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Hydrophobic Hydration and the Formation of a Clathrate Hydrate
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We report a direct comparison of the local structure of the hydrophobic hydration of krypton in both
the liquid and solid states by the extended x-ray absorption fine structure spectroscopy technique. The
evolution of an ordered hydration shell of the nonpolar gas moiety is followed as the liquid to solid
phase transition progresses. The formation of a clathrate cage structure from the more disordered liquid
state hydration shell is clearly demonstrated. [S0031-9007(98)07579-6]

PACS numbers: 61.25.Em, 61.10.Ht, 64.70.Dv

Gas hydrates are an interesting and very important clagslated that the water hydrating such solutes might be per-
of materials that often display unusual properties [1]. Theurbed in the direction of greater crystallinity when com-
structural processes involved in the formation of theseared with that found in the pure bulk solvent.
materials are currently a topic of great interest for many This model [8] has subsequently generated a great deal
reasons; for example, there are significant quantities obf interest among experimental and theoretical workers in
valuable natural gas resources stored in this form [2].  the field, and has become the “standard model” of hy-

The crystalline structures of the gas hydrates have beetrophobic hydration [9]. However, it remains unverified
well characterized. Generally the structures are of thexperimentally, due in significant part to the lack of any
cagelike type-I or type-ll clathrate structures, dependinglirect comparison between the solid and liquid state hy-
upon the size of the “guest” gas molecules [3,4], anddration structures of nonpolar solutes in water.
which stabilize the lattice through nonbonding repulsive The measurements presented in this letter were made
interactions [5,6]. These structures have a principleon a Kr-water mixture at 110 bars pressure and at tem-
building block which is the pentagonal dodecahedron operatures belowl0°C. The experiment was performed
radius 3.9 A. As this is not a space filling polyhedron,on the x-ray absorption spectroscopy beam line, BM29,
the crystalline form of these hydrates contains a secondt the European Synchrotron Radiation Facility (ESRF).
(larger) polyhedra to form the lattice [4]. Though the The synchrotron was operating irf2fill mode with typi-
type-l structure has a smaller large cage size than typeal beam currents of 180 mA and an electron energy
II, the smallest guests, e.g., argon, krypton, and oxygemf 6 GeV. The experimental station was equipped with
tend to form the latter, probably because the ratio of smalBi(311) monochromator crystals detuned by 40% for har-
to large cages is higher [7]. monic rejection, and ion chamber detectors operating with

Here we report an investigation of the hydrate forma-Ar/He gas mixtures optimized for data collection at the
tion process using extended x-ray absorption fine structuriér K absorption edge, 14.3236 keV. The sample was
(EXAFS) spectroscopy. The EXAFS probe is intrinsically illuminated by an x-ray beam of dimensi@0 um ver-
short ranged and element specific; in this case we invedical by 7.0 mm horizontal size. In this configuration an
tigate the local structure around krypton atoms on eitheenergy resolution of 0.6 eV was attained, for comparison
side of the liquid to solid phase transition, where the strucwith the intrinsic core hole width of 2.7 eV (FWHM).
tural signal is dominated by krypton to water oxygen cor- The sample was contained in a pressure cell designed
relations. EXAFS is an ideal microscopic probe for theto operate in the 1 to 120 bars pressure range -apd
comparison of the local structure around the Kr atom into 100 °C temperature range. The sample was delimited
the two phases due to its insensitivity to the onset of thdy two epoxy resin x-ray windows to a 1 mm gap; these
long range order in the crystalline phase. windows were suitably transparent for EXAFS measure-

The structural nature of nonpolar gas hydration isments above 12 keV. The cell was first filled with out-
particularly relevant to the still controversial topic of gassed deionized water, to the level of the x-ray window.
hydrophobic hydration and the associated hydrophobitt was important that the gas/water interface be as close to
effect, by which nonpolar solute moieties associate in theéhe x-ray beam path as possible, so as to avoid the region of
aqueous environment. The direct comparison of the lothe sample that was to be probed from becoming isolated
cal structure between the liquid state and solid state hyfrom the pressurizing gas by a surface layer of clathrate
dration of a nonpolar gas provided by this experimentaice. The cell was sealed using a copper gasket and pressur-
study allows us to make a direct evaluation of the oftenized to 110 bars with Kr gas of 99.998% purity. This cell
misinterpreted iceberg model of hydrophobic hydrationwas then placed within a thermostatic chamber and cooled
suggested by Frank and Evans in 1945 [8]. They posby means of a nitrogen gas flow through a heat exchanger
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immersed in a mixture of liquid nitrogen and ethanol. A The procedure adopted for modeling the x-ray absorp-
consecutive series of spectra (lasting about 20 min eachipn spectra is based on a previously published analysis
were collected while gradually cooling the sample belowscheme [11], and, for the liquid state data, a radial dis-
the solidification temperature. The first set of spectra werdribution methodology specifically designed to deal with
identical and representative of the solution phase. Aftedisordered systems [12,13]. In the solid state the two-
a few transition spectra, the spectral signal stabilized tdody signal was modeled as the sum of four shell contri-
another shape that we have assigned to the solid clathraeitions due to Kr-O and Kr-Kr correlations in small and
structure. A selection of three representative spectra shoarge cages. To account for the higher frequency signal
ing the liquid, solid, and transitional phases are shown irtomponent seen in the clathrate data set, two collinear Kr-
Fig. 1. The averages of the liquid and solid phase sped-O three-body correlations were found to be necessary.
tra corresponding to average temperatureg of 5 and  These are signalsf) and nf) in Fig. 3, calculated com-
—5 * 5°C have been used in the subsequent analysis. pining the Kr-O correlations of the first shells (associated
In .Flgs. 2 and 3 we report the )_(AS spectra for krypton, i, signaISyfz) andyéz)) with the collinear 0-O arrange-
gas in cold water and in the solid state gas hydrate, réqents radially oriented about the center of the small and
spectively. The x-ray absorption fine structure is define arge cages. This model agrees with the known type-Il
asx(k) = (a — avkg)/anor and the photoelectron wave ¢|5thrate structure and therefore allows us to identify this
vector modulus i = /2m(E — E.)/h. ap accounts  high frequency component as a signature of the transition
for the nonstructural atomic background, the normalizayg the solid state.
tion function axr is taken as a smooth atomic cross sec- The structural parameters and associated uncertainties
tion model for Kr scaled by the edge discontinuity, andyefined for the crystalline hydrate system are summarized

E, is the energy of the inflection point at the Ki-edge. iy Taple I. The modeling of the structural parameters was
For both the liquid and solid state data, the double-electrogrsyed through the initial refinement of the small and

excitation background was removed as in our earlier inveﬁ'arge cage radii signalﬁm andy(z) in Fig. 3. The radius
' 1 2 r e

tigation [.101' The I|qU|_d to .SOI'd phase ransition IS asso-q¢ 4o g cage was fixed at 3.902 A, and provided the
ciated with small but significant changes in the spectrum

In particular, in the solid state spectrum higher frequenc;ﬁrmmpal anchor parameter for the structural refinement (a

contributions are apparent, arising from the longer ran alue that would be consistent with either the type-1 or
order. The gainin gf%plituéle of th% solid state signal ng‘r?ype—ll hydrate structures). Following this constraint, the
that of the liquid is limited due to the large thermal and radius of the large cage component was found to refine to a

configurational disorder present in the enclathrated kr value of 4.9 A. This value is most consistent with a type-|
o e?]vironment P ylohydrate structure. The uncertainties in the refined crystal

structure are significantly less than those for the liquid state
[10]; this is particularly true in the 4 to 5 A range. The

12 ' T ' T T presence of the three-body Kr-O-O correlations proved
crucial to the successful modeling of this structure as they
A Clatate account for the bulk of the high frequency component

0s L (NG i observed in the experimental signal.
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FIG. 2. kyx(k) weighted x-ray absorption spectrum and model
FIG. 1. X-ray absorption spectra at the Kredge of a Kr- fit for krypton gas in cold water~5°C and at~110 bars
water system pressurized to 110 bars and at temperatures bel@ressure. From top to bottom are shown the first and second
10°C. The three spectra correspond to Kr in water in theshell contributions to the radial distribution function first peak,
liquid state (bottom), Kr in water in the solid clathrate ice (top), the signal contribution required to model the long range bulk
and an example of a spectrum taken during the liquid to soliddensity of the system, and, lastly, the experimental data and
transition. resulting model signal, respectively.
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FIG. 4. Refined Kr-O partial radial distribution function de-
L L L L rived from the liquid state EXAFS spectrum at5°C and
2 4 6 8 ~110 bars and the comparable distribution function determined
k (A7) from the solid crystal data.

FIG. 3. kyx(k) weighted x-ray absorption spectrum and model

fit for the krypton gas hydrate, at—5°C and at~110 bars . . . -
pressure. F¥8m to% to b):)ttom are shown the small cage Kr-cgensity of oxygen sites used for calculating the liquid state

signal, the large cage Kr-O signal, the small cage-small cag§(r) was0.03345 atoms A% and that for the crystalline
Kr-Kr signal, the small cage-large cage Kr-Kr signal, the smallstate was0.027 62 atoms A3, For the solid state the

cage Kr-O-O180° three-body contribution, the large cage Kr- ¢(r) includes the two first shell contributions from the
0-0 180° three-body contribution, and, lastly, the experimentalgy51| and large cages and the corresponding second O
data and total six signal model fit. . .
shells derived from the three-body Kr-O-O correlations.
Further O atoms at distances higher than about 7 A are
As a result of this analysis it is possible to compare thenot accounted for, and therefore the correct long range
short range of the Kr-O partial radial distribution func- limit of g(r) = 1.0 is not approached. The comparison
tions of the solution and clathrate structures, a comparief the twog(r)s below 7 A is, however, meaningful.
son which cannot easily be made by any other technique. Figure 4 therefore allows us to compare the local struc-
For consistency of comparison between the solid state andre for the solid and liquid state hydrophobic hydration of
liquid state data, the empirical fitting paramet&sand a noble gas atom. The first peak in the radial distribution
S5, which define the alignment between the experimenfunction occurs at the same distance of 3.8 A, indicating
tal and theoretical energy scales and the overall amplitudihat the size of the liquid state hydration shell is directly
reduction factor, were refined for the solid state systentomparable with the small cage of the type-Il clathrate
and transferred as constants to the refinement of the liquidydrate. On integration, the number of water molecules
state system. The results are shown in Fig. 4. The atomiovolved in the first coordination shells of the liquid and

TABLE I. Refined values of the main parameters used to fit the crystalline clathrate hydrate structure. The first shell
distance was fixed at 3.902 A while the first and second shell coordination numbers were constrained by using the relationship
Nie = (1 — x) X 20 and N, = (x) X 28, where 20 and 28 are the number of water molecules required for the small and large
cages of the type-ll clathrate structure (Scage and Lcage), respectively. Within this constraint, the paramder fraction

of large cages, ideallylg, and which refined to a value @35. These first two shells were modeled allowing for a degree of
asymmetry, characterized by the paramgidor a I" distribution. The other shells were modeled within a Gaussian approximation
while their coordination numbers were constrained to the crystallographically accepted values.

Coordination number R o?
Shell (atoms) A (A?) B
Small cage Kr-O 13.05 3.902 (fixed) 0.12 = 0.06 03 +03
Large cage Kr-O 9.73 49 = 0.1 0.10 = 0.05 —0.1 £0.5
Scage-Scage Kr-Kr 4.0 (fixed) 64 =03 0.05 = 0.02
Scage-Lcage Kr-Kr 8.0 (fixed) 73 = 0.1 0.05 = 0.02
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solid hydrates are the same—in the 2.6 to 4.5 A rangéydration shell of a hydrophobic residue was greater than
~13 water molecules are found in the liquid state andexpected in the standard theory.

~12.5 water molecules in the solid. However, the higher Furthermore, this novel x-ray absorption spectroscopy
degree of ordering in the hydration shell of the solid re-measurement demonstrates that one can directly probe the
sults in the sharper features of the crystalline radial distriformation and local structural correlations of gas hydrate
bution function. In the crystalline system the full width systems.

at half maximum of the first peak is found to be 0.9 A, We acknowledge the skillful technical assistance of
whereas in the liquid state it is closer to 1.1 A. ThisS. Pasternak and R. Weigel of the ESRF, for the sample
observation suggests that the average orientational corell construction and pressure system support, respec-
figurations of water molecules in contact with the gas soltively. All experiments were performed on BM29 at the
ute in the liquid state deviate from the largely tangentialESRF under Proposal No. CH-371. D.T.B. and J.L.F.
orientational configurations adopted in the clathrate cagacknowledge the financial support of the Engineering and
structure; i.e., a hydration “cage” exists in the liquid, butPhysical Sciences Research Council (EPSRC) U.K. (Grant
it is more loosely defined than in the solid state systemNo. GR/K/12465).

It is interesting to note that the determined coordination

numbers indicate that, on the transformation from the lig-
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into the 4510 5.1 A distance range to form the large cage ity B.p. 220, 38043 Grenoble cedex, France.
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