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Abstract: Phase transitions, phase structures, and guest motions in the clathrasil Dodecasil-3C were studied by means of calorimetry,
solid-state NMR, dielectric relaxation, and synchrotron powder diffraction. In contrast to the behavior of the empty clathrasil,
a gradual lowering in the unit cell symmetry from cubic — tetragonal — orthorhombic — monoclinic is observed in THF
D3C as the temperature is lowered. 2H NMR line widths showed that there is a concurrent increase in motional anisotropy
as the lattice symmetry is lowered, suggesting that the two phenomena are coupled. THF electric dipole reorientation, with
an activation energy of 7.7 + 0.6 kJ mol™, is fast at all temperatures greater than 100 K and is not affected by the symmetry

lowering.

Introduction

The clathrasil Dodecasil 3-C (D3C)'# is the metal-free variant
of the zeolite ZSM-39° formed from a three-dimensional network
in which guest molecules reside in distinct cavities. If all cavities
are occupied, then the ideal composition is 16 M-8 M ,:136Si0,,
where M, and M, are guests in the 12-hedral and 16-hedral voids,
respectively. Several structurally distinct phases have been
identified for D3C with different guests at room temperature.»*-*
Moreover, it was found that certain samples exhibited phase
transitions at temperatures which depended on the nature of the
guest” These observations strongly suggest that the guest
molecules play an important role in determining the struture of
the host lattice framework. A possible explanation for the variation
in the structure is that the crystal symmetry can be affected by
orientational ordering of the guest molecules. For large guests,
the molecular motion is likely to be hindered at low temperatures.
The guest molecules may then adopt certain preferred orientations,
thus removing the host framework symmetries and leading to a
slightly distorted unit cell. To further the understanding of this
problem, a complementary study on both crystal structure and
molecular motion is essential. In this contribution, the structural
stabilities of THF D3C clathrasil and an empty clathrasil are
studied with scanning calorimetry, solid-state 2H and Si NMR,
dielectric relaxation, and powder diffraction with synchrotron
radiation.

Experimental Section

D3C samples were synthesized hydrothermally in a Teflon-lined Parr
pressure vessel from tetramethyl orthosilicate hydrolized in aqueous
cthylenediamine, with tetrahydrofuran (THF) or THF-d; as guest
template.2 Guest-free material was obtained by calcining the samples.
The best results were obtained for samples calcined in oxygen at 600 °C
for a prolonged period of time (several days), followed by heating at 900
°C for 24 h. The quality of the samples was checked by X-ray powder
diffractometry and °Si CP/MAS NMR spectroscopy. Phase-transition
temperatures were determined by calorimetry on a Tian—Calvet heat-flow
calorimeter.!® Adequate resolution for defining the structure of the
different low-temperature phases could not be obtained on a standard
powder diffractometer (Cu Ke, 1.5405 A), so powder patterns were
obtained by using synchrotron radiation!! (beamline X7A, 1.1997 A) at
the National Synchrotron Light Source, Brookhaven National Labora-
tory. *C and °Si CP/MAS spectra were obtained on a Bruker CXP-180
NMR spectrometer with a variable temperature double airbearing Doty
probe. 2H NMR line shapes were obtained by using a quadrupole echo
sequence on the same spectrometer equipped with a variable temperature
solenoid probe. Dielectric measurements were made at frequencies be-
tween 10 kHz and 4 MHz by using a Hewlett-Packard Model 4275A
multifrequency LCR meter. Powdered D3C samples were pressed into
thin discs. These were placed in a parallel-plate three-terminal cell which
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was suspended in a liquid He cryostat for temperature variation and
control.!?

Results and Discussion

(A) Phase Transitions and Structures. In general, it was found
that samples with a single guest species gave more highly ordered
samples, as attested by the sharpness of the calorimetric transitions
and the quality of the 2Si NMR spectra. As before,” some
variation in exact transition temperatures was noted on going from
one sample to another. A calorimetry scan for the best THF D3C
sample showed three transitions (Figure 1), as before. The
transitions at 374 and 228 K are relatively sharp, but the inter-
mediate transition at 268 K is somewhat sluggish. These results
suggest the existence of four distinct phases between 80 and 400
K (phases I-IV). In comparison, no phase transitions were de-
tected for the calcined clathrasil sample. These observations were
corroborated by both the NMR and diffraction results.

CP/MAS »Si NMR spectra at selected temperatures (Figure
2) show significant differences in both peak intensities and positions
for the different phases. At 373 K (phase I), there are three
magnetically distinct Si atoms (T, T,, and T;) in the structure.
At room temperature (300 K, phase II), the T; peak splits into
a set of three peaks with equal intensities. When the sample cooled
to 260 K (phase III), the T, peak splits into a doublet, with further
unresolved splittings in the three peaks of T;. When the sample
is cooled below 255 K, the 2Si pattern becomes even more com-
plicated, with many overlapping bands (phase IV). On the
contrary, the Si NMR pattern of the calcined sample shows only
three peaks, with chemical shifts very close to those in the
high-temperature phase of THF D3C, although the line widths
are considerably broader due to poorer crystallinity. The spectral
features show no obvious temperature dependence. The thermally
induced structural transformations in the THF clathrasil are also
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Figure 1. Calorimetry scan for a sample of (1) THF D3C clathrasil and
(2) a sample of the calcined empty clathrasil.
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Figure 2. Si NMR spectra of THF D3C as a function of temperature.

confirmed by X-ray powder diffraction. The diffraction patterns
obtained with synchrotron radiation at 295, 260, and 80 K are
shown in Figure 3, and it is clear that the diffration patterns are
quite different at these temperatures. In the case of the calcined
sample, the diffraction patterns are similar to those of phase I
of THF D3C, and no change in structure was observed in the same
temperature region.

The powder pattern of the highest temperature phase I of THF
D3C is consistent with a face-centered cubic space group with
cell constant a = 19.370 (1) A. Using a trial and error proce-
dure,'>! the room temperature phase II can be indexed according

(13) Visser, J. W.; J. Appl. Crystallogr. 1969, 2, 89.

Tse et al.

300K
| ]
24 26 28 30 a2
247K

=

oy

Intensity (cps) rel to 100 mA

fi Akt ‘ ﬁsﬂJ «WLJ
26

24

28 30 32
80K
fir MWAMM? ‘,MW
24 26 28 30 32

20,degrees

Figure 3. Synchrotron radiation (1.1997 A) powder diffraction patterns
for the tetragonal (300 K), orthorhombic (247 K), and monoclinic phases
(80 K) of THF D3C between 23 and 33°.

to a body-centered tetragonal (I4) structure with a = 13.636 (2)
and ¢ = 19.446 (3) A. The intermediate phase III, which is stable
between 245 and 269 K, can be indexed readily in a centrosym-
metric orthorhombic space group with @ = 13.608 (2), 5 = 13.622
(3), and ¢ = 19.423 (3) A. Finally, the powder pattern of phase
IV is indexed successfully as a monoclinic C-centered structure
with cell parameters a = 13.604 (1), b = 13543 (1), and ¢ =
19.244 (2) A and 8 = 90.79 (1)°.

The space group of phase I of THF D3C cannot be uniquely
defined by considering only the powder diffration data. The
gradual reduction in crystal symmetry can be rationalized through
the group~subgroup relationships.!> The lower symmetry maximal
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nonisomorphic subgroup can be generated from that of the higher
symmetry by removing appropriate symmetry elements in steps.
It is not possible to reduce a Fd3 cell to a tetragonal structure
simply by nondisplacive symmetry lowering. However, removal
of the 3-fold axes from the Fd3m space group leads to a body-
centered tetragonal cell with /4/amd symmetry. Further removal
of the 4-fold symmetries from the tetragonal cell results in an
orthorhombic cell of Laue symmetry Imma. Final removal of the
mirror planes leads to a monoclinic C2/m cell. In view of these
symmetry relationships, it is likely that the space group of the
cubic phase I is Fd3m. 1t is significant to point out that the indices
of the Bragg reflections given for the low-temperature phases do
obey the systematic absence conditions of the space group pres-
ented here.

Additional information supporting the space group asssignments
can be obtained from the examination of the number of Si
resonances and their relative intensities. In phase I, the intensity
ratios of the three 2°Si peaks are consistent with the three crys-
tallographically distinct sites in the Fd3m space group. The three
unique Si atoms at the symmetry sites ..m, .3m, and 43m have
multiplicities of 96, 32, and 8, respectively. This is in accord with
the 12:4:1 intensity ratio of the T,:T,:T, peaks observed in the
5Si NMR spectrum. Lowering the cubic symmetry to tetragonal
by removing the 3-fold axis splits the ..m sites (T,) into three
inequivalent sites of equal multiplicities (T, T;”, and T;"') without
affecting the other two sites. The expected five °Si resonances
with intensity ratios 4:4:4:4:1 are observed in the experimental
spectrum. The loss of a 4-fold axis from the tetragonal structure
leads to the orthorhombic structure. In this case, except for the
»Sj atoms with the lowest multiplicity (T,), the degeneracies of
the other Si sites will be lowered and should result in a nine-peak
spectrum of intensity ratio 2:2:2:2:2:2:2:2:1. The splitting of T,
into two peaks (T, and T,”) is clearly visible in the experimental
spectrum. The splitting of the other peaks is less obvious due to
the very small differences in the chemical shifts. It is apparent
that the T,” and T;” peaks have merged into a strong, broad band
centered at ~118 ppm, with an integrated intensity eight times
that of T, and a weaker band (T,”’) at —121 ppm, with a total
intensity four times stronger than that of T,. Finally, elimination
of the mirror planes in the orthorhombic structure lifts the de-
generacy of all the Si sites. As a result, 17 2Si peaks of equal
intensity are expected. The experimental spectrum of the low-
temperature phase IV is very complicated and certainly consists
of many overlapping bands. At 250 K, nine lines of about intensity
= | can be observed, with the stronger doublet arising from a
number of degenerate lines, in general agreement with the pro-
posed symmetry.

(B) Molecular Motion. The coupling of guest dynamics to
lattice distortions can, in principle, be obtained by following the
molecular motion of the guests in the different phases. Since 2H
NMR has excellent sensitivity to motional anisotropy,'¢ a D3C
sample prepared with THF-d; was examined by 2H NMR
spectroscopy. For motionally narrowed lines in the fast motion
limit, the residual splitting R is given by

R = 0.75(e*qQ/ h)-S ¢)

where e2qQ/h is the quadrupole coupling constant and S is an
order parameter, given by

S = 0.5{3 cos? § - 1] 2)

Here, 6 is the angle between the principal axis of the quadrupole
coupling tensor (usually the C-D bond) and the rotation axis.

Unfortunately, there is no temperature region where the 2H
NMR line shape is a straightforward powder doublet (Figure 4,
inset) interpretable in terms of a detailed motional model. The
THF molecule has relatively low symmetry, and most motions
will result in the presence of inequivalent C-D bonds and, hence,
unresolved 2H NMR splittings. However, there are significant

(16) Ripmeester, J. A.; Ratcliffe, C. 1. In Inclusion Compounds; Atwood,
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Oxford, UK., 1991.
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Figure 4. 2H line widths and line shapes (inset) of THF-d; D3C as a
function of temperature. The solid line is intended only as a guide for
the eye. The arrows indicate phase-transition temperatures for this
sample.
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Figure 5. Dielectric permittivity ¢’ and absorption ¢’ for THF D3C at
a frequency of 1 MHz as a function of temperature. Note the Curie
behavior above 125 K.

changes in the line width of the resonance line which signal
differences in average motional anisotropy and which can be used
to reflect changes in lattice symmetry in the different phases.
Experimental 2H NMR line widths (full width at half height) are
shown in Figure 4. In the cubic phase I, the relatively narrow
line of 0.6-kHz width idicates isotropic reorientation and, hence,
is in compliance with the tetrahedral (43m) site symmetry of the
16-hedral cages. The line width increases significantly in the
tetragonal II and orthorhombic III phases (3.1 and 3.6-6.0 kHz,
respectively), characteristic of reduced symmetry of the 16-hedral
cage. In the monoclinic phase IV, the line width increases rapidly
to ca. 20 kHz, and here doublet structure is first resolved, although
it is complex. It is clear that the motion of the THF is highly
anisotropic and that the symmetry of the 16-hedron has been
reduced significantly. Previously,? it was found that the 12-hedral
cage undergoes symmetry lowering as well. '2Xe NMR showed
that the cage’s axial symmetry in the cubic phase is lost in the
tetragonal and orthorhombic phases and that in the monoclinic
phase there are at least two 12-hedral cages of general symmetry.

From the available data, only qualitative information is available
on the THF motion in the low-temperature phase. Since there
is no significant reduction in integrated intensity of the 2H signal,
the motion responsible for the line shape is in the fast motion limit.
The 20-kHz average splitting also is reduced considerably from
a rigid lattice splitting of 125 kHz, indicating an order parameter
of ~0.16 and considerable motional averaging. A separate as-
sessment of the motion of the THF guest dipole was made by using
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Figure 6. (a) Arrhenius plot of dielectric absorption peak maxima for
frequencies between 10 kHz and 4 MHz for THF D3C. (b) Cole—Cole
plot of complex permittivities ¢ and ¢’ for THF D3C at 60 K. The solid
line is calculated according to eq 3 with distribution parameter a = 0.27.

dielectric relaxation measurements. Figure 5 shows the per-
mittivity ¢ and dielectric absorption ¢”” obtained at a frequency
of 1 MHz. At temperatures above 125 K, the static permittivity
follows a Curie law. There are no discontinuities in ¢”” at any of
the phase transitions, indicating that dipole reorientation rates
are not affected. Straightforward application of the Onsager
equation'” for a polar molecule in dilute solution yields a dipole
moment of 1.5 D, which compares with values of 1.65-1.82 D
for solutions of THF in nonpolar solvents.'® This suggests that
the motion is isotropic, bearing in mind the different requirements
for isotropic averaging in dielectric spectroscopy, in which the
averaging involves first-order spherical harmonics, as opposed to
NMR, in which the second-order spherical harmonics are involved.
For the THF molecule in the presence of ring puckering, the
average electric dipole is in the ring plane, so in-plane rotation
is all that is required for complete dipole averaging. At lower
temperatures, there are significant deviations from Curie behavior
in ¢ until the permittivity goes through a maximum and dispersion
occurs. This is characteristic of the slowing down of dipole motions
as the motional frequencies become similar to the frequencies of
measurement. Complex permittivities associated with the re-
orientation frequencies at 60 K describe an arc (Figure 6b) which
can be described in terms of the Cole—Cole equation!%-*

€* = ey + [(€ar — €2) /(1 + (w79)'™)] 3)

where w is the angular frequency of measurement, 74 is a motional
correlation time, and « is a distribution width parameter. The
solid line in Figure 6b is a fit of the above equation to the data
points, which gives the distribution parameter « = 0.27. The origin
of the distribution may be due to distinct motional modes within
each cage or, on the other hand, to motions of guests in cages
which are inequivalent due to low crystal symmetry. Frequenciw
of maximum absorption plotted vs 1/T (Figure 6a) give an ac-
tivation energy of 7.7 %+ 0.6 kJ mol™! for the motion, with a
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correlation time of 9.3 ps at 295 K.

There are some remarkable differences between THF trapped
in D3C and the isostructural structure II clathrate hydrate.2%2!
At high temperatures, guest motions are near isotropic in both
instances. However, the lowest temperature transition observed
for D3C seems to affect the cage symmetry drastically, rendering
the motion extremely anisotropic. Moreover, dipole reorientation
is much more hindered in case of the clathrasil than in the hydrate,
7.7 vs 3.8 kJ mol™!,® despite the fact that the undistorted clathrasil
cage has a larger free volume than the hydrate cage. Another
important difference is the fact that in pure hydrate samples the
cubic structure is preserved down to very low temperatures (with
one known exception??), although again it must be remembered
that the high symmetry arises because of proton disorder. When
samples have been doped to shorten the host lattice dipole re-
laxation time, ordering transitions have been observed to take place
along with ordering of the guest dipoles.?

In summary, the thermally induced structural transformation
in THF D3C can be described as follows. Above 370 K, the crystal
structure is cubic. Upon the sample cooling to room temperature,
the F-centered cubic transforms into an I-centered tetragonal
structure. The observed a/c ratio of the tetragonal structure is
very close to the ideal cubic ratio of 1/(2)!/2 (0.7071), indicating
that the distortion in the host structure is minimal. The inter-
mediate phase III formed when the sample cools below 269 K is
orthorhombic. The nearly equivalent a and b unit cell axes again
show that the distortion is small. Further cooling below 250 K
lowers the symmetry of THF D3C to monoclinic. Yet in this
lowest symmetry structure, the lengths of the g and b axes are
very similar and the monoclinic angle B deviates only very little
from 90°. The most important observation, however, is that the
empty calcined clathrasil does not undergo structural modifications
and remains a single phase over the temperature range of study.
This strongly suggests that the distortion in the unit cell is strongly
coupled to the motion of the guest and that, indeed, the phase
transitions may be guest driven, although the guest dipoles do not
appear to play a major role.

It is tempting to propose a separation of the freezing of dipolar
and quadrupolar order of the guest sublattice, as was proposed
for CN~ ions in a mixed KCN/KBr crystal lattice.?> However,
the relatively flexible nature of the THF guest molecule and the
lack of a clear motional model at higher termperatures do not allow
for such an analysis. Examination of similar clathrasil lattices
with a rigid polar guest would be a useful step in defining a more
detailed model for the guest motions and their relationship to host
lattice phase transitions.
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