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Abstract: The hydrate of bromine was one of the first clathrate hydrates discovered. It has played a significant role
in the development of the solid solution theory of clathrate hydrates, yet its detailed structure remains unknown.
This hydrate again has become a test case for two different views of clathrates: the solid solution model, after van
der Waals and Platteeuw, that sees clathrates as unstable lattices which derive stability from a minimum degree of
cage filling and thus are nonstoichiometric, and a view promoted by Dyadin and Aladko that all large cages in a
hydrate structure need to be filled. In light of the latter view, existing data obtained over thelB8tyear period

on the composition and morphology of bromine hydrate would require the existence of four different hydrate structures.
Our single crystal diffraction study of 16 different crystals of distinct compositiong §82H0 to Br,-10.68H0)

and morphologies showed that there is just a single structure (tetragdpahnm a = 23.04 A,c = 12.07 A, the
structure originally proposed by Allen and Jeffrey) with considerable variation in the degree of occupancy of the
large cages. The results favor the solid solution model for clathrates, and settle the question of long standing regarding
the structure(s) of bromine hydrate. The bromine atoms occupy the large 14- and 15-hedral cages with up to 15
different crystallographically independent sites per cage and fractional occupancies from<9:1@.@d. The bromine

hydrate structure is unique, so fal?*Xe NMR results suggest that when attempts were made to produce a double
hydrate of bromine and xenon, a transient cubic structure 1l hydrate resulted, which slowly converted to the tetragonal

form.

Introduction Table 1. Summary of Bromine Hydrate Composition Data

In recent years the existence of large deposits of natural gas author year  hydrationno.  method ref
hydrates has again brought to the fore the need to develop Lowig 1829 10 Ch 2
accurate models to predict the stability limits of the deposits, Alekseev 1876 10 Ch 3
the gas content of such deposits, and the potential impact on 1879 10 Ch 4
the global environmerit. Fundamental to the development of Roozeboom 1884 10 ch >

: Giran 1914 8 Ch, Th 6

good prediction models is the need for good structural data and Bouzat 1923 6 E 7
some certainty that the clathrate hydrate concepts developed Harris 1932 10 Sc 8
some time ago still are the most suitable. D’Ans and Hofer 1934 8 Cm 9

Bromine hydrate 1) was one of the first clathrate hydrates ~ MUlders 1937 88;:57 F 10
discovered, and it has played a significant role in the develop- zemike 1947 7 Sc 1
ment of models for all clathrate hydrates. It is remarkable that Allen and Jeffrey 1963 8.6 X-ray 12
its detailed structure remains unknown, and that today again Dyadin and Aladko 1977 12 Sc 13
bromine hydrate is at the heart of a challenge to the commonly 10
accepted model for clathrate hydrates. 3'3

A solid of composition Bs-10H,0 was first recognized asa  caqy 1986 7.9 14

distinct phase by Low#jand reported in 1828. Since then, a - . - — -

significant number of scientists have studied compositions in _ °Source: Dyadin and Aladkd. Ch, chemical; Th, Thermal; F,
- . . L Forcrand; Cm, Camerone; Sc, Schreinemakers.

this system with a considerable variability in restitd (see

Tissued as NRCC number 40845. T_abl_(fe_ 1). t,)As noted gbove_, Ibr(()jr_nlne Ihyc_zlrat;]a r:jas pl)layed a
# Permanent address: Institute of Inorganic Chemistry, Russian Academy S'@nificant but somewhat misleading role in the development

of Sciences, Novosibirsk. of a thermodynamic model for clathrate hydrates. The first
?ngffaa EU%'ShHed '”\(I’v"jncﬁ A(t?S A&Sffzctﬁgvefgbef Ld 1997. ‘i attempt to study the hydrate by X-ray powder diffraction by
oan, E. D.; Happel, J.; Hnatow, M. A., Eds. Proceedings of the :
International Conference on Natural Gas Hydraferec. N.Y. Acad. Sci. YO” Stackelberg and Mu”er gave results that were mter_preted
1993 715. in terms of the cubic structure | hydrate (StiY). This
S (Z)ZL%VZ\/;g, S-Magg- Pharm.1828 23 12. Lowig, C.Ann. Chim. Phys. information together with hydration numbers determined by
er. 21 42, 113.
(3) Alekseev, V. FBer. 1876 9, 1025. (12) Allen, K. W.; Jeffrey, G. AJ. Chem. Physl963 38, 2304. During
(4) Alekseev, V. FGorn. Zh.1879 4, 83. the preparation of this manuscript we became aware of an abstract
(5) Bakhuis Roozeboom, H. WRecl. Tra.. Chim. Pays-Bgs1884 3, concerning a single crystal neutron diffraction study on tetragonal bromine
73. hydrate (Brammer, L.; McMullan, R. K. Abstract 11.01; American Crystal-
(6) Giran, M. H.C. R. Seances Acad. Sci914 159, 246. lographic Association Meeting, Albuquerque, NM, 1993) but unfortunately
(7) Bouzat, M. A.C. R. Seances Acad. S&Pb23 176, 253. the details of this work have not been published.
(8) Harris, 1. W. H.J. Chem. Socl1932 582 2709. (13) Dyadin, Y. A.; Aladko, L. SZh. Struct. Khim1977, 18, 51 (Chem.
(9) D'Ans, J.; Hofer, PAngew. Chem1934 47, 71. Abstr. 1977, 87, 12297m).
(10) Mulders, E. M. J. Dissertation, Tech. Hogeschool Delft, 1936. (14) Cady, G. HJ. Phys. Chem1985 89, 3302.
(11) Zernike, JRecl. Tra. Chim. Pays-Bad4951, 70, 784. (15) von Stackelberg, M.; Muller, H. RZ. Elektrochem1954 58, 25.
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Mulders© were used by van der Waals and Platteeuw in their
“solid solution” model for clathrate hydraféso derive a value

of the free energy differenceAf) between the hypothetical
empty Str.l hydrate lattice and normal ice. Although, in light
of more recent information, including the work reported here,
the bromine hydrate structure is known not to be Str.l, and
therefore the value found faku erroneous, the solid solution
model has withstood the test of time with few real challenges
to its validity. Again, the current challenges involve bromine
hydrate.

Briefly stated, the solid solution model assumes that the empty
hydrate lattice is unstable with respect to that of ice, and that
stability is imparted to the lattice by a minimum degree of cage
filling. The model predicts, in general, that hydrates are
nonstoichiometric, and that there is a direct relationship between
Au and the occupancy numbers of the different cages in the
hydrate structure. Although generally confirmed, this has been
difficult to test experimentally, as thé&u values found predict
that the large cages in both Str.| and Str.ll hydrates should be
nearly completely filled, and the accuracy of experimental cage
occupancy determinations has not been sufficient to distinguish
full from nearly full cages (e.g. occupancy fractions~e9.95
vs 1.0)1718

Allen and Jeffrey? first showed that there is at least one
bromine hydrate structure, B8.6H,0, that does not have the
cubic Str.I hydrate lattice. Although the lattice symmetry and
unit cell parameters for this tetragonal structure were given,
atomic coordinates were not reporféd However, the water
framework was surmised to be closely related to that of the
tetragonal hydrate of tetmabutylammonium fluoride, 5
C4H7)4NTF~-164H:,0, where some of the usual clathrate hydrate

Udachin et al.

Table 2. Crystal and Structure Refinement Data

compd 1

formula Br gr8.6H0
fw 306.13

temp, K 173

cryst size, mm 0.%0.3x 0.4
cryst system tetragonal
space group P4,/mnm

a, 23.0436(9)

c, A 12.0745(7)

v, A3 6411.7(5)

A 20

Pcale g CNT 3 1.586
diffractometer Siemens SMART CCD
radiation Mo Ko

total no. of reflns 24788R;= 0.053)
no. of unique refins 2549

no. refinsl > 20(1) 2494

no. parameters 453

R 0.047

Ry 0.0707

GOF 1.018

resid density, e A 0.651 and-0.225

Table 3. The Large Cage Occupancy and Structure Refinement
Data for Various Crystals Studied

initial

composition large cage hydrate no. of R for

of soln  occupancy stoichiometry unique reflcns refl > 4o
Bry:20H,O 0.805 Bp-10.68HO 2512 0.090
Br:14H,0 0.914 Bp-9.41H0 4482 0.076
Br:10H,O 0.946 B+9.09H0 2549 0.047
Bry:7H,O 0.962 Bp+8.94H0 2551 0.072
Br2:5H,0 0.998 Bp+8.62H0 2504 0.091

cages are fused to form the larger spaces in which the cations

are located® If we consider the hydration numbers reported
over the years for the bromiravater system, it is easy to come

implications central to the fundamental understanding of clath-
rate hydrates and the validity of the solid solution model.

to the conclusion that perhaps several bromine clathrate hydrate Another point that should be made is that for just about all

exist. This is central to the view of Dyadin and Aladkd;?
who have promoted a concept of clathrates that requires
complete filling of the large cavities in all clathrate hydrate
structures. In this situation several different hydrates varying
in structure and composition must exi3t? The authors have
analyzed the available literature data and carried out their own
study on hydration numbers. A statistical treatment of all data
resulted in the following hydrate compositions: ,&#.98H0,
Br»-8.32H0, Br,*10H:0, and Bp:12H,0. On the basis of these

stoichiometries, Dyadin and Aladko have suggested a number

known guests which form simple hydrates (about 140) there is
a reasonably straightforward relationship between guest size and
hydrate structuré! On the basis of this criterion, bromine
should form a structure Il hydrate.

We have studied the system,BiH,0 by X-ray single crystal
diffraction, expecting to find bromine hydrates of unknown
structure. We also have uséd®e NMR to explore the
possibility of producing other hydrate structures by including
xenon in a double hydrate structételong with bromine.

of possible bromine hydrate structures: a hexagonal structureEXPerimental Section

with the parametersa = 12.4 A andc = 125 A, an
orthorhombic structure with the parameters= 23.5 A, b =

19.9 A,c =12.1 A, a cubic (str.l hydrate) structure with=

12 A, and a hydrate of an unknown structure with composition
Br,-12H,0. This conjecture is reasonable in light of the
observation that crystals of different hydration numbers had
remarkably different morphologies, and in some cases, different
colors. On the other hand, the “solid solution” model would
allow for varying degrees of occupancy of the large cavities in

Single crystals of bromine hydrate were grown from distilled water
and bromine (“Baker analyzed” grade of purity 99,5%) at temperatures
from =5 to +5 °C. The hydrate single crystals were removed from
solution at 0°C, placed into thin-walled glass capillaries-a20 °C,
and analyzed by the X-ray technique. The experiments were carried
out on a Siemens SMART CCD diffractometer with use of Ma K
radiation and a graphite monochromator. All experimental data for
one single crystal are given in Table 2. Some experimental data for
other crystals studied are given in Table 3. The structure was solved
and refined with the program SHELXT422® All oxygen atoms were

the structure of a single hydrate. Therefore, the existence of arefined with anisotropic thermal parameters. The hydrogen atoms of

single versus multiple structures has a number of important

(16) van der Waals, J. H.; Platteeuw, JAQ. Chem. Phys1959 2, 1.

(17) Davidson, D. W. InVater. A Compreheng Treatise Franks, F.,
Ed.; Plenum Press: New York, NY, 1973.

(18) Davidson, D. W.; Handa, Y. P.; Ripmeester, J.JAPhys. Chem.
1986 90, 6549.

(19) Dyadin,Y. A.; Belosludov, V. RComprehensie Supramolecular
Chemistry Atwood, J. L., Davies, J. E. D., Macnicol, D. D., Vogtle, F.,
Eds.; Pergamon: New York, 1996; Vol. 6, p 789.

(20) McMullan, R. K.; Bonamico, M.; Jeffrey, G. Al. Chem. Phys.
1963 39, 3295.

the water molecules were located on a Fourier difference map.
Samples of double hydrates of Xe and,Bor 2°Xe NMR
experiments were prepared at several ratios: 0.1Xe:2®BH0,
0.4Xe:0.6B§:8.4H,0, and 0.6Xe:0.8Br8.4H,0. Xe gas was condensed
onto crushed ice and bromine in 10 mm o.d. Pyrex tubes on a vacuum
line at 77 K. The tubes were sealed and the samples conditioned in
dry ice and then ice baths. The sealed tubes were used directly in the

(21) Ripmeester, J. A.; Ratcliffe, C. J. Phys. Chem199Q 94, 8773.
(22) Sheldrick, G. MActa Crystallogr.199Q A46, 467.
(23) Sheldrick, G. MActa Crystallogr.1993 A49 (Suppl.), C53.
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from solution and via vapor diffusion, the latter in the cases
with bromine in excess of Bf8.6H,0. The unit cell parameters

of all 16 crystals were measured and complete X-ray structural
analyses of six of these were carried out. The crystals had a
variety of shapes that depended on the growing conditions.
Figure 1 shows the most typical crystal morphologies. Crystals
obtained from dilute solution usually were octahedral; crystals
grown from solutions of composition close to BH,O had
slab-like shapes typical of tetragonal hydrates; crystals grown
from solutions with excess bromine (via the vapor phase)
acquired the shape of needles with a square cross section. In
solution the crystals were light brown, whereas the needlelike
crystals were dark brown.

Despite having different morphologies all of the crystals
studied proved to be hydrates of the tetragonal structure with
the space group4,/mnm Figure 2 presents a general view of
the structure. The cell has 172 water molecules that are

static-sample NMR experiments. Samples for magic angle spinning Nydrogen bonded to form the clathrate framework. The©@
(MAS) had to be extracted from the tubes after conditioning and distances vary from 2.69 to 2.90 A, and the-@--O angles
transferred to spinners at low temperatu?éXe NMR spectra were ~ between the hydrogen bonds vary from 100.6 to 122.3
obtained at 49.79 MHz on a Bruker CXP-180 spectrometer. Static- Fractional atomic coordinates of the water molecules are given
sample spectra at 77 K were obtained by using a cross-polarizationin Table 4. The water framework contains sixteen 14-hedral
sequence in a probe where the horizontal coil and sample were cayities 526(T), four 15-hedral cavities 263 (P), and ten
immersed in quu'id nitroger_l. Static-sampl_e spectra at higher tempe.r- dodecahedral cavities'5(D) in the unit cell. There are two
atures were obtained by using a Bruker variable-temperature probe W'thdistinct types of D cavities, 2Dand 80, which make up two

a flow of cold nitrogen gas and a B-VT 1000 temperature controller. five-D ity f ical of thi Ei 3
Magic angle spinning (MAS) spectra at several temperatures above ive-D-cavity fragments typical of this structure (Figure 3).

200 K were obtained by using a Doty Scientific variable-temperature 1here are also two distinct types of T cavities per cell: 8 cavities
CP/MAS probe (7 mm sapphire rotors, spinning rates about 2.5 kHz). designated asalthat are connected with each other by hexagons

Figure 1. Single crystals of different morphology found for the,Br
H,O system.

All samples were cold-loaded into the probes. and form columns along theaxis, and 8 designated ag Which
. ) are paired along the,4xis (Figure 4). The overall formula in
Results and Discussion terms of cages per unit cell is then RBDg8TA8Tz4P-172H,0.

bromine hydrate, grown from reaction mixtures with different ~ The bromine molecules are located in the large T and P
Bro:H,0O ratios from 1:5 to 1:20 (there are two liquid phases cavities while the small dodecahedral cavities are vacant or
since bromine has limited solubility in water), were studied. partially occupied by @or N, molecules that are incorporated
The crystals were grown at different rates: fast (over several during crystallization in air. The bromine molecules are
hours) or slow (over 4 months). The crystals were grown both disordered in such a way that it is possible to determine 14

Figure 2. General view of the bromine hydrate structure. View approximately along thés (hydrogen atoms are omitted).
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Table 4. Fractional Atomic Coordinates of Water Oxygensl()
and Equivalent Isotropic Displacement Parameters

atom X y z Ueq)
o1 1036(4) 2750(5) 0 36(2)
02 494(3) 3166(2) —1842(4) 33(1)
03 1322(3) 3642(3) —3196(5) 37(2)
04 5556(5) 2915(4) 0 34(2)
05 6456(5) 2066(7) 0 36(2)
06 56(3) 1343(3) 1829(6) 39(2)
o7 898(3) 898(3) 5000 34(2)
08 425(2) 425(2) 3070(9) 30(2)
09 —1066(3) 1066(3) 1108(7) 33(2)
010 1589(5) 722(4) 0 35(2)
011 2680(3) 4923(3) 1928(5) 31(1)
012 2245(4) 3107(3) 0 35(2)
013 3743(2) 2350(2) 1943(3) 29(1)
014 5978(2) 269(2) 1176(4) 33(1)
015 7595(6) 2405(6) 0 38(4)
016 8150(3) 1850(3) 1808(8) 34(2)
017 0 5000 2500 33(2)

Figure 3. Five-D-cavity fragment in the hydrate framework. View
approximately along the axis (hydrogen atoms are omitted).

Figure 4. The 14-hedral cavities (left)sTand (right) T.

crystallographically independent sites for the bromine atoms in
the Ta cavity, 15 sites in the g cavity, and 12 sites in the P

Udachin et al.

Figure 6. Disordering of the Br molecule in the P cavity.

impossible for the bromine molecule to be located there.

Bromine molecules are arranged in a somewhat different way
in the Ta and Tg cages although they have the same symmetry
m. This means that the bromine atoms have a different number
of positions and a different distribution over these positions.

So, two 14-hedral cavities, which have the same symmetry are
crystallographically distinct and have different types of disorder

for the encaged bromine molecules. Disordering of the bromine
molecule in the P-cavity is illustrated in Figure 6.

The minimum intermolecular BrO distance is 3.1 A, and
the intermolecular distance between two bromine molecules in
different cavities is 4.2 A. The bromine molecule occupies
several crystallographically independent sites in each of the T
and P cavities and the degree of occupancy of these sites is
between 0.01 and 0.19. The locations of the bromine atoms
are the same for the crystals grown under different conditions.
However, the site occupancies differ, resulting in different
degrees of cavity filling and, therefore, different hydration
numbers for the crystals. Table 5 presents the coordinates of
the bromine atoms and their site occupancies. The site
occupancy data were used to calculate the cage occupancy
(Table 5). The large cage occupancies vary from 0.80 for
crystals grown from solutions of composition,B20H,0 to 1.0

cavity. The distance between the bromine atom positions rangedor crystals grown with excess bromine via the vapor phase.
from 2.25 to 2.38 A and was obtained under the requirement The data obtained can explain all of the experimental composi-
that each bromine atom must be connected to another brominetion data that have been obtained over the ta$60 years.

atom. The likely locations of the molecule in thg Gavity are

Hydration numbers greater than 8.6 can be attributed to hydrates

shown in Figure 5. It should be noted that there are no bromine in which the large cavities are not completely occupied.
sites along the axis going through the centers of the hexagonalHydration numbers smaller than 8.6 may be explained by the

sides of the cage. This might be due to the fact that the T
cavity is slightly compressed along this axis, which makes it

absorption of excess molecular bromine on the surface of the
crystal. We have already mentioned that the needle-like crystals
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Table 5. Fractional Coordinates of Bromine Atoms, Site Occupancies, and Degree of Filling of the Large Cavities

site thermal deg of
atom X Y z occupancy parameters multiplicity cavity filling
BR1A 0.69662 0.27596 0.29874 0.19865 0.028 16
BR2A 0.66098 0.35396 0.19780 0.16064 0.029 16
BR3A 0.64581 0.31365 0.18535 0.14307 0.029 16
BR4A 0.70726 0.29274 0.31785 0.12156 0.028 8
BR5A 0.65990 0.34010 0.17429 0.11129 0.027 8
BR6A 0.71493 0.32202 0.32071 0.09152 0.029 (L6
BR7A 0.63282 0.32219 0.23961 0.04783 0.034 Il6 T.0.926
BR8A 0.71829 0.28171 0.26694 0.04414 0.029 8 AL
BR9A 0.70809 0.34875 0.29996 0.02853 0.033 16
BROA 0.70655 0.36203 0.22363 0.03084 0.033 16
BR1K 0.66327 0.27177 0.26334 0.03183 0.033 16
BR2K 0.64724 0.35276 0.24607 0.02349 0.035 8
BR3K 0.73439 0.30955 0.24176 0.02270 0.036 16
BR4K 0.71133 0.33903 0.18206 0.02023 0.034 16
BR1B 0.91199 0.55226 —0.04959 0.09911 0.031 16
BR2B 0.88471 0.57096 0.06118 0.09545 0.031 16
BR3B 0.83301 0.52923 —0.04995 0.08428 0.030 16
BR4B 0.86724 0.49307 —0.05263 0.08360 0.034 16
BR5B 0.88976 0.54418 0.09456 0.08230 0.031 16
BR6B 0.88111 0.51732 —0.09309 0.07745 0.034 1
BR7B —0.01397 0.35355 0.57657 0.07618 0.031 LLB
BR8B 0.83627 0.50314 —0.03015 0.07041 0.033 14 g D.979
BR9B 0.84634 0.56761 0.04329 0.06653 0.034 16
BROB 0.86185 0.55368 —0.07982 0.06369 0.035 16
BR1L 0.89986 0.49659 0.03916 0.05855 0.034 16
BR2L 0.90786 0.52275 0.07312 0.07087 0.032 16
BR3L 0.85535 0.48519 0.00000 0.05974 0.036 8
BRAL 0.87245 0.58460 0.01638 0.05624 0.032 16
BR5L 2.10529 —2.57741 0.00000 0.03385 0.032 JS
BR1C —0.36011 —0.42299 0.95057 0.08840 0.034 6
BR2C —0.39107 —0.42040 0.91803 0.07463 0.037 16
BR3C —0.39964 —0.36071 0.92851 0.07445 0.036 16
BR4C —0.38774 —0.34827 0.96153 0.07103 0.034 16
BR5C —0.44060 —0.40431 0.96160 0.06798 0.035 16
BR6C —0.42401 —0.42401 0.94125 0.04836 0.036 g P 0.919
BR7C —0.39054 —0.39054 0.89802 0.03792 0.038 '
BR8C —0.37075 —0.37075 0.92810 0.03044 0.035 8
BROC —0.43745 —0.36939 0.00000 0.02529 0.033 8
BROC —0.65297 0.41758 0.00000 0.01440 0.029 8
BR1M —0.35978 —0.35978 0.00000 0.01053 0.033 4
BR2M —0.43242 —0.43242 0.00000 0.00839 0.036 4

they did not provide conclusive evidence. Now, in light of the
new single crystal X-ray data, it is pleasing to find that¥fXe
results are quite consistent with the tetragonal structure.

Figure 8 shows a comparison of the 77'¥Xe NMR CP
spectra for Str.I Xe hydrate, a Str.Il Xe/benzene mixed hydrate,
and a mixed BfXe hydrate. At 77 K (Figure 8c) we observe
two broad resonances from Xe, one at 244 ppm which can be
assigned to Xe in the small 12-hedral cage, which is significantly
stronger than the second, at 147 ppm (isotropic shift), corre-
sponding to Xe in the large 14-hedral cage. This arrangement
of intensity is opposite to that found for pure Xe hydrate (where
the intensities are about 1:4 S:L, since the small cages are not
fully occupied in the equilibrated structure), clearly showing
that this material is different from Xe Str.l hydrate. The line
due to Xe in the small cages has a shift between those for Str.|
Figure 7. Possible connections between bromine atoms in the T (250 ppm) and Str.1l (235 ppm), furthermore the MAS spectrum
cavity. at 245 K (Figure 8d) reveals that there are in fact two
grown in the presence of excess bromine are of a more intense'€sonances, at 253 and 256 ppm, in the small cage region with
color. Surface adsorption perhaps also can explain the formationa roughly 1:4 intensity ratio, as would be expected for thg:2D
of needlelike crystals, as it is likely that the preferential sorption 8Ds small cages of the tetragonal structure. The anisotropic
of bromine on some of the crystal faces inhibits growth in those line in the 147-ppm region (at 77 K) is very similar in shape to

directions. that of the 14-hedral cage of Str.I (isotropic shift 148 ppm at
(b) NMR Results. Prior to the single crystal X-ray work 77 K). Also, the breadth of the line at 153 ppm (at 245 K) in
we studied several mixed BKe hydrate samples usirig®e the MAS spectrum hints at a slight difference in isotropic shift

NMR. Taken on their own these results offered clues that the for Xe in the Ta and Tg cages. We would have expected Xe
proposed tetragonal structure of Jeffrey was likely correct, but in the 15-hedra to have a shift between that of the 14-hedron
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1
300 200 100
ppm
Figure 9. (a—d) *?°Xe NMR static CP spectradp = 20 ms) at 77 K
of the 0.6Xe:0.8B£8.4H,0 sample at different times after prepara-
tion: (a) 6 h; (b) 23 h; (c) 41 h; (d) 64 h. The sample was annealed in

f
Lﬁ
?

d) an ice bath for the first 23 h and thereafter in dry ice. (e) Static CP
L ) ) | | spectrum fcp = 0.7 ms) at 200 K obtained at 43 h.
300 200 100
ppm form only a tetragonal hydrate, space grétp/mnm a = 23.04
A, c=12.07 A. Hydration numbensreported in the literature

Figure 8. ?°Xe NMR spectra: (a) Xe Str.| hydrate at 77 K, statig .
=20 ms; (b) Xe/benzene Str.ll hydrate at 77 K, statiig,= 20 ms; range from 6 to 12. For the crystals studied heranges from

(c) Xe/Br, hydrate (0.4:0.6:8.44D) at 77 K, staticfce = 20 ms; and 8.62 t0 10.68 (as determined from the structural data), and this
(d) Xe/Br, hydrate (0.4:0.6:8.40) at 245 K, magic angle spinning, IS shown to be due to variable occupancy of the large cages in
no CP,'H decoupled. the structure. The results obtained finally define the details of
the hydrate lattice and explain data collected over the~a$0
(147 ppm at 77 K) and the 16-hedron of Str.1l (86 ppm at 77 K years. The variable occupancy of the large cages is in general
for the benzene/Xe Str.Il shown) and it ought to show a chemical agreement with van der Waals and Platteeuw’s “solid solution”
shift anisotropy; no such signals are apparent. (Possible reasongnodel for clathrates. There still are challenges in understanding
include the following: a preferred Broccupancy of the  \why only the bromine guest gives a tetragonal structure, as just
relatively few cages of this type; a large anisotropy of the anout all other simple guests promote either structuoe II
chgmical shift; and an accidental coincidence of the shift and hydrate fert-butylamine is an exception, and indications are
anisotropy with that of xenon in the 14-hedron.) that the lower hydrate of dimethyl ether also has a unique
One surprising observation from th&Xe NMR studies is  grycture). The crystal morphologies and hydration numbers
that the samples shortly after preparation usually showed a weak, o shown to be linked, the common cause likely being the

isotropic line at 86.5 ppm (at 77 K) charac;teristic of Xe iln the different concentrations of the starting solutions.
large cage of Str.ll hydrates. However, in all cases this line

gradually disappeared with further conditioning over an extended
period of time, Figure 9. It thus appears that the Xe/Br
combination can support a hydrate of Str.ll but that this is
metastable with respect to the tetragonal structure. Since ther
is no evidence from the crystallography for a Str.ll hydrate with
Br, alone, we suggest that the ability of Xe to occupy small
hydrate cages permits the transient formation of Str.1l with Br
occupying a large fraction of the large cages.
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