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Abstract X-ray diffraction study of quenched sample of

acetone clathrate hydrate synthesized at 0.8 GPa was car-

ried out. It was shown that the host frameworks of the

hydrate comprise uniform cavities which are similar to that

of recently characterized structure of high-pressure tetra-

hydrofurane hydrate. The unique peculiarity of investigated

hydrate is decrease in the crystallographic symmetry of the

hydrate arising from ordering in guest subsystem.
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Introduction

Clathrate hydrates are inclusion compounds in which the

host framework is formed by hydrogen-bonded water

molecules, while the guest molecules (a gas or a readily

volatile liquid) are situated in the polyhedral cavities of this

framework [1]. In clathrate hydrates existing at relatively

low pressure (cubic structures I and II, structure H), host

frameworks contain several types of polyhedral cavities

differing in size, whereas recently discovered host frame-

works of high-pressure clathrate hydrates comprise uni-

form cavities [2–4]. Modeling of possible topological types

of such polyhedral frameworks [5, 6] revealed the exis-

tence of some space-filling polyhedral cavities with the

number of faces exceeding 13 (there are 23 packings of 14-

hedra). It is necessary to gain structural information on

high-pressure hydrates to determine the abundance and

structural diversity of the new structural class of hydrate

inclusion compounds. The progress in this branch of

structural chemistry of clathrate hydrates can become an

important impetus for some other areas like structural

chemistry of clathrasils [7] and so-called semiconductor

clathrates [8].

It seems probable that an acetone hydrate existing at

highest pressures belongs to the mentioned above type of

hydrates with the host framework comprised of uniform

cavities. The phase diagram of acetone–water system was

considered in ref. [9]. It was shown that three hydrates exist

in the system at pressures below 1 GPa. The hydrate of

cubic structure II is stable at atmospheric pressure [10]; it

exists up to the pressure of 165 MPa. Another hydrate (h2,

reported stoichiometry: (CH3)2CO*7H2O, assumed struc-

ture: CS-I) occurs within pressure range 100–315 MPa.

Finally, the third hydrate (h3, reported stoichiometry:

(CH3)2CO*5H2O) appears in the system at a pressure about

120 MPa; this means that all hydrate phases are stable

within 120-165 MPa. In the present work we report on the

data of X-ray structural investigation of h3 acetone hydrate.

Experimental

Acetone hydrate h3 was obtained by pressurizing approx-

imately 5 mL of water–acetone mixture (molar ratio 6:1) to

the pressure of 800 MPa at room temperature. After 24 h
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the high-pressure apparatus was frozen to the liquid

nitrogen temperature, and the quenched hydrate sample

was taken out. Further manipulations with the hydrate were

carried out at the liquid nitrogen temperature; the time span

from sample extraction to the X-ray experiment did not

exceed 2 h. The powder diffraction patterns were recorded

using the synchrotron radiation at the 4th channel of VEPP-

3 storage ring (Institute of Nuclear Physics, SB RAS,

Novosibirsk) [11]. The wavelength of the radiation in-

volved was 0.3675 Å. Series of powder diffraction patterns

of the sample was taken at temperatures ranging from 78 K

to room temperature. Sample heating rate was varied

within the range 2–3�/min, total duration of an experiment

was one hour and a half. The diffraction patterns were

registered with an ImagePlate MAR-345 detector. Inte-

gration was carried out using FIT2D program [12], the

distance from the sample to the detector was determined

using the diffraction patterns of a reference substance

(NaCl). Location of reflections, indexing trials, refinement

of unit cell parameters and development of model dif-

fraction patterns were carried out with the programs Full-

Prof [13] and XLAT [14].

Results and discussion

The experimental X-ray diffraction pattern of a quenched

sample of the h3 acetone hydrate is shown in Fig. 1a.

Indexing the experimental diffraction patterns of the hy-

drate yielded a probable unit cell with parameters close to

those of the orthorhombic unit cell of the tetrahydrofuran

clathrate hydrate THF � 6H2O studied by us earlier [3]

(Fig. 2, structural type: RS-III, Pnma, a = 12.54 Å,

b = 11.44 Å, c = 6.60 Å at T = 293 K, P = 800 MPa), the

host framework is composed of congruent 14-faced cavities

having four quadrangular faces, four pentagonal and

six hexagonal ones). However, the presence of the reflec-

tion with 2h = 2.498� (corresponding to the 1 1 0 reflection

of the above-mentioned unit cell metrics) in our diffraction

patterns points to decreased symmetry of the hydrate as

compared to the symmetry of the idealized RS-III hydrate

framework. The most probable assumption is that the de-

crease in the symmetry of the hydrate occurs due to sym-

metry violation at the position occupied by the guest

molecule (in the idealized RS-III framework and in

THF � 6H2O hydrate––the mirror plane symmetry), the

symmetrical identity of the cavities being preserved.

Probing possible spatial arrangement of the acetone mol-

ecule in the cavity under consideration, carried out with

EENY program (S. Motherwell, Potential Energy Pro-

gram, University Chemical Laboratory, Cambridge (UK)),

demonstrated that the most favorable orientations of the

acetone molecule in the cavity indeed do reduce its max-

imum symmetry (Fig. 3).

There are four subgroups of the Pnma group preserving

the symmetrical equivalence of the cavities: Pn21a, P1121/

a, P21/n11, P212121 (the directions of axes of the unit cell

are retained). The first two subgroups should be ruled out

due to the absence of the reflection 1 1 0. The calculated

diffraction patterns for the structures in the two remaining

groups with the optimized position of the acetone molecule

are shown in Fig. 1b, c. The largest similarity to the

experimental diffraction patterns (especially within the

angle range 2h = 4,930–5.997�, reflections 0 2 1, 2 1 1 and

2 2 0) is observed for the case of the P212121 group; poor

Fig. 1 (a) Experimental powder diffraction patterns of the quenched

acetone hydrate sample at T = 85 K; Diffraction patterns for space

groups P21/n11 (b) and P212121 (c) simulated in assumption of the

position of acetone molecule in the cavity shown in Fig. 2

Fig. 2 A layer of symmetrically equivalent polyhedra. The whole

RS-III host framework may be represented as close pack of the layers
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agreement in intensity of the strongest diffraction peak

comes from the features of the integration procedure (the

presence of overexposed spots in the diffraction ring).

Though the quality of the experimental powder diffraction

patterns precludes from refinement of the structure by the

Rietveld method, the similarity between the experimental

patterns and the one simulated for the acetone hydrate with

RS-III framework and the symmetry decreased to P212121

(Fig. 1a, c) allows us to consider this model as the most

plausible one. The absence of ice and solid acetone

reflections in the experimental diffraction patterns confirms

the validity of 6:1 water–acetone ratio following from the

structural model suggested.

The final refinement of the unit cell parameters gives

a = 12.76 ± 0.01 Å, b = 11.21 ± 0.01 Å, c = 6.587 ±

0.002 Å, V = 942.2 ± 0.9 Å3 (T = 85 K, Table 1).

Processing of the entire series of the diffraction patterns

taken on sample warming shows that the decomposition of

the quenched hydrate sample h3 at atmospheric pressure

appears at 178 K (Table 2). At higher temperatures only

the reflections corresponding to the expected clathrate

hydrate of CS-II are observed in the diffraction patterns;

this fact makes it possible to assume that the h3 hydrate

decomposes into h1 and a liquid phase rich with acetone.

Thus, in the present work we pioneered the determina-

tion of the crystal structure of acetone hydrate existing at

high pressure. The true composition of this hydrate

resulting from the suggested crystal structure is

(CH3)2CO � 6H2O. The structure is very similar to that of

the tetrahydrofuran hydrate; however, this hydrate exem-

plifies a novel phenomenon unprecedented for the low

pressure gas hydrates: the symmetry reduction of the host

framework as a consequence of ordering in the guest

subsystem.

Table 1 A comparison of the main calculated and observed reflections for the quenched high-pressure acetone hydrate within the range

2h = 2.5–7.0� (T = 85 K)

h k l dcalc dobs h k l dcalc dobs h k l dcalc dobs

1 1 0 8.420 8.421 2 3 0 3.223 -//- 2 2 2 2.594 -//-

* 2 0 0 6.382 6.402 4 0 0 3.191 3 3 1 2.582

* 1 0 1 5.854 5.854 1 0 2 3.189 2 4 0 2.565

0 2 0 5.602 - 0 1 2 3.160 3.163 3 1 2 2.537 2.534

1 1 1 5.188 5.152 1 3 1 3.148 1 4 1 2.527

1 2 0 5.129 * 1 1 2 3.067 3.067 4 3 0 2.426 2.432

* 2 0 1 4.584 4.585 * 3 2 1 3.013 3.013 1 3 2 2.425

0 2 1 4.267 4.261 2 0 2 2.927 2.925 2 4 1 2.390 2.388

2 1 1 4.242 2 3 1 2.895 5 0 1 2.380

1 2 1 4.047 4.052 4 0 1 2.872 2.873 3 2 2 2.362 2.321

3 1 0 3.978 0 2 2 2.839 5 1 1 2.328

3 0 1 3.574 3.553 0 4 0 2.801 2.775 * 4 1 2 2.245 2.245

2 2 1 3.547 4 1 1 2.782 * 3 4 1 2.205 2.205

* 3 1 1 3.405 3.403 4 2 0 2.773 1 0 3 2.164 2.165

0 0 2 3.294 3.230 1 2 2 2.772 0 1 3 2.155

0 3 1 3.249 3 0 2 2.605 2.590

An asterisks mark the reflections used to calculate the unit cell parameters with the XLAT program

Fig. 3 A model of the arrangement of acetone molecule in the cavity

of the RS-III framework distorting the symmetry of the mirror plane

of the cavity
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