences, however, they are shifted to somewhat shorter
time scales. Since, the impurity-induced speed up of the dy-
namics in icelike phases is well known, and since the pres-
ence of the guests creates further defects on the hydrate
lattice,40 this strongly suggests to view the two slow pro-
cesses in the doped samples as the pendants of those ob-
served in the pure system.

V. SUMMARY AND CONCLUSIONS

Using dielectric spectroscopy and deuteron NMR we
studied �1� the jump processes of the water molecules on the
host lattice, �2� the fast KOH-induced defect dynamics which
triggers the transformation to the ordered low-temperature
phase, as well as �3� the reorientational motion of the THF
guests in that phase. Our main results can be summarized as
follows:

Like in the undoped THF clathrate hydrate the slow dy-
namics on the host lattice involves two processes. These are
compatible with an assignment in terms of a faster on-site
reorientational and an about 70 times slower translation-
mediated reorientational process. By suitable electric field
treatment these processes were rendered visible using dielec-
tric spectroscopy. The activation energy of the slower pro-
cess is about 28 kJ/mol. If the KOH doping level is larger
than 10−4, its effective jump rate tends to saturate for T
�100 K. The near temperature independence of the slowest

process is reminiscent of NMR results on undoped THF
clathrate hydrate.2 While our dielectric results and the NMR
determination of the slower process were quite reproducible,
the strength and time constant governing the faster process
was subject to major sample-to-sample variations. Since they
appeared also for the same nominal KOH-contents and for
virtually identical sample handlings, it is suspected that a
varying spatial distribution of the defects could play a role.

The phase transition appearing in the samples doped at
levels x�10−4 was observed using dielectric spectroscopy
and by monitoring the guest dynamics via NMR. At tempera-
tures not too far below the transition temperature, the re-
sidual degree of guest order is in the 10–20% range, so that
the reorientational motion of the dynamically disordered
THF molecules could be detected. Thus, an ordering of the
lattice also leads to a freeze-out of the guests, emphasizing
the importance of the host-guest interactions. Overall our
study shows that KOH-doped clathrate hydrates bear a close
similarity with KOH doped hexagonal ice, except that due to
the presence of guests the clathrates offer additional means
to study the hydrate dynamics.
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