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Spatial confinement modifies the microscopic structure of dense fluids, thereby inducing for example structural
forces between the confiningwalls. However, confinement alsomodifies thefluids' density fluctuations, resulting
in more elusive but equally important effects. In this brief review it is shown that both of these phenomena are
naturally analyzed using the confined fluid's pair densities, which have recently become also experimentally ac-
cessible. Two particular topics are discussed, namely, the mechanisms of oscillatory density profiles and ensuing
solvation forces in dense confined fluids as well as the behavior of liquids in solvophobic confinement.

© 2016 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

At microscopic length scales the continuum description of dense
fluids such as liquids or colloidal dispersions breaks down, and their
granular structure must be taken into account explicitly. In bulk the
microscopic structure is routinely characterized in terms of the pair
density, which describes the temporally averaged local density around
a central particle [1]. The importance of pair densities is twofold: first,
they provide a formal connection between the fluid's microscopic
interactions and its macroscopic, thermodynamic properties. Second,
they are experimentally accessible by scattering techniques, thereby
allowing quantitative comparison between experiment and theory at a
high level of sophistication. As a consequence, pair densities are today
the most important quantities for characterizing bulk fluids.

In the case of a dense fluid confined between two solid walls at close
separation the situation is more complicated, with the pair densities
being both anisotropic and depending on the central particle's position
between the walls. In the overwhelming majority of studies the micro-
scopic structure is instead characterized in terms of the fluid's density
profile across the confining slit, i.e., in terms of a singlet density distribu-
tion [2]. The resulting oscillatory density profiles of dense fluids in nar-
row confinement are often used to rationalize oscillatory solvation
forces [3], and are hence well known by the colloid and interface com-
munity. However, explicit consideration of pair densities in confine-
ment facilitates mechanistic analysis of the confined fluid's properties,
such as solvation forces [4] or diffusivity [5], and is hence worth the
extra effort. Here I will review some recent and future directions of re-
search on confined fluids at the level of pair densities, with an emphasis
. This is an open access article under
on phenomena of importance within the field of colloid and interface
science.

The outline of this brief review is as follows. First, I will introduce the
concept of pair densities in spatial confinement. As an illustrative exam-
ple, I will next use the pair densities to outline a conceptually simple
mechanistic analysis of oscillatory density profiles and solvation forces
in thin fluid films. In the limit of short wall separations the latter give
the depletion forces [6], which were the topic of a recent special issue
[7]. Finally, I will introduce the ensuing density fluctuations in a con-
fined open system. In particular, I discussmeans to quantify how liquids
(including water) meet extended solvophobic (hydrophobic) inter-
faces. This phenomenon, in turn, is of importance for example in hydro-
phobic assembly [8].

2. Local structure of confined fluids

Let us begin the discussion by defining the density profile and pair
densities of a dense simple fluid between planar solidwalls at short sep-
aration,which is in equilibriumwith a bulk fluid reservoir. The situation
is schematically presented in Fig. 1, with the particles (which can be
atoms, molecules, or colloidal particles alike) depicted as spheres. Spa-
tial confinement induces microscopic ordering of the fluid constituents
into layers parallel to the confiningwalls. This ordering is typically char-
acterized by the density profile n(z) across the confining slit, as shown
to the right. Note that n(z) gives the distribution of particles across the
slit, but does not provide the positions of neighboring particles.

At the next level of sophistication we consider a central particle,
depicted by the yellow sphere in thefigure.Wemay nowpose the ques-
tion, what is the density locally around the central particle? The answer
is given by the pair density n(z)g(r, r′), with g denoting the pair distri-
bution function, r′ the position of the central particle, r the position
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic of a dense fluid confined between planar solid walls at short separation.
The fluid orders into layers parallel to the confining walls, which can be quantified by the
density profile n(z) across the confining slit as shown to the right. The yellow sphere
depicts a central particle at position r′, and the pair density describes the local density at
position r around the central particle.

31K. Nygård / Current Opinion in Colloid & Interface Science 22 (2016) 30–34
where the local density is measured, and z the coordinate of r perpen-
dicular to the confiningwalls. Note thatwhereas in bulk the pair density
is isotropic and only depends on the distance from the central particle,
in confinement it is both anisotropic and dependent on the central
particle's position in the slit (see, e.g., Refs. [4,9] for illustrative exam-
ples). As a consequence ng is significantlymore complex in confinement
than in bulk, explainingwhy the former has been studied explicitly only
seldom.

The theoretical schemes for explicit studies of confined fluids at the
level of pair densities ng are rather mature, including integral-equation
theories [4,10,11], classical density functional theory [12,13], andmode-
coupling theory [14,15••]. Simulations of pair densities in dense confined
fluids have also recently become feasible [13]. However, since the prac-
tical computations have been conceived as complicated and expensive,
it is only recently that theoretical studies at this level of sophistication
have becomemore common. Studies of interest to the colloid and inter-
face community include, but are not limited to, ion–ion correlations in
electrolytes near charged surfaces [16], depletion potentials [17], tun-
able assembly of charged fluids between dielectric walls [18•], reentrant
glass transitions in confined fluids [19•], and fluid inclusions in porous
matrices [20].

The traditional experimental approach to study pair densities of
dense fluids is scattering, as already alluded to in the introduction,
which provides the pair density in reciprocal space in terms of a struc-
ture factor [1]. However, while studies on bulk systems have been rou-
tinely carried out for about half a century, experiments on confined
fluids have been hampered by minute sample volumes and the
presence of the confining walls. This problem was recently overcome,
when we reported the first scheme for probing pair densities of con-
fined fluids, based on x-ray scattering from colloid-filled nanofluidic
containers [21]. Within this scheme the pair densities are probed in
terms of an anisotropic structure factor [9],

S qð Þ ¼ 1þ 1
N

Z
n rð Þn r0ð Þ g r; r0ð Þ−1½ �eiq� r−r0ð Þdrdr0; ð1Þ

where q is the scattering vector,N the number of particles in the slit, and
the integrations are performed over thewhole space between thewalls.
Most importantly, the thus obtained experimental structure factors
have been found to be in semi-quantitative agreement with ab initio
theoretical calculations [22•], providing experimental verification of
the strong anisotropy in the pair densities of dense confined fluids pre-
dicted twenty years earlier [4]. I note in passing that this confinement
scheme has also been used to control the assembly of anisotropic nano-
particles [23].

The experimental studies have to date been carried out using
colloidal dispersions as model systems. While such an approach allows
quantitative comparison with statistical mechanics calculations and
facilitates mechanistic analysis, chemical specificity is inevitably
sacrificed by the use of model systems. A highly challenging but
extremely important continuation of these studies would thus be to
extend the methodology to molecular liquids, including ‘hot topics’
such as nanoconfined ionic liquids [24,25] and water in hydrophobic
confinement [26,27••]. I note that the first promising experimental re-
sults on structure factors of confined molecular liquids have been re-
cently reported [28•], although more development work is still needed
in order to carry out these extremely challenging experiments reliably.

3. Oscillatory density profiles and solvation forces

Having introduced pair densities in dense confined fluids, I turn
to the first example of this brief review — a conceptually simple and
formally exact approach for mechanistic analysis of oscillatory density
profiles and solvation forces.

Let us begin by considering again the schematic presentation of
Fig. 1. The central particle at r′ interacts with the confining walls and
all other particles in the system. These interactions can be cast in the
form of the potential of mean force, which is the free energy of interac-
tions. By definition the potential of mean force w(z) is related to the
number density profile n(z) across the slit via n(z) = nb exp[−βw(z)],
with nb denoting the bulk number density, β=(kBT)−1, kB Boltzmann's
constant, and T the absolute temperature. The fluid in the slit geometry
exhibits isotropy parallel to the confining walls. For mechanistic analy-
sis of the density profile, it is thus sufficient to consider the normal com-
ponent of themean force, F(z) =− dw/dz= kBTd ln n/dz, which can be
determined using the principal components of the mean force in the
upward (F↑) and downward (F↓) directions, F(z) = F↑ − F↓ [13,29]. A
key observation here is that we can determine the principal mean
force components F↑ and F↓ using the confined fluid's pair densities,
and hence analyze the mechanisms of oscillatory density profiles and
solvation forces.

To illustrate the concept of principal mean force components, I ex-
emplify them in Fig. 2(a) for a dense hard-sphere fluid confined be-
tween hard planar walls. For theoretical details and more examples,
see Ref. [29]. Since F(z) = F↑ − F↓ ∝ d ln n/dz, maxima and minima
in n(z) are observed for vanishing F(z) (i.e., F↑ = F↓) and a positive
(negative) F(z) corresponds to a positive (negative) dn/dz. By integrat-
ing the net force F(z) of panel (a) one thus obtains the density profile
n(z) of panel (b). From n(z) one can further determine the pressure in
the slit, and hence the net force acting on the confiningwalls. However,
by analyzing the force components separately one can also understand
the mechanisms leading to the oscillatory density profile, and subse-
quently the oscillatory solvation force by carrying out the analysis as a
function of slit width [29]. Note that this scheme is formally exact and
can also be applied to simple fluids exhibiting soft interactions, such
as Lennard-Jones or screened Coulomb potentials.

For completeness I also present in Fig. 2(c) the potential of mean
force w(z), i.e., the free energy of interactions. The small values of
|w(z)| ≲ kBT directly imply that (i) the instantaneous local structures
are continuously changing and (ii) the temporally averaged local struc-
tures, and hence many of the confined fluid's ensuing properties, are
rather sensitive toweak particle-wall interaction potentials comparable
to the thermal energy kBT.

In the particular case of Fig. 2, namely a dense hard-sphere fluid in
hard planar confinement, the principal force components are only
slightly perturbed by the presence of the opposite wall; F↑ (and F↓) is
to a good approximation given by the corresponding force component
at a single solid–fluid interface [29]. As a result, we can understand
the slit-width dependence of n(z) qualitatively (or even semi-
quantitatively) simply by a translation of F↓ with respect to F↑. This is a
rather surprising finding which provides a novel, conceptually simple
approach to understand oscillatory density profiles and ensuing solva-
tion forces.

Here I have discussed a model system – a dense hard-sphere fluid
between planar hard walls – but eventually this kind of analysis should
be extended tomore realistic systems. For example, oscillatory solvation
forces in ionic liquids [24], which are determined by a complicated



a)

b)

c)

Fig. 2. (a) Principalmean force components in upward (F↑) and downward (F↓) directions,
determined for a dense hard-sphere fluid between hard planar walls using the theory of
Ref. [29]. Data are shown for a reduced slit width available for particle centers, L = H −
σ = 4.0σ, where H is the wall separation and σ the particle diameter. The confined fluid
is kept in equilibrium with a bulk reservoir of number density nb = 0.75σ−3.
(b) Resulting number density profile n(z) across the confining slit. (c) Corresponding
potential of mean force w(z) across the confining slit.

Fig. 3. Schematic of density fluctuations in a dense confined fluid. There is a continuous
exchange of particles between the open confinement and the bulk reservoir, resulting in
fluctuations in the number of particles in the slit.
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interplay between energetic and entropic effects, are presently
attracting significant interest. These systems are rather complex, and
in order to obtain a better understanding it would be highly useful to
apply a mechanistic analysis similar as outlined above.

4. Density fluctuations and solvophobicity

So far I have discussed static properties of confined fluids, viz. tem-
porally averaged density distributions and solvation forces (for dynamic
aspects of solvation forces, see Ref. [30]). However, spatial confinement
also modifies the fluid's density fluctuations, with important implica-
tions within the field of colloids and interfaces. For a schematic presen-
tation of density fluctuations in confinement, see Fig. 3. Hence I turn to
the second example of this review — confined fluids' density fluctua-
tions and solvophobicity.

An open system exhibits fluctuations in the number of particles N
[31], and these can be probed using scattering techniques. For bulk
fluids this relation is given by limq → 0Sb(q) = (〈N2〉 − 〈N〉2)/〈N〉 =
(kBT/nb)(∂nb/∂μ)T, where a constant temperature is assumed and the
isotropic bulk structure factor is denoted by Sb(q), the mean number
of particles in the (open) system by 〈N〉, the fluctuation in number of

particles by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hN2i−hNi2

q
, and the chemical potential by μ [1]. A similar

result can be obtained for confined fluids, although now the fluid's den-
sity fluctuations depend on the slit width H [32]. The long-wavelength
limit of the anisotropic structure factor of Eq. (1) then becomes [33•]

lim
q→0

S qð Þ ¼
N2

D E
− Nh i2
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where nH denotes the average number density of particles in the slit.
This is a beautiful result of statistical thermodynamics, which provides
a formally exact relation between density fluctuations and thermody-
namic response functions of confined fluids, on the one hand, and scat-
tering experiments, on the other hand. This approach was very recently
applied to confined colloidal suspensions [33•], demonstrating the pos-
sibility to directly determine density fluctuations of spatially confined
fluids by scattering experiments.

To highlight the importance of density fluctuations in confinement,
let us consider how water meets extended hydrophobic interfaces.
This is obviously an important question in the field of colloid and inter-
face science, providing a basis for phenomena such as hydrophobic
assembly [8]. Based on extensive theoretical and simulation studies, a
picture has emerged where water exhibits a density depletion near ex-
tended hydrophobic interfaces, akin to the liquid–vapor interface [8,26].
However, quantitative experimental characterization of the minute
density depletion – known as the hydrophobic gap – has proven chal-
lenging [34–37]. Moreover, a straightforward relation between the mi-
croscopic hydrophobic gap and the macroscopic contact angle remains
unsolved [38].

Recent studies have provided further insight into the problem. First,
the hydrophobic gap is accompanied by enhanced density fluctuations
of the liquid [8,26], and these provide an alternative approach to charac-
terize how water meets extended hydrophobic interfaces. It has indeed
recently been shown that a properly defined local compressibility
χ(z)≡[∂n(z)/∂μ]H,T, or equivalently local density fluctuations, provides
a far better measure of the connection between microscopic structure
and contact angle than does the density profile [39•]. Second, the en-
hanced density fluctuations are not limited to water close to hydropho-
bic interfaces, but are also observed for simpler liquids, such as Lennard-
Jones fluids near saturation in the vicinity of solvophobic interfaces
[39•]. Finally, recent simulations of water near hydrophobic interfaces
evidence a continuous critical drying transition [40••], providing a ratio-
nale for the enhanced density fluctuations of water near hydrophobic
interfaces (or other liquids near solvophobic interfaces) observed in
simulation studies [27••,41,42]. Experimental verification of these theo-
retical and simulation results is, however, still missing.

How can the hypothesis of continuous critical drying of water (or
simpler liquids) near hydrophobic (solvophobic) interfaces be verified
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experimentally? A possible solution is given by Eq. (2), according to
which the long-wavelength limit of S(q) yields an integral of the local
compressibility χ(z); for sufficiently narrow slits limq → 0S(q) is sensi-
tive to density fluctuations near the confining walls, thus allowing
experimental verification of the theoretically predicted divergence of
density fluctuations in hydrophobic (or solvophobic) confinement. At
the moment such experimental studies could be carried out following
Ref. [33•] using liquid-like colloids, and I foresee experiments addressing
the nature of solvophobicity in the near future. However, eventually this
experimental approachwill also be applicable tomolecular liquids [28•],
and I look forward to experimental verification for water in hydropho-
bic confinement.

Finally, I concludewith a speculative open question. Tunable interac-
tions allow controlled assembly of colloidal systems. As an illustrative
example, confinement of binary liquid mixtures close to their bulk crit-
ical point leads to highly temperature-sensitive critical Casimir forces
between the walls [43], which are today used for reversible assembly
of colloidal particles [44]. The above discussion on solvophobicity raises
an interesting question: is it possible to tune the solvophobic interac-
tions by a suitable choice of model fluid [45•], thereby providing an
alternative method for controlled colloidal assembly?

5. Summary and outlook

I have briefly reviewed some recent research on confined fluids at
the fundamental level of pair densities, with an emphasis on phenome-
na of importance in the field of colloid and interface science. These kind
of studies are now entering a very exciting phase, since they can finally
be carried out both theoretically and experimentally. While my discus-
sion here focused on simple model systems, I expect that similar analy-
sis also can shed light on the behavior of more complicated fluids, such
as nanoscopically confined ionic liquids and water in hydrophobic
confinement.

Acknowledgments

I thank the Swedish Research Council for financial support (Grant
No. 621-2012-3897).

References and recommended reading •, ••

[1] Hansen J-P, McDonald IR. Theory of simple liquids. 4th ed. Amsterdam: Academic
Press; 2013.

[2] Henderson D, editor. Fundamentals of inhomogeneous fluids. New York: Marcel
Dekker; 1992.

[3] Israelachvili JN. Intermolecular and surface forces. 3rd ed. London: Academic Press;
2011.

[4] Kjellander R, Sarman S. Pair correlations of non-uniform hard-sphere fluids in nar-
row slits and the mechanism of oscillatory solvation forces. J Chem Soc Faraday
Trans 1991;87:1869–81.

[5] Carmer J, Jain A, Bollinger JA, van Swol F, Truskett TM. Tuning structure and mobility
of solvation shells surrounding tracer additives. J Chem Phys 2015;142:124501.

[6] Lekkerkerker HNW, Tuinier R. Colloids and the depletion interaction. Heidelberg:
Springer; 2011.

[7] Zemb T, Kralchevsky PA. Depletion forces in single phase and multi-phase complex
fluids. Curr Opin Colloid Interface Sci 2015;20:1–2.

[8] Chandler D. Interfaces and the driving force of hydrophobic assembly. Nature 2005;
437:640–7.

[9] Nygård K, Sarman S, Kjellander R. Local order variations in confined hard-sphere
fluids. J Chem Phys 2013;139:164701.

[10] Kjellander R, Marčelja S. Inhomogeneous Coulomb fluids with image interactions
between planar surfaces. iii. Distribution functions. J Chem Phys 1988;88:7138–46.

[11] Henderson D, Sokolowski S, Wasan D. Second-order Percus-Yevick theory for a con-
fined hard-sphere fluid. J Stat Phys 1997;89:233–47.

[12] Götzelmann B, Dietrich S. Density profiles and pair correlation functions of hard
spheres in narrow slits. Phys Rev E 1997;55:2993–3005.

[13] Härtel A, Kohl M, Schmiedeberg M. Anisotropic pair correlations in binary and mul-
ticomponent hard-spheremixtures in the vicinity of a hardwall: a combined density
functional theory and simulation study. Phys Rev E 2015;92:042310.
• of special interest.
•• of outstanding interest.
[14] Lang S, Boţan V, Oettel M, Hajnal D, Franosch T, Schilling R. Glass transition in con-
fined geometry. Phys Rev Lett 2010;105:125701.

[15] Lang S, Schilling R, Krakoviack V, Franosch T. Mode-coupling theory of the glass
transition for confined fluids. Phys Rev E 2012;86:021502.This paper describes an
extension of the mode-coupling theory to confined fluids, making dynamic studies
feasible.

[16] Kjellander R. Intricate coupling between ion–ion and ion-surface correlations
in double layers as illustrated by charge inversion — combined effects of
strong Coulomb correlations and excluded volume. J Phys Condens Matter 2009;
21:424101.

[17] Boţan V, Pesth F, Schilling T, Oettel M. Hard-sphere fluids in annular
wedges: density distributions and depletion potentials. Phys Rev E 2009;
79:061402.

[18] Zwanikken JW, Olvera de la Cruz M. Tunable soft structure in charged fluids con-
fined by dielectric interfaces. Proc Natl Acad Sci U S A 2013;110:5301–8.This
paper describes pedagogically the analysis of soft structures in confined charged
fluids, explicitly carried out at the level of pair densities.

[19] Mandal S, Lang S, Gross M, Oettel M, Raabe D, Franosch T, et al. Multiple reen-
trant glass transitions in confined hard-sphere glasses. Nat Commun 2014;5:
4435. As an example of how spatial confinement alters the dynamics of fluids,
this paper predicts multiple reentrant glass transitions in confined hard-
sphere fluids.

[20] Lomba E, Bores C, Kahl G. Explicit spatial description of fluid inclusions in porous
matrices in terms of an inhomogeneous integral equation. J Chem Phys 2014;141:
164704.

[21] Nygård K, Satapathy DK, Buitenhuis J, Perret E, Bunk O, David C, et al.
Confinement-induced orientational alignment of quasi-2D fluids. Europhys Lett
2009;86:66001.

[22] Nygård K, Kjellander R, Sarman S, Chodankar S, Perret E, Buitenhuis J, et al. Aniso-
tropic pair correlations and structure factors of confined hard-sphere fluids: an ex-
perimental and theoretical study. Phys Rev Lett 2012;108:037802.This paper
reports the first experimental verification of the strongly anisotropic pair densities
in confined fluids predicted theoretically twenty years earlier.

[23] Agthe M, Høydalsvik K, Mayence A, Karvinen P, Liebi M, Bergström L, et al. Control-
ling orientational and translational order of iron oxide nanocubes by assembly in
nanofluidic containers. Langmuir 2015;31:12537–43.

[24] Smith AM, Lovelock KRJ, Gosvami NN, Licence P, Dolan A, Welton P, et al. Monolayer
to bilayer structural transition in confined pyrrolidinium-based ionic liquids. J Phys
Chem Lett 2013;4:378–82.

[25] Sheehan A, Jurado A, Ramakrishna S, Arcifa A, Rossi A, Spencer ND, et al. Layering of
ionic liquids on rough surfaces. Nanoscale 2016;8:4094–106.

[26] LumK, Chandler D,Weeks JD. Hydrophobicity at small and large length scales. J Phys
Chem B 1999;103:4570–7.

[27] Remsing RC, Xi E, Vembanur S, Sharma S, Debenedetti PG, Garde S, et al. Pathways to
dewetting in hydrophobic confinement. Proc Natl Acad Sci U S A 2015;112:
8181–6.This paper describes in a clear manner how enhanced density fluctuations
in hydrophobic confinement lead to hydrophobic interactions.

[28] Lippmann M, Ehnes A, Seeck OH. An x-ray setup to investigate the atomic order of
confined liquids in slit geometry. Rev Sci Instrum 2014;85:015106.This paper de-
scribes the first experimental method for determining structure factors of confined
molecular liquids.

[29] Nygård K, Sarman S, Kjellander R. Packing frustration in dense confined fluids. J
Chem Phys 2014;141:094501.

[30] Boinovich LB, Emelyanenko AM. Forces due to dynamic structure in thin liquid films.
Adv Colloid Interface Sci 2002;96:37–58.

[31] Chandler D. Introduction tomodern statistical mechanics. New York: Oxford Univer-
sity Press; 1987.

[32] Evans R, Marini Bettolo Marconi U. Phase equilibria and solvation forces for fluids
confined between parallel walls. J Chem Phys 1987;86:7138–48.

[33] Nygård K, Sarman S, Hyltegren K, Chodankar S, Perret E, Buitenhuis J, et al. Density
fluctuations of hard-sphere fluids in narrow confinement. Phys Rev X 2016;6,
011014. This paper reports the first demonstration that density fluctuations in con-
fined fluids can be directly determined in x-ray scattering experiments.

[34] Poynor A, Hong L, Robinson IK, Granick S, Zhang Z, Fenter PA. How water meets a
hydrophobic surface. Phys Rev Lett 2006;97:266101.

[35] Mezger M, Reichert H, Schöder S, Okasinski J, Schröder H, Dosch H, et al. High-
resolution in situ x-ray study of the hydrophobic gap at the water–octadecyl–
trichlorosilane interface. Proc Natl Acad Sci U S A 2006;103:18401–4.

[36] Kashimoto K, Yoon J, Hou B, Chen C-H, Lin B, Aratono M, et al. Structure and deple-
tion at fluorocarbon and hydrocarbon/water liquid/liquid interfaces. Phys Rev Lett
2008;101:076102.

[37] Chattopadhyay S, Uysal A, Stripe B, Ha Y-G, Marks TJ, Karapetrova EA, et al. How
water meets a very hydrophobic surface. Phys Rev Lett 2010;105:037803.

[38] Mezger M, Sedlmeier F, Horinek D, Reichert H, Pontoni D, Dosch H. On the origin of
the hydrophobic water gap: an x-ray reflectivity and MD simulation study. J Am
Chem Soc 2010;132:6735–41.

[39] Evans R, Stewart MC. The local compressibility of liquids near non-adsorbing sub-
strates: a useful measure of solvophobicity and hydrophobicity? J Phys Condens
Matter 2015;27:194111.This paper shows that a properly defined local compress-
ibility provides a superior measure of the relation between microscopic structure
and contact angle compared to the density profile.

[40] Evans R, Wilding NB. Quantifying density fluctuations in water at a hydrophobic
surface: evidence for critical drying. Phys Rev Lett 2015;115:016103.This paper
reports the first evidence of critical drying of water in the vicinity of hydrophobic
interfaces, providing a rationale for previously observed enhanced density
fluctuations.

http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0005
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0005
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0010
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0010
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0015
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0015
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0020
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0020
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0020
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0025
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0025
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0030
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0030
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0035
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0035
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0040
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0040
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0045
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0045
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0050
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0050
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0055
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0055
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0060
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0060
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0065
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0065
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0065
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0070
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0070
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0195
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0195
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0075
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0075
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0075
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0075
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0080
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0080
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0080
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0200
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0200
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0205
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0205
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0205
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0085
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0085
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0085
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0090
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0090
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0090
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0210
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0210
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0210
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0100
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0100
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0100
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0105
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0105
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0105
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0110
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0110
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0115
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0115
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0215
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0215
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0215
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0220
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0220
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0130
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0130
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0135
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0135
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0140
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0140
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0225
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0225
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0230
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0230
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0230
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0145
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0145
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0150
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0150
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0150
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0155
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0155
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0155
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0160
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0160
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0165
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0165
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0165
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0235
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0235
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0235
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0240
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0240


34 K. Nygård / Current Opinion in Colloid & Interface Science 22 (2016) 30–34
[41] Patel AJ, Varilly P, Chandler D. Fluctuations of water near extended hydrophobic and
hydrophilic surfaces. J Phys Chem B 2010;114:1632–7.

[42] Mittal J, Hummer G. Interfacial thermodynamics of confined water near molecularly
rough surfaces. Faraday Discuss 2010;146:341–52.

[43] Hertlein C, Helden L, Gambassi A, Dietrich S, Bechinger C. Direct measurement of
critical Casimir forces. Nature 2008;451:172–5.
[44] Nguyen VD, Dang MT, Nguyen TA, Schall P. Critical Casimir forces for colloidal
assembly. J Phys Condens Matter 2016;28:043001.

[45] Ashbaugh HS. Solvent cavitation under solvophobic confinement. J Chem Phys 2013;
139:064702.This paper provides a computational demonstration of solvophobic
interactions.

http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0175
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0175
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0180
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0180
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0185
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0185
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0190
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0190
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0245
http://refhub.elsevier.com/S1359-0294(16)30009-7/rf0245

	Local structure and density fluctuations in confined fluids
	1. Introduction
	2. Local structure of confined fluids
	3. Oscillatory density profiles and solvation forces
	4. Density fluctuations and solvophobicity
	5. Summary and outlook
	Acknowledgments
	References and recommended reading ••of special interest., ••••of outstanding interest.


