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By analogy with micro-emulsion, we introduce the molecular-emulsion picture to describe particular
aqueous mixtures. The analogy is set by introducing the equivalent of the Teubner-Strey structure
factor, the latter which is traditionally used to describe the structure of micro-emulsions. The main
difference resides in the fact that the size of the oil and water domains are not in the micrometer,
but in the nanometer scale. This implies that the molecular size and the molecular geometry cannot
be neglected anymore. The introduction of this analogy is used to settle the problem of properly
describing with computer simulations highly micro-heterogeneous aqueous mixtures. In particular,
the issue of whether or not the Kirkwood-Buff integrals represent solely concentration fluctuations is
settled by showing the contribution of the micro-heterogeneity to these integrals through the presence
of an associated pre-peak in the structure factors. Both the Optimized Potentials for Liquid State
(OPLS) and Transferable Potential for Phase Equilibria–United Atoms (TraPPE-UA) force fields
for tert-butanol turn out to be remarkably good in describing the structure of the corresponding
aqueous mixtures, when the above-mentioned analogy with micro-emulsion is introduced to correct
for the computational artifacts in the Kirkwood-Buff integrals. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4730524]

I. INTRODUCTION

Micro-emulsion (ME) has been a wide subject of in-
terest in the 1980s, for a community including chemists,
physical-chemists and physicists.1–4 The microscopic struc-
ture of these mixtures has remained elusive until Teubner
and Strey (TS) introduced a fit for the experimentally ob-
served neutron scattering intensities.5 Their fit was based on a
Landau-Ginzburg free-energy Hamiltonian expansion in term
of local density,6 and the outcome of this study showed that
2 lengthscales were sufficient to describe the scattering in-
tensities, the domain-size parameter d, and the concentra-
tion fluctuation length ξ . This TS fitting expression, that we
recall in Sec. II, allowed to unify in a single expression,
scattered intensities corresponding to a wide range of mi-
croscopic structures, from the disordered ME phase up to
micellar or lamellar phases.7 In this phenomenological ex-
pression, although microscopic parameters such as the do-
main size or correlation length are introduced, the underly-
ing molecular level microscopic picture is entirely missing.
Even though various lattice-based theories were introduced
later on,4 it was found that the molecular level description
is never really needed to give a qualitative picture of these
systems. This is even true in recent computer simulations of
micelle forming systems8 that use coarse grained molecules,
in order to avoid excessive computational resources. One
possible explanation for the absence of needing a detailed
molecular picture lies in the fact that the different meso-
scopic objects (oil-water domains, micelles, etc.) can be de-
scribed as continuous fields, since their extent is much larger
than the molecular sizes. One can naturally doubt that the
validity of such phenomenological approach remains valid

when the domain sizes become comparable to the molecular
sizes.

Micro-emulsions are essentially aqueous mixtures, where
the main solute is of the oil-type and surfactant molecules help
stabilize the interfaces by sitting between the water and oil do-
mains, since they are bipartite molecules.1 A simplified ME
is a mixture of water and surfactant molecules, where the sur-
factant must have a rather large oily tail. In such mixture, the
tails segregate from the water domains and form the oil do-
mains, with the polar heads sitting at the interface.9, 10 Large
alcohol molecules such as 2-butoxy-ethanol are about the
minimal size required to form lower end micro-emulsions.10

When it comes down to even smaller alcohol molecules, such
as 1-propanol, tert-butanol (TBA), ethanol, or methanol, one
can hardly consider the corresponding aqueous mixtures as
micro-emulsions, since the water and oil domains are about
the nanometer size, and the granularity of the molecules can-
not be neglected anymore. In such a mixture, the mesoscopic
concept of interface disappears, even though domains can be
clearly seen. Indeed, it is now well-known that even in the
case of aqueous methanol mixtures, molecular dynamics sim-
ulations show strong micro-heterogeneity, with clear micro-
segregation of water and methanol domains.11–13 In fact, any
solute molecule that has methyl groups together with a hydro-
gen bonding group is likely to show such micro-segregation.
We suggest that such mixtures should be termed “molecular
emulsions” (mE), since the word nano-emulsions is already
taken to describe emulsions that form nano-droplets in a non-
equilibrium context.14

This micro-heterogeneity, characterized by the labile for-
mation of nano-meter sized domains of water and solute
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014501-2 B. Kežić and A. Perera J. Chem. Phys. 137, 014501 (2012)

molecules, evolves at the scale of the nanosecond, while un-
derlying molecules evolve at the scale of the pico-second.
Hence, it has been noted by several authors15–18 that this situ-
ation requires the need of large scale simulations, mostly be-
yond N = 1000 particles, as well as run lengths of the order
of several nanoseconds, in order to sample properly both the
molecular scale and the domain scale dynamics. This brings
us to the heart of the matter. It was noted by some authors that
most of the existing force fields for the solute molecule, in
particular the OPLS force fields, were not adapted to describe
the formation of micro-heterogeneity (MH). Indeed, the dis-
tribution functions computed from such force fields exhibit
a pathological long range behaviour that leads to Kirkwood-
Buff integrals (KBIs) several times larger than the experimen-
tal values. It was equally noted that, even with systems of N
= 2000 − 3000 particles, it was not possible to unambigu-
ously stabilise the long range part of the distribution func-
tions. Some authors have proposed to modify the force fields
in order to have the asymptote of the correlation function to
match the experimental values of the KBIs within large but
computationally reasonable system sizes.15–17 This was sug-
gested in the case of the acetone models,16 for which such
modification did lead to smaller domain sizes, hence avoid-
ing the demixing tendency observed for the case of the OPLS
acetone model.18 It is not obvious that this procedure would
not in fact modify the “true” micro-segregation to adapt it to
smaller scales. To date, the exact relation between the exis-
tence of nanoscale segregated domains, the asymptotical be-
haviour of the correlation function, and the molecular force
fields, is largely unknown from rigorous statistical physics
grounds.

The aim of this article is to palliate for this situation
by invoking a formal analogy between micro-emulsions and
molecular-emulsions, on the basis of the specific form of the
structure factor,5 by adapting it across scale of 3 orders of
magnitude. Instead of modifying the force fields in order to
scale the correlations within a given box size, we propose to
modify the calculated correlation functions in their long range
part, in order to obtain a correct asymptotical behaviour. The
rationale behind this procedure is that the micro-heterogeneity
is not properly scaled within the simulation box, and there-
fore it distorts the asymptote of the correlations. Instead of
performing larger, but more expensive simulations, we undis-
tort the asymptotes according to a model – that of the struc-
tural analogy between the ME and the mE. The success of
this operation will be justified if reasonable KBIs are ob-
tained. To illustrate this procedure, we use here the SPC/E
water19 and two force fields for TBA, the OPLS force field,20

and the TraPPE-UA force field21 – both for which exces-
sively large KBIs are obtained from the simulations, and we
show here that our procedure leads to KBI in better agreement
with known experimental values than what is obtained from
the original simulations. It is noteworthy that not all aque-
ous mixtures require such corrections. In particular, correla-
tions in aqueous mixtures of small alcohol molecules such
as methanol or ethanol can be studied reliably with current
force fields and computer simulations about 2000 particles,
provided other essential corrections to the asymptotical form
of the correlations are taken into account. We address this im-

portant point in Secs. II E and II F. In particular, improving
the force fields in order to recover the proper KBIs for systems
such as aqueous methanol16 is not the issue that we address
here.

The aqueous-TBA mixtures have been long recognized
to have some pronounced aggregative structure and have at-
tracted the attention of experimentalists and simulators.22–26

Detailed investigation of the structure has been made through
neutron scattering,12 focussing on low and high TBA regions
for this latter,27, 28 as well as x-ray scattering.30 The recent
computer simulations of Lee and van der Vegt17 revisit the
force field of TBA in order to reproduce the micro-structure
of the mixture that previous models seem to overestimate. In
this work, we will address precisely the topic of the micro-
segregated structure of this mixture that seems to be particu-
larly suited for such a study.

The outline of the paper is as follows. First, we recall the
statistical mechanics related to liquid state theory that may
help to justify the analogy made here between ME and mE, as
well as the details about the TS approach and the molecular
dynamics simulations. In Sec. III we describe the correlations
and the methodology as well as results for the KBI. Finally,
the conclusions about the merits and limits of the present ap-
proach are detailed.

II. THEORETICAL CONSIDERATIONS

The TS approach to micro-emulsions5 is based on field
theoretic techniques which have a phenomenological basis,
much like the van der Waals approach to the liquid-gas coexis-
tence. A true microscopic theory should start from liquid state
statistical considerations. We sketch here such an approach.

A. Teubner-Strey approach to micro-emulsions

Teubner and Strey considered field theoretic approaches
to deduce the form of the asymptotic behaviour of the scat-
tered intensity I(q), where q is modulus of the wave vector. In
this approach, the microscopic order parameter is the density
φ(r). This quantity depends only on the distance r, and de-
scribes the general distribution of matter by neglecting molec-
ular details. Since the Fourier transform of the gradient �∇φ(r)
is i �qφ̂(q), one can write the free-energy Hamiltonian in terms
of multiple gradients operators of the density and obtain a
polynomial of q2 in the Fourier space. Retaining terms up to
φ̂4, then minimising the free-energy Hamiltonian in order to
get solutions for equilibrium conditions, one constructs a pair
correlation function as <φ(q)φ(0) >. From the corresponding
structure factor one obtains the following form for the scat-
tered intensity:5

I (q) ≈ I (0)

a + q2c1 + q4c2
.

B. Teubner-Strey approach to molecular-emulsions

The equation above can be rederived from the standard
liquid state theory through the molecular Ornstein-Zernike
equation (MOZ). This theory deals with the pair correlation
function h(1, 2) and the direct correlation function c(1, 2),
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between molecules 1 and 2. These functions can be expanded
on a basis of rotational invariants, in order to separate the an-
gular variables from the radial part.31

For a one component liquid, this equation reads in matri-
cial form as

H̃χ (q) = C̃χ (q)[I − (−)χρC̃†
χ (q)]−1, (1)

where ρ is the density, and the matrices indexed by χ have
for elements the projections of the pair and direct correla-
tion functions in Fourier-Hankel space, on a basis of rota-
tional invariants.31 For a system of axio-symmetric molecules
the relations would be Ãmn = {Ãχ (q)}mn = ãmnχ (q), where
Ã = H̃ , C̃, and ãmnχ (q) is the Fourier transform of the cor-
relation function amnχ (r) with a = h, c, the pair and direct
correlation functions, respectively. For more complex molec-
ular geometry, more indices come into play and the matrix
elements must be redefined accordingly. The matrix C̃† is a
simple transform of the C̃ matrix that changes the sign of
indexing variables that appear in the expansion of the cor-
relation functions in terms of rotational invariants.32 The de-
tails of how the matrix elements amnχ are related to the full
correlation function a(1, 2) has been explained in several
articles32, 33 and is now textbook knowledge.34 In particular,
it is important to recall that the ãmnχ (q) are in fact what is
called a χ −transform involving projections ãmnl(q) each of
which are Fourier-Hankel transforms of order l of the func-
tions amnl(r).32

The matrix equation Eq. (1) can also be written for a mix-
ture, and looks just the same, except that the (m, n) indexing is
more complicated since each matrix A is now a block matrix
where each block is a submatrix with elements being correla-
tion functions aij(1, 2) corresponding to pair of species (i, j).
The mathematics of the MOZ that concern the present devel-
opment are really simple.33 To illustrate the method, we will
use the example of axio-symmetric molecules. We wish to
examine the behaviour at small-q of any h̃ij ;mnχ (q). In order
to achieve that, one has to compute the inverse of the matrix
D̃(q) = [I − (−)χρC̃†

χ (q)] in MOZ. This will make the deter-
minant to appear in the denominator expression for h̃ij ;mnχ (q).
This determinant can be written in short as 1 − γ̃χ (q), where
the relation between the new function γ̃χ (q) and the matrix
C̃χ (q) will be a complicated algebraic expression involving
all of the c̃ij ;mnχ (q) functions and their various products. What
is important to notice is that all h̃ij ;mnχ (q) will have the same
denominator 1 − γ̃χ (q). In short, one has, from MOZ

h̃ij ;mnχ (q) = t̃ij ;mnχ (q)

1 − γ̃χ (q)
,

where the function in the numerator is related to the matricial
product of C̃χ (q) to D̃(q). The details of these calculations
are not relevant to the argument, since the general form above
is exactly equivalent to MOZ, and holds for complex molec-
ular geometries. Since the function γ χ (r) involves only direct
correlation functions, which are short ranged functions, one
can expand this function around q = 0, and one has

h̃ij ;mnχ (q → 0)

≈ t̃ij ;mnχ (0)

1 − γ̃χ ;0 − q2γ̃χ ;2 − q4γ̃χ ;4 − q6γ̃χ ;6 − . . .
,

where only even powers of q are retained because of the gen-
eral symmetry of all correlation functions a(−r) = a(r). The
small-q expansion involves expanding Fourier-Hankel trans-
forms and it is not so simple to express each of the γ̃χ ;n in
terms of integrals of the γ χ (r) function, as it would have
been in case of a simple Fourier transform. But this is a mi-
nor detail irrelevant to the generality of the discussion here.
The equation above retained to order q2 alone will lead to the
well-known discussion in terms of the correlation length.35

We briefly recall this argument here

h̃ij ;mnχ (q → 0) ≈ t̃ij ;mnχ (0)

1 − γ̃χ ;0 − q2γ̃χ ;2
= Aij ;mnχ

ξ−2 + q2
, (2)

with ξ the correlation length expressed as ξ

= √−γ̃χ ;2/(1 − γ̃χ ;0). This function is seen to be a
Lorentzian, and its inverse Fourier transform is a Yukawa
function,

lim
r→∞ hij ;mnχ (r) ≈ Aij ;mnχ

exp(−r/ξ )

r
. (3)

It is important to note that there is a unique correlation length
ξ that is the same for all projections. In fact, a more detailed
analysis shows that the correlation length is specific to the
projections associated to the projections that contribute to the
mechanical stability of the system.36 We will not get into such
details herein since these do not affect the generic form in
Eqs. (2) and (3).

The correlation length is sensitive to density fluctuations
in a pure liquid or concentration fluctuations in a mixture.
In particular, it is a very useful probe of the approach of
any global phase transition regions, since fluctuations are en-
hanced in their vicinity, hence the correlation length tends to
increase and diverge at the limit of stability of the phase –
the so-called spinodal. But what happens when the system
does not phase separate in global fashion and only micro-
segregates, like in all alcohol water mixtures? In order to
study such phenomenon, one should retain one more order in
the q-expansion, which amounts to explore distances shorter
than the domains of critical fluctuations which are of several
tens of Angstroms. In principle, there should be no reason to
stop the expansion at q4 or q6. However, since the expansion at
q4 has been successfully used from micro-emulsions down to
aqueous mixtures of relatively short chain alcohol molecules,
such as diols, triols, and others,9, 10 there are good reasons to
try the TS approximation first.

The molecular level TS equivalent of the MOZ equation
amounts to retaining higher order terms in q,

h̃
(T S)
ij ;mnχ (q)= t̃ij ;mnχ (0)

1 − γ̃χ ;0 − q2γ̃χ ;2 − q4γ̃χ ;4
= t̃ij ;mnχ (0)

a2 + q2c1 + q4c2
,

where we have adopted the original TS notation5 in the de-
nominator of the second equality, and where the new coeffi-
cients can be redefined in terms of the domain size d and the
correlation length ξ as follows:5, 41

a2 = 1 − γ̃χ ;0 = (d̄2 + ξ 2)2,

c1 = −γ̃χ ;2 = 2(d̄ξ )2(d̄2 − ξ 2),

c2 = −γ̃χ ;4 = (d̄ξ )4,
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where d̄ = d/2π . The second equalities introduce the two
length scales (d̄, ξ ) that allow to write the inverse Fourier
transform of the TS function in the following compact form:

h
(T S)
ij ;mnχ (r) =

∫
d �q exp(i �q.�r) h̃

(T S)
ij ;mnχ (q)

= t̃ij ;mnχ (0)

π2(d̄ξ )3

exp(−r/ξ )

r
sin(r/d̄).

One sees that the relations between the 3 TS coefficients
(a2, c1, c3) and the combinations of length parameters (d̄, ξ )
are stringent, since the moments of the γ χ (r) functions need
to have specific signs to match the algebraic forms and the
positivity conditions. Since these functions cannot be ob-
tained unless one calculates the direct correlation function
expansion coefficients, this information is unavailable to us.
The obtention of such coefficients needs the arsenal of liquid
state theory, and reliable output from such theory for realistic
molecular system is not well developed at present. Therefore,
in our approach to strong micro-heterogeneous systems, we
will test the TS functional form to correlation functions de-
termined by computer simulations. However, the implemen-
tation of this method to simulation results poses certain prob-
lems that we discuss in Sec. III.

C. Molecular dynamics simulations

We have used SPC/E model19 for water and two mod-
els for TBA, the OPLS model,20 and the newer TraPPE-
UA model.21 Molecular dynamics simulations in the constant
NPT isobaric ensemble were performed, with a total of
N = 2048 molecules, for the ambient conditions of temper-
ature (T = 300 K) and pressure (p = 1 atm) by using the
DL_POLY2 program.37 Ewald summations were used to ac-
count for the partial charges in periodic conditions. The time
step for the integration of motion was fixed at 2 × 10−15 s in
all the calculations, which was found in our previous works
satisfactory in order to reproduce the rotational motion of wa-
ter. Mole fractions steps of 0.1 were used to study the whole
range of mixtures and x = 0.05 was equally studied. The
TraPPE-UA model was studied for less concentrations since
we were interested in the differences between the two mod-
els for cases where the micro-heterogeneity is very different.
Each concentration was initially randomly generated in a box
whose volume was approximately set to the experimental one,
and were equilibrated initially in the constant NVT conditions
for 100 ps with all partial charges set to zero, in order to have
a homogeneous mixture without the micro-segregation set by
the presence of these charges. Then the charges were turned
on to their model values and the system further equilibrated
for 200 ps in constant NVT conditions, in order to avoid brutal
volume changes, and then equilibrated in the NPT conditions
for time varying from 1 ns to 1.5 ns depending of concentra-
tions. Long equilibrations were needed around x = 0.1 – 0.3,
where the maximum of concentration fluctuations occur.

D. The micro-heterogeneity in the simulations

For all these concentrations, it was found that, starting
from a homogeneous mixture, micro-heterogeneity sets up

very fast, within few ps. Then, this MH evolves very slowly,
basically by coarsening of the water and alcohol domains,
much like what was observed in our previous aqueous sys-
tems in general. It is this coarsening process that needs the
large simulation times that are in the nanoscale range. This is
already a leading information about the kinetics of these sys-
tems: the time scale at which the MH evolves is 2–3 orders of
magnitude that of the molecular scales. So, most the simula-
tion times are spent probing the various conformation of the
MH inside the simulation box, and these conformations may
never reach a true equilibrium if the “proper” system sizes are
not considered. There is no method to knowa priori which
is the right size. The best probe that was empirically found
by several authors15, 17, 18, 43 is the stabilisation of the asymp-
tote of the running Kirkwood-Buff integral (RKBI) the latter
which are defined as

Gab(R) = 4π

∫ R

0
dr r2(gab(r) − 1), (4)

for each pair of species (a,b), where gab(r) is the radial distri-
bution function (RDF) between the centers of mass of the 2
molecules belonging to species a and b. Since the center of the
correlations is arbitrary, the Kirkwood-Buff integrals defined
as the limit of the RKBI

Gab = lim
R→∞

Gab(R)

is independent of the choice of the molecular center, and
therefore any pairs of sites (a, b) residing of each the molecu-
lar species can be used for this calculation. These asymptotes
tend to vary from one run to another, even across 1 nanosec-
ond, because the morphology of the MH evolves at this time
scale. For example, in the equimolar aqueous-methanol sys-
tems, one cannot stabilise the asymptote of Gww(r) even after
very long runs of several nanoseconds,38 and this asymptote
is seen to oscillate around some value Gab which is never-
theless close to the experimental value. For the present sys-
tem, we could not even reach a stable asymptote for some
concentrations around x = 0.1 − 0.3, where the experimental
concentration fluctuations are very large.30 For a system of N
= 2048, one reaches values of the KBIs that are 3–4 times
the experimental ones. This type of behaviour proves that ei-
ther the system sizes are still too small, or that the OPLS
force field is not good, the latter which was considered in
Ref. 17.

Before we examine the results of our calculations, we
need to look at one more problem posed by the determina-
tion of correlation functions in finite size simulations.

E. Exact asymptote of the pair correlation function
in liquids

As we have stated in a recent work,38 the asymptote of
the various correlation functions that are calculated by com-
puter simulations is marked by the fact that their asymptote
is not one, as it should be, but a value that depends on the
system size and the fluctuations of the system. This result has
been established decades ago by Lebowitz and Percus.39 Their
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result, extended to mixtures, can be written as

lim
r→∞ gab(1, 2) = lim

r→∞ giajb
(r)

= 1 − 1

N
√

xaxb

1

ρb

(
∂ρa

∂βμb

)
T Nk

, (5)

where μa, ρa, and xa are, respectively, the chemical poten-
tial, density, and mole fraction of species a, β = 1/kBT is the
Boltzman factor and N the number of particles, and the partial
derivative is taken while keeping T and the number of parti-
cles Nk other than species (a, b) constant. The second equality
in Eq. (5) states that the asymptote is the same for any site–
site correlation function between sites (ia, jb) on molecules of
species (a, b), respectively. In the limit of very large system
sizes the exact limit is obtained. It is important to note that
this limit is incorrectly written in many works and the partial
derivative term is entirely ignored. This would be correct only
for non-interacting ideal gas system. The existence of such
a limit can be spotted out by zooming on the asymptote of
the correlation functions obtained in computer simulations.
One observes in all cases a small shift of the asymptote under
the unity asymptote, and it is easy to verify that this cannot be
corrected by simply adding 1/N. Neglecting to correct for this
error leads to RKBIs that have a systematic cubic downward
curvature because of the non-cancellation of the integrand in
Eq. (4) at large distances.

One cannot compute the chemical potential in a computer
simulation in such a reliable and accurate manner as to extract
a proper density derivative. In order to remedy for this prob-
lem, we have proposed in a recent work an empirical pro-
cedure to shift the asymptote to unity without affecting the
correlation functions in the range of the first few neighbours.
The corrected site–site correlation functions between sites
(i, j) belonging to 2 species (a, b) are calculated as

g
(corrected)
ij (r) = gij (r)[1 + (1 − αij )Sij (r)],

where αij is the wrong asymptote of gij(r), and Sij (r)
= 1

2 [1 + tanh( r − κij

θij
))] is the switch function that smoothly

brings the incorrect asymptote limit αij to unity. The param-
eters (κ ij, θ ij) must be fitted in order to achieve this properly.
In practice, we choose κ ij = σ ij, where σ ij is the largest dis-
tance at which gij(r) �= 0, which is roughly a contact distance
between sites i and j, and this choice ensures that the part
of the correlation function for r < κ ij corresponding to the
first 2 peaks is not affected by the transformation, and we
choose θ ij = 1 which ensures a smooth change of the step
function Sij(r). Example of application of this procedure have
been demonstrated in our previous works.38, 40, 41 We will re-
fer to this essential correction as the LP correction (LP for
Lebowitz-Percus39).

F. Methodology of the TS transformation

Once the site–site functions calculated from the simula-
tions have been corrected for the asymptote, there remains in
the same asymptotical part the contribution of the MH which,
as explained above, is not relaxed in the time and spatial scales
at which we sample the correlation functions. It is often seen
that the molecular size oscillations are not yet entirely damped

at the half-width of the simulation box. Similarly, the domain
size oscillations are certainly not damped at the half-width of
the box since they are at greater scales. The proper way to
handle this problem would be to study truly mesoscopic sys-
tems, where one would fix the number of domains instead of
the number of molecules. To fix the idea, a typical box size
would correspond to Nm = 256 “domains,” each domain size
being about 15 Å, which is the typical size we encounter in
our simulations. The number Nm = 256 corresponds to typ-
ical sizes that were used in earlier simulations of liquids. If
we consider that we have about N = 200 − 300 molecules
per domain on average, that leads to a total of 50 − 75 thou-
sand molecules. While this is not out of range of the current
computational power, it is still in the very high range of our
current setups. While one can imagine doing a few such sim-
ulations for testing purposes, it is out of the question to study
these systems routinely by using such large configurations.

Instead, we choose here to prolongate the incomplete
ending in the long range part of the correlations between pair
of sites (i, j) belong to species (a, b) by a TS function of the
form

tij (r ≥ L) = Aij

exp(−(r − L)/ξ )

r
sin((r − Rij )/ ¯d), (6)

which applies from the end of the correlation function at the
distance corresponding to the half-width L of the simulation
box. The parameters (Aij, Rij) are adjusted to match the value
gij(r = L), as well as to keep the derivative continuous at that
merging point. The reduced domain size parameter d̄ = d/2π

is matched to the size of the oscillations representing the do-
mains. Finally, the correlation length ξ is set to damp the
oscillations quickly, that is after a full period of domain os-
cillations. These 2 parameters are the same for all site–site
correlation functions, independently of the species pairs, ac-
cording to the theoretical developments of Secs. II A–II E.

We discuss now the choice of these parameters for a given
mole fraction. The (Aij, Rij) parameters are fixed by the value
of gij(r = L) and offer no margin of choice. The leading con-
trol parameter is the domain size d. The zoomed plot on the
tail of gij(r) always gives a hint on the large scale oscillations,
and this is even further enhanced by plotting the RKBI. In all
cases we have tried to match the period hinted by these os-
cillations. This is demonstrated, for example, in Fig. 6 for x
= 0.2 which is in the region of strong concentration fluctu-
ations (see Sec. III below). The correlation length parameter
controls the decay of the oscillations, and this is the only pa-
rameter that is really arbitrary in the fit. Unless mesoscopic
simulations for these systems are done, it is difficult to es-
timate the way the correlations decay. Our current guess is
based on the guess that the flat asymptote of the RKBI should
be reached relatively quickly, that is with at most one full pe-
riod of oscillation over the MH domain.

We note that the TS extension is needed only for those
systems which exibit such strong micro-heterogeneity that it
would distort the tail of the correlations at medium range.
From our earlier studies, examples of systems not requir-
ing TS extensions are aqueous-methanol38 and aqueous-
ethanol.40 Both these aqueous mixtures involve alcohol
molecules smaller than the present ones. Therefore, the
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influence of the solute size, and possibly the size of the hy-
drophobic groups has some importance in the amplitude of
the micro-heterogeneity. We note, however, that in both this
latter work we needed to properly implement the LP correc-
tion explained in Sec. II E. We equally note that extensions to
the correlations in neat systems and mixtures have been pro-
posed earlier by other authors,42 in view to reproduce the KBI
accurately, but these extensions did not address the essential
LP corrections.

III. RESULTS FOR AQUEOUS TERT-BUTANOL
MIXTURES

While aqueous tert-butanol mixtures have been previ-
ously studied by other authors,17, 21, 25, 26 the focus of the
problems caused by micro-heterogeneity has been addressed
only scarcely.17 From the experimental side, the focus of local
structure has primarily been studied by various scattering
techniques, light scattering, small angle neutron techniques
principally by Soper and collaborators,12 x-ray scattering by
Nishikawa and collaborators.30 The small TBA concentration
region has been a particular focus of attention.27, 48, 52 How-
ever, we did not investigate this particular case in the present
study. On the computer simulations sides, most previous
studies are for system sizes too small25, 26 (typically less than
800 molecules) to be conclusive about micro-heterogeneity.
All these works underline the presence of micro-
heterogeneity. The only work that stands out with respect to
this problem is that by Lee and van der Vegt,17 with system
sizes in the range between N = 1000 − 4000 molecules.
These authors have noticed that former OPLS and GROMOS
(Ref. 17) force fields produce excessively large KBIs, and
they proposed a new force field based on fitting principally
the partial charges, hence the dipole moment, to reduce the
KBIs to the experimental values. The reported KBIs are in
excellent agreement with some of the experimental values.17

This proves that one can certainly alter the force fields in
order to match the correct KBI, and this methodology has
been pursued with great success for various systems.15, 16

A. Neat tert-butanol

Since we have used two different force fields for TBA, it
is worthwhile comparing their structural properties. In Fig. 1
we compare some of the typical site–site functions, and there
are quite significative differences between the two models.
All the other site–site functions are within similar agree-
ment range. Since we use rigid version of both models, there
are some differences between the enthalpies and volumes. In
particular, we find that the enthalpy of TraPPE-UA TBA is
10 kJ larger than the enthalpy reported in Ref. 21 which is
closer to the experimental enthalpy (−47.88 kJ/mol) while
the rigid OPLS model gives −47.75 kJ/mol. Both the volumes
for OPLS (92.25 cm3/mol) and TraPPE-UA (97.56 cm3/mol)
force fields agree relatively well with the experimental value
(94.91 cm3/mol).

B. Thermodynamics

In Fig. 2, we show the enthalpies and excess enthalpies
(inset) in the upper panel, and the corresponding volumes and

FIG. 1. Comparison of selected site–site RDFs between the neat OPLS
(thicker lines) and TraPPE-UA (thinner line) models. Top panel for oxygen–
oxygen, middle panel for carbon–carbon, and bottom for methyl–methyl site–
site RDFs.

excess in the lower panel, both compared with experimen-
tal values and results from Ref. 17. As usual the experimen-
tal enthalpies must be corrected by a factor 5(1 − x) kJ/mol,
where x is the mole fraction of TBA, since there is a polarisa-
tion effect correction of 5 kJ/mol for pure water.18, 19 In much
the same spirit, we have implemented a correction of
−10x kJ/mol for the TraPPE-UA model due to the 10 kJ dis-
crepancy with pure TBA. It is seen that the overall agreement
is relatively good, confirming that all these classical mod-
els are well suited to capture the principal features of these
thermodynamical properties. There are, however, appreciable

FIG. 2. Enthalpies (top panel) and volumes (lower panel) for the aqueous
TBA mixtures as function of the TBA mole fraction. Insets: corresponding
excess quantities. Red lines for expt. data, enthalpies from Ref. 50 and vol-
umes from Ref. 51, green dots are simulation results from Ref. 17, blue dots
for OPLS TBA and purple dots for TraPPE-UA TBA. Lines connecting the
dots are guidelines.
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FIG. 3. (a) Snapshots for the OPLS TBA aqueous mixtures for three different TBA mole fractions. Water molecules are shown as red spheres for oxygen and
white spheres for hydrogen. TBA is shown as semi-transparent molecule, with cyan sphere for oxygen and white spheres for hydrogen. (b) Snapshots for the
TraPPE-UA TBA aqueous mixtures for three different TBA mole fractions. The conventions are as in (a).

differences that are better seen when looking at the excess
quantities in the insets. Noting that these excess are about a
percent or so of the original quantities, such small differences
can acceptably represent the various inaccuracies of the mod-
els. In view of all the parameters that come into play, it is illu-
sory to expect an agreement better than one percent. We will
rather focus on the structural properties and the morphology
of the mixture.

C. Snapshots

In Figs. 3(a) and 3(b), we show snaphots of the aque-
ous mixtures with the OPLS and TraPPE-UA force fields, re-
spectively, at three typical mole fractions of TBA, x = 0.2,
0.5, and 0.8. We see that both models reproduce very similar
micro-heterogeneous configurations for each mole fraction.
The TraPPE-UA model induces a slightly larger clustering of
water, which can be better observed by rotating the snapshots.
These effects also show up in the KBI as we discuss below.
In general, the mixtures look bi-continuous in the range 0.1
< x < 0.6, and water forms small droplets or becomes mostly
monomeric at low water contents.

D. Structure

In the first part, we examine structural features due to the
micro-heterogeneity of the two mixtures through the analy-
sis of the KBI. In the second part, we re-examine the same

features through the underlying TS correction to the missing
domain modulation due to finite size effects.

1. Kirkwood-Buff integrals

Figure 4 shows the various KBI – uncorrected by the TS
extension, as obtained from the OPLS and TraPPE-UA mod-
els of TBA as well the previous OPLS results from Ref. 17.
These latter results correspond to the original flexible OPLS
with SPC water, so the results are expected to be slightly dif-
ferent from ours. The experimental results from Ref. 44 are
equally shown as lines, and it is seen that the simulation re-
sults for a variety of force field combinations are all overesti-
mating the experimental results by large factors. In view of the
reasonable agreement, otherwise found for other thermody-
namical properties, it is rather strange that such disagreement
should occur for this particular property. In fact, such dis-
agreement has been found several times before for different
aqueous mixtures, and seems to be a recurrent and inherent
feature in simulation of self-associating systems. The natural
way to avoid this disagreement is to reformulate the force field
parameters in order to bring the KBI to smaller values. It is not
obvious that this operation can be performed, especially by
keeping other properties in the same good agreement with ex-
periments as the previous version of the model. However, this
has been repeatedly proved to be possible.15–17 It is relatively
easy to get an insight at the origin of large KBI values: the
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FIG. 4. Uncorrected KBI (symbols) from various TBA models versus TBA
mole fraction x, compared to experimental ones (thick lines) from Ref. 44.
The lines connecting the symbols are guidelines. Triangles from Ref. 17,
open dots for the TraPPE-UA model and filled dots for the OPLS model.

micro-segregation in domains enhances the self-correlations
between like species while reducing the cross-correlations be-
tween unlike species. As a result, the integral of the corre-
lations acquire large values within the like-species domains,
and smaller values in cross species correlations, due to the
depletion of the adverse species. From this point of view, the
enhanced KBI do appear as a natural feature to expect from
micro-segregated systems. The problem is how to conciliate
this expectation with the much smaller values observed in ex-
periments. The route chosen by altering the solute force field
amounts to decrease the micro-segregation such that the in-
tegrals acquire values smaller than the previous ones, and in
better agreement with the experiments. The reason why this
operation does not alter the thermodynamical properties such
as enthalpy, for example, is due to the fact that the major
contribution to these quantities comes from the short range
correlations. If we accept that the original force fields do not
require modifications, then we must accept the large domain
sizes as a real feature. The only way this can be conciliated
with experimental requirements is by modulating the correla-
tions beyond those obtained from the simulations. This is the
route we choose to illustrate here.

Figure 5 shows the KBI obtained from both OPLS
and TraPPE-UA models after the TS extension has been
implemented in the correlations, prior to integration. Also
shown are the various experimental KBIs obtained from the
calorimetry route and also the small-angle neutron scatter-
ing (SANS) and small-angle x-ray scattering (SAXS) route.
These have been reported and discussed earlier in Ref. 44. In
view of the large dispersion of the experimental results, we
find that our TS-modified KBIs are now in reasonably good
agreement with the experimental trends. In order to under-
stand the dispersion of the experimental results, we need to
look at the various ways of evaluating the KBI. The inversion
of the Kirkwood-Buff approach allows one to express the KBI
in terms of the compressibility κT, the volume V , and partial
molar volumes VW and VA as well as the concentration fluctu-

FIG. 5. Corrected KBI (symbols) from various TBA models versus TBA
mole fraction x, compared to various experimental ones: continuous lines
from Ref. 44, dashed lines from Ref. 45, magneta lines for SAXS data from
Ref. 30 and cyan lines for SANS data from Ref. 44. Present calculations are
shown in filled dots for the OPLS model and squares for the TraPPE-UA
model. The color conventions are blue for GWW , red for GAA, and green for
GWA. Note that the SAXS and SANS data are undifferentiated (see text for
more details).

ation term D = x(∂βμW/∂x)PT , considered as a function of
the TBA mole fraction x, as

GWA = kBT κT − VWVA

V D
,

GWW = GWA + 1

1 − x

(
VW

D
− V

)
,

GAA = GWA + 1

x

(
VA

D
− V

)
.

The volumetric properties are in general well evaluated from
experiments and are smooth looking. But the concentration
fluctuation term D is generally obtained either from the exper-
imentally obtained Gibbs free-energy,45, 46 or from the chemi-
cal potentials obtained by partial pressure measurements.44, 48

It is this term that is subject to large incertitudes or variations
which in turn reflect through the dispersion of the various ex-
perimental KBIs. The exact reason as to why this is so, does
not seem to have been clarified – to the best of our knowl-
edge. It is interesting that different force fields differing be-
tween themselves by variations in force fields through details
as small as few percents – as can be seen from Table I – can
produce variations similar to those observed from the experi-
mental KBI.

2. Teubner-Strey corrections

We now examine how the TS extension can rationalise
the high apparent KBI obtained from the uncorrected RDFs.
This is illustrated for alcohol–alcohol and water–water corre-
lations through the site–site RDF g

(A)
OO(r) between the TBA
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TABLE I. Comparison between the force field parameters for TBA.

σ [Å] CH3 C O H

OPLS 3.91 3.8 3.07 0
TraPPE-UA 3.75 5.8 3.02 0
Ref. 17 3.75 6.64 2.95 0

ε[kJ/mol]
OPLS 0.6699 0.2094 0.7117 0
TraPPE-UA 0.814 0.0415 0.7730 0
Ref. 17 0.8671 0.0070 0.8496 0

e(charge)
OPLS 0 0.265 − 0.7 0.435
TraPPE-UA 0 0.265 − 0.7 0.435
Ref. 17 0 0.337 − 0.76 0.423

oxygen site and g
(W )
OO(r) between the water oxygen sites, in

Figs. 6 and 7 for x = 0.2 and Figs. 8 and 9 for x = 0.8.
The top panel of each figure shows a zoom on the last part
of the function obtained from simulations (as well as a zoom
on the main peak part of the RDF in some cases). In Figs. 8
and 9, we show the importance of the LP correction by draw-
ing the effective slope (in green) taken by the RKBI uncor-
rected for the LP effect mentioned in Sec. II E. The corrected
RKBI appear more horizontal and tend to an asymptote that
corresponds to the KBI. However, in many cases, the asymp-
tote is not clear, and the TS extension allows us to fix the
asymptote through the methodology explained above. It turns
out that the parameters cannot be randomly chosen and come
down to a very narrow range if one requires a continuity solu-
tion. This extension is shown in blue curves. When this exten-

FIG. 6. Details of TS extension procedure for the OPLS TBA oxygen–
oxygen correlations for the TBA mole fraction x = 0.2. Top panel, tail part
of g

(A)
OO (r) (the short range part shown in the inset): red dashed line for the

uncorrected data, blue line after TS correction. Middle panel, RKBI G
(A)
OO (r)

with same line conventions as in top panel. Lower panel, structure factor
S

(A)
OO (k) with same line conventions as in top panel. The green curve is the

structure factor of neat TBA.

FIG. 7. Same as Fig. 6 but for water oxygen–oxygen correlations g
(W )
OO (r) for

x = 0.2. The gold curve in the inset of the lower panel is the structure factor
of neat water.

sion is taken into account, the domain modulated oscillatory
decay brings the RKBI to a new lower value of the asymp-
tote that matches better the experimental values, as illustrated
in the middle panels. In the case of x = 0.8, we show how
the LP correction tends to distort the general oscillatory de-
cay of the correlations, that produces a RKBI that oscillates
around a tilted line, instead of the expected horizontal line.
In many cases, the LP correction alone is sufficient to bring
the RKBI to the correct asymptotes. In our calculations, we
empirically found d ≈ 30 Å and ξ ≈ 12 Å for nearly all

FIG. 8. Same as Fig. 6 but for x = 0.8. The green slanted line in the middle
panel shows the wrong slope of the uncorrected data before the LP correc-
tion (see text). The green curve in the lower panel is the structure factor of
neat TBA.

Downloaded 17 Jul 2012 to 134.157.8.42. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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FIG. 9. Same as Fig. 7, but for x = 0.8. The green slanted line has same
meaning as in Fig. 7. The gold curve in the lower panel is the structure factor
of neat water.

concentrations in the range x = 0.2 − 0.8, where strong MH
is observed, which tends to indicate that the long wavelength
structure of the MH has the same topology. The TS exten-
sion is needed only when marked domains exist and can be
seen in the snapshots. The lower panels show the structure
factors, both the small-q range and the main peak range. We
also show the neat liquid structure factors in order to appre-
ciate how much the main peak changes. This is an indication
on the nature and the extent of the micro-segregation: if the
domains are large, then one can expect that the liquid struc-
turally behaves as a neat liquid. This is not true, especially
for water, where we see that the split main peak of neat water
is often replaced by a single peak merging the two configura-
tions of water in a single one. But the most spectacular feature
of the structure factor is the pre-peak at small-q. This peak is
generally noisy, because it is affected by the noise in the tail
of RDFs. This is a typical TS pre-peak, that witnesses the ex-
istence of domains that modulate the decay of the molecular
correlations.7, 9, 10, 41, 47, 49

IV. DISCUSSION AND CONCLUSION

Micro-heterogeneous mixtures face two type of fluctua-
tions: the genuine concentration fluctuations and the fluctua-
tions in the size of domains that form the micro-heterogeneity.
At first, it does not seem possible to separate one from the
other if the domains are not well defined entities. This is par-
ticularly the case of aqueous mixtures of small polar solutes.
To visualise this problem in a better way, let us consider a
mixture of water with long alcohol chains which forms mi-
celles in water. In such case, the micelles are well defined
objects, and the fluctuations of their shape is something that
can be unambiguously defined to some extent. Similarly, fluc-
tuations in density of water between the micelles are easy to
imagine. Now, when the micellar domains become smaller,
they are less well defined, and it is harder to separate domain

fluctuations from concentration fluctuations. Then, the ques-
tion arises of how to represent such fluctuations and still keep
the fact that the system is marked by domain formation. The
answer that we give here is through the long range part of the
correlation functions and the associated small-q behaviour of
the structure factors.

We have demonstrated that the TS extension can bring
to lower values the unphysically high KBI obtained by exist-
ing force fields. The question remains as to which of the two
methods – altering the force fields or applying a TS extension
– is the most appropriate. It all comes down to the question
of the genuine extension of the micro-segregation in aqueous
mixtures, or associated liquid mixtures in general. The micro-
segregation is an intrinsic property of these systems. When
we simulate such systems, we should adapt the size of sim-
ulation box in order to accommodate enough representations
of the segregated domains, hence providing sufficient statis-
tics on the decay of the correlations. There is no reason why a
few thousands of molecules should represent the upper bound
to simulate solutions. On the other hand, the methodology of
altering the solute force field to fit the decay of RDFs within
a box of a few thousand molecules seems to enforce the idea
that usual simulation methods are still adequate for these sys-
tems. Very large scale simulations of unmodified force fields52

are only likely to show the validity of the TS extension. It
will not disprove the method of altering the force fields to
suit smaller size simulations. We happen to think that this is
a real problem for which we have no deciding criterion at the
present stage of investigations. These two approaches can be
viewed in analogy to the two ways of describing ionic solu-
tions. One such way is to replace the long range Coulomb
interactions by screened Yukawa-Debye-Huckel short range
interactions, thus neglecting the presence of the solvent. This
seems to bear some analogy to the methodology of altering
the force fields in order to scale the micro-heterogeneity into
the small-size system. The other way is to use an explicit sol-
vent description with full scale Coulomb interactions. Such
methodology is more expensive and also more sensitive to
force field details, and the screened interactions should be re-
covered as a consequence of this detailed description. Follow-
ing this line, one could use a reaction field method where long
range interactions are not described beyond a certain range.
We think that the TS methodology is akin to such description
of the micro-heterogeneity. This analogy is only descriptive,
and we expect to eventually capture this argument more
properly into a statistical mechanic description of aqueous
mixtures.

In a recent investigation,53 we proposed a simple model
of aqueous mixture, when SPC/E water is mixed with a
“weaker” version of water obtained by scaling down the
partial site charges of the SPC/E model. Such models ex-
hibit a variety of micro-heterogeneity and can be considered
as model molecular emulsions. In particular, it was shown
through a very large system study (N = 19 384) that such
models do develop domain modulation through fluctuating
clustering, and that the TS extension captures this feature
quite nicely with simulations of smaller systems of N = 2048.

In Fig. 10, we compare the short range features of the
RDFs from the two mixture models studied here with that
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FIG. 10. Selected site–site RDFs for x = 0.5. Top panel: TBA–TBA correla-
tions through carbon–carbongCC(r). Middle panel water-TBC cross correla-
tions through TBA oxygen and water hydrogen gOH(r). Lower panel water–
water correlations through oxygen–oxygen gOO(r). Red for the OPLS, blue
for the TraPPE-UA mixture models of present work, and green for the mix-
ture model of Ref. 17.

from Ref. 17, the latter which alters the force field in order
to reproduce the proper KBI within current system sizes. Var-
ious site–site correlations are examined, and it is clearly seen
that all model combinations reproduce very similar features. It
is rather surprising that the present OPLS model, that has the
largest unmodified KBI (see Fig. 4), hence the largest micro-
heterogeneity, is also very close to that of Ref. 17, which
has the smallest micro-heterogeneity. The difference resides
in the medium to long range features of the RDFs, as seen in
the lower panel for the water-water RDF gOO(r): the correla-
tions drop below 1 after 8 Å for the mixture model of Ref. 17,
which brings the KBI to more modest values. The TraPPE-
UA model clearly overestimates the domain correlations as
compared to the two others.

In order to decide between the two approaches we need
a criterion from the experimental side. For example, the clear
unambiguous demonstration of the existence of the pre-peak
will confirm the present picture, while its absence will val-
idate the approaches that reduce the micro-heterogeneity by
altering the force field of the solute. There are two such data
available, on one hand from neutron scattering measurements
in Refs. 12, 27, and 28 and on the other hand from SAXS mea-
surements in Refs. 29 and 30. In the first set of references, it
is very hard to tell from the scale of the plots if there is a
possibility for a pre-peak at very small k-vectors. The sec-
ond set of references produce small-k plots explicitly, and
some small-k behaviour in Ref. 29 plotted in log-scale look
like there could be a weak pre-peak at k ≈ 0.015 Å−1 for x
= 0.085. From the look of some of these scattering data, aque-
ous TBA could be in the Lifshitz state, a state often found in
micro-emulsions, where the pre-peak is just emerging from
k = 0.47, 49 The rather large pre-peak observed in the present
simulations could be an artifact of the present classical mod-

els. It is unfortunate that the available experimental data are
not solid enough to make firm conclusions about the conjec-
ture of the present work. It may be worth noting that aqueous-
TBA was quoted by several authors as being highly inhomo-
geneous, with possible clathrate-like sub-structure.54–56
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