
VOLUME 81, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 9 NOVEMBER 1998

dom

4

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
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Gas hydrates are an interesting and very important cla
of materials that often display unusual properties [1]. Th
structural processes involved in the formation of thes
materials are currently a topic of great interest for man
reasons; for example, there are significant quantities
valuable natural gas resources stored in this form [2].

The crystalline structures of the gas hydrates have be
well characterized. Generally the structures are of t
cagelike type-I or type-II clathrate structures, dependin
upon the size of the “guest” gas molecules [3,4], an
which stabilize the lattice through nonbonding repulsiv
interactions [5,6]. These structures have a princip
building block which is the pentagonal dodecahedron
radius 3.9 Å. As this is not a space filling polyhedron
the crystalline form of these hydrates contains a seco
(larger) polyhedra to form the lattice [4]. Though the
type-I structure has a smaller large cage size than ty
II, the smallest guests, e.g., argon, krypton, and oxyge
tend to form the latter, probably because the ratio of sm
to large cages is higher [7].

Here we report an investigation of the hydrate forma
tion process using extended x-ray absorption fine structu
(EXAFS) spectroscopy. The EXAFS probe is intrinsicall
short ranged and element specific; in this case we inve
tigate the local structure around krypton atoms on eith
side of the liquid to solid phase transition, where the stru
tural signal is dominated by krypton to water oxygen co
relations. EXAFS is an ideal microscopic probe for th
comparison of the local structure around the Kr atom
the two phases due to its insensitivity to the onset of th
long range order in the crystalline phase.

The structural nature of nonpolar gas hydration
particularly relevant to the still controversial topic o
hydrophobic hydration and the associated hydrophob
effect, by which nonpolar solute moieties associate in t
aqueous environment. The direct comparison of the l
cal structure between the liquid state and solid state h
dration of a nonpolar gas provided by this experiment
study allows us to make a direct evaluation of the ofte
misinterpreted iceberg model of hydrophobic hydratio
suggested by Frank and Evans in 1945 [8]. They po
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tulated that the water hydrating such solutes might be p
turbed in the direction of greater crystallinity when com
pared with that found in the pure bulk solvent.

This model [8] has subsequently generated a great d
of interest among experimental and theoretical workers
the field, and has become the “standard model” of h
drophobic hydration [9]. However, it remains unverifie
experimentally, due in significant part to the lack of an
direct comparison between the solid and liquid state h
dration structures of nonpolar solutes in water.

The measurements presented in this letter were m
on a Kr-water mixture at 110 bars pressure and at te
peratures below10 ±C. The experiment was performed
on the x-ray absorption spectroscopy beam line, BM2
at the European Synchrotron Radiation Facility (ESRF
The synchrotron was operating in 2y3 fill mode with typi-
cal beam currents of 180 mA and an electron ener
of 6 GeV. The experimental station was equipped wi
Si(311) monochromator crystals detuned by 40% for h
monic rejection, and ion chamber detectors operating w
AryHe gas mixtures optimized for data collection at th
Kr K absorption edge, 14.3236 keV. The sample w
illuminated by an x-ray beam of dimension200 mm ver-
tical by 7.0 mm horizontal size. In this configuration a
energy resolution of 0.6 eV was attained, for comparis
with the intrinsic core hole width of 2.7 eV (FWHM).

The sample was contained in a pressure cell desig
to operate in the 1 to 120 bars pressure range and220
to 100 ±C temperature range. The sample was delimit
by two epoxy resin x-ray windows to a 1 mm gap; the
windows were suitably transparent for EXAFS measur
ments above 12 keV. The cell was first filled with ou
gassed deionized water, to the level of the x-ray windo
It was important that the gas/water interface be as close
the x-ray beam path as possible, so as to avoid the regio
the sample that was to be probed from becoming isola
from the pressurizing gas by a surface layer of clathra
ice. The cell was sealed using a copper gasket and pres
ized to 110 bars with Kr gas of 99.998% purity. This ce
was then placed within a thermostatic chamber and coo
by means of a nitrogen gas flow through a heat exchan
© 1998 The American Physical Society
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immersed in a mixture of liquid nitrogen and ethanol.
consecutive series of spectra (lasting about 20 min ea
were collected while gradually cooling the sample belo
the solidification temperature. The first set of spectra we
identical and representative of the solution phase. Af
a few transition spectra, the spectral signal stabilized
another shape that we have assigned to the solid clath
structure. A selection of three representative spectra sh
ing the liquid, solid, and transitional phases are shown
Fig. 1. The averages of the liquid and solid phase sp
tra corresponding to average temperatures of4 6 5 and
25 6 5 ±C have been used in the subsequent analysis.

In Figs. 2 and 3 we report the XAS spectra for krypto
gas in cold water and in the solid state gas hydrate,
spectively. The x-ray absorption fine structure is defin
asxskd  sa 2 abkgdyanor and the photoelectron wave
vector modulus isk 

p
2msE 2 Eedyh̄. abkg accounts

for the nonstructural atomic background, the normaliz
tion functionanor is taken as a smooth atomic cross se
tion model for Kr scaled by the edge discontinuity, an
Ee is the energy of the inflection point at the KrK-edge.
For both the liquid and solid state data, the double-electr
excitation background was removed as in our earlier inv
tigation [10]. The liquid to solid phase transition is ass
ciated with small but significant changes in the spectru
In particular, in the solid state spectrum higher frequen
contributions are apparent, arising from the longer ran
order. The gain in amplitude of the solid state signal ov
that of the liquid is limited due to the large thermal an
configurational disorder present in the enclathrated kry
ton environment.

FIG. 1. X-ray absorption spectra at the KrK-edge of a Kr-
water system pressurized to 110 bars and at temperatures b
10 ±C. The three spectra correspond to Kr in water in th
liquid state (bottom), Kr in water in the solid clathrate ice (top
and an example of a spectrum taken during the liquid to so
transition.
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The procedure adopted for modeling the x-ray abso
tion spectra is based on a previously published analy
scheme [11], and, for the liquid state data, a radial d
tribution methodology specifically designed to deal wi
disordered systems [12,13]. In the solid state the tw
body signal was modeled as the sum of four shell con
butions due to Kr-O and Kr-Kr correlations in small an
large cages. To account for the higher frequency sig
component seen in the clathrate data set, two collinear
O-O three-body correlations were found to be necessa
These are signalsh

s3d
1 andh

s3d
2 in Fig. 3, calculated com-

bining the Kr-O correlations of the first shells (associat
with signalsg

s2d
1 andg

s2d
2 ) with the collinear O-O arrange-

ments radially oriented about the center of the small a
large cages. This model agrees with the known type
clathrate structure and therefore allows us to identify th
high frequency component as a signature of the transit
to the solid state.

The structural parameters and associated uncertain
refined for the crystalline hydrate system are summariz
in Table I. The modeling of the structural parameters w
pursued through the initial refinement of the small an
large cage radii, signalsg

s2d
1 andg

s2d
2 in Fig. 3. The radius

of the small cage was fixed at 3.902 Å, and provided t
principal anchor parameter for the structural refinement
value that would be consistent with either the type-I
type-II hydrate structures). Following this constraint, th
radius of the large cage component was found to refine t
value of 4.9 Å. This value is most consistent with a type-
hydrate structure. The uncertainties in the refined crys
structure are significantly less than those for the liquid st
[10]; this is particularly true in the 4 to 5 Å range. Th
presence of the three-body Kr-O-O correlations prov
crucial to the successful modeling of this structure as th
account for the bulk of the high frequency compone
observed in the experimental signal.

FIG. 2. kxskd weighted x-ray absorption spectrum and mod
fit for krypton gas in cold water,5 ±C and at ,110 bars
pressure. From top to bottom are shown the first and sec
shell contributions to the radial distribution function first pea
the signal contribution required to model the long range bu
density of the system, and, lastly, the experimental data a
resulting model signal, respectively.
4165
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FIG. 3. kxskd weighted x-ray absorption spectrum and mod
fit for the krypton gas hydrate, at,25 ±C and at,110 bars
pressure. From top to bottom are shown the small cage K
signal, the large cage Kr-O signal, the small cage-small ca
Kr-Kr signal, the small cage-large cage Kr-Kr signal, the sma
cage Kr-O-O180± three-body contribution, the large cage Kr
O-O 180± three-body contribution, and, lastly, the experiment
data and total six signal model fit.

As a result of this analysis it is possible to compare t
short range of the Kr-O partial radial distribution func
tions of the solution and clathrate structures, a compa
son which cannot easily be made by any other techniq
For consistency of comparison between the solid state
liquid state data, the empirical fitting parametersE0 and
S2

0 , which define the alignment between the experime
tal and theoretical energy scales and the overall amplitu
reduction factor, were refined for the solid state syste
and transferred as constants to the refinement of the liq
state system. The results are shown in Fig. 4. The atom
hell
nship
ge

n

TABLE I. Refined values of the main parameters used to fit the crystalline clathrate hydrate structure. The first s
distance was fixed at 3.902 Å while the first and second shell coordination numbers were constrained by using the relatio
Nsc  s1 2 xd 3 20 and Nlc  sxd 3 28, where 20 and 28 are the number of water molecules required for the small and lar
cages of the type-II clathrate structure (Scage and Lcage), respectively. Within this constraint, the parameterx is the fraction
of large cages, ideally13 , and which refined to a value of0.35. These first two shells were modeled allowing for a degree of
asymmetry, characterized by the parameterb for a G distribution. The other shells were modeled within a Gaussian approximatio
while their coordination numbers were constrained to the crystallographically accepted values.

Coordination number R s2

Shell (atoms) sÅd sÅ2d b

Small cage Kr-O 13.05 3.902 (fixed) 0.12 6 0.06 0.3 6 0.3
Large cage Kr-O 9.73 4.9 6 0.1 0.10 6 0.05 20.1 6 0.5
Scage-Scage Kr-Kr 4.0 (fixed) 6.4 6 0.3 0.05 6 0.02 · · ·
Scage-Lcage Kr-Kr 8.0 (fixed) 7.3 6 0.1 0.05 6 0.02 · · ·
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FIG. 4. Refined Kr-O partial radial distribution function de-
rived from the liquid state EXAFS spectrum at,5 ±C and
,110 bars and the comparable distribution function determined
from the solid crystal data.

density of oxygen sites used for calculating the liquid state
gsrd was 0.033 45 atoms Å23 and that for the crystalline
state was0.027 62 atoms Å23. For the solid state the
gsrd includes the two first shell contributions from the
small and large cages and the corresponding second
shells derived from the three-body Kr-O-O correlations.
Further O atoms at distances higher than about 7 Å ar
not accounted for, and therefore the correct long rang
limit of gsrd  1.0 is not approached. The comparison
of the twogsrds below 7 Å is, however, meaningful.

Figure 4 therefore allows us to compare the local struc
ture for the solid and liquid state hydrophobic hydration of
a noble gas atom. The first peak in the radial distribution
function occurs at the same distance of 3.8 Å, indicating
that the size of the liquid state hydration shell is directly
comparable with the small cage of the type-II clathrate
hydrate. On integration, the number of water molecules
involved in the first coordination shells of the liquid and
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solid hydrates are the same—in the 2.6 to 4.5 Å ran
,13 water molecules are found in the liquid state an
,12.5 water molecules in the solid. However, the highe
degree of ordering in the hydration shell of the solid re
sults in the sharper features of the crystalline radial dist
bution function. In the crystalline system the full width
at half maximum of the first peak is found to be 0.9 Å
whereas in the liquid state it is closer to 1.1 Å. Thi
observation suggests that the average orientational c
figurations of water molecules in contact with the gas so
ute in the liquid state deviate from the largely tangenti
orientational configurations adopted in the clathrate ca
structure; i.e., a hydration “cage” exists in the liquid, bu
it is more loosely defined than in the solid state syste
It is interesting to note that the determined coordinatio
numbers indicate that, on the transformation from the li
uid to the solid state, one extra water molecule is draw
into the 4.5 to 5.1 Å distance range to form the large ca
structure with,18 water molecules found in the liquid
state and,19 in the clathrate, although the total numbe
of water molecules in the 2.6 to 5.7 Å range remains co
stant at,22.5.

Of note is the observation that the position of the larg
cage hydration shell coincides with the minimum in th
liquid state radial distribution function. Molecules tha
contribute to the formation of the solid from the liquid
state must therefore be drawn into this local vicinity o
the gas atom as the cage structure is established in
solid. This raises the interesting question as to wheth
the clathrate hydrate formation could be inhibited if som
means for blocking this process could be found.

In conclusion, we have shown, for the first time by
single investigative technique, the local structural corr
lations involved in the formation of a clathrate hydrat
from a liquid under inert gas applied pressure. The r
sults clearly demonstrate the similarities and differenc
between the hydrophobic hydration shell of the nob
gas atom in the liquid state and that found in the sol
clathrate. We believe this to be the first ever direct e
perimental test of the classic iceberg model of Frank a
Evans [8]. The result is consistent with that of a ne
tron scattering study of the hydration of methanol [14] i
which it was shown that the degree of disorder in the fir
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hydration shell of a hydrophobic residue was greater tha
expected in the standard theory.

Furthermore, this novel x-ray absorption spectroscop
measurement demonstrates that one can directly probe
formation and local structural correlations of gas hydrat
systems.
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