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Segregation in aqueous methanol enhanced by cooling and compression
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Molecular segregation in methanol-water mixtures is studied across a wide concentration range as
a function of temperature and pressure. Cluster distributions obtained from both neutron diffraction
and molecular dynamics simulations point to significantly enhanced segregation as the mixtures are
cooled or compressed. This evolution toward greater molecular heterogenity in the mixture accounts
for the observed changes in the water-water radial distribution function and there are indications
also of a change in the topology of the water clusters. The observed behavior is consistent with an
approach to an upper critical solution point. Such a point would appear to be “hidden” below the
freezing line, thereby precluding observation of the two-fluid region. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1888405g
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I. INTRODUCTION

Amphiphiles are a particularly important class of m
ecule containing both hydrophobic and hydrophilic dom
with competing solubility properties. Association of nonpo
moieties leads to the formation of micelles and other m
lated structures. Due to the local density variations inhe
to many self-assembled amphiphilic structures, simple e
tions of state fail to give a complete description of ph
equilibria. The simplest amphiphilessthe primary alcohol
such as methanol, ethanol and propanold are widely studie
and have been found to be completely miscible in all pro
tions and at all state points studied. Recently, however
perimental and computational studies on aqueous met
have revealed unexpectedly complex behavior at me
length scales leading to a substantially revised view of
cibility in this prototype aqueous amphiphile.1–3 In particular,
molecular-level segregation has been observed with the
hol agglomerates exhibiting structural details consistent
those expected for a hydrophobically driven system.1,3 More-
over, percolating clusters have been found for both com
nents in a certain concentration range over which many
modynamic functions and transport properties re
extremal values.4

Despite the intense activity and success in studying t
model systems at room temperature and pressure, there
been no systematic investigations aimed at mapping ou
behavior of these observed extended structures under no

bient conditions. Even in systems which exhibit clear misci-
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bility gaps, the pressure dependence of the critical sol
temperature can increase, decrease, or remain constan5 and
little information exists on molecular-level structure. S
measurements on the model methanol-water mixture
needed to develop and refine molecular-level models o
entropic and enthalpic factors governing the phase beh
of aqueous amphiphiles. These models are potential
wider significance to areas such as membrane and p
stability.

Partial miscibility is a common feature of binary liqu
phase equilibria in which a mixture separates into two ph
of different compositions5 depending on temperature a
pressure. This behavior follows directly from theGibbs
phase ruleand is contained within simple molecular therm
dynamic models such as Bragg–Williams theory. Typic
an immiscible region terminates at anupper critical solution
temperature, above which the mixture is fully miscible.
some hydrogen-bonded systems, however, further co
leads to reentrant miscibility and a closed-loop gap in
phase diagram appears.6–8 We therefore report here an
tempt to explore structural properties of methanol-water
tures far from the ambient state point. We use a combin
of neutron diffraction with comprehensive isotope subs
tion and classical molecular dynamics simulations. The
cific objective of the work is to identify the separate effe
of temperature and pressure on the structures formed in

solutions, the combined effects of temperature and pressure

© 2005 American Institute of Physics14-1
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and to comment on the nature of intermolecular contac
these solutions.

II. EXPERIMENTAL AND SIMULATION DETAILS

Protiated and deuteriated samples of methanol and
were obtained from Sigma-Aldrich and used without a
tional purification. Neutron diffraction measurements w
performed on the SANDALS time-of-flight diffractometer
the ISIS pulsed neutron facility at the Rutherford Apple
Laboratory in the UK. The liquid samples were containe
flat plate cells constructed from a Ti-Zr alloy from wh
coherent scattering is negligible. These were mounted
closed cycle refrigerator, and neutron diffraction meas
ments were made at a number of different temperature
pressuressTable Id. For the high pressure experiments,
sample was contained in several 1.5 mm cylindrical chan
cut into a flat TiZr plate. Pressure was applied using an
tensifier. The high pressure experimental arrangemen
been described in detail in a previous publication.9 The data
were corrected for attenuation, inelastic, and multiple s
tering using the ATLAS programe suite.10 The differentia
scattering cross section for each sample was obtained b
malizing to a vanadium standard sample. A total of se
isotopically distinct samples were measured for meth
mole fractionsx=0.27, x=0.54, andx=0.70. These wer
respectively,sid CD3OD in D2O, sii d CD3OH in H2O, siii d a
50:50 mixture ofsid and sii d; sivd CH3OD in D2O; svd a
50:50 mixture ofsid andsivd; svid CH3OH in H2O; andsvii d
a 50:50 mixture ofsid and svid. For x=0.05, five sample
were measured, namely,sid, sii d, siii d, svid, and svii d and for
x=0.50,sid, sii d, siii d, sivd, andsvd. These procedures lead
a structure factor FsQd having the form
FfSHHsQd ,SXHsQd ,SXXsQdg whereSHHsQd relates to correla
tions between labeled atoms andSXHsQd andSXXsQd are the
two composite partial structure factors which give the
maining correlations between other types of atomssXd and
the labeled atom typesHd in the form of a weighted sum
individual site-site partial structure factors.

Diffraction data is analyzed using the empirical poten
structure refinementsEPSRd procedure.11 According to this
method, a three-dimensional computer model of the solu
is constructed and equilibrated using interaction poten
taken from the literature. The charges and Lennard-J
constants from the SPC/E potential of Berendsenet al.12

TABLE I. Parameters of the methanol-water mixtures used in the em

Mole fraction
x

Temperature
sKd

Pressure
skbard

Total no. of
molecules

0.27 293 amb 600
0.27 238 amb 600
0.50 200 amb 600
0.50 200 2.0 600
0.54 298 amb 600
0.54 260 amb 600
0.54 190 amb 600
0.70 293 amb 600
were used for the water molecules. TheH1 potential of

Downloaded 20 Jan 2006 to 128.59.235.161. Redistribution subject to AIP
r

a
-
d

s

s

-

r-

l

s

Haughneyet al.13 was used for the methanol molecu
Methanol-water interactions were simulated by Lore
Berthelot mixing rules.14 Information from the diffractio
data is then introduced as a constraint whereby the diffe
between observed and calculated partial structure facto
ters as a potential of mean force to drive the computer m
svia Monte Carlo updates of atomic positionsd toward agree
ment with the measured data. This procedure results
ensemble of three-dimensional molecular configuration
the mixture exhibiting average structural correlations tha
consistent with the available diffraction data. A total of 6
moleculessmethanol and waterd are contained in a cubic b
of the appropriate dimension to give the measured dens
each solution at the appropriate temperaturesTable Id. Peri-
odic boundary conditions are imposed. A comparison
tween the experimentally measured partial structure fa
and those generated from the ensemble-averaged EPS
10 000 configurations is shown in Fig. 1.

We have performed a series of classical molecular
namics simulations using theDLIPOLY code15 employing pre
viously tested intermolecular potentials for both methan16

and water.17 Both molecular species are modeled usin
fully flexible, all-atom approach with specific van der Wa

l potential structural refinement.

No. of methanol
molecules

No. of water
molecules

No. density
satoms/Å3d

Box size
sÅd

162 438 0.0967 28.6
162 438 0.0967 28.6
300 300 0.1026 29.7
300 300 0.1158 28.5
324 276 0.0955 30.5
324 276 0.0975 30.2
324 276 0.1000 30.7
420 180 0.0930 32.0

FIG. 1. Typical example of the fitsslinesd obtained by the EPSR analy
compared to the original datascirclesd. The data shown in this casesx
=0.50 at 200 K and 2 kbard are the interference differential scattering cr
sections for the samplessid–svid described under Methods. Discrepancies
observed in the lowQ region. These are caused by difficulties in remov
completely the effect of nuclear recoil from the measured data. Howeve
recoil effect is expected to have only a monotonic dependence onQ and so
pirica
is unlikely to influence the model structure to any significant extent.

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



loca
hes
men
ro-
uili-
the
ata
ly o
data
n in

SR
com

ding
e
de
ous

nsid
dis
st
h
am
iffer
nec
t a

sso
th
um

e
tivity
ation
two
nta

tion
cro-

d to-
e cri-
dis-
n
-

-
rs on
r
ntal

gion
and
n the
ver,

tures
these
is is
nents
alysis
ss

t this
osi-
ter

9
8
4
7
4
3
6
0
2

174514-3 Segregation in aqueous methanol J. Chem. Phys. 122, 174514 ~2005!
terms for each atom type. Our previous studies4,18 have
shown this code and these potentials can predict the
and extended structural and dynamical behavior’s of t
mixtures across the composition range in close agree
with empirical observation. The simulations were run to p
duce 2 ns trajectories using 0.5 fs time step with an eq
bration time of over 0.5 ns. The sampling interval on
trajectories were every 0.1 ps. Due to this wealth of d
most of the subsequent statistical analysis was done on
the second half of the trajectory giving around 10 000
points. Details of systems used in simulations are give
Table II.

Temporal averages of the molecular dynamicssMDd
simulations and configurational averages of the EP
generated ensembles were then interrogated to extract
plete sets of intermolecular structural correlations inclu
information on short-rangessolvationd and medium-rang
sclusteringd structures. In the case of water, clusters are
fined by those molecules that participate in a continu
hydrogen-bonded network. Two water molecules are co
ered to be hydrogen-bonded if the interoxygen contact
tance is less than<3.5 Å, the radial distance of the fir
minimum of thegOw–Owsrd pair correlation function for bot
EPSR and MD ensembles. The definition of a cluster is
biguous in the case of methanol and can be made two d
ent ways. The first is on the basis of hydrogen-bond con
tivity, i.e., if constituent methanol oxygen atoms are a
distance less than the first minimum in thegO–Osrd pair cor-
relation function. The second is through methyl group a
ciation, where two methanol molecules are assigned to
same cluster if the C–C distance is less than the minim
following the first peak determined from thegO–Osrd pair
correlation functionswhich is <5.7 Åd. The former is mor
common in pure methanol whereas the latter connec
type is believed to be characteristic of molecular associ
that is driven by the hydrophobic interaction. These
types of clusters are subsequently referred to as polar co
clusters and nonpolar contact clusters.

III. RESULTS

A. Cluster distributions at low temperature

We have already demonstrated in a previous publica4

that the methanol-water system exhibits significant mi

TABLE II. Parameters of the methanol-water mixtures used in the mo

Mole fraction
x

Temperature
sKd

Pressure
skbard

Total no. of
molecules

0.27 298 amb 600
0.27 298 2.0 600
0.50 200 amb 600
0.50 200 2.0 600
0.50 298 2.0 600
0.54 298 amb 600
0.54 190 amb 600
0.70 298 amb 424
0.70 298 2.0 424
segregation across a wide range of compositions, forming
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localized pockets of a single species of varying size an
pology. These clusters are characterized according to th
teria outlined previously. The behavior of water cluster
tributions on cooling at mole fractionx=0.54 are shown i
Fig. 2. The number of clusters containingi molecules is plot
ted as a fraction of total number of clusters,Msid /M fwhere
M =SiMsidg against the cluster sizei. The cluster distribu
tions show an enhanced probability of the largest cluste
cooling, at the expense of medium-sizeds100 molecules o
sod clusters. There are slight differences in the experime
and simulation-derived distribution plots; the depleted re
of medium-sized clusters in the MD simulations is wider
the enhanced peak of the largest clusters is narrower tha
corresponding features in the experimental plot. Howe
the plots do show the same trends, with the main fea
being that the system exhibits larger water clusters and
clusters are more frequently present upon cooling. Th
consistent with increased segregation of the two compo
upon cooling. The same trends are seen in the EPSR an
of a mole fractionx=0.27 mixture, although the effect is le
marked since the water clusters are already bigger a
concentration. Results of MD simulations at other comp
tions snot shownd show the same behavior in water clus
size distribution on cooling.

lar dynamics simulations usingDLIPOLY.

No. of methanol
molecules

No. of water
molecules

No. density
satoms/Å3d

Box size
sÅd

162 438 0.0967 28.6
162 438 0.1142 27.6
300 300 0.1027 29.7
300 300 0.1158 28.5
300 300 0.1080 29.2
324 276 0.0955 30.7
324 276 0.1000 30.2
297 127 0.0934 28.5
297 127 0.107 27.2

FIG. 2. The effect of cooling on water cluster distributions forx=0.54 from
lecu
EPSR analysisstopd and MD simulationssbelowd.
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B. Cluster distributions at elevated pressure

The effect of compression to 2 kbar on the ambient t
perature methanol-water cluster distributions determine
analysis of MD simulations is shown in Fig. 3 at seve
concentrations,x=0.70,x=0.54, andx=0.27. Also shown i
the predicted power lawns<s−2.2 for random percolation o
a three-dimensionals3Dd cubic lattice.19 The results for wa
ter clusters in the system and the effect of increased pre
are most evident on the solutions of methanol mole frac
x=0.7 andx=0.54. In both cases, the size and probabilit
occurrence of the largest water clusters are increased
ticularly striking is the case of the most concentratedsx
=0.7d mixture where compression of 2 kbar changes the
ter connectivity from isolated nonspanning clusters to a
colating network. The effect on the most dilute solutionsx
=0.27d is less obvious as the ambient pressure results
cate that this solution already comprises very large w
clusters, in excess of the theoretical limit for random pe
lation. We thus find that the effect of pressure is als
enhance segregation at all concentrations studied. The
tative effect of compression is therefore very surprising,
ing the same as the effect of cooling. This result is un
pected and contradictory to the general expectation
compression should have had the opposite, destructurin
fect. The methanol cluster distributions, both nonpolar

FIG. 3. The effect of compression on MD simulation cluster distribut
for mole fractionx=0.27 stopd, x=0.54 smiddled, andx=0.70 sbottomd for
water clusters. Ambient conditions are shown as dotted lines and high
sure shown as solid lines. The predicted power lawns<s−2.2 for random
percolation on a 3D cubic latticesRef. 19d is shown as a dashed line.
polar sas defined previouslyd, were also explored. In the case
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of the nonpolar clusters, it is difficult to discern a nota
effect of compression: the cluster distributions of even
ambient pressure systems are dominated by large clu
often comprising all the methanol in the system. Likew
for the polar clusters, of which there are only a relativ
small number of small clusters, the effect of compressio
rather small.

C. Cluster distributions at elevated pressure and
reduced temperature

We also consider the effect of compressing the co
system. Figure 4 shows the corresponding results for w
clusters from EPSR analysis of the neutron data and
simulations obtained atx=0.50 andT=200 K at ambien
pressure and 2 kbar. The effect of compressing a cooled
tem appears to be a further enhanced probability of la
water clusters, as was seen previously for the effects of
ered temperature or compression alone. The effect is cle
from the EPSR analysis, where once again the depleti
medium-sized water clusters is evident. The cluster dist
tion shows an enhanced probability of the largest cluste
compression, at the expense of these medium-sized clu
The data from the MD simulations are broadly consis
with this picture, and appear to show a bimodal distribu
of large cluster sizes, centered around 250 and 280
molecules. At this composition, there are only 300 w
molecules in the system, indicating that these two peak
tually pertain to the same cluster, which absorbs or s
smaller clusters during the course of the simulation.
prominent peak around a cluster size of 30 is a strong
didate for involvement in this process. We return to the
ferences between EPSR and MD data in the Discussio

D. Local structure

In this section we examine the local structure focu

-

FIG. 4. The effect of compressing a cooled system for mole fractix
=0.50 on water cluster distributions from EPSR analysisstopd and MD
simulationssbelowd.
on the pressure and temperature behavior of the water oxy-
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gen radial distribution functionsRDFd gOw–Owsrd. We first
consider the effects of concentration on this RDF at amb
temperature and pressure. Figure 5 shows data from
EPSR and MD analyses. Even at the lowest concentra
with mole fraction x=0.27 we find that a perturbation
gOw–Owsrd compared to that of pure water is evident. T
location of the second maximum shifts<0.2 Å to higherr
from the MD simulations. At increasing concentrations
find, for both experiment and MD simulation, progressiv
larger shifts in the second peak position to largerr values
This shifts to higherr implies that the water clusters a
becoming less like bulk water, which is supported by clu
distribution,4 which shows smaller average water clu
sizes with increasing methanol concentration. We ass
this is a consequence of the water being confined to inc
ingly smaller domains by the surrounding methanol hydr
groups and consequent interfacial tension.

The effect of cooling ongOw–Owsrd is also shown in Fig
6. At x=0.27 snot shownd we find that the main features
the distribution are sharpened, perhaps indicative of red
dynamic disorder but that there are no other signifi

FIG. 5. Water radial distribution funcationsgOw–Owsrd from both EPSR a
detail of second peak.

FIG. 6. The effect of cooling on the water radial distribution functiongOw–Ow
simulationsright; x=0.54 at 298 K and 190 Kd.
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changes. By contrast, at the higher alcohol concentratio
x=0.54, comparatively large structural perturbations indu
by the presence of the alcohol molecules are partially
versed on cooling and the displaced second shell peak
radial distribution function moves back towards its orig
position si.e., of pure waterd. As the position of this secon
peak is generally associated with tetrahedrality of the
water structure, both the EPSR analysis of the experim
data and the MD simulations suggest that the previously
turbed tetrahedral structure of the water is recovered on
ing.

We next consider the effect of compression on the l
structure at ambient temperature. MD simulations ofx
=0.54 mole fraction solution do not show any obvi
change to the position of the second peak in thegOw–Owsrd
sin contrast to the data in Fig. 6 for low temperatured. Inter-
estingly, it is the methanolgC–Csrd radial distribution func
tion which is perturbed most significantly, and this is sho
in Fig. 7. At three different concentrationsx=0.70,x=0.54,
andx=0.27, the first and second peaks ingC–Csrd are seen t
shift to lower r values. This shift is approximately the sa

issleftd and MD simulationssrightd at different concentrations. Inset sho

om both EPSR analysissleft; x=0.54 at 298 K, 260 K, and 190 Kd and MD
nalys
srd fr
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for all concentrations as the methanol content is increa
This indicates that the methyl groups are squeezed tog
as the pressure is increased. It appears that it is the me
which is most responsive to the pressure.

Finally we consider the combined effect of reduced t
perature and elevated pressure on the local structure
might have expected the combined effect to be similar to
sum of the effects of the consituent parts. However, f
both EPSR analysis and MD simulations we findssee Fig. 8d
that compression of a cooled solution results in a further
to lower r of the second peak in thegOw–Owsrd. Thus wate
appears to partially recover its unperturbedsi.e., ambien
pressure and temperatured structure. In addition, the first an
second peaks in the methanolgC–Csrd are shifted to lowerr,
analagous with the situation for the compression of the s
tion at ambient temperature.

FIG. 7. MethanolgC–Csrd radial distribution functions from MD simulation
smole fractionx=0.27, 0.54, and 0.70d.

FIG. 8. Water radial distribution functionsgOw–Owsrd for mole fractionx=0

srightd.
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IV. DISCUSSION

The prediction from both the EPSR analysis and
simulations is one of enhanced segregation of methano
water on cooling, evidenced by the more frequent exist
of larger water clusters, in comparison to room tempera
data. This is the kind of behavior we would expect o
microscopic scale if the system were moving toward
phase boundary, characterized by an upper critical sol
temperature. Such immiscibility has not been observed i
methanol-water system; this is because the intervening
phase precludes access to any possible two-fluid regi
methanol-water mixtures. The clustering behavior at
temperature provides a consistent framework within whic
interpret the observed variations in local structure, par
larly gOw–Owsrd. As the temperature is lowered the format
of larger clusters leads to increased connectivity of the w
domains. Within these growing water clusters the local s
ture evolves toward that of bulk water. The effect is m
obvious with the methanol-rich solutions studied, of m
fraction x=0.54.

Compression of the solution leads to the same effe
the medium-range order of the system, that is, to enh
segregation by formation of larger water clusters. Howe
the local structure shows little if any change in the posit
of the peaks ingOw–Owsrd. In contrast, the correspondi
RDF for methanol carbon atoms in systems at elevated
sure is displaced to lowerr at all concentrations. It wou
seem therefore that the topology of the larger clusters fo
by enhanced pressure is different to those formed by low
temperature, since the water contained within them doe
show a significant trend in the RDF back towards tha
bulk watersas was the case for lowered temperatured.

Both the MD simulations and the EPSR analysis pre
qualitatively the same trends of enhanced clustering
function of lowered temperature and increased pres
There are, however, differences in the predicted cluster
tributions. These minor differences may be due to the d
ences in the interatomic potentials used in the EPSR and
analysis. We have not made a systematic study of the s
tivity of the cluster distributions to interaction potentials. T
qualitative trends are clear from both analyses; that clu

at 200 K, variable pressure from EPSR analysissleftd and MD simulation
.50
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174514-7 Segregation in aqueous methanol J. Chem. Phys. 122, 174514 ~2005!
ing, and hence segregation of the two species, is enhanc
elevated pressure or reduced temperature. A clear exam
the differences in distributions is shown in Fig. 4 for
compression of a low temperaturex=0.54 mole fraction so
lution. The EPSR analysis clearly shows that the size o
largest water cluster increases and clusters of that siz
more frequently found compared to the ambient pres
case. The MD results, on the other hand, are indicativ
larger clusters in the sense that they predict the existen
two very large clusterssthough not simulataneouslyd cen-
tered around 250 and 280 molecules. The combined p
ability of these clusters is greater than that of the lar
clusters present in the ambient pressure data.

We note that our results concerning the enhanced s
gation at elevated pressure are in contrast to the resu
Hummeret al.20 who have concluded that pressure dest
lizes the contact configuration of nonpolar molecular gro
relative to a solvent-separated configuration. These au
then assert that pressure denaturation of proteins procee
a similar mechanism, that is solvent penetration into a hy
phobic core. In contrast to this our results from diffract
measurements and simulations indicate the hydroph
groups get pushed closer together with pressure. This d
ence may be due to the consequence of having an amph
in solution rather than a simple hydrophobe.

V. CONCLUSION

A series of methanol-water solutions have been inv
gated by neutron diffraction and MD simulation over a ra
of concentrations, temperatures, and pressures. The d
tion data were analyzed using the EPSR technique w
was found to give results qualitatively similar to that fr
MD simulations, although there are some differences in
tail. A general conclusion of these studies is that lowering
temperature has the effect of enhancing the degree of m
segregation between methanol and water that occurs in
systems.

More surprisingly, increasing the pressure appear
have the same effect, which argues against the notion
pressure denaturation of proteins is caused by water en
the hydrophobic core of a protein: if it did so we might h
expected to see a decrease in the clustering with incre
pressure, not increased clustering. The second shell of
gOw–Ow appears to expand slightly with increasing metha
concentration, suggesting a general opening up of the
structure as the water concentration diminishes: this effe
to be analysed to identify whether it is primarily a surf
effect or proceeds throughout the water. This expansion

anything reversed on lowering the temperature or increasin
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the pressure. We speculate that these trends could be
dication of the approach to an upper critical solution bou
ary, which, however, is not observed due to the interve
solid phases.

Overall the methanol-water system has proved itse
be a rich source of phenomena which may be of relevan
situations involving much larger and more complicated m
ecules. Methanol and water are ideally suited to the ex
mental diffraction and atomistic simulation methodolog
due to their simple molecular forms and their ready avail
ity in different isotopic forms. Yet this simple model syst
can apparently capture much of the essence of hydroph
ity in aqueous systems in a way that it might occur in
much larger molecular entities, with mixed hydrophobic
hydrophilic headgroups of real biological systems.
present results should therefore help guide the searc
possible mechanisms which control molecular conforma
in aqueous solution.
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