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Abstract

Previous neutron scattering work, combined with computer simulated structure
analysis, has established that binary mixtures of methanol and water partially segregate
into water-rich and alcohol-rich components. It has furthermore been noted that, be-
tween methanol mole fractions of 0.27 and 0.54, both components, water and methanol,
simultaneously form percolating clusters. This partial segregation is enhanced with de-
creasing temperature. The mole fraction of 0.27 also corresponds to the point of maxi-
mum excess entropy for ethanol-water mixtures. Here we study the degree of molecular
segregation in aqueous ethanol solutions at a mole fraction of 0.27 and compare it with
that in methanol-water solutions at the same concentration. Structural information is
extracted for these solutions using neutron diffraction coupled with empirical potential
structure refinement. We show that ethanol, like methanol, bi-percolates at this concen-
tration and that, in a similar fashion to methanol, alcohol segregation, as measured by
the proximity of neighboring methyl sidechains, is increased upon cooling the solution.
Water clustering is found to be significantly enhanced in both alcohol solutions com-
pared to the water clustering that occurs for random, hard sphere-like, mixing with no
hydrogen bonds between molecules. Alcohol clustering via the hydrophobic groups is,
on the other hand, only slightly sensitive to the water hydrogen-bond network. These
results support the idea that it is the water clustering that drives the partial segregation

of the two components, and hence the observed excess entropy of mixing.

Introduction

When two liquids mix, it is well known that the ideal entropy of the mixture, which is
calculated by assuming the two liquids can completely inter-penetrate, has to be greater than
the sum of entropies of the pure components on their own. This is because excess work would
need to be done on the mixture once it is formed in order to render it unmixed. In practice
molecular forces between the components can alter the actual mixed-state entropy either

above or below the ideal value. In the case of a number of alcohol-water binary mixtures the



excess entropy of mixing is negative compared to the ideal mixing value.! Explanations for
this negative excess entropy of mixing, which is seen in a number of aqueous mixtures, go
back to at least 1945 when Frank and Evans suggested it indicated some sort of re-ordering
in the solution, and proposed a model of water restructuring itself in an ice-like manner
around the hydrophobic sidechains.?

How that ordering manifests in practice has been the subject of an extensive debate.
Good examples of binary mixtures that display such properties are methanol and ethanol in
water.3? It is thought that the increase in ordering of these binary mixtures is the result of
water and alcohol cluster formation.*'® According to that view cluster formation is driven by
the amphiphilic nature of the alcohol, as a result of which the so-called “hydrophobic” regions
cannot form hydrogen bonds, leaving the polar OH group free to hydrogen bond with water.*
Compared to a typical chemical bond hydrogen bonds are relatively weak and can be made
and broken by changes of temperature. It has been shown for methanol that a reduction
of temperature is associated with an increase in the observed clustering in methanol-water
binary mixtures, a direct result of increased hydrogen bonding between alcohol and water
as the temperature is lowered.*6

The importance of hydrogen bonds can be observed in more complex solutions such as
those containing biological macromolecules or polymers. However, here we focus on simple
alcohol systems, as a model to provide information about the effect of changing the non-polar
chain on the hydrogen bond network in solution. The measured negative excess entropy of
mixing is larger in ethanol-water solutions then for methanol-water,! caused, it is proposed,
by the increased length of the hydrophobic region.!' The measured excess entropy is also
concentration dependent and for methanol it reaches a minimum around a mole fraction,
x = 0.36, while for ethanol the minimum occurs near x = 0.27.1 It is also at these concen-
trations of alcohol in water where many transport coefficients and thermodynamic functions
have extremal values, thereby implying some kind of relationship between the previously

observed clustering and thermodynamic properties at this concentration.'*!? According to



the clustering theory for excess entropy of mixing of ethanol, increasing the sidechain length
should result in increased cluster formation, driven by the extra non-polar methyl group
present on ethanol. 4

However, recent experimental work has suggested that the observed clustering in alcohol
water binary mixtures is in fact a result of random interactions between sidechains, rather
than driven by specifically hydrophobic effects. %16 Other studies have presented evidence
that suggests otherwise, using computer simulation, neutron diffraction, X-ray absorption
and emission studies.!” 2% Here we study the effects of the amphiphilic nature of alcohol on
cluster formation at two temperatures. We use a combination of neutron diffraction with hy-
drogen isotope labeling and analysis by empirical potential structure refinement (EPSR)?!:22
to study segregation in solutions of ethanol and methanol in water at the same mole fraction
for both alcohols (x = 0.27), and the effect of reducing the temperature on cluster forma-
tion. The neutron diffraction experiment provides unique information about the hydrogen
bonding network by exploiting the difference in neutron scattering lengths between different
isotopes of hydrogen, giving direct information about how hydrogen atoms are coordinated
in solution. The data indicate that ethanol-water binary mixtures show a similar tendency
to form clusters as methanol binary mixtures and that the effect increases as the temperature
is lowered. In the present instances the clustering appears to be driven by the pronounced

hydrogen bond association between water and the hydroxyl headgroups, rather than due to

any special hydration effects around the hydrophobic regions of the alcohol molecules.

Methods

Neutron diffraction

Protiated and deuteriated samples of methanol, ethanol and water were obtained from Sigma
Aldrich and used without further purification. Neutron diffraction measurements were per-

formed on the NIMROD diffractometer at the ISIS pulsed neutron facility at the Rutherford



Appleton Laboratory in the UK. The data were corrected for beam attenuation, detector
efficiency, inelastic and multiple scattering using the Gudrun software.?* Furthermore the
data were normalized against the scattering from a vanadium standard sample to obtain the
final differential scattering cross section (F'(Q))) on an absolute scale of differential scattering
cross section per atom.

A well known problem with neutron scattering from materials containing hydrogen is
the recoil of hydrogen (analogous to the electron recoil that causes Compton scattering
with X-rays). With time of flight neutron diffraction this is exacerbated at low @ values.?*
There is no direct way to remove this effect so in this work we have used the iterative
process proposed by Soper,? which involves making an initial estimate of the scattering
angle averaged energy (or wavelength) dependent scattering, and use this as the underlying
recoil scattering component to subtract from the estimated interference scattering, F'(Q).
This process is repeated until convergence is achieved, although even this does not guarantee
full removal of all inelasticity effects, since in practice the recoil scattering will itself be angle
dependent to some extent.

For both alcohols, measurements were completed at an alcohol mole fraction of 0.27 at
298 K (25°C) and 245 K (-28°C). The lower temperature was chosen to be the lowest that
could be reached without freezing in both solutions at this mole fraction.

The resulting F(Q) is the sum of partial structure factors H,z((@)) and can be written
in terms of the atomic fraction, ¢, and corresponding scattering lengths, b, of atoms in the

system:
F(Q) = cats (ba) (bs) (2 = das) Hap(Q) (1)
of

where (@ is the change in momentum vector by the scattered neutrons, ¢, and (b,) are
the atomic fraction and neutron scattering length respectively for atom type «, the angle

brackets on the latter indicating an average over the nuclear spin and isotope states of this



particular atom type. The partial structure factor, H,s(Q), is the Fourier-transform of the

corresponding site-site radial distribution function (RDF), gas(r):

sin Qr

Qr

Hos(Q) = dp / 2 (gap(r) — 1), 2)

with p the total atomic number density of the mixture. Integration of g.s(r) between ry
and 7y yields the coordination number of atoms of type  around atoms of type «, in the

distance range 1 < r < ro:

Nogs(r,m2) = 4mpeg /T2 72(gap(r))dr (3)

T1

Atomic isotopes can have different neutron scattering lengths ((b,)), for example the
neutron scattering length of hydrogen is -3.74 fm, whereas that of deuterium is +6.67 fm.
Therefore it is possible to modify the contributions of H,3(Q) towards the measured F'(Q) by
changing the isotopic constituents of the scattering molecule(s). Assuming that the isotopic
substitution does not alter the structure of the liquid or molecules, then each isotopically la-
beled sample yields different structural information about the solute. N isotopically different
samples yields N different data sets from which the H,z3(Q), and consequently g,s(r), can
be obtained. In practice it is rarely possible to have sufficient isotopically distinct samples to
be able extract all the H,3(Q) directly from the measured data. Therefore a computational
method is required to estimate approximately the individual g,s(r) functions present in the
solution.

In the present experiment the label ‘DD’ refers to fully deuteriated alcohol mixed with
heavy water, while ‘HH’ refers to fully protiated alcohol mixed with light water. Correspond-
ing to these are the labels ‘DH’, which refers to fully deuteriated alcohol mixed with light
water, and ‘HD’ which refers to protiated alcohol mixed with heavy water. For the latter
two samples account must be taken of the exchange between hydroxyl hydrogen atoms and

water hydrogen atoms when calculating the spin and isotope averaged scattering lengths for



these atoms.

Interpreting the data

To extract atom-scale information structural modeling is used with a set of constraints re-
fined against the set of experimentally determined F'(Q). A simulation-assisted procedure,
EPSR, 2522 that has specifically been developed to convert the measured interference differ-
ential cross sections to real-space, is used here, thereby yielding estimated radial distribution
functions of all atoms in the solution. This method, which is a variant of the reverse Monte
Carlo method,?® attempts to produce a structural model which provides the best overall
agreement with the experimentally determined diffraction data. Although EPSR does not
necessarily provide a unique structural interpretation of the experimental scattering data it
does yield a model that is consistent with those data. EPSR has previously been used to
study a wide range of biologically-relevant molecules in aqueous solution. 2" 32

In this paper we refer to the different atomic constituents of methanol and ethanol ac-
cording to the chemical structures shown in Figure 1. Simulated boxes of molecules were

constructed at the same concentration, temperature and atomic number density as the ex-

perimentally measured samples. Details of these boxes are given in Table 1.

Table 1: Details of the EPSR simulation boxes used in this work. In all cases
the simulation boxes were cubic.

Alcohol Methanol Ethanol
Temperature [°C]| +25°C  -28°C  +25°C -28°C
Density [atoms/A3)| 0.0982 0.1014 0.0994 0.1040

Simulation box dimension [A]  33.854 33.494 35957 35.412
No. of alcohol molecules in box 270 270 270 270
No. of water molecules in box 730 730 730 730

To start the simulation it is necessary to define an initial potential of interaction be-
tween the molecules. In the present case this consisted of a Lennard-Jones plus Coulomb

interaction:
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Figure 1: Atom labeling for the methanol (left) and ethanol (right) molecules used in EPSR
analysis. All carbon atoms are labeled ‘C1” or ‘C2’; the hydroxyl oxygen atom is labeled
‘O1’, with the corresponding hydroxyl hydrogen atom labeled ‘H2’. The alkyl hydrogen
atoms are labeled ‘H1’ or ‘H3" depending on whether they are bonded to the C1 or C2 atoms
respectively. Water oxygen and hydrogen atoms (not shown here) are labeled ‘OW’ and
‘HW’ respectively.

Uas(r) = deas <<M>12 _ (M)ﬁ) L o (@)

r 4megr

where €,5 = \/€a€p, 0ap = (04 + 05)/2, and g, is the partial charge on atom a.

Table 2: Potential parameters for methanol (atoms labeled according to Fig. 1)
used in the EPSR simulations of methanol-water solutions.

Atom Label ¢ [kJ/mol] o [A] q |e|

C1 0.390 3.700  0.29700
01 0.585 3.083 -0.72800
H1 0.065 0.000  0.00000
H2 0.000 0.000  0.43100

The likely parameters for this reference potential (RP) for the different atoms in these
simulations can often be found from previous simulations, but the values used in the present

work were mostly found by trial and error to give the best fits to the scattering data. The



Table 3: Potential parameters for ethanol (atoms labeled according to Fig. 1)
used in the EPSR simulations of ethanol-water solutions.

Atom Label ¢ [kJ/mol] o [A] q |e]

C1 0.800 3.700 -0.53825
C2 0.800 3.700 -0.04800
01 0.650 3.100 -0.82375
H1 0.000 0.000  0.18365
H2 0.000 0.000  0.49175
H3 0.000 0.000 0.18365

Table 4: Potential parameters for water atoms used in the EPSR simulations of
methanol-water and ethanol-water solutions.

Atom Label ¢ [kJ/mol] o [A] q |e|
OW 0.650 3.166  0.84760
HW 0.000 0.000 -0.42380

values used are given in Tables 2-4. For methanol they are a modified version of the H1
potential given by Haughney et al,3® the principle change being softened Lennard-Jones
parameters for the methanol carbon atoms compared to the original potential. For ethanol,
although other potential parameters are available,®* these proved too soft when structure
refinement was applied leading to unphysical overlaps between atoms. Instead the Lennard-
Jones parameters were set to the default values used in the EPSR package, while the Coulomb
charges were derived from a MOPAC7 refinement>® of the structure of an isolated ethanol
molecule, multiplied by a factor of 2.5 so that the charge on the oxygen atom was about
the same as that on a water oxygen atom. The aim here was to ensure that any differences
between ethanol and methanol that might be observed by the final analysis was driven by
the data rather than by the underlying reference potential. However the uncertainty of these
values highlights the uncertainties that still exist in the underlying potential parameters for
alcohols and water. The potential parameters for the water molecules in both methanol and

1,36 used without modification.

ethanol solutions were those of the SPC/E potentia
Truncation of the Coulomb potential is achieved using the reaction field method of Hum-

mer et al.3” Starting from a completely random distribution of molecules, the Monte Carlo



simulation is initially run with this interaction potential on its own to produce a configuration
of molecules that satisfies realistic constraints on atomic overlap and likely hydrogen bond-
ing interactions. In addition to the reference potential, the molecular conformation (bond
lengths, bond angles, and dihedral angles) of each molecule is held in place by means of a
series of harmonic pair interaction forces.®® Use of these harmonic forces means the molecules
have some degree of flexibility - controllable by the user - which mimics that observed in the
real system.

Once the simulation with the reference potential has reached equilibrium, a perturbation
of this potential, called the empirical potential (EP) is added to the reference potential
to attempt to drive the simulation as close as possible to the measured data. The detailed
method for deriving this perturbation is described elsewhere.?? In achieving this, the presence
of isotopically substituted samples, combined with use of a realistic reference potential, goes a
long way to help identify the different contributions in equation (1): for methanol-water there
are 21 contributions to (1), while for ethanol-water there are 36 such terms. The simulation
is then run with this revised combined interaction potential (RP + EP). At regular intervals
the EP is reassessed to see if the fit to the measured data can be improved. Once no further
improvements are possible, a variety of distribution functions can be estimated from the

simulation boxes and the ensemble average of these distribution functions calculated.

Results

Fits to the data

Figure 2 shows the total interference functions, F'(Q)), obtained from the neutron diffrac-
tion experiments and corresponding fit obtained from the EPSR simulation. All isotopically
distinct solutions of both alcohol solutions at both temperatures show a reasonable fit be-
tween EPSR simulation and the experimental data. There is a slight disagreement at low

Q caused by difficult-to-remove inelastic scattering contributions from hydrogen in the sam-
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ple. The main peak in the D-D solutions appears around 1.6-1.8 A~!, and is shifted to
slightly lower values in ethanol (1.6 A=) compared to methanol solutions (1.8 A=) (Figure
3), which suggests the average intermolecular spacing in ethanol-water is slightly larger than
in methanol-water, as might be expected from the relatively larger volume of the ethanol
molecule compared to methanol. There are also some changes observed in the higher Q re-
gion that arise primarily from differences in the structure of the ethanol molecule compared

to methanol and its impact on the local water structure.

(a) +25C (b) -28C
T T T T T T T T T T
s W Hy s 7//\&,— i
1 —'J SN —— HD 1 %V-V\' HD
o
= 05 DH 05 F DH
DD DD
0 /_:/\_A’ 0 %/\,
1 1 1 1 1 1 1 1 1 1
0 5 100 15 20 25 30 0 5 10 15 20 25 30
(c) +25C (d) -28C
T T T T T T T T T T
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Figure 2: Fits of the EPSR simulation to the experimentally measured neutron differential
cross section data for methanol ((a),(b)) and ethanol ((c),(d)) at +25°C ((a),(c)) and -28°C
((b),(d)) in an aqueous solution of molar ratio alcohol:water of 27:73. Curves are shifted

vertically for clarity. Units of the differential cross sections are barns/atom/sr. (1 barn =
10728 m?)
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Figure 3: Zoom in on the neutron diffraction F'(Q)) data of deuterated alcohols in deuterated
water shown for ethanol and methanol at different temperatures. Units of the differential
cross sections are barns/atom/sr. (1 barn = 1072 m?)
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Water structure

From the EPSR simulation a variety of information can be extracted concerning the structure
of the solutions. The oxygen-oxygen radial distribution functions (RDFs) obtained from
the EPSR simulations for water oxygens in both alcohol solutions at both the measured
temperatures are shown in Fig. 4 alongside the same RDF obtained for pure water.? Two
distinct peaks are observable for both solutions, the first peak at 2.7-2.8 A corresponds to
the first water hydration shell, whilst the second major peak at around 4.5 A is traditionally
assigned to the tetrahedral structure of water in solution. As the temperature is lowered the

peak intensities rise somewhat, signaling an increase in the water tetrahedral structure.

(@) (®)

7 T T T T T T 7 T T T T T T T
Methanol +25C —— ethanol +25C ——
6 Methanol —28C 1 6 ethanol 28C —— ]
5 Pure Water +25C 5 Pure Water +25C ——
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* 3k . 3F .
)L I ]
1 1 J
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
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Figure 4: Site-site radial distribution functions between water oxygen shown for (a), the
methanol water solutions and (b) the ethanol water solutions. Bottom: (c) and (d), enlarged
section of the RDFs shown above, highlighting the tetrahedral water interaction for both
alcohol solutions.

For both the methanol-water and ethanol-water solution there is a marked difference in
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the heights of these peaks compared to bulk water. Whilst it is tempting to assign this
difference to water structuring effects caused by the alcohol, it must also be borne in mind
that because most water molecules will be in the vicinity of an alcohol molecule, excluded
volume effects can be a major additional factor in making the water appear more structured
than it actually is.3? From that analysis the size of the excluded volume effect on the water
structure at low r relates directly to the inverse of the water volume fraction in solution,
while the range in r of the effect relates to the size of the cavities created by the solute. Based
on the known densities of the pure components, it is possible to estimate approximately the
water volume fraction in each solution. For a mole fraction of 0.27 alcohol in water, the
estimated water volume fractions are 0.55 for methanol:water, and 0.46 for ethanol:water.
This means the amplification factor from excluded volume effects of the small r features
in Fig. 4 will be of order 1.8 for methanol in water and 2.2 for ethanol in water. Visual
inspection of Fig. 4 suggests that the observed differences between water in solution and
pure water are in line with these factors at the lower r values, and hence cannot be taken
as clear evidence for enhanced water structure in these alcohol-water solutions compared
to bulk water. Such a sharpening of the first peaks in methanol-water solutions was also
observed in our earlier data®® but is better resolved here due to the improved counting
statistics at intermediate () values, which arise from using the NIMROD diffractometer at
ISIS compared to the previous SANDALS diffractometer, and also the revised method of
removing inelasticity effects employed in this work.?>

The results for ethanol appear similar to those for methanol, although the main peaks are
even sharper, a consequence no doubt of the larger size of the ethanol molecule compared to
methanol creating a larger excluded volume effect, as described above. To further study the
effects of the two different alcohols on the water structure the triplet bond angle distribution
of water was obtained (Ow-Ow-Ow, Fig. 5). In this case two water molecules are regarded
as “bonded” if their oxygen atoms are separated by 3.3A or less. This distribution was

calculated for each of the alcohol-water solutions shown here, as well as for pure water,
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using the neutron and x-ray data presented in.?® The triplet bond angle distribution shows a
broad peak around 110°, corresponding to the tetrahedral structure of water in both alcohol
solutions, and which appears similar in ethanol-water compared to methanol-water, but
markedly enhanced compared to pure water. There is also a small peak near 57° which
arises from triplets of water molecules at their nearest neighbour distances. Such water
molecules involve included angles of ~ 60° and so cannot be hydrogen bonded. They are
commonly observed in distributions of this kind. See for example Fig. 3 of.*° Again there
is a temperature dependence observed resulting in an increase of water tetrahedrality as the
temperature is lowered.

These trends can be quantified by calculating the tetrahedral order parameter, q:

—1-=
1 1

) /0 " Po) sine{cos9+%rd9] / { /0 "P(O) sin@d@] (5)

where P(0) is one of the bond angle distributions shown in Fig. 5, and the normalisation is
chosen so that ¢ = 1 for a perfectly tetrahedral system, and ¢ = 0 for a uniform distribution
of bond angles.*! The calculated values of this parameter are given in Table 5.

As can be seen from this table, the values of ¢ for methanol and ethanol in solution are
markedly higher than for pure water at the same temperature, and these values increase as the
temperature is lowered. The methanol values are slightly larger than for ethanol, mirroring
the small differences in the bond angle distributions between methanol and ethanol seen in

Fig. 5.

Table 5: Tetrahedral order parameter ¢, equation (5), for alcohol-water solutions.

Sample q

Pure water 25°C 0.564
Methanol-water 25°C  0.668
Ethanol-water 25°C 0.655
Methanol-water -28°C  0.693
Ethanol-water -28°C ~ 0.685

15
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Figure 5: Triplet bond angle distribution (Ow-Ow-Ow) shown for the alcohol solutions at
25°C (a) and -28°C (b). Two water molecules are regarded as “bonded” if their oxygen atoms
are separated by 3.3 A or less. Also shown is the triplet bond angle distribution for pure
water, calculated with the same criterion as for the alcohol solutions.

Another feature of Fig. 5 and Table 5 is that water in methanol-water appears slightly
more tetrahedral than in ethanol-water. To understand this, it necessary to realise that
because the alcohol solutions are at the same mole fraction, this means the volume fraction
occupied by ethanol will be larger than the volume fraction occupied by methanol - simply
because of the larger size of the ethanol molecule. Conversely the volume fraction occupied
by the water will be less in ethanol-water than in methanol-water, which might induce this
small difference in the degree of tetrahedrality.

In order to further show the differences in water structure between pure water and alcohol-
water, in Fig. 6 we compare the spatial density function (SDF) for water around water in
ethanol-water at 25°C with the same distribution in pure water at the same temperature.
The SDF, originally invented by Shishchev and Kusalik*? shows the 3-dimensional pair
distribution function of molecules around a central molecule, and is plotted as a surface
contour which encloses a certain fraction of the all the molecules within a specified distance
range. In the present case the distance range is 0 - 5 A from the central molecule, and the
contour level is set to capture 60% of all the molecules in this range, for both ethanol-water

and pure water.
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In both cases an inner coordination sphere with near tetrahedral geometry can be seen,
and an outer coordination sphere which is in almost exact anti-phase with the inner coor-
dination sphere. In the case of pure water this outer coordination sphere joins on to the
inner coordination sphere in places, while in ethanol-water, the two coordination spheres are
completely separate. A similar effect has been seen comparing high density and low density
amorphous ices,*?, and shows the strong expansion effect (lowering the density) ethanol has

on water structure.

Figure 6: Spatial density function for water around water in ethanol-water, mole fraction
0.27, (a) and in pure water at the same temperature (25°C) (b). The contour level is chosen
in each case to capture 60% of the molecules in the distance range 0 - 5 A. In both cases the
outer diameter of the plot is 10 A.

Alcohol-alcohol interactions

Figure 7 shows the radial distribution functions determined from the EPSR simulation for
alcohol-alcohol interactions in both binary mixtures. A comparison can be made between
the methyl carbon atom (C1) on ethanol with the only carbon atom in methanol (also
C1). In the ethanol-water binary mixture the methyl carbon atom (C1) is most likely to

cluster with other ethanol molecules due to its lack of hydrophilicity relative to the hydroxyl
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carbon atom (C2). The C1-C1 RDF obtained for methanol is in good agreement with
previously published data, showing a first peak around 3.9A and a second peak at ~7A.
Upon decreasing the temperature the interaction between methanol molecules changes only
marginally. For ethanol-ethanol interactions between the C1 carbons, the first peak in the
RDF corresponds to the same distance (4.0 A) observed in methanol, however the peak now
has a double peak structure, corresponding to the more complex packing of the hydrophobic
chain of ethanol. Upon cooling, the interaction between ethanol molecules also changes to a

greater extent to that observed in methanol.
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Figure 7: Site-site radial distribution functions showing the interactions between alcohol
molecules at the different temperatures measured. Top: The hydrophobic methyl carbons
and Bottom: The hydrophilic hydroxyl oxygens.

Comparing these hydrophobic interactions with the hydrophilic, O1-O1 interaction, there
is a marked difference between the two alcohols. For methanol, the coordination number of

the first peak, integrated out to 3.2 A is 0.45 + 0.05 while for ethanol the coordination number

18



for the same peak, and to the same distance is 0.70 £ 0.05, so signifying an enhanced hydrogen
bond interaction between ethanol molecules in solution compared to methanol. The effect

of temperature on this interaction is however marginal.

Alcohol-water interactions

Fig. 8 shows the hydration of the same oxygen and carbon atoms at the different tem-
peratures. For the hydrophilic site the O1 oxygen atom coordinates about 2.1 4+0.1 water
molecules for both alcohols, where, like pure water, this number includes some non hydrogen-
bonded water molecules. The RDFs of water around the carbon atoms is more complex due
to the geometry of the methanol and ethanol molecules, although it will be noted that the
C1-OW interaction in methanol-water is more similar to the C2-OW interaction in ethanol
than it is to the C1-OW interaction in ethanol. This emphasizes the pronounced hydration

of both alcohols around their respective hydroxyl groups.
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Figure 8: Hydration radial distribution functions of alcohol oxygen (O1) (a) and carbon
(C1,C2) (b) atoms at different temperatures. For ethanol C1 represents the carbon on the
methyl group and C2 the carbon on the hydroxyl group.
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Cluster analysis

To obtain further information on the degree of molecular segregation in these solutions we
now proceed to use cluster size analysis on the water and alcohol molecules in solution,
based on the current EPSR simulations. Clustering of both species in each binary mixture
was determined by using the cluster analysis routine within EPSR. For clusters involving
only water molecules, two water molecules were considered to belong to the same cluster if
their Ow-Ow distance was less than 3.3 A, while for alcohol clusters, the criterion was for
their respective C1 (or C2 in the case of ethanol) atoms, that is the hydrophobic sidechains,
to be 5.0A or less apart. These distances are determined from the position of the first
minimum after the main peak in the corresponding RDF. For the C1-C1 interaction this
minimum distance is smaller than the 5.7 A that was used previously * because of the more
complex nature of the first peak in the C1-C1 interaction in ethanol compared to the same
interaction in methanol - compare Figs. 7(a) with 7(b). Fig. 9 shows the cluster size
distributions of water and alcohol clusters in the binary mixtures alongside the predicted
percolation threshold power law N(s) ~ s722 which describes random percolation on a 3D
lattice, where s is cluster size and N(s) is the probability of finding a cluster of size s. We
can say this because the probability for the largest clusters is well above the percolation
threshold, meaning many if not most of these larger clusters will be percolating. Previously
it has been observed that at the concentrations used in this study (z = 0.27) both water
and methanol clusters percolate* and the present analysis agrees well with those earlier
results. We here extend the observation of bipercolation to ethanol-water solutions at the
same concentration (Fig. 9 (b) and (d)).

Because the majority of water or alcohols are in large percolating clusters, the effect of
temperature on these cluster distributions is relatively weak. Nonetheless, it is generally
true to say that as the temperature is lowered the fraction of alcohol molecules in smaller
clusters (less than 100 molecules) decreases while the fraction in larger clusters increases. To

make this point more quantitatively, the fractions of water and alcohol molecules in large
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Figure 9: Cluster size distribution in alcohol-water solutions.
clusters; (c) and (d) are for alcohol clusters. The distributions are shown for methanol ((a)
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(greater than 100 molecules) clusters are shown in Figs. 10 (a) and (b) respectively, where,
in addition, it can be seen that lowering the temperature generally tends to enhance the
degree of clustering, although the effect is small due to the fact that most alcohol molecules
are already in large clusters. We note that the fraction of water molecules in large clusters is
slightly lower in ethanol solutions compared to methanol because water will have a smaller
volume fraction in ethanol solution than in a methanol solution at the same molar ratio.
The opposite is seen for the alcohol clusters, that is, large ethanol clusters are more likely to
form than large methanol clusters. By the same token, according to Fig. 10, nearly 100% of
ethanol molecules are in large clusters, while 97% of methanol molecules are in large clusters,
so the distribution of small clusters in ethanol is relatively weak and noisy compared to the

same distribution in methanol-water. Compare Fig. 9(d) with Fig. 9(c).

Discussion

As shown by Towey et al.,** when discussing clustering in these aqueous solutions it is
important to establish the extent to which the observed clustering would have been observed
in a randomly mixed solution. Because of the repulsive forces which prevent atomic overlap,
the thermodynamically ideal “randomly mixed” state, where the solution components can
occupy all of space uniformly, is not realizable. Instead, it is more informative to compare the
observed structure and molecular clustering with what would be observed if all the hydrogen
bonding between water molecules, between alcohol molecules, and between water and alcohol
were switched off. To simulate this case, a parallel set of simulations of the alcohol-water
mixtures were performed at the same mole fraction and with the same molecular geometries
and Lennard-Jones parameters (Tables 2 - 4), but with all Coulomb charges and the empirical
potential set to zero. These simulations were analyzed for clustering using the same criteria
for bonding as used for the previous simulations. Fig. 10 compares the cluster distributions

with and without hydrogen bonding at 25°C.
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Figure 10: Fractions of water, (a), and alcohol, (b), molecules in large (> 100 molecules)
clusters at two temperatures.
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(a) Fraction of water in large clusters
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Figure 11: Fractions of water, (a), and alcohol,(b), molecules in large (> 100 molecules)
clusters at 25°C with (orange) and without (blue) hydrogen bonding.
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It can be seen that for the water clusters, switching on hydrogen bonding has a large
impact on the fraction of water molecules in large clusters. When hydrogen bonding is not
present (blue bars) the fraction of water in large clusters is between 40% (methanol) and
60% (ethanol) suggesting these clusters are barely percolating at this mole fraction, while
when it is present (orange bars), most of the water is occurring in large clusters. On the
other hand, for the alcohol clusters, which are defined via the contact distance between the
methyl carbon atoms, C1 and C2, hydrogen bonding has only a marginal impact on the
degree of clustering.

One conclusion from Fig. 11 therefore is that clustering of so-called hydrophobic en-
tities is not necessarily driven by the presence or absence of a hydrogen bonding medium
which surrounds them. According to the present analysis it can be regarded simply as a
result of the natural overlap and dispersion forces that exist between all molecular entities.
A similar conclusion could be drawn comparing the change in water correlation functions
with temperature, Fig. 4 with the change in alcohol correlations with temperature, Fig.
7. Notable changes in the water correlation functions occur with temperature, while the
corresponding alcohol correlation functions remain almost unperturbed. It is worth noting
here that, Takamuku et al.®, using X-ray diffraction on mixtures of methanol, ethanol and
2-propanol in water, independently concluded that it was mostly the water structure that
changed noticeably over a similar temperature range. Equally the alcohol water correlations
also change slightly with temperature, Fig. 8, which, together with Fig. 7, also suggests that
it is the water structure that is temperature sensitive, and not the arrangement of alcohol
molecules. Nonetheless, it is apparent from Fig. 10 that the degree of alcohol clustering
increases slightly as the temperature decreases, particularly in the case of ethanol.

A recent paper by Davis et al.*> concludes that the hydrophobic tails of monohydric
alcohols induce a more structured form of water around them. They make this proposition
based on the red-shift seen around the OH stretch frequency in Raman scattering data. Using

solute-correlated spectra, they surmise that around such entities, the weaker hydrogen bonds
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found in bulk water become depleted relative to the stronger tetrahedral bonds. However no
explanation is given other than by reference to computer simulation analyses which show a
similar behavior. A further useful review of this effect is given by Titantah and Karttunen. 6
The chosen mole fraction of that work, namely x = 0.01 is much lower than the z =
0.27 of the present work, making direct comparison unreliable. In the present case we do
see enhanced tetrahedrality in the water structure of these concentrated alcohol solutions
compared to pure water, Fig. 5 and Table 5, but this appears in our case to be related to

the pronounced hydrogen bonding of water to the hydroxyl oxygen, Fig. 8(a), rather than a

consequence of hydrophobicity.

Conclusion

In this work we have studied the hydrogen bond network present in ethanol-water binary
mixtures and compared these to new data collected on the well-characterized methanol-water
binary mixture at a single mole fraction (z = 0.27). The methanol-water data are in broad
agreement to previously published work, but have better resolution. The new data show
percolating cluster formation for both water and alcohol clusters, and for the alcohol clusters
in particular the maximum cluster size tends to increase as the temperature is lowered.

In our new data ethanol-water binary mixtures apparently show a increased tendency
for alcohol clustering when compared to methanol-water binary mixture at the same mole
fraction. We argue that this is apparent primarily because the alcohol volume fraction in
ethanol-water is higher than in methanol-water. Comparison with cluster formation in a
simulation where all hydrogen bonding interactions are switched off suggests that hydrogen
bonding is not primarily responsible for the alcohol clustering via the hydrophobic groups.
Instead it appears to arise mainly from the overlap and dispersion interactions which occur
between all molecular species in close proximity. In contrast, the hydrogen bond has a very

pronounced effect on the degree of water clustering. Given the proposal by Chandler®” that

26



true hydrophobic effects occur on length scales of 1 nm or more, it would appear that the
present neutron scattering data from alcohol-water solutions support that view. At the same
time the enhanced tetrahedrality of the water seen in this and other experiments appears to
arise from the H-bonding of water to the alcohol hydroxyl group, rather than to any specific

hydrophobic effect as others have speculated.
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