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Abstract

Aqueous n-octanol (n = 1, 2, 3, 4) mixtures from the octanol rich side
are studied by x-ray scattering and computer simulation, with focus on
structural changes, particularly in what concerns the hydration of the
hydroxyl-group aggregated chain-like structures, under the in�uence of
various branching of the alkyl tails. Previous studies have indicated that
hydroxyl-group chain-cluster formation is hindered in proportion to the
branching number. Here, water mole-fractions up to x = 0.2 are exam-
ined, i.e. up to the miscibility limit. It is found that water molecules
within the hydroxyl-chain domains, participate to the chain formations in
di�erent manner for the 1-octanol and the branched octanols. The hy-
dration of the octanol hydroxyl chains is con�rmed by the shifting of the
scattering pre-peak to low momentum transfer both from measured and
simulated x-ray scattering intensities, which corresponds to an increased
size of the clusters. Experimental x-ray scattering amplitudes are seen to
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increase with increasing water content for 1-octanol, while this trend is
reversed in all branched octanols, with the amplitudes decreasing with the
increase of branching number. Conjecturing that the amplitudes of pre-
peaks are related to the density of corresponding aggregates, these results
are interpreted as water breaking large OH hydroxyl chains in 1-octanol,
hence increasing the density of aggregates, while enhancing hydroxyl ag-
gregates in branched alcohols by inserting itself into the OH chains. Hence,
water acts as a structure maker or breaker in inverse proportion to the
hindering of OH hydroxyl chain structures arising from the topology of
the alkyl tails (branched or not).

1 Introduction

It is well known that alcohols are characterized by the chain-like association of
the OH hydroxyl groups, which give rise to a scattering pre-peak in radiation
scattering experiments [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14], and also from
scattering intensities calculated from computer simulations [15, 16, 17, 18, 19,
20, 21, 22, 23]. What is perhaps less known is the in�uence of the alkyl tail
parts, both in their length and their branching possibilities. The n-octanols
are ideal case for this study, because the alkyl tails are reasonably long, and 4
branching conditions are possible, as illustrated in Fig. 1.

Figure 1: Octanol molecules branching. The molecules were visualised using
ChemDraw (Chem3D; PerkinElmer Informatics).

Alcohols beyond propanol are no more fully miscible in water, indicating
that alkyl chain lengths beyond 4 are already too hydrophobic for water to
accommodate. Indeed, the volume ratio of charged (hydroxyl head groups) and
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uncharged (alkyl tails) decrease as 1/m, wherem is the alkyl tail length in terms
of methyl/methylene units. For octanol, the volume of hydrophobic units is 8-
fold that of the hydrophilic units, twice that of 1-propanol. As water is added
to neat alcohols, it is initially expected that it would associate to the hydroxyl
groups, which are already grouped in chains. But this Coulomb empathetic
association is not expected to hold when the water content is increased. For
small alcohols, micro-segregation of the alcohol and water is observed, with
the help of water-hydroxyl group proximity[24]. Also, chaining of the hydroxyl
groups is suppressed at high water content. This crossover from monomeric
to chain formation is conditioned by the alkyl chain length and bulkiness, and
cannot occur without a full phase separation beyond m = 4[25]. This implies
that the micro-segregation picture of miscible small alcohols is lost with longer
ones. Therefore, it is interesting to examine how water a�ects the OH chain
formation before the breaking point, and also how the alkyl tail �bath� in�uences
water location.

The experimental x-ray spectra can be intuitively interpreted in terms of
underlying structure formation, but only to some extent. Computer simulations
provide a microscopic picture through the statistical analysis of many possible
molecular con�gurations. However, simulations come with their own load of
problems, the most important being the use of model molecular force �elds,
such that the systems studied do not quite correspond to the experimental ones.
Interpreting �ne details di�erences in par with the intuitive ideas provided by
the experimental spectra is a di�cult exercise, possibly there is no guarantee
that a unique interpretation is possible. This is con�rmed by previous studies
of 1-octanol-water mixtures.

The 1993 paper of Franks et al. [9] used a modi�ed hard sphere model to
�t the hydroxyl group aggregates of neat 1-octanol to a spherical core, thus
providing a perfect �t of the pre-peak shape. The 2002 paper by McCallum and
Tieleman [26] concerns computer simulations of neat and hydrated 1-octanol.
The snapshots from computer simulation show very clearly that the OH hy-
droxyl groups form chains and not spheres, hence proving the model of Franks
and coworkers incorrect, despite the impeccable �t of the pre-peak. The same
simulation shows that water tends to insert within the hydroxyl chains, and that
the pre-peak amplitude increases with water concentration. Finally, the 2006
paper by Chen and Siepmann [18] is a Monte Carlo simulation study of dry and
wet octanol with di�erent force �elds. The authors con�rm the formation of OH
chains, with insertion of water inside the chains. In addition, they report that
water tends to distribute itself more on very long neat 1-octanol chains than
short ones, hence diminising the number of pure 1-octanol long chains. This
last trend is equally observed by us, but with the added interpretation that
water tends in fact in breaking OH chains, thus acting as a structure breaker, a
conclusion that is not reached by this earlier study. Other experimental studies
of aqueous n-octanol, are mostly limited to 1-octanol, and do not provide very
accurate microscopic pictures. Several types of studies have been performed,
such as the thermodynamic studies [27, 28], spectroscopic studies [29, 30], or
interfacial descriptions through simulation methods [31].

3



The pathway we choose in this paper is the following. The various octanol
alcohols are systems ordered at microscopic level, in the sense that hydroxyl
groups form various types of chains. Adding water to these alcohols will even-
tually lead to full demixing already at water concentration as low as x ≈ 0.25.
Hence, studying the mixing of water with these alcohols is akin to studying pre-
cursor demixing conditions. On the other hand, it seems intuitively clear that
water molecules will preferably stay in the vicinity of the hydrophilic hydroxyl
chain groups, and tend to perturb these chains. Eventually, this perturbation
will break the stability of the system, which will prefer to phase separate by seg-
regating the water molecules into pockets separated from the ordered octanols.
Computer simulation can provide some support to how this happens. What we
�nd is that water plays both the role of structure maker and breaker, depending
on if the octanols are branched or not. In what follows, we try explain how
the various microscopic indicators from the simulation can help support this
picture.

2 Experimental and simulation details

2.1 Experimental

Pure octanol isomers and octanol/water mixtures were studied by x-ray di�rac-
tion at 293 K. We purchased 1-octanol (purity > 99.7%), 2-octanol (purity >
99.5%), 3-octanol (purity > 99.5%) and 4-octanol (purity > 97%) from Sigma
Aldrich and used them without further treatment. Mixtures were produced us-
ing MilliQ water. The solubility of water in 1-octanol and 2-octanol is small
and even smaller for the highly branched octanols. Hence we were able to
study 1- and 2-octanol for water molar fractions x up to 0.2 while 3- and 4-
octanol were investigated up to x = 0.1 to avoid demixing. The pure alcohols
and water-alcohol mixtures were �lled into borosilicate capillaries with 0.01 mm
wall thickness for the di�raction study.

The x-ray di�raction measurements were performed at the bending magnet
beamline BL2 of the synchrotron radiation source DELTA (Dortmund, Ger-
many) [32]. We used a multilayer monochromator providing an incident energy
of 10.87 keV with a bandpass of about 10−2 and a beamsize of 0.5 x 0.5 mm2.
The di�raction images were measured with a MAR345 image plate detector.
LaB6 was used a calibration standard. The 2D di�raction images were con-
verted to di�raction patterns with the software package Fit2D [33]. Finally, the
air scattering and scattering from capillary was subtracted and the data were
normalized to the integrated intensity of the calculated di�raction patterns of
the pure octanols in the wave-vector transfer k-range between 0.2 and 2.3 Å−1

2.2 Simulations

Molecular dynamics simulations of the octanol-water mixtures were conducted
in the Gromacs program package [34]. The initial con�gurations of 2048 molecules
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for all systems were created with Packmol [35]. These initial con�gurations were
�rst energy minimized and then equilibrated for 5 ns. Finally, production runs
of 5 ns were performed during which at least 2000 con�gurations were gathered.
The simulations were done in the NpT ensemble at T = 300 K and p = 1 bar.
The temperature was maintained with the v-rescale thermostat [36], whereas
the the Parrinello-Rahman barostat [37, 38] was utilized to keep the pressure
constant. The temperature algorithm had a time constant of 0.2 ps and the
pressure algorithm was set at 2 ps.

The leap-frog algorithm [39] was used as the integration algorithm, at every
time-step of 2 fs. The short-range interactions were calculated within the 1.5
nm cut-o� radius. The long-range electrostatics were handled with the PME
method [40] and the constraints with the LINCS algorithm [41]. The force�eld
of choice for the octanols was the OPLS-UA [42], while the SPC/e model was
used for water [43].

3 Comparison of measured and calculated x-ray

intensities

3.1 Experimental data and two conjectures

The x-ray scattering experiments are summarized in Fig.2, for di�erent branch-
ing of the octanol and di�erent water mole fractions of x = 0.07, 0.1, 0.2 for
1-octanol, x = 0.045, 0.15, 0.2 for 2-octanol, x = 0.07, 0.1 for 3-octanol, and
x = 0.06, 0.1 for 4-octanol.

In the discussion below, we pay attention to two principal features: the
amplitudes and the k-positions of the main peak (around k ≈ 1.4Å−1) and the
pre-peak (in the k-range 0.4− 0.6Å−1) and their changes with water insertion.
We use two conjectures: the k-positions are related to objects size and the
amplitudes are related to the density of the objects. By object, we mean the
atoms or atomic groups (such as the methyl group) inside molecules and the
clusters of the hydroxyl head groups when it concerns the main peak and pre-
peak, respectively. By object size we mean that de�ned through the inter-
object contact, such as for instance de�ned by the minimum of the inter-particle
interaction.

In a previous work on octanols[23], we have shown that both conjectures were
fully consistent with the temperature dependence of I(k), both for the main peak
and the pre-peak. Essentially, we found that both the amplitudes of the main
peak and pre-peak increased with the decrease of temperature, a trend which
is consistent with the densi�cation of liquids upon cooling since objects tend to
occupy less volume. Similarly, the increase of peaks' k-values, were shown to be
consistent with a tightening of contact due to increased interactions due to the
Boltzmann factor kBT . In the present case, because of the very small e�ects
of water insertion on I(k), the conjecture is less obvious, particularly for the
pre-peak.

These conjectures make sense for the main peak, since it concerns atomic
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Figure 2: X-ray scattering intensities of n-octanol-water mixtures with n= 1,
2, 3, 4 with di�erent mole fractions of water. The data are normalized to the
integrated scattering intensities of the pure octanols from the simulations. The
arrows are guides to the eyes.

groups which are well de�ned by the interaction force �eld. For the octanols
considered here, the methylene groups of size σm ≈ 3.75Å are dominating the
system in a ratio 8/10. Hence, the scattering main peak is positioned at k =
2π/σm ≈ 1.67Å−1, which con�rms part of the stated conjecture. However, the
experimental main peak positions around 1.4Å−1 indicate a somehow larger
e�ective diameter of about 4.5Å. Concerning the amplitudes of the main peak,
they are found to be nearly insensitive to the addition of water, since the density
change is so small.

For the pre-peak however, the conjectures are important to explain the ob-
served changes, highlighted by the arrows in Fig.2, particularly in what concerns
the amplitudes. This is because clusters are entities with a distribution of sizes
and densities. While all isomers exhibit a decreasing pre-peak position kPP

with increasing water addition, their amplitudes vary in a very di�erent way.
For 1-octanol the pre-peak intensity increases with higher water content. For 3-
and 4-octanol this trend is reversed. Latter is observed also for 2-octanol but
to a lesser extent.

3.2 Data from simulations

The calculated di�raction intensities based on the molecular dynamics simu-
lations are presented in Fig.3. We simulated octanol-water mixtures for molar
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fractions of x = 0.02, 0.05, 0.1, 0.2 for 1 and 2-octanol and x = 0.02, 0.05, 0.1, 0.15
for 3 and 4-octanol. The most notable facts are the positions of the main peaks
and pre-peaks, as well as both their amplitudes, which follow the same patterns
as those of the experimental data in Fig.2, except for pure 3-octanol and to a
lesser extent pure 4-octanol. Similarly to the experimental data, the main peak
does not change signi�cantly with addition of water. The OPLS force �eld gives
the methylene CH2 atom size around σ ≈ 3.75Å which corresponds to the main

peak positions k
(calculated)
MP ≈ 1.67Å−1, enforcing the interpretation of the peaks

in terms of mean scattering object size.

Figure 3: X-ray scattering intensities of n-octanol-water mixtures with n= 1,
2, 3, 4 as calculated from computer simulations.

Interestingly, the pre-peak behavior of the simulated intensities resembles
surprisingly well to the �ndings from the experiment. Except for dry 3-octanol
and 4-octanol, we observe in the simulation a shift of the pre-peak to lower k.
The variation of the pre-peak intensity is most obvious if the lowest (2%) and
highest (15% − 20%) water concentrations are considered: For 1-octanol the
intensity increases while it decreases for all branched octanols with addition of
water. Overall we see a rather good agreement between experiment and simu-
lation which allows us to look deeper into the structural details analyzing the
simulated snapshots, atom-atom structure factors, and correlation functions.
The case of 4-octanol is also examined below. There are obvious cases of dis-
agreements, such as the intensity of the pre-peak of dry 3-octanol being much
higher than for the wet ones. Latter is observed in opposite but to a lesser
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extend for 4-octanol. Surprisingly, these trends are reproducible from one run
to another, even when started from di�erent initial conditions. We get back to
this later, when examining microscopic details from simulations.

In order to better interpret these scattering intensities, we recall the Debye
expression relating the scattering intensity I(k) to the total atom-atom structure
factors [44, 45, 22]:

I(k) ≈
∑
i,j

∑
ai,bj

√
xixjfai(k)fbj (k)S

(T )
aibj

(k) (1)

where sums run on molecular species with index i and j, as well as the atoms ai
and bj belonging to the respective molecules, ρ is the total number density, xi,j

is the mole fraction of species i, j, fai
(k), fbj (k) are the form factors of atoms

ai, bj , and

S
(T )
aibj

(k) = Waibi(k)δij + ρ
√
xixj

ˆ
dr exp (ik · r)

[
gaibj (r)− 1

]
(2)

where Waibi(k) is the Fourier transform of the intra-molecular correlation func-
tion [22] for species i (there are no intra-molecular correlations for cross molec-
ular species, hence the Kronecker delta δij , and gaibj (r) the pair correlation
function between the atoms ai and bj).

The interpretation of the intensity of the pre-peak in terms of aggregate
density is not obvious to justify from theoretical grounds. Indeed, the pre-
peak is the result of cancellations of positive atom-atom correlation pre-peaks
and negative atom-atom correlation anti-peaks. Fig.SI-1 in the Supplementary
Information (SI) shows all the structure factors for 1-octanol and highlights
typical ones, where the pre-peaks and anti-peaks are visible. The origin of these
atom-atom pre-peaks and atomic peaks is related to charge order, and ultimately
refer to the local arrangements of the charged molecular groups with respect
to the uncharged ones. Indeed, the correlations between the charged groups
tend to produce positive atom-atom pre-peaks, while the negative anti-peaks
come from the charged-uncharged cross correlations. For example, the pre-peak
for the case of methanol is weaker (almost a shoulder), while that of ethanol
and higher alcohols is more pronounced and higher in amplitude[22]. From
these information, we can conclude that the intensity of the pre-peak re�ect the
density of the charged groups in the midst of uncharged ones, namely that of
the hydroxyl group clusters in the �bath� of alkyl tails. This interpretation had
been tested in the case of pure branched octanols [23] and could be put to the
test in the present case.

The main peak is seen to be quite insensitive to the addition of water, which
is fully consistent with the picture that water essentially contributes to the ag-
gregates through the cluster pre-peak. Indeed, the main peak re�ects the mean
atom size, which is dominantly that of the methyl/methylene groups (around
4 Å for the OPLS united atom model [42]). The interpretation of the pre-peak
positions in Ref. [23], was in terms of aggregate sizes in condition where the
branching of the alkyl tail hinders the chain formation of the hydroxyl groups.
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Indeed, the shift of the pre-peak positions towards larger k values consistently
indicates a smaller size of the hydroxyl aggregates. For the case of 1-octanol, the
addition of water shifts the pre-peak to smaller k-values, again con�rming that
the water molecules tend to increase the size of the hydroxyl head groups by
sitting between them. The same trend is equally seen for the branched octanols,
which is more or less the expected result.

Turning to the pre-peak intensity, we note that they show a highly unex-
pected behaviour. For 1-octanol, the intensity of the pre-peak increases with
addition of water, while it appears to decrease for the branched ones. On the
other hands, the intensities increase systematically when going from 1-octanol
to 4-octanol. This is perfectly consistent with the interpretation of the inten-
sity of the pre-peak as the density of the aggregates. Indeed, if the aggregates
become smaller with branching, since both the number of OH groups and CH
groups is exactly the same for all octanols, it clearly means that the number of
smaller OH aggregates must necessarily increase with the reduction of the chain
size.

If we reason in terms of associating the pre-peak intensity to the density of
hydroxyl group aggregates, independently of their sizes, the case of 1-octanol
suggests that the number of chains increases with water addition. This means
that the insertion of more and more water tends to destabilize the hydroxyl
head group chains, and these break in smaller ones, with water replacing the
hydroxyl groups. The decrease of the amplitude for the branched alcohols is
interpreted as water allowing more hydroxyl groups to gather, hence increasing
the aggregate sizes, but decreasing their density. In other words, in the case of
the branched octanol, water acts as an aggregate cement, while it acts as an
aggregate disruptor for the 1-octanol.

4 Microscopic details from computer simulations

The most straitforward approach is to analyse the cluster distributions obtained
from the computer simulations, which we provide in the next subsection. The
analysis of the atom-atom pair correlation functions and related structure factors
in a second subsection, help better understand what happens at atomic level.

4.1 Cluster analysis

Fig. 4 shows the compared oxygen cluster distributions between 1-octanol and
4-octanol, both in neat and maximum hydrated conditions, which is 20% for
1-octanol and 15% for 4-octanol. The most apparent feature is the cluster peak
around cluster size 5, which is common to all curves. Previous works have
demonstrated that cluster size 5 seems to be a magic number common to all
mono-ols [22] . Comparing �rst the neat 1-octanol (open circles) and neat 4-
octanol (�lled circles) distributions, we see that 4-octanol has less small and
large clusters than 1-octanol, but most mean size clusters, between 4 and 6.
This indicates that the cluster size distribution is more polydispersed for 1-
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octanol than 4-octanol, and in particular that there are more large clusters in
1-octanol than 4-octanol. These conclusion were previously reached in our work
[23].

Figure 4: Oxygen atom clusters size distributions for 1-octanol and 4-octanol,
both in neat and maximum hydration conditions. Upper panel for the cross
oxygen OOw clusters and lower panel for octanol OO clusters. The pure n-
octanol curves (open circles for 1-octanol and �lled circles for 4-octanol) are
reproduce in both panels to facilitate the discussion. The coloured areas are
discussed in the text. The thick colored vertical lines refer to the mean size of
clusters, with the following color conventions: red and magenta for neat and
aqueous 1-octanol, respectively, dark and pale green for neat and aqueous 4-
octanol, respectively.

There are 3 colored parts to focus on, the small cluster sizes, under 3 units
(colored in pale yellow), just below the peak, the peak region itself coloured
in pale red), from 4 to 6-7, and the tail part, above 7 units (coloured in blue).
When water is added to near saturation, if we compare with neat octanol cluster
distributions, the small size clusters generally increase, but spectacularly so for
neat OO clusters than mixed OOw ones. The peak is generally diminished,
but nearly vanishing for the case of 1-octanol OO clusters. Concerning the tail
part, there are 2 distinct behaviour: for the mixed OOw clusters, the distribution
looks more like that of neat 1-octanol, while the OO cluster look more like neat
4-octanol. Putting all these results together, when water is added, the OO
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clusters are pushed towards smaller sizes, while the mixed OOw clusters tend
to be larger.

For 1-octanol, the initial OO clusters have been replaced by OOw clusters.
Since the initial OO clusters were rather large ones, it means that water has
broken them by inserting into them. This means that the total number of
clusters has increased (see OOw and OO distributions), which is compatible with
the increase of the pre-peak amplitude. These interpretations are compatible
with water playing the role of a structure breaker in the case of 1-octanol.

In the case of 4-octanol, the large OO cluster size remains more or less the
same, but the small cluster size has increased and become more polydisperse,
nearly loosing the clear OO cluster peak. Conversely, the number of large OOw

clusters have increased. Clearly, water has acted as a structure maker in the
case of 4-octanol.

An important point to consider is the fact that these cluster distributions
give only probabilities of sizes, and not the number of clusters of given size. To
emphasize the consequence of this, we have show the mean sizes of clusters in
Fig.4 in thick vertical lines. In particular, it can be observed that none of these
lines coincide with the maximum of cluster distribution probabilities. However,
they help to support the interpretations on the role of water in the considerations
below. The principal information they provide is as follows. For 1-octanol, the
addition of water diminishes the mean size of the OO clusters while increasing
their probabilities (the magenta line in the lower panel is positioned at smaller
sizes than the red line), compensated by the increase of the mixed OOw clusters
(the position of the magenta line in the upper panel is similar to that of red line
in the lower one). This is in favour of the role of water being a cluster breaker
for OO clusters. For 4-octanol, the addition of water also decreases the size
of OO clusters, increasing their probability (the pale green line is position at
slightly smaller cluster sizes than the dark green line), but this is compensated
by a signi�cant increase in mean size of the mixed OOw clusters. In this case
water is more of structure maker.

We now examine the detailed evolution with water inclusion of the 1-octanol
cluster distribution in Fig. 5 and that of 4-octanol in Fig. 6. Similar distribu-
tions for 2-octanol and 3-octanol are provided in the Supplementary Information
document, in Fig.SI-2 and Fig.SI-3. For each octanols, the upper panel shows
the cross water-octanol oxygen cluster distribution as function of cluster size,
while the lower left and right panels show the octanol oxygen and water oxygen
cluster distributions, respectively.
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Figure 5: Oxygen atom clusters size distributions for 1-octanol and for di�erent
water content.

We �rst focus on the upper panel of Fig.5, and notice that these cross water-
octanol oxygen cluster distribution, for all water concentrations, are nearly iden-
tical to their respective pure octanol oxygen distributions (the black curves for
xW = 0). The �rst thing to notice is that all the distributions look more or less
alike, and more importantly look like the neat 1-octanol cluster distribution.
This is a con�rmation that the mixed oxygen clusters are similar to that of neat
1-octanol clusters. Clearly, this implies that the 1-octanol oxygen clusters will
be reduced in number and size. This exactly what we observe in the left lower
panel: while large OO clusters are in smaller number compared to that of pure
1-octanol, including the cluster-peak region, the number of smaller OO clusters
are increased, and in both cases with monotonous trend in water concentration
increase. The lower right panel shows water oxygen clusters, which strikes by
the fact that there is no cluster peak, just like for pure water [46]. This is
partly because water forms globular clusters instead of chain-like ones, since it
tends to form tetrahedrally extended space �lling patterns, and also because
such clusters are more polydispersed.

This analysis clearly demonstrates that water tends to destroy OO clusters,
either by inserting into them and breaking them apart, or by breaking them
apart into smaller ones. We conclude that water acts as a structure breaker in
the case of 1-octanol, since it really breaks the original neat 1-octanol ordering.
It is important to note here that by structure breaker we not merely mean to
say that water inserts itself in octanol oxygen chains, but that it really make
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long OO chains unfavourable.

Figure 6: Oxygen atom clusters size distributions for 4-Octanol and for di�erent
water content.

This situation changes when branched octanol are concerned. In Fig.6, we
see from the upper panel that the mixed OOw clusters are still more or less
similar to that of pure 4-octanol OO clusters (shown in black). We note that
the mid range mixed cluster size 7<s<11 tends to be somewhat larger than
OO clusters. However, the large OO clusters remain similar to that of neat 4-
octanol, as can be seen in the lower left panel. Even though the increase in small
OO clusters with water content is similar to that observed in Fig. 5 for 1-octanol
(lower left panel), it is really the intermediate/large cluster distribution which
is strikingly di�erent. This analysis shows that water acts as structure maker
for 4-octanol, in the sense that it preserves the original OO cluster structure,
and promotes larger OOw mixed clusters, a trend also observed for 2-octanol
and 3-octanol, as shown in the SI document.

4.2 Correlation functions analysis

In order to rationalize and support most of the interpretations given in the previ-
ous discussions, we have examined into some details the various pair correlation
functions gaibj (r) and corresponding intermolecular structure factors

Saibj (k) = δij + ρ
√
xixj

ˆ
dr exp(ik · r)[gaibj (r)− 1] (3)
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where ai and bj are atoms types a and b belonging the molecular species i and
j, respectively. This structure factor di�ers from that in Eq.(2) by the absence
of the intramolecular correlation term Waibi(k).

Below, we present a comparative analysis of structure functions for 1-octanol
and 4-octanol, mostly in the perspective to support the dual role of water. The
corresponding data for 2-octanol and 3-octanol can be found in the SI document.

The various oxygen-oxygen pair correlation functions are shown in Figs.
7,9,11, and the corresponding structure factors in Figs. 8, 10, 12. We focus
here on comparing the aqueous 1-octanol mixtures with the aqueous 4-octanol
mixtures, respectively shown in the right and left panels of the �gures. Since
the pair correlations are essentially governed by the strong hydrogen bonding
interactions, the �rst peak is unusually high, thus the logarithmic scale has
been used. All these �gures show features typical of alcohols, with a narrow
and high �rst peak, which witnesses the strong �rst neighbour correlations due
the strong hydrogen binding (represented here by Coulomb interactions), fol-
lowed by second and higher neighbours depletion correlations, which witness
the chaining of the hydroxyl groups. It is these two mechanisms which produce
respectively positive and negative contributions to the oxygen-oxygen structure
factors, which cancel into forming the pre-peak feature. We note in Figs. 8, 10,
12, that the pre-peak positions correspond to that in the calculated scattering
intensities in Fig. 3.

Fig. 7 illustrates the features described above, between two octanol oxy-
gens. In addition, we see that adding water in small concentrations leads to
small changes in the correlations for both 1-octanol and 4-octanol, which is
the general diminution of correlations. Only the minimum of the depletion well
shows marked changes around r ≈ 7.5Å and r ≈ 6Å for 1-octanol and 4-octanol,
respectively, indicating that water plays its most important role in this distance
range, by reducing the depletion. This is in line with the occurrence of small OO
chain clusters being favoured, which was found to be common to both octanols
through the cluster analysis.
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Figure 7: Octanol oxygen-oxygen pair correlation function gOO(r) for 1-octanol
(left) and 4-octanol (right), and for various water mole fractions as shown in the
legend panels. The pure octanol curves (xw = 0) are presented in black. Note
that the vertical scale for the gOO(r) is logarithmic.

In order to gather information about larger clusters, we need to examine the
atom-atom structure factors in Fig.8. Again, we note that there are only little
changes in the general shape of these functions with small water addition. No-
table features are the marked decrease of the pre-peak amplitude for 4-octanol,
as compared to 1-octanol, but also the lesser dependence of overall features with
water inclusion for 4-octanol than for 1-octanol, which suggest that OO clus-
ters are not as much a�ected for 4-octanol than for 1-octanol, except for their
numbers, as suggested by the pre-peak amplitude decrease. This is consistent
with the cluster analysis results.
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Figure 8: Octanol oxygen-oxygen pair structure factor SOO(k) for 1-octanol
(left) and 4-octanol (right), and for various water mole fractions as in Fig.7.
The pure octanol curves (xW = 0) are presented in black.

Concerning the mixed OOW correlations in Fig.9, we note the same features
as in Fig.7, namely that the depletion well is the most a�ected with water
addition, as the depletion correlations are decreased. We note however a clear
shift of the peak positions at r ≈ 15Å − 17Å for 1-octanol, suggesting the
existence of larger mixed clusters with the increase of water content. This
is consistent with the cluster analysis about large mixed clusters being more
prominent than large OO clusters for wet 1-octanol while in case of wet 4-
octanol mixed clusters of average size increase.
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Figure 9: Octanol oxygen - water-oxygen pair correlation function gOOW
(r) for

1-octanol (left) and 4-octanol (right). The lines are as in Fig. 7.

The corresponding structure factors in Fig.10 show much more marked fea-
tures that in the case of OO correlations. The 1-octanol SOOW

(k) structure
factors have a higher pre-peak amplitude than those for 4-octanol, and the
changes with water content are more prominent. This is fully consistent with
the scenario suggested by the cluster analysis, that mixed oxygen cluster are
more abudant in 1-octanol than in 4-octanol, and con�rming the intruder role
of water in 1-octanol and to a much lesser extent in 4-octanol.

Figure 10: Octanol oxygen - water-oxygen structure factor SOOW
(k) for 1-

octanol (left) and 4-octanol (right). The lines are as in Fig. 7.

The water oxygen correlations in Fig.11 and Fig.12 show very peculiar fea-
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tures, especially when compared with the corresponding correlations in pure
water (black curves). The gOWOW

(r) clearly suggest the existence of tiny water
droplet clusters of 2-3 members, which is witnessed by the fact that the second
and third neighbour correlations are well above 1. The large oscillatory features
represent droplet-droplet correlations, most probably across alkyl tails, and not
within the water-hydroxyl chain clusters. The marked self-water correlations
are also consistent with the water cluster analysis not presenting cluster peak.

Figure 11: Water-oxygen - water-oxygen pair correlation function gOWOW
(r) for

1-octanol (left) and 4-octanol (right). The lines are as in Fig. 7, and the pure
water correlations are shown in black curves.

The structure factors in Fig.12 tend to con�rm the above analysis for gOWOW
(r).

There is a marked pre-peak around k≈ 0.4Å−1 , which is in line with that of the
octanol pre-peak and x-ray pre-peak, suggesting that water is part of the hy-
droxyl clusters, and not unexpectedly so. We note also that this pre-peak tends
to become a k = 0 concentration �uctuation peak in the case of 4-octanol, which
is markedly visible for xW = 0.15. This is consistent with the earlier demixing
of 4-octanol with water content.
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Figure 12: Water-oxygen - water-oxygen structure factors SOWOW
(k) for 1-

octanol (left) and 4-octanol (right). The lines are as in Fig. 7, except that the
pure water correlations are shown in black curves.

We note the enormous di�erence between pure water correlations (black
curves) and those for very small water concentrations, suggesting the radical
change in microscopic structure. The main peak in SOWOW

(k) for pure water,
which is in fact the shoulder peak around k ≈ 2 Å−1 (which corresponds to
water diameter σ ≈ 3Å), disappears for the aqueous octanol mixtures, indicating
that the bulk water structure does not exist anymore, and is replaced by water
aggregated structures.

Similar analysis for 2-octanol and 3-octanol can be made from the �gures
in the SI document (Fig.SI-4 to Fig.SI-9). Finally, the in�uence of water in the
alkyl tail correlation functions is shown in the SI document, in Fig.SI-10 and
Fig.SI-11, for the last carbon atom C_8. It is found that these functions are
much less sensitive to water inclusion, which is at �rst understandable since
water does not sit in the alkyl atom areas. However, the dependence on water
of 1-octanol is quite visible on the structure factor pre-peak, while that of 4-
octanol shows none. This is another indirect proof of water a�ecting 1-octanol
more than it does for the branched 4-octanol.

4.3 Details from snapshots

It is instructive to compare the aggregate structures formed by the hydroxyl
groups and water molecules. In Fig.13 we provide such comparison between
aqueous 1-octanol (left) and aqueous 4-octanol(right) for a low water content
of xw = 0.05, and in Fig.14 for the higher water content xw = 0.15. For the
low water content, we observe mostly the di�erences in chaining of the hydroxyl
groups. For 1-octanol the longer chaining is quite apparent, while smaller chains
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and and also monomers are visible on the right panel for 4-octanol. It is equally
seen that small water clusters are part of larger octanol clusters, in both panels.

Figure 13: Comparison of snapshots for the xw = 0.05 low water mole fraction,
between 1-octanol (left) and 4-octanol (right). Only the hydroxyl groups (oxy-
gen in red and hydrogen in white) and water (in blue) are shown. Snapshots
are made with VMD [47].

In Fig.14, for xw = 0.15, we see a marked di�erence in clustering between
1-octanol and 4-octanol, the latter being more clustered and fewer monomers
than for 1-octanol are observed. This is consistent with water increasing the
number of chains in 1-octanol (since all of the water is always part of octanol
chain clusters), hence with water acting as an OO chain breaker (there is a
clear illusion of �more� water in the left panel, even the total number of water
molecules is the same in both panels).
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Figure 14: Comparison of snapshots for the xw = 0.15 higher water mole frac-
tion, between 1-octanol (left) and 4-octanol (right). Only the water molecules
are shown (oxygen in red and hydrogen in white). Snapshots are made with
VMD [47].

5 Discussion and Conclusion

In the present work, we have shown that computer simulations can be used to
interpret experimental x-ray spectra of aqueous alcohol n-octanol mixtures in
the water poor region, not only by reproducing the changes in shape of the
di�raction intensities with water concentrations, but additionally by providing
support to the intuitive interpretations of the pre-peak positions and amplitude
displacements with water inclusion. More importantly, this study has high-
lighted the dual role played by water, which depends indirectly on the topology
(i.e. branching) of the alkyl tails. It is generally believed that water has a
H-bond structure which is so complex that it leads to many of the anomalies
found in neat water [48], but also that the nature of di�erent solutes perturb this
complex structure, either by destroying or enforcing it. Such solutes are called
chaotropes and cosmotropes[49]. Many interesting e�ects in aqueous mixtures
are often described or attributed in terms of this vocabulary[50, 51, 52, 53, 54].

In the present paper, we show that water itself can act as a structure
maker/preserver or breaker, depending on the nature of the order in non-aqueous
systems, herein the n-octanols. More importantly, this dual role depends on the
hydrophobic sub-molecular component of the solute. Since water demixes from
long alcohols, it is not surprising that it would act as a structure breaker for
1-octanol. On the other hand, the role of water as structure preserver in the
branched octanol is intriguing. It is not the �rst example of water acting as
structure maker, since direct micelle formation is helped by water cooperating
in the outer corona region. Similarly, the role of water in biological environ-
ment is also believed to play a structuring role. The structural details provided
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herein may help better understand the role of water, and pave the way for
further investigations.

While the computer simulation study of water rich binary mixtures is plagued
with spurious demixing issues in many cases [55, 56, 57, 58, 59, 60], in the present
study we demonstrate that this is not the case for water poor mixtures. On con-
trary, it is apparent that the study provides results very consistent with exper-
imental scattering intensities, indicating that it is not a model issue, as is often
formulated when considering problematic water rich simulations [61, 62, 57]. It
is quite tempting to deduce that the apparent spurious water segregation and
demixing could be a genuine physical e�ect, in the very short time (less than the
microsecond) and small sizes (box sizes below 50 nm). Water may tend to form
large segregated domains in a very short period, before a re-entering melting of
these domains happens and lead to the �nal equilibrium mixture. This prob-
lem may not be perceptible at experimental level (unless explicitly looked for).
From these remarks, it could be interesting to look at water nucleation prob-
lems in binary mixtures of aqueous organic molecules from the water rich side.
As stated above, the very good agreement observed between the experimental
and calculated x-ray scattering intensities, and for very di�erent systems, tend
to indicate that subtle self-assembly issues in aqueous poor conditions can be
properly studied by model computer simulations.
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