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Abstract. In view of getting a quantitative picture of the dynamics in mixtures of hydrogen-bonded liquids,
in particular the ternary water-ethanol-octanol, we examine in this paper the dynamics of two binary systems:
ethanol-water and ethanol-octanol. Our multiscale investigation includes quasi-elastic neutron scattering for
the characterization of the dynamics at the molecular scale, completed by NMR at the mesoscopic scale and
eventually compared with macroscopic viscosity properties. We highlight the decrease of diffusivity in pure
alcohols when increasing the lengthscale and conjecture its relation with the two processes measured in di-
electric spectroscopy. While the behaviour of ethanol-water is well understood, unexpected inversion of the
slowest component between the micro and the mesoscale are evidenced in the ethanol-octanol mixture. This
effect could be at the origin of the negative viscosity excess in the mixture of alcohols.

1 Introduction

Hydrogen bonded liquids, such as water and alcohols, are
literally vital components of all biological systems, and es-
sential in pharmaceuticals, food products, cryo-protection
agents, microwave chemistry, and many technologically
relevant materials for liquid-liquid extraction. Many im-
portant features are linked to their strong polarity that
stems from the -OH dipole. Therefore, the structure of
these liquids is more complicated than other organic lig-
uids, e.g. alkanes, where van-der-Waals interactions pre-
vail and no supramolecular structures are identified. For
these systems, the local organization depends on the com-
petition between hydrogen-bonding interactions that tend
to favour clustering, and steric hindrance between alkyl
chains, that limits the extension of the H-bond network.
Monoalcohols, with only one donor site, can develop a
two-dimensional HB network of various sizes and shapes
(chains, branched chains, rings), at variance to liquid wa-
ter that shows a three-dimensional HB network since the
H,0 molecule has two donor and two acceptor sites.

An increased complexity is observed by mixing these
liquids and the corresponding processes are widely studied
in the literature because they are found in many applica-
tions over the last decades. Beside the industrial relevance
of water-ethanol mixture, for example the water-octanol
mixture has been studied as model system to mimic inter-
faces and cell membranes [1] and aggregation in the form
of a reverse micelle-like or worm-like structures was sug-
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gested. Ternary aqueous mixtures also received a lot of
attention as promising green solvents. The aqueous mix-
ture of ethanol and octanol has been extensively studied
during the last decade since it presents a model system
for the study of the nano and meso-organization, also pre-
senting the so-called Ouzo-effect [2], observed when an
emulsion is formed after a rapid aqueous dilution of a low
water content mixture, entering deeply into the two-phase
region close to the binodal line. It was actually shown that
a pre-Ouzo zone is already present in the monophasic re-
gion, extending all around the critical point (see Figure la
for graphical visualization) [3]. This work, on the three in-
volved binaries of this system, is a first step toward the un-
derstanding of the molecular dynamics of the pre-Ouzo re-
gion in following a line crossing the phase diagram across
the region of interest.

Monoalcohols containing up to three carbon atoms
are known to be fully miscible with water in any propor-
tion. Thermodynamic excess quantities, transport proper-
ties and structure of water-ethanol mixtures as a function
of mole fraction of alcohol have evidenced thermal anoma-
lies [8, 9]. In particular, the viscosity maximum is ob-
served for 0.25 molar fraction of ethanol, i.e., three water
molecules per alcohol molecule [6]. Around this concen-
tration, the H-bond network of water is enhanced due to
the hydrophobic interaction of the ethyl groups in ethanol.
Water molecules are easily added until all hydrogen bond
sites of the alcohol are occupied; by adding further water,
at the viscosity maximum, mesoscopic nanophase separa-
tion with water droplets is observed but the system remains
macroscopically miscible. For monoalcohols containing

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Figure 1. (a) phase diagram of the ternary mixture water-ethanol-octanol, expressed in mole fraction. The dots are distributed over the
line of interest for the understanding of the ternary mixture. (b): excess viscosity for the three binary mixtures in ethanol or octanol mole
fraction in their miscibility range. Data for the water-ethanol and ethanol-octanol are taken from references [4] and [5] respectively.(c)
and (d) : structure factor of the pure compounds measured by neutron (our work, measurements on 7C2 at LLB, France and ref [6])

and X-ray diffraction (our work and ref. [7] respectively.

a longer alkyl chain, such as n-octanol, mixing is only
possible in very limited proportions until aqueous satura-
tion is reached: at room temperature, molar fraction sol-
ubility of water in octanol was found to be equal to 0.27
(48.91 ¥ 0.13 mg/g of water in octanol [10]). At vari-
ance to water-monoalcohol mixtures, monoalcohol mix-
tures, such as ethanol-octanol, exhibit a negative excess
viscosity [5] (see Figure 1b), i.e., the system becomes less
viscous than the ideal mixture by adding ethanol to octanol
with a minimum close to a molar fraction of .5 (note that,
for this latter case, one should also remember that the vis-
cosity of monoalcohols increases with the number of car-
bons in the alkyl chain, ethanol being almost 8 times faster
than n-octanol). Therefore, understanding the function of
hydrogen-bonded liquids requires knowledge of the struc-
ture and dynamics of both the molecules and the dipoles.
The structure factor of the liquids studied in this work
is reported in Figure 1 by neutron on panel (c) (our work
and ref. [11]) and by X-Rays scattering on panel(d) (our
work and ref. [7]). The mean peak (1-2 A1) associated
to intermolecular distances is shifted to higher Q’s and
broader for the smallest liquid, water. The occurrence of
a prepeak (0-1 A™"), located beyond the usual short range
liquid order at low wave vector is weakly seen by neutron
scattering due to the low weight contribution of the O-O
partial structure factor, but clearly noticeable by X-rays

at room temperature for ethanol and n-octanol. Nothing
equivalent is observed for water due to the smaller size
of the molecule. Careful analysis of molecular dynamic
simulations in terms of cluster sizes and shapes reported a
fraction of ring aggregates of 27% for ethanol [11-14] and
only 3.6% for octanol where chain like clusters are ma-
jority [1, 15]. The large dipole moment involved makes
these associating liquids very good systems for studies
by dielectric spectroscopy, a technique that has been ex-
tensively applied to this class of liquids [16-19]. It has
been established for mono-alcohols, such as ethanol or oc-
tanol, and possibly water, that the dipoles relaxation oc-
curs with a characteristic time that differ from those of the
molecules. A prominent dielectric signal of Debye type
appears at low frequency, i.e. with a long relaxation time
slower than the relaxation of the remaining structure; it is
attributed to the breaking of hydrogen bonds in molecular
aggregates of 2-4-6 molecules associated in chain or ring
like structures. As a result a slow mode due to the H bond
network, the -OH dynamics, coexist with a faster one re-
lated to the structural relaxation and the mobility of the
-OR part of the molecules.

In this framework, we investigated both binary mix-
tures at each end of the line crossing the ternary phase di-
agram, ethanol-water (B1) ethanol-octanol (B2) (0.21 and
0.65 mol fraction of ethanol in hydrogenated mixtures, re-



EPJ Web of Conferences 272, 01003 (2022)
QENS/WINS 2022

https://doi.org/10.1051/epjcont/202227201003

spectively), corresponding moreover to a constant ethanol
mass fraction. We present here measurements of the diffu-
sion coefficient at different lengthscales: at the molecular
scale using Neutron Spin Echo (NSE) and at the mesoscale
with NMR. Although the diffusion coefficients of pure al-
cohols measured with both techniques are known from
the literature, we emphasize here that the characteristic
timescales of the dynamics vary with the lengthscale. Us-
ing specific deuteration, we were eventually able to dis-
entangle the diffusion coefficients of the different molecu-
lar species, exhibiting different behaviors in a macroscop-
ically homogeneous mixture. In light of the structural or-
ganization and dynamics characterized by dielectric spec-
troscopy, we conjecture that the origin of the lengthscale
variation of the diffusion coefficient is directly related to
the mesoscale cluster organization and propose that it is
also at the origin of the different signs of the excess vis-
cosities in the various mixtures.

2 Materials and methods

Anhydrous ethanol (purity > 99.9%) and octan-1-ol
(purity > 99%) were provided by Carlo Erba Reagents.
Water was prepared from a Millipore source with a
resistivity of 18.2 MQcm. D,0 (99.9% D) and d6-ethanol
(C,D5-0D, 99.0% D, <0.3% water) were obtained from
Eurisotop, dl17-octan-1-0l (CgD;7-OH, 98% D, where
only the hydroxy labile hydrogen is not deuterated) from
Cambridge Isotope Laboratories. All compounds were
used without further purification. All measurements
presented here, including the pure ethanol and octanol but
not water, were performed during the same experimental
runs.

Amp. [a.u.]
:

¢ D,0/h-Ethanol
o d-Octanol/h-Ethanol
74 A h-Octanol/d-Ethanol

0.0 0?5 1i0 1j5
(v8G)(A-3/3) [s/m”]

Figure 2. PFG-NMR amplitudes as a function of pulsed field
gradient and fit with a single exponential function. The hydro-
genated component of the binary mixture, accounting for the
largest part of the signal, is in bold in the legend.

NSE measurements were performed on the instrument
INI1C at a wavelength of 5.5 A and the center of the
detector positioned at an angle of 20 deg covering a

Q range from 0.1 to 0.7 A" and allowing to access a
maximum usable Fourier time of 1 ns. Additional NSE
measurements were performed on the instrument IN15
using a wavelength of 8 A and detector angles of 3.5, 6.5
and 9.5 deg covering a usable Q range from 0.05 to 0.145
A1 and reaching maximum Fourier times of 70 ns.
Pulsed Gradient Field NMR (PGF-NMR) experiments
were performed on a Bruker Minispec mq20 with a pulsed
gradient unit for gradients up to 4 T/m using a standard
Hahn Echo sequence with a delay between 90 and 180
deg pulse A=7.5 ms and a gradient pulse length 6=0.6 ms.
Amplitudes vs field gradient were very well fitted using
a single exponential decay, as shown in the figure 2. The
lengthscale probed with NMR, equivalent of ‘Q”’, is
(I'6G)*. With the proton gyromagnetic ratio I' = 26.7E7
rad/T/s, 6=0.6 ms and G from O to 3.2 T/m, gives Q=0.5
um~" at 3.2 T/m gradient, therefore 3 to 4 orders of mag-
nitude larger than NSE typical lengthscale. Deuterated
compounds were used in order to disentangle the different
coefficients, based on the measurement of proton diffusion
i.e. of the diffusion of the hydrogenated component. The
extracted diffusion coefficients were therefore calculated,
for each species, assuming a complete exchange of the
labile hydrogen/deuterium between the hydroxyl groups.
To reach this goal, two equations were coupled such as :

Dmeasl = xllDl + x12D2 (1)
Dypeasr = x21D1 + x00D» 2

with xj; and x;, are the molar fraction of protons in com-
ponent 1 and 2 respectively, in the measurement 1, while
xp1 and xy; are the molar fractions protons in component
1 and 2 respectively in the measurement 2. Equations are
then inverted to extract the diffusion coeflicient D; of the
component 1 and D, of the component 2. This assumes
that exchange of labile protons is slow compared to the
time scale of the experiment and that all protons contribute
equally to the NMR signal. We also neglect differences
in viscosity between deuterated and hydrogenated com-
ponents and we further assume 100% deuteration for the
nominally deuterated components. This correction is how-
ever quite small. Results are directly presented in the sec-
tion 4.

All measurements were performed at room temperature
298 K.

3 Results from NSE

Neutron Spin Echo enables the measurement of the trans-
lational diffusion coefficient on a lengthscale of a fraction
of nm and a timescale smaller than a few ns. Mixtures of
protonated and deuterated components were used in order
to extract the dynamics of each component. Since NSE
measures the difference between coherent and 1/3 of the
incoherent neutron scattering signal, the data were fitted
according to the equation

S(Qa t) = Acoh(Q)S wh(Q, t) - Ainc(Q)S inc(Q’ t) (3)
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Figure 3. NSE data and fit for octanol in the B2 mixture d-
ethanol/h-octanol (0.61 mol of ethanol), according to eq. 3 for
the different values of Q. Data are measured on the spectrometer
IN11 at the ILL (France).

where A.,, and A;,. are the (positives) coherent and
incoherent amplitudes which are calculated from the po-
larised intensity in up and down direction assuming
100% flipper efficiency. S ;. is the normalised incoher-
ent intermediate scattering function given by S;,.(Q,1) =
exp(—Din. Q*t), where the incoherent diffusion coefficient
D, is constant over the whole Q range. This last ap-
proximation therefore assumes a Fickian diffusion over the
lengthscales covered by NSE, a posteriori justified by the
quality of the fit. The normalised coherent intermediate
scattering function S, is given by

Scoh(Q’ t) = xinel(Q) exp(_rinelt)
+ (1= xiner(Q) (1 = x549(Q)) exp (~Deon( @) Q%)
+ g (O] (4)

where D, is the Q dependent coherent diffusion coeffi-
cient, x4 is the fraction of elastic background and x;,;
is the fraction of fast coherent dynamics [20]. I}, has
been set to a value of 300 1/ns based on the relaxation
times observed in an all-deuterated sample. At this value,
exp(—Tieit) has essentially decayed after 8 ps. For a given
Q in a given data set, we have Dy, Xpig, Xinel, in addition
there is a single Q independent D;,. for the whole data set.
The relatively large number of free parameters is eased by
the fact that both xur, and x;,.; are small corrections ac-
counting for at most 2% of the coherent signal. The co-
herent (collective) dynamics is expected to be sensitive to
the structural organization and therefore is allowed to vary
over the investigated Q range. The IN15 data were fitted
with the same model and constrained to the D;,. extracted
from the IN11 data which covers higher Q, where the co-
herent signal has mostly decayed and the signal incoher-
ent scattering is more visible. Because of the very large
scattering cross section of hydrogen, we expect the inco-
herent signal to be dominated by the hydrogenated com-
ponent. The coherent contribution is proportional to the
square of the contrast, here between the hydrogenated and
deuterated molecules. We assume in this analysis that the

measured coherent dynamics is also the one of the hydro-
genated component, justified by the good agreement be-
tween D,,; and D;,. at high Q.

Both data and fits according to eq. 3 are shown in the
figure 3 for the mixture B2 where the octanol is hydro-
genated. At small Q, the signal is dominated by the coher-
ent diffusion. The incoherent contribution becomes dom-
inant for Q larger than c.a. 0.4 A~ when the small angle
intensity 1(Q) drops to zero and before the structure factor
increases again above 1 A~! because of to intramolecular
correlations.

80 Py
pL

— 60
w
(=]
~
N°< % % %
D,O/h-Ethanol D O Dje—
20 d-Octanol/h-Ethanol Dy, O Dy,

h-Octanol/d-Ethanol D.,;, O Dj,,——

0 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Figure 4. Coherent (empty squares) and incoherent (constant
line) diffusion coefficients extracted from IN11C measurements
over the whole Q range three mixtures: B1 d-water/h-ethanol,
B2 d-ethanol/h-octanol, B2 h-ethanol/d-octanol, in the respective
fractions of 0.14, 0.61, 0.66 mol of ethanol. Full squares are
extracted from IN15 measurements. The colored zones represent
the error bar on D;,..

The extracted diffusion coefficients for the B1 and B2
mixtures are shown in the figure 4. D,,, and Dj,., for
each sample, are quite similar and tend to agree at large
Q (small distances). Deviations are observed at small
Q, when probing longer distances. The collective diffu-
sion of ethanol in the water/ethanol mixture tends to slow
down over larger distances, as confirmed by the smallest
Q data measured on IN15. This effect can be assigned to
the presence of clusters of a few molecules as previously
discussed, close to the maximum of the thermodynamic
anomalies. If self and collective diffusion are similar very
short distances, measuring the collective translational dy-
namics over larger distances (small Q) implies probing
the dynamics of these aggregates. D,,;, therefore deviates
from D;,. and becomes slower, the diffusion of ethanol is
hindered by the aggregation.

Due to the limited range of Fourier times covered by
IN11C, during which barely any decay of S(Q,t) is visi-
ble at low Q, the increase of D.,, observed at the low Q
end of the IN11C measurements for h-ethanol/d-octanol is
merely an artefact as the measurements from IN15, which
cover significantly longer times are clearly indicating con-
stant values of D.,;, at low Q. The ethanol-octanol behav-
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ior will be further discussed in the next section in regards
to NMR measurements.

4 Discussion

The diffusion coefficients measured by NSE and NMR of
the B1 and B2 mixtures on both sides of the pre-Ouzo re-
gion are presented in figure 5. NMR probes the individ-
ual molecular diffusion similarly to incoherent QENS but
over a lengthscale larger by 5 orders of magnitude. This
combination enables the study of the diffusion coefficients
from the nm to the micron lengthscale: a slowing down
of the dynamics when the lengthscale increases is well un-
derstood in complex systems [21].

Regarding the pure compounds, water presents a dy-
namics characteristic time, assigned to the translational
diffusion coefficient, identical for the two techniques,
while diffusion of ethanol and octanol slow down with
increasing lengthscale. The values presented here are in
very good agreement with values reported in the litera-
ture for neutron Time-Of-Flight spectroscopy in pure wa-
ter and ethanol [22, 23] and PFG-NMR for water, ethanol
and octanol[24-26]. At the molecular scale, water forms a
3-D hydrogen bond network that repeats over macroscopic
distances. As discussed in the introduction, clustering due
to hydrogen bonding of a few molecules occurs in monoal-
cohols because of the presence of hydrophobic chains. Di-
electric spectroscopy measurements show two relaxation
times, a fast one related to internal molecular motions and
a slow one related to the cluster dynamics. We conjecture
that the same causes apply here: internal motions within
the cluster governing the dynamics over a short length-
scale measured by neutron scattering and cluster dynam-
ics slowing down the diffusion over larger distances. Al-
though the Debye relaxation is also observed, to a lower
extent, in pure water, we do not observe any effect of large
sale structure on the diffusivity in pure water.

We then measured the diffusivity of ethanol in the
water-ethanol mixture. Overall, we measure a smaller dif-
fusivity in agreement with the increase of viscosity. When
probed over the full range of NSE lengthscales corre-
sponding to the size of a few molecules, the ethanol mixed
in water exhibits a small Q dependence. However, when
going up to large distances as probed by NMR, no further
slowing down of the dynamics is observed : for distances
larger than the ethanol clusters, the diffusivity is governed
by the 3-D organization of water and the diffusivity stays
constant.

Eventually, the ethanol-octanol mixture presents the
most unexpected behavior. While the diffusion coefficient
of octanol decreases over large distances similarly to pure
octanol, the one of ethanol, at the limit of the error bars,
tends to increase.

Mixtures of alcohols are known to exhibit strong neg-
ative viscosity excess. Still, the diffusivity of ethanol is
lower in the mixture than in the bulk, which is not the
case of octanol. On one hand, the averaged diffusiv-
ity can be calculated on the basis of the diffusion coeffi-
cients of the components in the mixture, for both NMR

and NSE : D,,=x,D,yiy 1 +x2Dpix 2 Were x;, are the mo-
lar fractions of each component. This gives numbers of ~
57 and ~ 49 107" m?s~! for NSE and NMR respectively.
On the other hand, one can compute an ideal diffusivity
based on the diffusion coefficients of the pure compounds
: Digear=%1Dpuix.1+X2Dpyuix 2. This calculation instead leads
to diffusivities of ~ 118 and 74 10~"" m?s~! respectively.
Although these number indicate a negative excess of dif-
fusivity that would lead to a positive excess of viscosity
in the ethanol-octanol mixture, in opposition to its exper-
imental value, the (absolute) diffusivity excess decreases
from 60 to 25 with increasing lengthscale. A further evo-
lution in this direction at macroscopic distances would ex-
plain the negative viscosity excess.

In this mixture, the hydrogen-bond network is not
three dimensional because of the carbon chains and the
larger importance of Van der Waals interactions. Ethanol
is less mobile in the mixture than in the bulk at short dis-
tances but unlike the octanol, behaves more in a bulk-like
way at long distances. The opposite is observed for oc-
tanol. The ethanol clusters may be hindered by the sur-
rounding octanol molecules, but have a short enough life-
time so that the long range diffusion is less affected. Oc-
tanol molecules instead are fluidified by the presence of
ethanol that locally disturbs the structural octanol orga-
nization. This last one may still persist at long distance,
inducing the decrease of mobility.

observation timescale (ns)
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PETTTT BRI 11 110 FTTTT Y
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200 k -- W-- water ]
-- B-- ethanol
- -- B-- octanol
-- O-- B1 h-ethanol/d-water
_— Tee-al
) 150 | - O- B2 h-ethanol/d-octanol B
NE —————— B2 d-ethanol/h-octanol
o 100} LI
Z
2 L °
()]
50 - o
|
0 T T T

10° 10' 10° 10° 10*
observation lengthscale (nm)

Figure 5. Self diffusion coefficients from NSE and NMR for the
pure compounds and binary mixtures, measured at 298 K. In the
binaries, the component characterized is in bold in the legend.
Lines are only guides for the eye. Note the exceptional increase
of the ethanol diffusion coefficient between NSE and NMR in the
ethanol-octanol solution.

5 Conclusion and perspectives

In order to understand and rationalize the macroscopic be-
havior of hydrogen bonded mixtures of water and alco-
hols, we investigated the dynamics from the nano- to the
micron scale. The use of Neutron Spin Echo in partially
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deuterated mixtures enables the distinction between coher-
ent and incoherent diffusivity, giving further insight into
the molecular dynamics over the scale of small aggregates.
Combined with NMR, we could characterize the diffusion
coefficients of individual species in molecular mixtures on
the microscopic and mesoscopic lengthscale.

We emphasize that pure alcohols already present diffu-
sivities that slow down over long distances with respect to
molecular scale. This observation is in agreement with the
different relaxations observed with dielectric spectroscopy
on very different observables which are the dipoles.

In the binary systems, we observe complex behaviors

of the molecular dynamics, changing with distance and
time in a non intuitive manner. We propose that the pos-
itive excess viscosity measured in water-alcohols mixture
is related to the long range extend of the hydrogen bond
network due to the dominating water dynamics. In mix-
tures of alcohols, instead, the viscosity excess is negative.
We indeed observe a singular behavior of ethanol that was
not highlighted earlier and requires further investigations
to be quantitatively understood, in relation to the long dis-
tance organization.
The two binaries investigated here are the most relevant of
the ternary system water-ethanol-octanol, which exhibits
nanoscale structuration. We expect the dynamics charac-
terized here to be key processes in the organization of the
ternary system.
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