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Abstract

Ab initio molecular dynamics(AIMD ) results on a krypton–water liquid solution are presented and compared to
recent XAFS results for the radial hydration structure for a Kr atom in liquid water solution. Though these AIMD
calculations have important limitations of scale, the comparisons with the liquid solution results are satisfactory and
significantly different from the radial distributions extracted from the data on the solid KryH O clathrate hydrate2

phase. The calculations also produce the coordination number distribution that can be examined for metastable
coordination structures suggesting possibilities for clathrate-like organization; none are seen in these results. Clathrate
pictures of hydrophobic hydration are discussed, as is the quasi-chemical theory that should provide a basis for
clathrate pictures. Outer shell contributions are discussed and estimated; they are positive and larger than the positive
experimental hydration free energy of Kr(aq), implying that inner shell contributions must be negative and of
comparable size. Clathrate-like inner shell hydration structures on a Kr atom solute are obtained for some, but not
all, of the coordination number cases observed in the simulation. The structures found have a delicate stability. Inner
shell coordination structures extracted from the simulation of the liquid, and then subjected to quantum chemical
optimization, always decomposed. Interactions with the outer shell material are decisive in stabilizing coordination
structures observed in liquid solution and in clathrate phases. The primitive quasi-chemical estimate that uses a
dielectric model for the influence of the outer shell material on the inner shell equilibria gives a contribution to
hydration free energy that is positive and larger than the experimental hydration free energy. The ‘what are we to tell
students’ question about hydrophobic hydration, often answered with structural clathrate pictures, is then considered;
we propose an alternative answer that is consistent with successful molecular theories of hydrophobic effects and
based upon distinctive observable properties of liquid water. Considerations of parsimony, for instance Ockham’s
razor, then suggest that additional structural hypotheses in response to ‘what are we to tell students’ are not required
at this stage.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Kauzmann’s analysisw1x established the topic
of hydrophobic effects as relevant to the structure,
stability, and function of soluble proteins. Remi-
niscences on protein research of that period empha-
size that the concept of hydrophobic stabilization
of globular proteins was non-trivialw2x. Decades
have passed, and the language of hydrophobic
effects has become common. It is therefore aston-
ishing to note that consensus on a molecular scale
conceptualization of hydrophobic effects, and on
molecular theories, has not been obtained. For a
recent example, see Lazaridisw3x. In the present
setting of competing ideas, theories, and selected
results, it is not uncommon to hear from biophys-
ical chemists, ‘What are we to tell students?’ Of
course, one response is to question what we tell
ourselves.
In addressing the most primitive hydrophobic

effects, molecular theory has achieved some sur-
prising steps recently. A compelling molecular
theory for primitive hydrophobic effects is now
available w4x, though a variety of more complex
cases have not been similarly resolvedw5x. Still,
the recent theoretical advance means that we can
scrutinize conflicting theories more seriously and
begin to build a more objective answer to the
‘what are we to tell students’ question.
The recent XAFS studies of the hydration of Kr

in liquid water and in a comparable solid KryH O2
clathrate phasew6x seem particularly helpful to the
task of consolidation of molecular theories of
primitive hydrophobic effects. These experiments
were directed toward characterization of the ice-
berg pictorial interpretations and conclusions of
Frank and Evansw7x that were supported in part
by the known structures of solid clathrate hydrates.
In the panoply ofpictures of hydrophobic phe-

nomena, clathrate models are especially appropri-
ate as initial targets for modern scrutiny: it has
been discovered recently how these structural mod-
els might be developed logically as a basis for
molecular theory of hydrophobic effectsw8,9x.
Those approaches arequasi-chemical theories.
They hold promise for higher molecular resolution,
and particularly for treatingcontext hydrophobicity

in which proximal hydrophilic groups affect the
hydration of hydrophobic moieties.
A drawback that can be foreseen for quasi-

chemical theories is one that is common to com-
putational chemistry: several competing
contributions must be evaluated at an appropriate
accuracy and assembled. The net hydration free
energy of Kr(aq) is an order of magnitude smaller
than several of the primitive contributions to it.
Every little thing counts in the assembled results
and experience in evaluating the various required
contributions is thin. The chemically simple case
of Kr(aq) is an appropriate starting point because
the various contributions that must be evaluated
seem to be in hand. Nevertheless, detailed com-
putational determination of the hydration free ener-
gy of Kr(aq) is not sought in the present effort,
which instead takes the goals of testing clathrate
pictures of hydrophobic hydration and of scoping
molecularly detailed quasi-chemical theories.
The plan for this paper is as follows. In the next

section we give some background on clathrate
models of hydrophobic hydration. After that, we
discuss the quasi-chemical theory in order to
explain the coordination number distribution that
is the principal target of the following ab initio
molecular dynamics(AIMD ) calculations. AIMD
results for the hydration of Kr(aq) are then com-
pared with results from the XAFS experiments. To
guide quasi-chemical descriptions of these phases,
we then estimate the inner and outer shell contri-
butions required for the most primitive approxi-
mations. The final sections discuss ‘what are we
to tell students’ and identify conclusions.
Though AIMD calculations might seem to be

excessive for this chemically simple problem, this
approach is available and the results are not limited
by assumptions of non-cooperativity of the inter-
actions. Modern workw10–12x on hydrophobic
hydration has suggested that attractive interactions
between solute and solvent water might play a
role less trivial than assumed by conventional van
der Waals theoriesw13x. This point is consistent
with the fact that clathrate phases involving inert
gases as light as Ne are more exotic and are to be
sought at relatively higher pressures than similar
phases involving heavier inert gasesw14–17x.
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The present work is centered on the physical–
chemical basics of a foundational concept of
molecular structural biology. We hope this focus
follows the example provided by Kauzmann’s
wide-ranging considerations of molecular science,
including topics of water and aqueous solutions
w18x and molecular biophysical chemistry.

2. Clathrate model background

The status of clathrate pictures of hydrophobic-
ity is reflected in the current literature; for exam-
ple, see Cheng and Rosskyw19x. ‘Conventional
views hold that the hydration shell of small hydro-
phobic solutes is clathrate-like, characterized by
local cage-like hydrogen-bonding structures and a
distinct loss in entropy.’ An admirably clear and
appropriately circumspect early consideration of
clathrate models for solutions of hydrophobic gas-
es in liquid water was given by Gleww20x. The
data available at that time suggested ‘«that the
nature of the water solvent surrounding weakly
interacting aqueous solutes should be likened geo-
metrically to those coordination polyhedra experi-
mentally observed in the solid gas-hydrates.’ Still,
‘in no sense is it considered that the water mole-
cules adjacent to the solute are permanently immo-
bilized or rigid as in solid structures«’ w20x. The
more recent discussion of Dillw21x explains con-
ventional views of hydrophobic hydration ‘«that
the organization of water molecules in the first
shell surrounding the solute is like an ‘iceberg’, a
clathrate, or a ‘flickering cluster.’’ It may be
disconcerting that a series of non-equivalent
descriptors are used for the same phenomenon.
This fact reflects the imprecision of these concep-
tualizations, and we will not distinguish them
further. Another much earlier expression of such a
physical view can be found in Klotzw22x; at the
same time a clathrate model of liquid waterwithout
solutes was proposed by Paulingw23x. The review
in Southall et al.w24x discussed again Kauzmann’s
considerationw1x of clathrate models of hydropho-
bic hydration, which argued that the degree of
ordering suggested by measured hydration entropy
changes upon dissolution was too small to be
conceived as crystalline ordering. Concluding,
Kauzmannw1x stated: ‘There is no justification for

using the iceberg concept as a basis for the
hypothesis that protein molecules are surrounded
and stabilized by regions of ordered water
molecules.’
On the solution structure side of this issue,

Head-Gordon w25x examined the question of
whether the structure of liquid water near hydro-
phobic inert gas molecules was clathrate-like by
exploiting computer simulation to compute the
numbers of H-bonded pentagons present near those
solutes compared to bulk regions of liquids. The
idea was that pentagonal bonding structures are
evident in clathrate crystals so pentagons might be
a suitable diagnostic of clathrate-like structures in
liquid solutions. Some enhancement of the popu-
lations of pentagons was observed in the first
hydration shell of model CH solute in liquid4

water, but the conclusions were ultimately mixed
and included that ‘it is important to emphasize
that no direct connection between structure and
thermodynamics is made—i.e. through a formal
statistical mechanical theory.’
On the crystal side of this issue, clathrate phases

with impressively complex guests have been dis-
coveredw26,27x. But it can happen that though the
water molecules are ordered, the structure of the
guest molecule is disordered. That is opposite to
the case sought in protein crystallography. Earlier
w28x analysis of crambin crystals had identified a
cluster of pentagonal rings of water molecules at
the surface of that protein. Those rings are H-
bonded to the protein and crystal packing effects
are involved in principle. It has been challenged
w29x whether pentagonal H-bond structures are
general features of hydration of soluble proteins.
Furthermore, as noted in the statement above, the
thermodynamic significance of such structures
hasn’t been established. The XAFS results of
Bowron et al.w6x, which are a motivation for this
work, were directed toward an experimental test
of this clathrate concept. Conditions were chosen
to permit formation of a Kr clathrate from the
liquid solution in the sample cell. Temperatures
ranged from an initial 58C to y5 8C with
pressures of approximately 110 bar. Results taken
before and after the transition permitted compari-
son of the radial distribution of water oxygen
atoms conditional on a Kr atom. Those inferred
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radial distributions for the liquid solution and the
clathrate phase werequalitatively different, as is
discussed further below. This difference would be
a serious problem for a literal interpretation in
terms of a clathrate model of hydrophobicity. A
reasonable correspondence of radial solvent den-
sity certainly should be a fundamental requirement
of a successful clathrate model, and it is a require-
ment that has received less attention than orienta-
tional distributions.
Molecular-scale simulation of aqueous solutions

of hydrophobic solutes and of systems that form
clathrates of common interest has been pursued
many times over several decades. Much of that
work on solutions is refered to in Prattw4x. An
early example of molecular simulation of a meth-
ane clathrate is described in Tse et al.w30x; a
comparable, more recent example can be found in
Forrisdahl et al.w31x and a comprehensive review
is given by Sloanw17x. Conclusions from that
body of work are consistent with the results of the
XAFS experiments discussed above. The radial
layering of oxygen density conditional on the guest
is much weaker in the solution case. Results from
studies of liquid solutions yield a modest maxi-
mum value of oxygen radial distribution, typically
slightly larger than 2, and with a weak minimum
that provides little physical distinction between
first and second hydration shells. In contrast, the
maximum values ofg in the methane clathrateco

calculations are greater than 4 with an unambigu-
ous physical definition of the first hydration shell.
The important work of Owicki and Scheragaw32x
compared the radial distributions of oxygen atoms
neighboring a methane solute in liquid solution to
an ideal clathrate possibility. In that case, the mean
inner shell occupancy was approximately 23 and
the correspondence with a clathrate case seemed
closest for the 24 vertex cagew17x, larger than the
smaller 20 vertex possibility presented by known
clathrate crystals. The radial distribution was noted
to be relatively diffuse in the solution case.
Distributions of orientational angles are often

presented in solution simulations and sometimes
compared explicitly to ideal results for clathrate
crystal geometriesw33x. This question of the con-
nection between angle distributions and solution
phase hydrophobicities was addressed by an infor-

mation theory analysis that arranged to include
systematically 2, 3,«, n-body solvent correlations
in thermodynamic predictions of solution phase
hydrophobic hydration free energies. It was a
surprise that inclusion of justns2 and 3-body
correlationsdeteriorated the thermodynamic pre-
dictions obtained when onlyns2-body correla-
tions were usedw4,34x. That work suggested that
an exclusive focus on distributions of angles,
which are obtained from 3-point distributions, can
be problematic for drawing conclusions about
clathrate models of hydrophobicity.
It is helpful to keep in mind the observation

discussed by Friedman and Krishnanw35x: The
sum of the solvation entropies of K and Cl inq y

water is approximately the same as twice the
solvation entropy of Ar(aq), though the case of
methanol as solvent was different. These hydration
entropies are negative so solvent ordering is sug-
gested. But the specific molecular ordering of near
neighbor water molecules is expected to be quali-
tatively different in each of these cases. So there
is no simple, unique inference of molecular struc-
turing available from the measured hydration
entropy; furthermore, the observed entropies gen-
erally do not imply that H-bonding interactions
among water molecules are not substantially influ-
enced by the solute.
Still, clathrate pictorial interpretations are widely

assumed. Sloanw17x notes that ‘«the water sci-
entific community refers to short-lived cavities
(not unit crystals sI, sII or sH) as clathrate-like
structures in water’. Indeed, it is common to
describe the liquid solution results as ‘clathrate-
like’ without scrutiny of likeness or unlikeness to
specific clathrate possibilities.

3. Perspective from quasi-chemical theory

Quasi-chemical theories are built upon a distinc-
tion between defined inner and outer shell regions
w9,36x. The intention is to define an inner shell
that can be studied at molecular resolution using
tools of modern computational chemistry. For the
outer shell region, in contrast, genuine statistical
mechanics cannot be avoided, but it ought to be
simpler because complicated chemical interactions
are not a direct concern there. The inner shell is
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Fig. 1. Structures for KrwH Ox . H-bonds between the water molecules are depicted by broken lines. From left to right, the structures2 n

have 18, 19 and 20 water molecules, respectively. Oxygen atoms are red, hydrogen atoms are blue, and the krypton atom is blue.

defined geometricallyw8x by specification of an
indicator functionb(j) that is one(1) when solu-
tion moleculej occupies the intended inner shell
and zero(0) otherwise. Fig. 1 shows candidates
for inner shell complexes Kr(H O) and suggests2 n

how this approach might apply to build statistical
thermodynamic models starting from ‘clathrate-
like’ concepts.
With the inner shell defined, the interaction

contribution to the chemical potential of the Kr
solute can be expressed asw8,9x

ex mB Ebm syln 1q K rKr aq m H O( ) C F28
D GmG1

ybDUKr
Myln e 1yb j (1)MŽ Ž ..NN 2 0j

whereb skT, with T the temperature andk they1

Boltzmann constant. This excess chemical poten-
tial is partitioned into an inner shell contribution
wthe first term on the right of Eq.(1)x and an outer
shell contribution(the remainder). The inner shell
contribution is associated with equilibrium of
chemical equations

KrqnH O|Kr(H O) (2)2 2 n

for the in situ formation of inner shell complexes,
as in Fig. 1, in situ. The coefficientsK arem

equilibrium ratios for these equations.
The coefficientsK might be obtained by obser-m

vations of the population of Kr atoms coordinated
to m water molecules,ms0,1,« This directs
attention to the probability that a distinguished Kr

atom hasm inner shell water molecule ligands.
Those fractions will be denoted byx and arem

given by

mK rm H O2x s (3)m n1q K rn H O28nG1

The probabilitiesx are physical observablesm

that could be obtained, for example, from a simu-
lation. Our first goal is to investigate thesexm

values to see whether they give any suggestion of
coordination species present in corresponding
known clathrate hydrates. We note these distribu-
tions were conventionally considered in historical
computer simulations for these problems; they
were then referred to as ‘quasi-component’ distri-
butions w10x. This discussion attempts to situate
these distributions in helpful statistical thermody-
namic theories.
The natural initial implementation of these qua-

si-chemical ideas, particularly to ion hydration, has
been to treat effects of material external to the
cluster by an approximation

ex exw z 0Ž .
x |K fexpyb m ymm K (4)Ž .m Kr H O H O m( )y ~2 m 2

whereK is the equilibrium ratio for Eq.(2) in0( )
m

a dilute gas. This approach will be used in the
results below, and the required hydration free
energies are obtained standardly from a dielectric
continuum modelw37x and includes a contribution
from the outer shell term corresponding to the bare
ion.
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Fig. 2. Oxygen coordination of the Kr atom as a function of
time (upper trace and left axis). The total kinetic energy of the
atomic motion shown in the lower trace demonstrates the sta-
bility of the temperature state.

Recently, it has been indicated in Paulaitis and
Pratt w9x how these inner and outer shell contri-
butions can be naturally recombined after the most
natural primitive approximations. In that sense, it
is not necessary to consider these two terms
separately. That development leads further to a
revised approximation scheme in which
K fg K , with g a Lagrange multiplier thatm 0( )

m m

plays the same role here as an activity coefficient.
Further,ykTlng can also be seen as an effective
external field operating on each ligand molecule,
analogous to the prefactor ofK in Eq. (4), This0( )

m

leads finally to the concept of a self-consistent
field treatment of quasi-chemical approximations
w38x.

4. Ab initio molecular dynamics for Kr(aq) and
comparison with XAFS results

The system simulated by AIMD consisted of
one Kr atom surrounded by 32 water molecules in
a cubic box with sides of length 9.87 A and˚
periodic boundary conditions. An initial structure
was obtained utilizing results from an earlier study
of Li (aq) w39,40x. A Kr atom was substituted forq

the Li ion in a configuration from that calcula-q

tion, the full system was then optimized in a much
larger cell and replaced in the original simulation
cube. Optimization of configurations drawn from
the subsequent molecular dynamics trajectory and
variations of total optimized energies with the
simulation cell size suggests that this system is at
a realistically low pressure. A more precise esti-
mate of the pressure was not possible in the present
effort.
The calculations, based upon an electron density

functional descriptionw41x of the electronic struc-
ture and interatomic forces, were carried out on
the Kr(aq) system utilizing the VASP program
w42,43x. The ions were represented by ultrasoft
pseudopotentialsw44,45x, in the local density
approximation for Kr and in the gradient-corrected
approximation for O and H, and a kinetic energy
cut-off of 29.10 Ry defined the plane wave basis
expansions of the valence electronic wave func-
tions. The valence electrons consisted of eight(8)
electrons for Kr(4s and 4p), six (6) electrons for
O (2s and 2p), and one(1) electron for H(1s).

The equations of motion were integrated in time
steps of 1 fs with a thermostat set at 300 K during
the first 4 ps of simulation time. The thermostat
was then abandoned; the temperature rose and
settled at 341"24 K (see Fig. 2), higher than the
experiments of interest here. The precision of
temperature characterization and the corresponding
awkwardness in temperature adjustment is a prac-
tical limitation of these simulations that treat small
systems over short times. Subsequent work should
investigate temperature effects on these simula-
tions, but we will proceed here in considering the
results.
The structural analyses presented here, apply to

the last 10 ps of the 18 ps trajectory. During this
time, the initial structure with hydration number
ns19 relaxed into structures withns15 tons22
neighbors within a radius of 5.1 A(see Fig. 2).˚
The resulting Kr–O radial distribution function,
plotted with the solid line in Fig. 3, shows a build-
up of water density to slightly more than double
the bulk value,g (r)f2.4, at a radiusrf3.7 Amax

˚
from the Kr atom. A comparison with the experi-
mental XAFS data produced by Filipponi et al.
w46x (Fig. 3) shows an overlap of error bars
between the calculated and the experimentally
determined radial distribution functions. The max-
imum value g (r)f2.4 is approximately themax

same as the value found from a force field model
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Fig. 3. Pair distribution function for Kr–O measured by exper-
iment (dashed line) and by AIMD simulation(solid line). In
the latter case, indicated error bars of"2s were estimated on
the assumption that the last four 2.5-ps trajectory segments are
independent. Error bars of"s are plotted with the experi-
mental data.

Fig. 4. Probability distributions of inner-shell structures withn
water molecules surrounding the Kr atom where the inner-shell
boundary is defined atrs5.10 A.˚

Fig. 5. Pair distribution function for Kr–O and Kr–H deter-
mined by AIMD simulation. Error bars indicate the estimated
95% confidence level.

adjusted to give experimental solution thermody-
namicsw11,12x and is slightly larger than the result
found by Ashbaugh and Paulaitisw47x for the case
of a corresponding sized hard sphere solute in SPC
water, which is, as shown there, also in good
agreement with the revised scaled particle model
w48x.
The average occupancy of the inner shell

defined by the radiusrF5.1 A is NnMs18"1 and˚
ns18 is found also to be the most probable
structure, as is shown in Fig. 4. Thens20 case is
approximately half as likely as the most probable
ns18 case, and eitherns19 or ns17 is more
probable thanns20 by these results. Thisxn

distribution of coordination numbers is unimodal.
In a limited range of thermodynamic states
approaching a clathrate phase boundary, thexn

distribution might be expected to exhibit magic
number features reflecting metastable coordination
possibilities w49x. Those possibilities are not
observed here.
Consideration of the radial Kr–H pair distribu-

tion function (Fig. 5) shows a featureless distri-
bution. These results are not dissimilar to recent
computations of radial hydrogen distributions con-
ditional on a hard sphere solute in SPC waterw47x;
although those calculations have better spatial

resolution and thus additional observable structure,
the maximum hydrogen density is approximately
the same here.
Although these calculations have clear limita-

tions of scale and thus correspondence to the
experiment, to within the errors of the theoretical
and experimental measurements,they do corrobo-
rate the experimentally observed local fluid struc-
ture. They provide also the more probable features
of the coordination number distribution,x , ofn

physical interest from the point of view of quasi-
chemical models. The coordination structures
observed in the AIMD simulation should provide
an appropriate starting point in considering inner
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shell coordination species that might found quasi-
chemical models.
The following sections consider the outer and

inner shell contributions to the hydration free
energy of Kr in turn.

5. Outer shell contributions

The outer shell term would be the hydration
free energy under the hypothetical constraint that
inner shell occupancy be prohibited. We anticipate
that an electrostatic contribution, estimated with a
dielectric continuum model, will be included in
the modified equilibrium ratios obtained below;
see Eq.(4) and the supporting discussion. For the
Kr case considered here, that leaves packing inter-
actions associated with hard spherical exclusion
volume and weaker London dispersion interac-
tions. We will discuss those outer shell contribu-
tions here—scaled particle theory provides a
connection between outer shell contributions to
the free energy and the packing of water about an
evacuated cavity. The free energy for emptying the
inner sphere is given by the work of growing a
hard sphere solute in aqueous solution

R
ex 2bm outer shells4pr G l l dl (5)Ž . Ž .H O2 |

0

whereR is the inner shell radius, andG(l) is the
contact value of the cavity-water oxygen radial
distribution function that depends on the distance
of closest approachl. This expression can be
thought of as thepØdV, r kTG(l)Ø4pl dl, work2

H O2

associated with growing an empty cavity into
solution. The surface tension associated with dif-
ferentially increasing the surface area of the outer
shell cavity is given by the derivative of Eq.(5)
with respect to the outer shell surface area

B E≠bm ≠R 1
C Fbg R s s r G R R (6)Ž . Ž .H O22
D G≠R ≠ 4pR 2Ž .

This derivative has also been approximated sim-
ply by the ratio of the hydration free energy of
exclusion volume to its surface area

R 2B El
C Fbg R fr G l dl (7)Ž . Ž .H O2 |
D GR0

These two distinct expressions, Eqs.(6) and (7),
yield different values for the surface tension for
submacroscopic cavities.
The contact functionG(l) is readily obtained

from molecular simulations of hard sphere hydra-
tion at discrete values ofl. Alternatively, Stillinger
proposedw48x a functional form forG(l) that
interpolates between the known microscopic and
macroscopic limiting forms:

2lS
21q pryl g z zy2l z dzŽ .Ž .OOŽ .|

0T ˚, l-1.75 A2l

23 3 2 3 21y4prl y3q pr g z z y6y2l zq8l y3 z dzU Ž . Ž .OO Ž .|
0G l sŽ .

2gl yrkTvŽ .T G G2 4 ˚p yrkTq q q , l)1.75 Asat 2 4l l lV

(8)

where g is the water oxygen–oxygen radialOO

distribution function,p is the saturation pressuresat

of water in equilibrium with its vapor, andg islv

the vapor–liquid surface tension. The coefficients
G andG are chosen so that the contact function2 4

is seamless, matchingG(l) and its first derivative
at ls1.75 A, different from the originally sug-˚
gested 1.95 Aw48,47x. Extensive molecular simu-˚
lations w47x have verified Stillinger’s functional
form for water and give confidence for calculating
outer shell contributions to the hydration of Kr.
To this end we have used simulation results for

the radial distribution function of SPCyE water
along the saturation line(Prof. S. Garde, personal
communication) with the experimental surface ten-
sion of water and the corresponding surface hydra-
tion properties to evaluateG(l) using Eq. (8).
The resulting surface tension as a function of
cavity size at 258C is shown in Fig. 6. While
Eqs. (6) and (7) for the surface tension are zero
for a cavity of zero size and converge to the same
ultimate value for an infinite cavity(gs0.411 kJy
molØA s72 dynycm) assuming the saturation2˚
pressure of water is negligible, they differ at
intermediate molecular sizes. In particular, Eq.(6)
nearly attains its plateau value for cavities on the
order of 5–10 A in radius, while Eq.(7) more˚
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Fig. 6. Apparent surface tensiong, and its temperature depend-
ence, predicted by the revised scaled particle model of Eq.(6)
at 25 8C, as a function of inner shell cavity radius. Where the
solid curve exceeds the dotted curve, entropic contributions
increase the value of this apparent surface tension.

slowly approaches the large sphere limit and is
still less than 0.4 kJymolØA for the largest sizes2˚
considered. Particularly interesting is the tempera-
ture dependence of the outer shell cavity hydration
free energy; Fig. 6 shows a distinct negative
entropy for hydrophobic hydration for molecularly
sized cavities that dominates the hydration free
energy and is consistent with the known thermo-
dynamic characteristics of small hydrophobe
hydration. With increasing cavity size the entropy
changes sign and becomes favorable with increas-
ing size, approaching the surface free energy of a
flat surface. Drying phenomena are, of course, not
a separate issue for this revised scaled particle
model w4,50,51x.
The formula in Eq.(5) gives a free energy

contribution of 9 kcalymol which represents the
work of rearranging water to grow an empty cavity
of radiusRs3.9 A corresponding approximately˚
to the distance of the inner shell water molecules
in minimum energy cage structures discussed
below. The first-order perturbation theory estimate
w52x of the effects of dispersion interactions
between the Kr solute and outer shell water mol-

ecules is with es0.19
3B E16pe s 3C Fy = r s ;W

D G3 R0
kcalymol, and ss3.38 A, the Lennard–Jones˚
parameters for Kr–W van der Waals interactions,

this is approximatelyy3 kcalymol with R s3.90

A.˚
We conclude this discussion by emphasizing the

important point that this treatment of the outer
shell term gives a positive contribution of approx-
imately 6 kcalymol. The experimental value for
the hydration free energy of Kr(aq) is approxi-
mately 2 kcalymol w53x. Although these observa-
tions are straight-forward, the non-trivial
implication here is that the inner shell contribution
must benegative and of comparable size.

6. Inner shell structures and contributions

The advantage of the quasi-chemical formula-
tion is that Eq.(4) is a reasonable initial approxi-
mation to the equilibrium constants for complex
formation in solution, the quantities sought for the
inner shell contribution to the solute hydration free
energy. The harmonic approximation toK is0( )

m

available from electronic structure calculations.
Fig. 1 shows inner shell structures that have

been obtained and we note some basic observa-
tions. Firstly, these complexes are large enough
that satisfactory electronic structure calculations
are non-trivialw54x. Secondly, finding mechanical-
ly stable structures for these complexes is non-
trivial, particularly for values of n-18. For
example, extracting inner shell structures from the
AIMD trajectory and then energy optimizing
always resulted in decomposition, i.e. some of the
water molecules were repositioned to the outer
shell and thenb(j)s0 for somej. Finding mechan-
ically stable complexes required some subtlety, as
described below, and still onlynG18 complexes
were obtained.
A 20-vertex pentagonal dodecahedron cage,

present as the small cavity in all known clathrate
hydrate structuresw17x, was built enclosing a Kr
atom in several steps. First we built a carbon cage
and minimized that structure with molecular
mechanics. Then each vertex of this dodecahedron
was replaced by oxygen atoms and hydrogen atoms
were added to give a cage composed of water
molecules with the Kr embedded inside it. This
structure was energy minimized with a molecular
mechanics potential for Kr–water interactions. The
minimization occurred over multiple stages in
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Table 1
DE, electronic energy change upon complexation;DG , zero-corr

point and thermal corrections upon complexation;DG is the298

free energy change accounting for the actual density of water,
that is the free energy change at 1 atm; pressure is adjusted by
ynRTln(1354); Dm is the change in the solvation free energy;
DG is the excess chemical potential of Kr for the assumedaq( )

hydration structures; and all values are in kcalymol

n DE DGcorr DG298 Dm DG aq( )

18 y195.6 220.6 y52.4 93.0 40.6
19 y204.2 226.6 y59.3 98.4 39.1
20 y218.9 245.9 y59.0 105.7 46.7

which the force constant of a harmonic force
restraining the oxygen atoms was progressively
decreased. The final structure obtained with a low
force constant(5 kcalymolyA ) was then subjected2˚
to quantum chemical optimization. Thens19 and
ns18 structures were obtained by removal of
water molecules from the optimizedns20 struc-
ture. For thens18 structure, we had to once again
go through the routine of employing molecular
mechanics before any cage-like structure could be
obtained.
Limited computational resources permitted only

optimizations using HFy6-31G theory. The quan-
tum chemical optimizations first employed steepest
descent to relax the molecular mechanics structure
rapidly with the final geometry obtained using the
Newton–Raphson procedure. All calculations were
performed using Gaussianw55x. Frequencies(and
zero-point and thermal contributions to the free
energy) were computed at the HFy6-31G level of
theory. Non-negative curvatures confirmed a true
minimum. These structures(Fig. 1) are clearly
metastable and the difficulty in finding these min-
ima suggests that the catchment volumes are small.
For the single point energies we used the B3LYP

hybrid density functional, but with two different
basis sets. This functional does not account for
Kr–H O interactions of London dispersion char-2

acter; but it does treat electrostatic induction phe-
nomena and is adequate for water–water
interactions. We will address this omission of Kr–
H O dispersion interactions later. The basis sets2

were 6-31qG(d,p) for all atoms or the 6-31G for
Kr and a much larger 6-311qG(2d,p) basis for
the O and H atoms. Only the results with the latter
choice are presented here(see Table 1).
The electrostatic contributions required by Eq.

(4) for the KrwH Ox cluster and the individual2 n

water molecules were computed using a continuum
dielectric model. The exterior of the system was
assigned the dielectric constant of liquid water and
the interior had a dielectric constant of 1. The
calculations were performed using a boundary
integral formulation of the governing equations
w56x, with the surface tessellation obtained using
theMSMS programw57x. The partial atomic charges
needed in this calculation were ESP charges
obtained using the ChelpG procedure in Gaussian

w55x. For the charge fitting procedure, the Gaussian
default radii for O(1.75 A) and H(1.45 A) atoms˚ ˚
were used. For Kr a radius of 2.0 A was used. A˚
radius of 3.0 A for Kr leads to an unphysically˚
high positive charge on the Kr atom and therefore
was not used. The solvation free energies are, in
fact, insensitive to this choice and the values differ
by only approximately 0.6 kcalymol. Table 1
summarizes the inner shell results.
In the calculations above, the zero-point energies

were scaled by a factor of 0.9135. This factor is
suitable for the HFy6-3lG(d) level and has been
used for the present HFy6-31G level calculations.
For the cases that we could build closed cages, we
included an approximate correction for residual
entropy corresponding to conformational multiplic-
ity. Assuming ideal tetrahedral coordination for
each water, this residual entropy amounts toSy
kfln(3y2) w58x, wheren is the number of watern

molecules in the cage. Further, MP2 level calcu-
lations that do treat dispersion interactions between
an isolated Kr–water pair suggest a correction that
amounts to approximatelyy0.3 kcalymol for each
Kr–water pair; the excess chemical potentials
would need to be adjusted by this amount also.
Thus, for thens18 case, the excess free energy
of Kr is 30.9 kcalymol and 35.9 kcalymol for the
ns20 case. With or without these additional cor-
rections, it is clear that the inner shell contribution
is in the range of 30–50 kcalymol, which is an
order of magnitude greater than the experimental
value of approximately 2 kcalymol. Note that
accuracies of 2 kcalymol are barely achievable
with all but the highest level of electronic structure
methods.
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Considering the balance of inner and outer shell
contributions, we return to the fact that the accu-
rately known outer shell contributions discussed
above are positive and larger than the thermodyn-
amical value. This implies that the inner shell
contributions must be negative and approximately
as large in magnitude as the experimental value.
Here, our estimates for that inner-shell contribu-
tions are positive and large; this qualitative situa-
tion is unlikely to change substantially with more
sophisticated electronic structure calculations. We
conclude that the effects of the medium external
to our clusters are decisive in stabilizing these
structures. They must help to pull open and stabi-
lize the cage. This physical realization is consistent
with Sloan’s view that these structures should be
visualized asdandelions rather than spherical com-
plexesw17x.
More specifically, the results of Table 1 suggest

that the dielectric model used here to describe the
influence of the outer sphere material, though
satisfactory for some corresponding ion hydration
problems, is not satisfactory for the present appli-
cation. It is possible that the effective fields, hinted
following Eq. (4), which are self-consistent with
the known fluid densities and reflect the influence
of outer shell material on theK s w38,51x, shouldn

describe these effects more satisfactorily, but res-
olution of that possibility will remain for subse-
quent work.

7. ‘What are we to tell students?’

Work on the problem of hydrophobic effects has
the maturity of many decades of effort; that time
scale certainly reflects the difficulty of this theor-
etical problem. A conceptualization reflecting that
maturity might be subtle, expressing the complex-
ity of water as a material, but can be simple. An
example of a surprising simple result is the formula

2exm syAr T qBTr T qCT (9)Ž . Ž .Kr aq W W( )

with parametersA, B and C, andp (T) is theW

density of liquid water coexistence with its vapor
at temperatureT w4x. That this formula describes
signature hydrophobic thermodynamic properties
for small hydrophobic solutes was unanticipated

w59x, but it would have been unreasonable to hope
for a simpler result. This simple formula points to
the distinctive equation of state of liquid water as
a primary feature of hydrophobicity.
A recent attempt at an answer to ‘what are we

to tell students’ appeared inw5x. That attempt tried
to produce a faithful physical paraphrase of the
recent molecular theories which, though non-com-
mittal on simple structural hypotheses, have iden-
tified a simple explanation of entropy convergence
of hydrophobicitiesw59–61x. Here, we refine and
thus simplify that previous answer.
Several points can be made in preparation for

this discussion. Firstly, we note that the revised
scaled particle modelw48x is the most successful
theory of hydrophobicity for spherical solutes
w47,62,63x. The widely recognized point that
‘«the orientational arrangement of vicinal water
molecules, is absent from the theory’w64x does
not mean that these theoretical approaches are
specifically approximate because of a neglect of
orientational effects. Though the truth-content of
this assertion has never changed, reappreciation of
molecular theories has made this point explicit
over recent yearsw4,8,65x. In fact, the revised
scaled particle model along with the Pratt–Chan-
dler theory w66x, the information theory models
w8,34x, and quasi-chemical treatmentsw4x specifi-
cally do not neglect orientational effects. What is
more, because these theoretical models firmly
incorporate experimental informationw65x, they do
not assume that H-bonding among water molecules
is non-cooperative, as is the case for most com-
puter simulations of aqueous solutions.
Secondly, hydrophobicity as judged by hydration

free energy is greatest at moderately elevated
temperatures)100 8C along the vapor saturation
curve, as was emphasized byw67x. This observa-
tion may be non-canonicalw68–70x; but the unfa-
vorable hydration free energy of simple
hydrophobic species is an objective property of
those systems and is largest in these higher tem-
perature thermodynamic states. What is more, the
most provoking puzzle for molecular mechanisms
of hydrophobia phenomena has always been the
apparent increase in attractive strength of hydro-
phobic effects with increasing temperature for
temperatures not too high. This point is experi-
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mentally clear in the phenomena of cold-denatur-
ation wherein unfolded soluble proteins foldupon
heating. wSee for example, Li et al.w71x. Proteins
are complex molecules, but in that elastin example
no hydrophilic side chains complicated the consid-
erations in that way. And the experimental tem-
perature for collapse upon heating(27 8C) is in
the stable range of the liquid phase of water.x This
point is conceptually troublesome because the
molecular structural pictures, including clathrate
models, seem to point to low temperature regimes
and behaviors as identifying the essence of hydro-
phobicity. The discussion of Stillingerw72x, which
suggested connections between the behaviors of
supercooled liquid water and hydrophobic effects,
provides an example of those intuitions.
There are two characteristics of liquid water that

are featured in the new answer that we propose.
The first characteristic is that the liquid water
matrix is stiffer on a molecular scale than are
comparative organic solvents when confronted
with the excluded volume of hydrophobic molec-
ular solutes w5,8,63,73x. An indication of this
relative stiffness is provided by comparison of
experimental compressibilities of the usual sol-
vents w4x. We do not give a structural picture for
that relative stiffness, but it is due to intermolecular
interactions among solvent molecules, H-bonding
in the case of liquid waterw74x. This stiffness is
the principal determinant of the low solubility of
inert gases in liquid water. Furthermore, this stiff-
ness is weakly temperature-dependent in the case
of liquid water. This temperature insensitivity is
again suggested by consideration of the isothermal
compressibility of water; the temperature variation
of that isothermal compressibility displays a min-
imum at 468C and low pressure. In theories such
as Eq. (8), this stiffness and its temperature
dependence is carried by the experimentalg (r),OO

which is distinctive of liquid water.
wWe note in passing, that the liquid–vapor inter-

racial tension and its temperature dependence,
g (T), appears also in the model of Eq.(8). Inlv

previous scaled particle models where this empir-
ical information was not specified, the temperature
dependence of the impliedg (T) was found to belv

improper w48,75x, though the magnitude of this
parameter in the temperature region of most inter-

est was reasonable. In some other important
aspects that more primitive scaled particle model
was satisfactoryw76,77x. Thus, a reasonable view
is that the specific empirical temperature depend-
ence ofg (T) better resolves the conflicting tem-lv

perature dependencies, but is secondary to the
classic hydrophobic temperature dependencies that
are clearest for submacromolecular scales(see Fig.
6).x
The second characteristic in our answer is the

variation of the liquid density along the liquid–
vapor coexistence curve in the temperature regimes
of interest herew61x. The critical temperature of
liquid water is significantly higher than is the case
for the comparative organic solvents. The coeffi-
cient of thermal expansion along the coexistence
curve,a w78x, is typically more than five timess

smaller for water than for common organic sol-
vents. It is a secondary curiosity that liquid water
has a small regime of density increase with increas-
ing temperature; we are interested here in a much
broader temperature region. Nevertheless, the den-
sities of typical organic solvents decrease more
steadfastly with increasing temperature than does
the density of water.
These two points lead to a picture in which the

aqueous medium is stiffer over a substantial tem-
perature range and expands with temperature less
significantly than the natural comparative solvents.
If these structural features of the aqueous medium
are thus buffered against normal changes with
increasing temperatures, then at higher tempera-
tures the solvent exerts a higher kinetic pressure
through repulsive collisions with hydrophobic sol-
utes which do not experience other interactions of
comparable significance. These collisions are pro-
portionally more energetic with increasing temper-
ature and the aqueous environment thus becomes
more unfavorable for hydrophobic solutes with
increasing temperature. The rate of density
decrease with increasing temperature eventually
does dominate this mechanism at the highest tem-
peratures of interest here,)100 8C, and less
unconventional behavior is then expected. This is
our response to ‘what are we to tell students?’
If a balancing act minimizing the variations of

the structure of the aqueous medium with temper-
ature is possible, it should be a useful trick since
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it should have the consequence of expanding the
temperature window over which biomolecular
structures are stable and functionalw5x.
We emphasize again, as in Pratt and Pohorille

w5x, that hydrogen bonding, tetrahedrality of coor-
dination, random networks and related concepts
are not direct features of this answer. Nevertheless,
they are relevant to understanding liquid water;
they are elements in the bag of tricks that is used
to achieve the engineering consequences that are
discussed in the picture above.

8. Conclusions

The coordination number of Kr in liquid water
solution is significantly different from known
clathrate hydrate phases. These coordination num-
bers play a direct role in quasi-chemical descrip-
tions of the hydration thermodynamics. Thus, the
coordination number differences between liquid
solution and clathrate phases can be expected to
lead to substantial thermodynamic effects. In these
respects, a clathrate picture is not supported by
our current information on the molecular scale
hydration of Kr(aq); the euphemism ‘clathrate-
like’ has to be understood as ‘clathrate-unlike’ in
these respects.
The present results for the distribution of Kr(aq)

coordination numbers give no suggestion of lower
probability, metastable, magic number coordination
structures that might reflect the coordination pos-
sibilities in a known, lower temperature, clathrate
hydrate phase; see Fig. 4.
The isolated inner shell KrwH20xn complexes

that have been obtained forns18, 19 and 20 have
a delicate stability. When inner shell coordination
structures were extracted from the simulation of
the liquid, and then subjected to quantum chemical
optimization, they decomposed. Inner shell com-
plexes forn-18 were not found here, and there-
fore possibilities for inner shell complexes that
cover the coordination number range observed in
the simulation were not found. Evidently, interac-
tions with the outer shell material can be decisive
in stabilizing coordination structures observed in
liquid solution and in clathrate phases.
Although quasi-chemical approaches are for-

mally exact and efficient in applications to the

hard sphere fluidw38,51x and to ion hydration
problems w39,40x, these ab initio quasi-chemical
theories applied to Kr(aq) will be more difficult.
Several contributions have to be assembled that
are an order-of-magnitude larger than the net result
for the hydration free energy. Modest errors in any
one of those several contributions can easily
destroy any reasonable correspondence with exper-
imental results.
We have developed a response to the ‘what are

we to tell students’ question that is based upon the
known thermodynamic peculiarities of liquid water
and does not require specific molecular structural
hypotheses. In addition to that simple argument,
we can tell students several other points of context.
We can tell students that although the primitive
concepts of hydrophobic effects based upon
water–oil fluid phase separation are reasonable,
the structural molecular conceptualizations of
hydrophobic effects, such as clathrate models, have
achievedno consensus. A lack of specificity and
quantitativeness in the thermodynamic analyses of
these molecular pictures contributes to this lack of
consensus. We can tell students that there is an
orthodox clathrate picture that is not literally cor-
rect. A reformed ‘clathrate-like’ picture also
appears in the extant literature; this reformed
picture suggests connections to the orthodox pic-
ture, and could be regarded as a poetic ‘explana-
tion’, borrowing Stillinger’s identification of a
limiting possibility. Established quantitative con-
nections to signature thermodynamic properties are
not available for either the orthodox or the
reformed ‘clathrate-like’ pictures of hydrophobic
hydration.
Despite the fact that the various molecular scale

pictures have not been proven, a role for molecular
theory in this setting can follow the conventional
understanding of scientific inference: approximate
theories should provide clear expression of a phys-
ical idea at a molecular level and should be
quantitatively testable. The degree of success in
those tests then contributes to the degree of con-
fidence in the physical pictures. Molecular mech-
anisms that are tested only at an impressionistic
level, even after an investment in quantitative
computer simulations, are less conclusive.



336 H.S. Ashbaugh et al. / Biophysical Chemistry 105 (2003) 323–338

This discussion leads to consideration of Ock-
ham’s razorw79x. For thermodynamics of primitive
hydrophobic effects, we have simple, logical, well-
tested molecular theoriesw4x and those theories do
not explicitly involve structural mechanisms such
as clathrate models. Additional hypotheses in
response to ‘what are we to tell students’ are not
required at this stage.
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