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The rotational dynamics of guest molecules in clathrate hydrates is studied by varying both the cage geometries
of the host lattice and the properties of the cyclic guest species, as dipole moments, diameters, and moments
of inertia. Proton spirrlattice relaxation rates have been obtained over a temperature ran@é26. The
relaxation is caused by intramolecular dipetipole interactions only. The asymmetric relaxation rate versus
inverse temperature curves have been fitted by using the David3ale spectral density(wz, 3). Shape
parameterg between 0.1 and 0.3 are found for the reorientation of guests in their cages. Correlation times
lying between 2.5% 10712and 4.97x 1071°s and low activation energies indicate high guest mobility due

to weak van der Waals interactions between guest and host. The reorientation of the guest molecules depends
on the different cage types and guest geometries as well. The motions are specific for each cage type. For
different guest molecules in the same cage type the correlation times increase with increasing diameters and
moments of inertia of the molecules.

Introduction with an average radius of 4.33 A is composed of 12 pentagonal
and 2 hexagonal faces. Because of its distorted cubic symmetry
(42m), this cage represents an oblate spheroid possessing one
unique axis. The largest cavity is the hexakaidecahedron with
an average radius of 6.6 A. It has 12 pentagonal and 4
hexagonal faces. This cavity is nearly spherical with a variation
of 2% in radius, whereas in the tetrakaidecahedron the distances
Clathrate hydrates are only stable with guest molecules. The between the oxygen atoms and the center. of the cage vary at
§n average of 14%. The cage symmetries have important

interactions between guest and water molecules are mainly base 4 hsequences with respect to the motions and NMR broperties
on van der Waals forces. The formation and stability of fgue(lt specieh P prop

clathrate hydrates depend to a large extent on the size and shap% ) )
of guest molecules as well as on temperature and pressure 'Nne dynamics of the guest molecules are restricted to
conditions. Gases such as,¥ or N, are often used to rotational motions. NMR proton relaxation is a suitable
compensate the stability loss due to the presence of large guestéechnique for studying these motions. Disturbing signals from
whose sizes are close to the upper limit of the cage radius. Water molecules are avoided by preparing the clathrates with
Besides the guest size and cage occupancy, the dynamicafleuterium oxide. The motions of the guest molecules tetra-
behavior of the host and guest molecules plays a key role in hydrofuran{=® trimethylene oxidé? and cyclobutanoriéin the
controlling the stability of clathrate hydratés. corresponding clathrate hydrates 1THF:3@D1TMO:7/3D0,

Van Stackelberg et 45 have shown that clathrate hydrates and 1CB:17DO have been studied previously by NMR proton
are generally classified into two different hydrate crystal relaxation. The relaxation rate versus inverse temperature
structures. Structure | forms a cubic body-centered unit cell of curves, which have been measured over a wide temperature
space groufPrmBn and has a lattice parameter of 12.0 A. Itis range (16-273 K), show asymmetric shapes. The fit parameters
composed of two pentagonal dodecahedra and six tetrakai-Of these curves clearly indicate high guest mobility due to low
decahedra connected by edges. If all cavities are occupied byactivation energies. According to Davidstnthe rotational
the guest compounds X and Y, the ideal unit cell formula is mobility of guest molecules depends both on geometric factors
6X-2Y-46H,0. (X and Y refer to guest molecules in the (the size and shape of the guest molecule with respect to the
tetrakaidecahedra and in the dodecahedra, respectively.) Struccage) and on the interaction of the dipole moment of the guest
ture Il forms a cubic face-centered unit cell of space gried@m molecule with the electrostatic fields of the water molecules.
and has a lattice parameter of 17.3 A. It consists of 16 To examine the influence of molecular properties of the guests
pentagonal dodecahedra and 8 hexakaidecahedra connected 3N their reorientation, we present here results of NMR studies
their faces. A complete occupancy of the cavities results in an of several guest molecules in clathrate hydrates (mainly of
ideal unit cell formula of 8X16Y:136H,0. structure II) in which either the guest species or the cavity types

The pentagonal dodecahedrof%s the smallest cavity with are varied. The cyclic compounds tetrahydrofuran (THF), 1,3-
an average radius of 3.90 A. The crystal symmetry of this cage dioxolane (DX), cyclopentane (CP), cyclobutanone (CB), pro-

Clathrate hydratég are nonstoichiometric compounds con-
sisting of guest molecules and host water molecules. The latter
molecules form a three-dimensional hydrogen-bonded network
similar to the network of various ice polymorphs. The guest
molecules are accommodated in the well-defined cages of the
host lattice.

is different in structures | and Il. The tetrakaidecahedréf6® pylene oxide (PO), and trimethylene oxide (TMO) were selected
as guest molecules in the hexakaidecahedra of structure Il. TMO
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. was also encaged in the tetrakaidecahedra of structure I.
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discrepancy may originate from the use of( the melting

H
B ! H i H q point of which is also £C higher than that of KO, and from
y g o H ° H the renunciation of help gas during the preparation.
H o H H \(H H H The clathrate hydrates were identified by X-ray diffraction.

H H H H The diffraction patterns were obtained with a Guinier camera
Tetrahydrofuran  1,3-Dioxolane  Cyclopentane G645 (Cu Kl radiation, Ge-crystal monochromator) at 143 K
THF DX cP over an angular range of4& 6 < 30°. They were indexed
according to the space groupd3m for structure Il andPni3n
H o H H H for structure |I.
><}P< H% The lattice constants (see Table 1) are in excellent agreement
H H H H with the literature data. In accordance with Sargent and
" " © Clavert? we found that the diffraction pattern of the clathrate
Trimethylene oxide  Cyclobutanone TMO(II) includes reflexes of structure Il as well as of structure
™O cB I. We assume that TMO is enclathrated in the hexakaidecahedra
and in the tetrakaidecahedra as well because this guest molecule
is the smallest molecule known to occupy the large cavities of

H H H H structure Il. We also observed that the diffraction patterns
>?< measured at 243 K contain impurities of ice reflexes, whereas
H H COR the patterns obtained at 143 K consist of clathrate reflexes only.

Relaxation timed; were measured over a temperature range
20—263 K at the spectrometer frequencies = 300.13 MHz
(140-263 K) andwo = 60 MHz (20-156 K). For the 300
MHz spectrometer low-temperature 140 K) equipment was
unfortunately not available. In the temperature region 363
K T, measurements were done using the inversietovery
method (180—7—90°). The saturation recovery sequence
((90°—1))n—7—90°; 7i+1 = /2 = 2 — 3T,) was employed in
the temperature region 260 K. The reproducibility of the
T, data was 3%, and the temperature control was within 1 K.

Ethylene oxide Propylene oxide
EO PO
Figure 1. Guest molecules.

Ethylene oxide (EO) was enclathrated in the tetrakaidecahedra
of structure | and in the pentagonal dodecahedra of structure
Il. The guest molecules are shown in Figure 1. When the

relaxation rates of each clathrate hydrate under the same
conditions (26-156 K at 60 MHz and 146263 K at 300 MHz)

are measured, the different reorientational behavior of the guests
can be directly compared with each other and referred to

molecule-dependent properties as dipole moments, diameters, eory

and moments of inertia. For the nine different clathrates the temperature dependencies
of the relaxation rates are shown in Figures72 The data

Experimental Section were fitted by using the equation for the intramolecular dipole

dipole interaction because this relaxation mechanism is the only
contribution to the relaxation at low temperatures. According
to Albayrak et al’ the intermolecular dipoledipole interaction

can be neglected. The relaxation ratdildepends on the
coupling constanC, the generalized order parametgy and

the spectral densitjtp:

Nine different clathrate hydrates were prepared (see Table
1). Water (99.95% BD) and the guest were weighted to the
exact mole fractions separately and to 0.1% accuracy. Oxygen
was then removed from the samples in five freegemp-thaw
cycles under a pressure of ®Obar. The liquids were
subsequently condensed in an NMR tube, whereby water was

transferred first. For the ternary mixtures EO was condensed 1\H 2 .
last. After sealing the tube, the substances were thawed and oo Cs{jcolwe) + 4icp(2we)} (1)
mixed. onira

For the clathrates PO(”), TMO(”), CB(”), and DX(”), whose The structure paramet@ is given by
melting points are lower than 4C, a complete crystallization
was achieved by partially thawing and freezing the samples. 3 4, o 4o @D
During this process the samples had to be shaken thoroughly C=1g/M ( )
in order to avoid formation of ice. Pure crystals of the clathrate

TMO(I) were formed by fast cooling of the mixture with liquid whereuo, y, andh are the vacuum permeability, the proton
nitrogen and subsequent tempering-&0 °C. After about5  gyromagnetic ratio, and the Planck’s constant, respectively. The
weeks the crystallization process was completed. average protonproton distance is calculated from all pair
The aqueous mixtures with EO, CP, TDF/EO (TDF: deu- interactions of the single dipoles normalized to the total number
terated THF), and THF/E(XEQ,: deuterated EO) crystallized N of relaxing nuclei in the molecule:
as clathrates at a temperature o221 °C within 1 week.
Nucleation was induced by occasionally shaking the samples 1NN
and dipping them shortly into liquid nitrogen. BLD: ZZ— (3)
A complete crystallization of the double clathrates was NiZ i
obtained with a stoichiometry of 1THF:0.5607D,0 or 1TDF:
0.5E0:17R0, respectively? The deviation from the ideal cell By reference to the guest molecules presented in this paper,
formula of 1:3:17 is attributed to the large diameter ratio of the primary contribution arises from geminal protons of a
about 1.06 for EO in the pentagonal dodecahedra. Conse-methylen group. Since proteiproton distances of 2-62.5 A
quently, only 12% of the small cavities are occupied by EO contribute on average 20% to the relaxation, the nearest vicinal
molecules. protons also have to be considered. Protons theaBak apart
The melting points are at most’€ higher than the literature  only have small influence on the relaxation rate. Because
data referring to clathrates with protonated host lattices. This protons with different chemical shifts are not resolved, all

)
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TABLE 1: Melting Points ( T) and Lattice Parameters @) of the Prepared Clathrates

name clathrate stoichiometry T (expt)PC T (lity/°C a (expt)/A a (lity/A
THF(II) D,O:THF:EQy 17:1:0.5 6 17.2(4) 17.1(5)
EO(Il) D,O:TDF:EO 17:1:05 6 17.1(8)
17.2(7%
17.3¢
17.18
DX(Il) D ,0:DX 17:1 0 -3 17.1(9) 17.0(9)
17.1(0Y
CcP(ll) D,O:CP 17:1 11 79 17.1(5)
CB(Il) D,0:CB 17:1 4 0 17.2(2) 17.1(®
17.0(9Y
PO(Il) D,0:PO 17:1 0 —4.4 17.2(3) 17.1(0)
T™™O(Il) D,0:TMO 17:1 —9to-5 —13.1 17.1(2) 17.(1)
12.0(4)
T™O() D,O:TMO 751 —21to—11 —20.8 11.9(8) 12.02)
12.1(5)
EO(I) D,0:EO 21 14 12.3 11.9(1) 11.89(1)

a Bertie, J. E.; Jacobs, S. M. Chem Phys1978 69 (9), 4105.° Sargent, D. F.; Clavert, L. Ol. Phys. Chenl966 70, 2689.¢ Kessler, T. R.
Dissertation, RWTH Aachen, 1998Mak, Th. C. W.; McMullan, R. K.J. Chem. Phys1965 42, 2732.¢v. Stackelberg, M.; Meuthen, EZ.
Elektrochem1958 62,130.f Venkateswaran, A.; Easterfield, J. R.; Davidson, D.®dn. J. Chem1967, 45, 8846.9 Lippert, E. L., Jr.; Palmer,
H. A.; Blankenship, F. FProc. Okla. Acad. Sci195Q 31,115." Morris, B.; Davidson, D. WCan. J. Chem1971, 49, 1243.i Hawkins, R. E.;
Davidson D. W.J. Phys Chem.1966 70, 284. Gough, S. R.; Garg, S. K.; Davidson, D. \Ehem. Phys1974 3, 239.k Mazzucchelli, A;
Armenante, RGazz. Chim. Ital1922 52, 344.! Bertie, J. E.; Bartes, F. E.; Hendrieksen, D.®an. J. Chem1975 53, 71.

TABLE 2: Fit Parameters of the Guest Molecules in the Clathrate Hydrates and Average Intramolecular Dipole-Dipole
Distancesi]

76/107 13 E/kJ mol? B
BIA & 103 Ha/kd ol o A A
THF(I) 171 0.6(1) 4.34(7) 4.0(8) 0.14(0) 0.10
DX(Il) 1.74 0.3(3) 5.99(1) 2.7(9) 0.23) 0.10
cP(ll) 1.69 0.8(1) 5.86(1) 2.6(5) 0.23) 0.093
T™O(IN) 1.75 0.5(8) 9.04(6) 1.8(5) 0.2(4) 0.074
T™O() 1.75 0.1(9) 0.4(2) 11.(5) 0.3(6) 0.(3) 0.045
31.(2) 4.5(6) 0.3(6)
CB(Il) 1.70 3.0(8) 8.7(3) 5.1(3) 0.1(1) 0.(2) 0.046
81.2(0) 1.5(4) 0.0(1)
PO(Il) 1.79 0.6(7) 14.(5) 8.0(0) 0.(9) 0.(2) 0.057
2.57(4) 3.4(7) 0.26(7)
EO() 1.82 0.36(2) 8.54(6) 3.6(4) 0.17(3) 0.083
EO(Il) 1.82 0.1(3) 30.(8) 2.9(3) 0.2(4) 0.12

AA = {{TL[Wi(Yeay — Yobs)]?}/degrees of freedoj#? standard deviation of data.

protons of the guest molecule have to be included in the g(r()zsm(ﬂﬂ)( T )ﬁ foro<r <1
calculation of the average proteproton distances. The T \ty— 1, c 0
calculated values are listed in Table 2.

The parameters® is a measure of the deviation of the g(@) =0 forz,> 174 (4)
theoretically expected coupling constant from the experimentally
observed coupling constant. This parameter corresponds to thelhe time correlation function is then written as
generalized order parameter introduced by Lipari and SZabo
for fast internal motions. According to Henry and Szabfast A AT (V) £ (o [N e g |
internal motions are stretching vibrations along the bonding Y1) = Y, m(o)ygm(o)m_ j; 9(zo € ne. (8
vector and deformational vibrations that change the orientation ' ’
of the bonding vector. InTy measurements deformational whereY,,, is the second-order spherical harmonic, a function
vibrations cause a reduction of the SpeCtral density, which cannotof the ang|e§ andqo describing the position of the intramo-
be distinguished from a reduction of the coupling constant. For |ecular protor-proton vector in the guest molecule with respect
the short-time behavior of the time correlation function a very to the external magnetic field. The anglésnd¢ are time-
fast nonexponential decay is assumed, which results in a high-dependent because of the reorientational motion of the guest
frequency contribution to the spectral density function. Since molecule in its cavity described by the correlation tigeThe

the area of this curve must be constant, the maximum of the Fourier transform of this time-correlation function is the spectral
relaxation rate versus inverse temperature curve is reduceddensityjcp:

Doelle!® attributes strong deviations from the coupling constants

and consequently smadf data to ultrafast librational motions - Refw () e T gr
of the whole molecule in a liquid cavity. These motions adjoin leo 0 Y2

the motions of rotational diffusion.

The asymmetric relaxation rate versus inverse temperature
curves can be described in terms of a distribution of reorien- o[l + (cuto)z]ﬁ’2
tational correlation times. Specifically, the distribution function
of Davidson and Col€ is used: The shape parametg@ris a measure of the asymmetry of the

_ sin[ arctan{t,)]

(6)
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relaxation rate versus inverse temperature curve. g~or 1 100 ¢

the Davidsor-Cole distribution function turns into the Poisson s E

distribution specified by one correlation time. As a result, the L cP(l
Bloembergen-Purcel-Pound spectral dens#yand hence a 10 £ \ (n
symmetric curve are obtained. For the temperature dependence E Bt

of the cutoff correlation time, we assume the activation law

1/Ty 1 E )
sex{ = (7) :
Ty = T3 eXpl == C
RT) 0.1k
The slope of the rising branch gives the activation endtgy E
The asymmetric relaxation rate versus inverse temperature 0.01 i AN
curves are composed of the extreme-narrowing regigny(<< ’ }
1) and the frequency-dependent regiem > 1) with the 0 10 20 30 40 K" 50
limits
1000/T ———
icp=1tf forwry<1l Figure 2. Proton relaxation rates Ty of THF in the clathrate 1THF:
0.5EQ;:17D,0, of DX in the clathrate 1DX:17@D, and of CP in the
T clathrate 1CP:17ED in the temperature range 2@60 K at frequencies
SIr(ﬁE) of 300 MHz (@, 125-260 K) and 60 MHz £&, 20154 K). The solid
foror>1 (8) line is the theoretical curve based on a Davids@ole distribution.

. ) =
JCD( ) a)l+ﬁfg

. . small molecules at high temperatures. Because of the uncertain
The least-squares fits of these curves carried out by the Powellorigin and the complex interactions between guest and host,

method?® result in the adjustable parametafs 3, E,, and . the relaxation rates at high temperatures were not taken into
If the relaxation rate versus inverse temperature curve consistsconsideration for evaluation of the data.
of two local maxima, an additional fit parame#efs necessary, The relaxation rate versus inverse temperature curve of THF

which weighs both maxima and may be interpreted as the molein the clathrate 1 THF:0.5E£17D,0 is shown in Figure 2. The
fraction. On the assumption that both local maxima originate relaxation behavior of THF at 60 MHz was already studied in
from distributions of correlation times, the spectral density is the clathrates TH#,S:D,0?° and THFD,O.” The fit param-
then given by eters E, = 3.93 kJ mot?, 75 = 3.52 x 107135, 8 = 0.15 for
. ) THF-D2S'D,0; Ey = 4.14 kI mot?, 75 = 3.75x 10713s,8 =
C_ Asm[ﬁ arctan{,)] B \Sinfa.arctanfpz,)] ) 0.12 for THF-DO) are in excellent agreement with the
Jeo o[l + (019" / o[l + (wr,)]*? parameters calculated for the clathrate TEGD,O. Thus,
we conclude that the EOnolecules encaged in the pentagonal
with dodecahedra do not exert an influence on the rotational dynamics
of the THF molecules.
" F{Ea) The relatively large correlation timey = 4.34 x 10713 s
Ty = T EX

RT and the low activation energy of 4.08 kJ mbfound in the
present work cause fast reorientation of the THF molecules in
and their cavities due to weak interactions between the guests and
the D,O molecules of the host lattice. In liquids the activation
=0 exp{i) energies lie generally between 20 and 30 kJ Tthalnd the
RT) correlation timesry are about 10*® s. Therefore, the fit
parameters for the clathrate indicate that the rotational motion
of the guests is hardly hindered energetically and the guest
molecules collide about 1000 times less often with the cavity
walls than the molecules do with each other in liquids. This
high mobility of the guest molecules leads to the assumption
that the motional process can no longer be described by the
In all relaxation rate versus inverse temperature curves shown“small step” rotational diffusion. A hint in the same direction
in Figures 2-7, the 300 MHz relaxation rates measured between comes from dielectric relaxation studiesThe activation energy
125 and 263 K adjoin the low-temperature data at 60 MHz, as E(DR) = 3.80 kJ mot? agrees closely with the valig(NMR)
expected for the extreme-narrowing region. = 4.08 kJ mot®. But the correlation timeg(DR) = 1.5 x
The relaxation rates in the high-temperature region between108 s at 43 K is about 23 times smaller than the value
about 200 and 263 K show a different Arrhenius behavior at 1o(NMR) = 3.9 x 1078 s calculated for the same temperature.
lower temperatures. The lack of stability of the clathrates may This discrepancy also shows that the guest molecules do not
be responsible for this because an insufficient crystallization obey the diffusion process because in that case the following
gives rise to higher relaxation rates. A hint for a “premelting” relation should hold:to(DR) = 37¢(NMR). To point out the
region is also given by the temperature dependent X-ray reorientational mobility for THF in different media, it is
diffraction patterns in which an increase of ice reflexes is interesting to compare the correlation times of THF in pure
observed with increasing temperature. On the other hand theliquid (r = 1.61 x 10712 s) in a mixture with waterd= 9.24
motion of the lattice beginning at about 200 K may influence x 1071?s; mole fraction of 1:17), in the clathrate hydrate<
the rotational behavior of the guest molecules in their cavities fro = 4.58 x 10713 s; extrapolated to 243 K by means of the
and hence change the rotational barriers. The increase of theArrhenius relation), and in the gaseous statge(= 3.93 x
relaxation rates at high temperatures may also originate from 10713s) at 243 K, a temperature point in the extreme-narrowing
spin—rotation interactions becoming effective especially for region. The THF molecules rotate much faster (factor of 20)

o, Ha, andz? are additional fit parameters and equivalent to the
parameterg, E,, andrs. The fit parameters of the guest species
in the different clathrate hydrates are summarized in Table 2.

Results
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Figure 3. Proton relaxation ratesTy of TMO in the clathrate 17TMO:
17D,0 in the temperature range £249 K at frequencies of 300 MHz
(3, 125-249 K) and 60 MHz 4, 14—153 K). The solid line is the
theoretical curve based on a DavidsaPole distribution.

Figure 4. Proton relaxation rates Ty of TMO in the clathrate 1TMO:
7%/3D,0 in the temperature range-5218 K at frequencies of 300 MHz
(3, own data at 135218 K), 60 MHz (, own data at 54171 K; <,
ref 10), 35 MHZ2° (O), and 9.2 MHz (*, ref 10). The solid line is the
theoretical curve based on a Davidsd®ole distribution. The dotted

in the clathrate than in the liquid mixture because of a hydrogen- line (35 MHz) and dashed line (9.2 MHz) are theoretical curves
bonded network between water and THF in the liquid. The simulated with the parameters obtained from the fit at 60 MHz.
lack of hydrogen bonds also ensures the THF molecules beingpoints between 33 and 230 K yield a straight line. Therefore,
faster in the pure liquid than in the mixture with water. By we conclude that TMO is mostly encaged in the hexakaideca-
comparison of the correlation times for the clathrate and for hedra of structure Il and that the relaxation due to the
free rotation, it can be stated that the reorientation of THF in reorientation in the tetrakaidecahedra of structure | can be
the clathrate approaches the value for free rotation at high neglected.
temperatures. For THF in the gaseous state the function.of In contrast to the clathrate TMO(ll), the relaxation rate versus
is proportional to (112, while the correlation times for the  inverse temperature curve of TMO in the clathrate 1TMO:
clathrate increase exponentially with decreasing temperatures.7?/3D,0 (see Figure 4) shows two maxima, each of which are
The relaxation rate versus inverse temperature curve of DX fitted with the spectral density by DavidseQole. The fit
in the clathrate 1DX:17BD (see Figure 2) is similar to that for ~ parameteA weighing the two maxima has a large erroetd.3.
the clathrate THF(II). The maximum is shifted by about 10 K The left maximum is associated with a higher activation energy
to lower temperatures. The exchange of &@Fbup by oxygen and a lower correlation time; compared to the right one. The
in DX leads to an activation energy one-third smaller than the shape paramet@ris the same for both partial fits. But its value
value for THF and a correlation timg about one-third higher.  for the high-temperature maximum is not as well-defined
As a consequence, the reorientation of DX is energetically less because of the superimposed curves. By comparison of the
restricted in the temperature region between 40 and 200 K andreorientation of the clathrates TMO(I) and TMO(Il), the mobility
the DX molecules collide less often with the lattice walls. of the guest molecule is less in the tetrakaidecahedra than in
In Figure 2 also the relaxation rate versus inverse temperaturethe hexakaidecahedra. In addition, a flattening of the relaxation
curve of CP in the clathrate 1CP:1ADis shown. For CP, the rate versus inverse temperature curve is observed below 50 K.
only nonpolar molecule of all studied guest compounds, the As Albayrak et af. showed for the clathrate 1THF:130, the

maximum is about 10 K lower than that for DX. The fit
parameterg,, 75, and agree with those for DX. Consequently,

flattening of the curve below about 20 K is described by a
coupled ensemble of quantum mechanical hindered rotators

CP reorientates as fast as DX does. From NMR relaxation where the reorientation rate shows a distribution that can be

studies at 9.2 MHz Davidson and Ripmeektealculated an
activation energy of 2.67 kJ nmdl corresponding to the value
for 60 MHz. The maximum of this curve lies at 29 K as
expected for measurements at a lower frequency.

represented by a DavidseiCole function. These low-
frequency librations in the region where the temperature
dependence of the nuclear spin relaxation rate deviates from
the Arrhenius law IV, O 7077 = (15)# exp(—BE4/(KT)) are not

In comparison with the five-membered rings THF, DX, and examined further in this paper. To test the quality of the fitting
CP the reorientational motion of the four-membered ring TMO procedure, we tried to fit also the temperature-dependent data
in the clathrate 1TMO:17ED (see Figure 3) is hindered much at 60, 35, and 9.2 MHz published by Davidson and Ripmeé&ster.
less and the lower activation energy is also connected with a Unfortunately, we could not read the data points with the
higher correlation timeg. The activation energy agrees with necessary accuracy from the corresponding diagram of the
the value of 1.92 kJ mot from dielectric relaxation studié’s original publication. Furthermore, we do not know the error
and NMR measurements at 9.2 MHz.The maximum of the bars of these data and of the fit parameters. Therefore, we
curve occurs at 25 K. The high mobility of this guest molecule compare these data only qualitatively. In Figure 4 the results
is possibly attributed to the small size of TMO. By reference of the simulated curves at 35 and 9.2 MHz (dashed and
to the X-ray diffraction experiment, the pattern of the clathrate punctured lines) are also shown. They were calculated using
TMO(Il) is composed of structure Il as well as of structure | the fit parameters of the 60 MHz data. The literature data show
reflexes. Therefore, the relaxation rates reflect the reorientationa similar tendency for the experimental and simulated curves.
of the guest molecules in both the hexakaidecahedra and theBut the relaxation rates are shifted to higher values presumably
tetrakaidecahedra. Since the motions of the TMO molecules because of uncompleted crystallization or the presence of
in structure | are nearly frozen at 50 K, the relaxation rates for paramagnetic oxygen in the sample. Two absorption maxima
the mixed clathrate should deviate from the fitted curve in the are also confirmed by dielectric studi@?where the first peak
temperature range between 50 and 230 K. However, the datais connected with an activation energy of 8.8 kJ mMaind the
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Figure 5. Proton relaxation rates Ty of CB in the clathrate 1CB:
17D,0 in the temperature range 2@63 K at frequencies of 300 MHz
(O, own data at 146263 K), 60 MHz (», own data at 26153 K),
and 9.2 MHz O, ref 10). The solid line is the theoretical curve based
on a Davidsor-Cole distribution. The dashed line is the theoretical
curve simulated with the parameters obtained from the fit at 60 MHz.

second peak with 0.58 kJ ntdl The existence of an ordering
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Figure 6. Proton relaxation rates Ty of EO in the clathrate 1EO:
7%/3D,0 and of PO in the clathrate 1PO:1XDin the temperature range
20—263 K at frequencies of 300 MHZJ( 133-263 K), 60 MHz (,
20—203 K), and 30 MHz %, ref 8). The solid line is the theoretical
curve based on a DavidselCole distribution.

clathrates a high rotational barrier is connected with a high
correlation timerg. At lower temperatures faster motions are

transition is also shown by measurements of the secondsitill present. They are described by fit parameters that are
moments. With regard to NMR studies Davidson and Rip- typical for the cyclic guest compounds presented in this paper.
meestel’ assign the major peak to reorientation of TMO about The maximum of the second peak lies at 42 K. Since PO is
its polar axis aligned along theakis of the cage. The peak at the only guest molecule with a methyl group perpendicular to
lower temperatures is of less certain origin. It may arise from the epoxy ring, it is quite intriguing to assign the maxima to
the relatively rapid reorientation or partial reorientation of a the motion of the molecule with internal rotation of the methyl
fraction of the TMO molecules that are not aligned along the 4 group. In this special case the fit paramefecorresponds to
axis. Although evidence or the existence for a “partial” ordering the generalized order parame®rintroduced by Lipari and
transition in structure | is thus provided by three kinds of Szabd#* for overall motion with internal rotation. On the
different experiments, the infrared spectfirshows no such  assumption that the methyl group rotates faster than the
indication1® molecule, the maximum in the high-temperature region is

The relaxation rate versus inverse temperature curve of CB responsible for the overall motion, while the fast internal rotation
in the clathrate 1CB:17fD (see Figure 5) is also composed of gives rise to the maximum in the low-temperature region. This
two superimposed asymmetric curves. Both maxima at 66 andassignment is not compelling, since studies of the methyl group
23 K are fitted by using eq 9. By comparison of the activation rotation have proven that the rotational barriers of methyl groups
energies and the correlation timegand r with each other, in clathrate hydrates may be different from those in gaseous or
the reorientation of the dipoles is considerably slower in the solid state€>2¢ As a result, it turned out that the geometry of
high-temperature region than in the low-temperature region. The the guest molecule as well as of the cavity plays a key role for
extremely small distribution parameters signify an unusual broad the magnitude of activation energies. From the present experi-
distribution of correlation times, where the faster motion is ment it is not possible to assign the peaks, since the measured
connected with the lowes-value. The presence of two broad NMR signal is an average of all relaxing protons in the
distributions of correlation times for CB was also found by molecule.
Davidson and Ripmeest&twho studied the relaxation behavior The guest molecule EO in the clathrate 1E®RD,0 is
of CB at 9.2 MHz. Their data points fall on the simulated curve encaged to 90% in the tetrakaidecahedra. It is expected that a
(dashed line), which was calculated from the fit parameters small fraction, approximately 10%, is also enclathrated in the
obtained from the 60 MHz data points. In eark&rdielectric pentagonal dodecahed@®® The fit parameters of the fitted
measuremert$only one reorientational process with an activa- relaxation rate versus inverse temperature curve (see Figure 6)
tion energy of 6.02 kJ mol was observed. In comparison with  are of the same order of magnitude as those for the clathrates
the relaxation curves of THF(II), DX(II), CP(ll), and TMO(Il)  THF(Il), DX(ll), CP(ll), and TMO(ll). In contrast to the
the abnormal behavior of CB(ll) is possibly attributed to the clathrate TMO(I) in which the TMO molecules are encaged in
large ratio of cavity diameter to molecular diameter1.01), the tetrakaidecahedra as well, the curve of the clathrate EO(l)
the large dipole momentu(= 2.78 D), and the aspherical shows only one maximum at 48 K. In addition the motions of
geometry of CB. According to Davidson and Ripmeedfer, TMO in the tetrakaidecahedra are restricted to librational
rotation of the CB molecule about its long dipolar axis is oscillations at 50 K, while at the same temperature the curve of
responsible for the low-temperature peak, while much slower the clathrate EO(l) has just reached the maximum. The different
reorientation about the other axis gives rise to the high- reorientational behavior of EO and TMO encaged in the same
temperature peak. cavity is attributed to the different molecular sizes (EQf})esf

In the relaxation rate versus inverse temperature curve of POdcage= 0.90; TMO(I), dguesfdcage= 0.96). Hayward and Packer
in the clathrate 1PO:17I0 (see Figure 6) the two maxima carried outT; measurements on the same EO clathrate at 30
indicate different motions. The peak in the high-temperature MHz in the temperature range between 77 and 279 K. In the
region at a maximum of 133 K is characterized by a relatively temperature region between 77 and 193 K the data points are
strong hindered motion with a low collision frequency of the in excellent agreement with the relaxation rates at 60 MHz, as
guest molecule with the cage wall. In contrast to the other expected. The authors calculate an activation energy of 3.74
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Figure 7. Proton relaxation rates Ty of EO in the clathrate 1TDF: Figure 8. Dependence of the fit parametgron the ratios of guest

0.5E0:17DO0 in the temperature range 20853 K at frequencies of molecule diameter to cage diameter.
300 MHz @, 163-253 K) and 60 MHz £, 20—152 K). The solid

line is the theoretical curve based on a Davids@ole distribution. except for the clathrate CB(Il). The value $f= 3.08 for CB

encaged in the hexakaidecahedra indicates that interactions other
than the intramolecular dipotedipole interactions contribute

90 the relaxation process. Intermolecular interactions between
the guest molecule and the deuterons of the lattice molecules
would shift the maximum of the relaxation rate versus inverse
temperature curve to higher rates and hence to a srsallatue.

) . With a minimal distance of 2.30 A between the protons of CB
Rlpmeesteaﬂ calculated an actlvatlon energy of 3.73 kJ ol and the deuterons of the lattice we obtais?avalue of 1.23,
obtained from NMR deuterium measurements ofdE@s a which is much closer to 1.

possible explanation for this discrepancy, the author suggests For the remaining clathrates the differest values are

that the lower value reflects reorientations about the polar EO discussed in view of the ratios of guest diameter to cage diameter
axis that the dielectric method does not detect. Davidson and I . 9 9 ;
because librational motions of the guest molecules that give

Ripmeestef state that ordering of the guest's dipole direction rise to varyings? values are influenced by the space available
in structure | along the 4dxis of the tetrakaidecahedra is possible. for rotatiny mgolecules (see Figure 8) g comp arison of EO
But the dielectric and nuclear magnetic data of the encaged 9 > 719 - BY P

enclathrated on one hand in the tetrakaidecahedra of structure

ettR/IenedQX|dte thlow r;o S'(?nDOI a,:z ?r:derlng Eranslltlonl. EO I and on the other hand in the pentagonal dodecahedra of
ccording o Fleyfel and Delviay the guest molecule structure 11, it can be stated that a smaller cavity gives rise to

in t?he clath;ate lTPZZOdSE%:l(;éD (s;ae tFigl:re 7)| lis eSn_cage(ilh a smallers? value. The same effect is observed regarding the
In the pentagonal dodecahedra ot structure 1. SINce e q\qinateg TMO(l) and TMO(II). Therefore, we conclude that

stoichiometry_ provides complete oc_cupation of all hexgkai- fast librational motions show up if the mobility of the guest
decahedra with TDF molecules, EO is not enclathrated in the molecule is restricted by the cavity.

large cavities. In comparison with EO encaged in the tetra-
: L ; The parameters? of the clathrates DX(II), THF(Il), and
kaidecahedra of structure | the activation energy is lower and . .
9y CP(ll) show the opposite trend. Despite less space for the guest

the correlation timerg is larger. This results in a slower I | the? val i For th " | |
reorientation of the guest molecules in the pentagonal dodeca-MO'€CUIES, values increase. or tNese guest molecuies
oxygen atoms present in the molecule play the decisive role,

hedra. The maximum of the relaxation rate versus inverse ~2¥>" : ; .
temperature curve occurs at 48 K as well. Although EO fits yielding increasing? values with decreasing numbers of oxygen
tightly in the small cavity §guestdcage= 1.06), the curve does i ]

not consist of two local maxima, since it is observed for guest ~ The shape parametgrrepresents a fit parameter resulting
molecules with similar diameter ratios. We assume that both from the analytical spectral density by DavidseBole. Broad

the shape of the guest molecule and the geometry of the CaVitydlstrlbutlons of correlation times are typical for the reorientations
are responsible for the existence of only one maximum in the Of the guest molecules in clathrate hydrates. There is no
curve. Since EO is more spherical as CB and PO, theseStraightforward correlation among the differgfwalues and
molecules carry out a more anisotropic reorientation whose Molecule-dependent properties such as dipole moment, moment
faster motion is still visible at low temperatures. The influence Of inértia, and diameter ratio. The nature of the cavity also has
of the cage geometry on the reorientational motion becomesn© apparent influence on the size 8fbecause the shape
clear by regarding the free space of the guest molecules, whichParameter changes by varying the guest molecules encaged in
is restricted within the cages. Whereas the tetrakaidecahedrdhe same cavity as well as the cavities containing the same guest
force TMO molecules in preferred orientations because of the molecule. However, the presence of a shape parameter can be
aspherical form of this cage, the pentagonal dodecahedra withéxplained in the following way. If the rotational motions of

a nearly spherical geometry do not give rise to an ordering of the guest molecules cannot be described by “small-step®-
the EO molecules. rotational diffusion, the necessary condition of a Markov process

is no longer met. Stochastic processes with a “memory*“ result
in a nonexponential correlation function and hence in an
asymmetric relaxation rate versus inverse temperature curve.
The fits of the relaxation rates to equations for intramolecular For free rotation a nonexponential time-correlation function is
dipole—dipole interactions result ig? values being less than 1  obtainec?® Thus, it is possible to explain a shape parameter

kJ mol-1 but a markedly lower correlation time of = 6.76 x
10"1*s. The steep increase of the rates between 193 and 27
K presumably originates from incomplete crystallization and
hence from instability of the clathrate as discussed earlier for
1THF:17D:0.” Whereas dielectric studison the clathrate
EO(l) give rise to an activation energy of 5.86 kJ migl

Discussion
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smaller than 1 as a result of rotational dynamics determined by 10" _

inertial motion. Another possibility for explaining the small E

shape parameters is given by Garg et®avho assume a s L .
heterogeneous distribution of correlation times. The origin of - 1:4-Dioxane(l
this distribution is thought to lie in the disorder of the 107 CB(Il)

reorientations of the water molecules. As a result of the 6 -
possible orientations of each of the 28 water molecules that make T
up the hexakaidecahedron, there is a wide variation in direction

REO(Il)

LLUSLBURLLLL

and magnitude of the resultant electrostatic fields within the 10”5 THF(II)

cage!! The authors state that in the case of polar guest F BCP(l) PO
molecules, this leads to considerable variability among the TMO(II)

energies of preferred orientations and in turn to a wide 10.12T . , . .

distribution of modes and rates of reorientation. We do not
agree with this statement because the X-ray diffraction patterns 08 09 095 1 105 141
show sharp reflexes, proving that clathrate hydrates are crystal-
line and not amorphous solids. Therefore, different orientations
of the guest molecules should not cause such a strong deviatiorf-igure 9. Dependence of the average correlation timigs= /7o

of the distribution parametgfrom 1. Considering further that g?'C“'ated at 90 K on the ratios of guest molecule diameter to cage
the Davidsor-Cole distribution is a logarithmic function of the iameter (semilogarhithmic plot). The solid line indicates the trend.
correlation time, the correlation times of the guest molecules
in different surroundings should differ very strongly in order
to explain the smalB values found in the clathrate hydrates.

dguest/ dcage —

only at 90 K, while the slower motion is nearly frozen at this
temperature. The clathrate CP(ll) is also exceptional if com-
] o pared to the correlation timasof the clathrates THF(Il) and

~ To compare the different mobilities for the guest molecules cg()). pespite the small free space within the cavities available
in their cages, we calculated the*average correlation tms for this guest, the relatively high mobility of CP may be
7o from the fit parameters,, 7o, andf at 90 K. At this  yribyted to the fact that for nonpolar guest molecules only van
temperature the correlation times of the guest molecules are ingyer \Waals interactions play a role and that no oxygen atoms
the “extreme-narrowing" region except for TMO(I). At90 K 516 present in the molecule. The correlation tirsesf the

the slower motions are nearly frozen in the clathrates PO(ll) ¢|athrates EO(I), TMO(I), and EO(Il) deviate from the trend

and TMO(1), while the fast motion in the clathrate CB(Il) iS  tound for the clathrates TMO(II), DX(II), THF(II), CB(Il), and
not yet apparent in the relaxation rates. Therefore, these mOt'°”51,4-dioxane(ll) because the guest molecules are encaged in

cannot be included in the following discussion. The correlation jitferent cavities. For nearly the same diameter ratios EO
times7 lying between 2.5% 107*s for the clathrate TMO(I)  ytates somewhat more slowly in the tetrakaidecahedra as THF
and 4.97x 10~1%s for the clathrate TMO()) reflect the different e in the hexakaidecahedra. A comparison of the clathrates
strengths of t_he interactions between the guest r_nolecult_es andEO(|) and TMO(I) confirms that the correlation time#crease
the host lattice. Apart from van der Waals interactions, a5 go0n as the space available for reorientation is restricted. But
electrostatic interactions play an additional role for polar guest iha motions of the guest molecules encaged in the holes of
molecules. Therefore, we found it worthwhile to connect the gt crure | are generally slower than those encaged in the large
average correlation timé&swith molecule-dependent properties  ayities of structure 1. For EO enclathrated in the pentagonal
such as dipole moment, moment of inertia, and diameter ratio. yogecahedra of structure Il a correlation time is calculated that
These studies include literature data of 1,4-dioxane clathrates,is specific for this cavity type. It is true that the correlation
which were obtained from proton relaxation measurements attime of EO is twice as large in the smaller cavity of structure
9.2 MHz* We calculated an average correlation tifref 2.38 Il as it is in the larger tetrakaidecahedra of structure I, but it is
x 1071%s from the parameters given by the authors. much too small with regard to the fact that EO fits in the small
Davidson and Ripmeestérhave found from dielectric  cavities only with distortion of the pentagonal dodecahedra.
measurements that the reorientation times of the cage water For reorientational motions in the liquid the geometry of the
molecules decrease with increasing dipole moments of the guesimolecule is decisive in describing diffusional processes. By
molecules. Because of electrostatic interactions between hostcomparison, the dynamics in the gaseous state is determined
and guest, the reorientational motions of the guest moleculespy the moments of inertia. For the reorientations of the guest
should also depend on their dipole moments. Although the molecules in clathrate hydrates the moment of inertia may gain
dielectric relaxation times are related to the decay of the increasingly in importance. The plot of the correlation tiraes
autocorrelation function of the dipole moments, while the versus the square of the average moments of inertia (see Figure
nuclear magnetic correlation times reflect the reorientational 10) shows for the clathrates TMO(I1), PO(Il), THF(I1), CB(II),
motions of the protorproton vector, both times should be and 1,4-dioxane(ll) a good correlation. CP is an exception
comparable if both vectors reorient similarly. Therefore, a presumably because of its nonpolarity. Despite the larger
comparison of the nuclear magnetic correlation tirnesith moment of inertia, it rotates markedly faster than THF. But
the dipole moments of the guest molecules is meaningful. the absence of polarity does not appear to be the only reason
However, a correlation between both quantities is not found. for the fast reorientation of CP because the rotation of
Figure 9 shows how a change of the ratios of guest diameter 1,4-dioxane, the dipole moment of which is nearly zero because
to cage diameter affects the correlation tirhedVith increasing of the special conformation in the hydra@feis more hindered
restriction of space, the reorientations of the guest moleculesthan itis for CP. The presence of oxygen atoms in the molecule
TMO, DX, THF, CB, and 1,4-dioxane enclathrated in the appears to affect the reorientational behavior of the guest
hexakaidecahedra of structure Il become slower. The clathratemolecule decisively. The correlation between moments of
PO(I) does not join this trend because the reorientational motion inertia of the guests and their correlation times a further
of PO is split into two components, in contrast to the guest hint of nondiffusive reorientational processes of the guest
molecules mentioned above. The fast motion of PO is visible compounds in clathrate hydrates.
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10 _ exceptional; the low correlation time of the relatively large
E CP molecule is possibly attributed to the nonpolarity of the guest
S 1,4-Dioxane(ll and to the lack of oxygen atoms.
- It is known that conformational motions of the cyclic
107 CB(Ihm molecules also lead to changes of correlation times. The
2 E contribution of conformational changes to the rotational motions
T C WEO() cannot be appreciated by the experiments performed in this
l BTHF(I) paper. However, conformational motions may be responsible
107 for the scattering of the data.
3 PO(I)® o8 mCR()
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