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We report the self-diffusion in ethanol-water mixtures as a function of the water-ethanol ratio measured at different temperatures
using quasi-elastic neutron spectroscopy (QENS). For our protiated samples, QENS is mainly sensitive to the dominant ensemble-
averaged incoherent scattering from the hydrogen atoms of the liquid mixtures. The energy range and resolution render our
experiment sensitive to the picosecond time scale and nanometer length scale. These observation scales complement different
scales accessible by nuclear magnetic resonance techniques. Subsequent to testing different models, we find that a simple jump-
diffusion model averaging over both types of molecules, water and ethanol, best fits our data.

1 Introduction

Aqueous ethanol has gained significant attention in a wide va-
riety of scientific applications. Even though pure water is the
most important solvent in nature, these mixtures of water and
ethanol in various stoichiometries form the basis of a num-
ber of beverages'? and are used in a great number of appli-
cations, such as pharmaceutical materials,>* sustainable syn-
thetic routes in green chemistry,5 and biofuels,® to name but
a few. Especially in food science and pharmaceutical applica-
tions, ethanol is widely used for its antibacterial and preser-
vative activity.7 In the formulation of medicines, ethanol is
deemed non-hazardous and is generally recognised as safe by
the FDA. Thus, a plethora of classical formulations as well as
novel therapeutic platforms are based on this solvent or use it
during the manufacturing process. *

On the physicochemical level, water-ethanol mixtures dis-
play a non-monotonous dependence of macroscopic proper-
ties on the mixing ratio, such as volume and Viscosity,8 and
refractive index.” Especially the volume contraction and with
that the increase in viscosity has attracted great interest, !%-1!
with the viscosity attaining a maximum near 0.2 mole fraction
ethanol in the ethanol-water mixture at ambient temperature. 3

Whilst earlier studies have concentrated on the macro-
scopic properties of the highly hydrogen-bonded solvent mix-
tures, '3 more recent investigations aim to understand the
non-ideal behaviour on the molecular level. Ethanol and other

t Electronic Supplementary Information (ESI) available: Tabulated values of
diffusion coefficients and residence times, figures depicting instrument res-
olution fits, example QENS spectra, and further fit parameters. See DOI:
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lower alcohols have been studied to elucidate their highly
hydrogen-bonded structure using various spectroscopic tech-
niques. '*-'® Results from neutron diffraction on water-ethanol
mixtures specifically suggest that at low ethanol concentra-
tions the alcohol has little effect on the water hydrogen bond
network and that apolar groups of the alcohol located in-
side water cavities tend to stabilize the water network. !” This
micro-heterogeneity '3 has particular impact on biological ap-
plications, as protein folding is highly dependent on hydra-
tion, and partitioning of parts of the protein into the hydropho-
bic clusters may give information about processes in living
cells. 192!

Most of the mentioned studies focus on a static picture
of the alcohol water mixtures, whilst the self- or, synony-
mously, tracer diffusion paint the dynamic picture. Diffu-
sion of these mixtures has been investigated systematically for
methanol/water already some time ago using radioactive tracer
techniques.?> More recently, the self-diffusion coefficients of
water and ethanol in water-ethanol mixtures have been sim-
ulated 2> and experimentally determined using pulse field
gradient nuclear magnetic resonance (PFG-NMR) techniques
on the millisecond timescale.?®?” Both the simulations and
the NMR results display a minimum in the tracer diffusion of
both the water and ethanol constituents near the position of the
macroscopic viscosity maximum. Moreover, both constituents
have similar self-diffusion coefficients. > To probe solvent dif-
fusion coefficients on the picosecond timescale, quasi-elastic
neutron spectroscopy (QENS) is used, and has been success-
fully applied to methanol/water mixtures ' as well as longer
alcohols such as butyl alcohol mixed with water. 28 However,
comprehensive neutron data on the picosecond self-diffusion
in water-ethanol mixtures as a function of the mixing ratio
have been missing. Since we have recently shown that ap-
parent diffusion coefficients determined by NMR and QENS
are not directly comparable,?® it appears timely to investi-
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gate these mixtures using neutron spectroscopy and to provide
this data for future reference. Incoherent QENS accesses the
ensemble-averaged single-particle self-correlation function on
the nanometer length scale and picosecond to nanosecond time
scale. Here, we systematically explore the prevailing incoher-
ent scattering from protiated water-ethanol mixtures at differ-
ent mixing ratios and for different temperatures. Such data
may also be of value as additional information to compare
with molecular dynamics simulations.

2 Experiments and methods

This study is based on the use of mixtures of fully protiated
water and ethanol. Whilst partial deuteration would allow for
a reasonably easy distinction between the two components of
the mixtures, the increased mass of the deuterated molecules
will itself influence their diffusion coefficients. We have thus
decided to determine fully protiated samples first with future
measurements on deuterated samples planned. The water-
ethanol samples were prepared by measuring exact volumes
of the individual components, which were subsequently mixed
in a glass vial sealed by a screw-on cap. Solvent volumes
were measured with a 0.25 ml Hamilton syringe at ambient
temperature of 294 K, as secured by using a preheated water
bath. The two solvent aliquots were thoroughly mixed in a
sealed vial and transferred into the sample holders before be-
ing sealed for measurement.

QENS experiments have been carried out on the cold neu-
tron chopper spectrometer LET3C at the pulsed neutron source
of the ISIS Neutron and Muon Facility at the Rutherford Ap-
pleton Laboratory. The samples were filled in double-walled
cylindrical aluminium sample holders with 0.1 mm gap size
and sealed against vacuum with indium wire. The samples
were held in a closed-cycle cryostat inside the neutron spec-
trometer during the data acquisition. The temperature was
controlled to better than +0.01 K using local resistance heat-
ing on the sample holders.

The instrument setup allowed us to record data quasi-
simultaneously at three different incident energies, namely
0.74, 1.38, and 3.4meV. The background was measured by
recording the scattering signal from an empty sample cell, but
found to be negligibly weak compared to the scattering from
the sample solutions at 3.4meV incident energy. The empty
cell signal was subtracted from the sample spectra prior to the
fitting.

The data reduction was carried out using python scripts
provided by the LET instrument team as part of the Man-
tid software (www.mantidproject.org).3! The accessible scat-
tering vector range was binned into equidistant g-slices with
width Ag = 0.1 A~!. Subsequently, all fits of the QENS spec-
tra were performed using python 3.5.2 scripts, notably em-
ploying the curve_fit command from scipy.optimize. All plots

were created using python 3.5.2 and the associated matplotlib
package.

The spectrometer resolution function %(q, ), depending
on the momentum transfer (synonymously: scattering vector)
q and energy transfer i@, was measured using vanadium foil
as a sample and a water-ethanol mixture (0.16 mole fraction
ethanol) at T = 150K, i.e. in the frozen state, and the function
was subsequently modeled by fitting a sum of five Gaussian
functions (see figure S1 in the Electronic Supporting Informa-
tion ESI). The low-temperature sample better mimicked the
sample geometry and was therefore used in the further analy-
sis as resolution.

3 Results and Discussion

The reduced spectra were fitted by %Z(q, ®) @ S(g, ®) using
the model scattering function S(g, @) established for pure wa-
ter (H,0)32, being implemented as

al(f])%#ng

+a2(q) 3 5,225 +blg). (1)

S(q’ (JJ) =

Therein, a; 2(g), 012(q), and b(q) are scalar parameters. b(q)
accounts for a small apparent flat background arising from
instrument, sample, and sample environment contributions.
Since the model equation 1 contains Lorentzians only and
the resolution function can be described by a sum of Gaus-
sians, the convolution Z(q, ®) ® S(g, @) was analytically im-
plemented by Voigt functions (calculated employing the real
part of the Faddeeva function from scipy.special). o) can be
associated with the center-of-mass diffusion of both the wa-
ter and ethanol solvent molecules. a2(q), 02(q), and b(q)
were fitted for each g independently (figure S4 in the ESI). In
contrast, in a global fit approach of all g at once, the jump-

diffusion process implemented by the relation 3
D¢’
o = 2
1 (q) 1+ qu T’ ( )

was imposed to describe the g-dependence of the first (nar-
rower) Lorentzian. Therein, D is the jump-diffusion coeffi-
cient and 7 the residence time.

This approach resulted in stable fits for all water-ethanol
ratios, whilst when leaving the g-dependence of o) free, un-
stable fits occurred for some intermediate water-ethanol mix-
tures. The fit range for these global fits was 0.55A7! < ¢ <
2.05A-!. We note that at the elevated temperatures of our
samples, we did not separate the rotational and translational
contributions to the diffusion, as this separation would only
reliably be possible at low temperatures in the supercooled
state of water.>* For this reason, the obtained apparent diffu-
sion coefficient D = (1.674 +0.031) 10~"m?/s for pure water
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Fig. 1 Example spectra (symbols) recorded on LET (ISIS, U.K.) on
a water-ethanol mixture at 0.4 mole fraction ethanol and 7 = 285K
for two values of the scattering vector: g = 1.25A~! (top) and
g=1.75A"" (bottom) using the incident neutron energy 3.4meV.
The thick solid lines superimposed on the spectra denote fits by
equation 1 convoluted with the spectrometer resolution. The thin
solid and dashed lines report the two Lorentzian components
assumed in the model. The dotted lines represent the spectrometer
resolution function.
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Fig. 2 Diffusion coefficients D (symbols) fitted to the spectra
recorded using the incident neutron energy 3.4meV in a global fit
for all ¢ at once of equation 2 inserted in equation 1, as a function of
the water-ethanol ratio, for different temperatures. D describes the
averaged self-diffusion of the water and ethanol molecules. The
lines denote spline fits to the diffusion coefficients at T = 285K, as
guides to the eye. The upper plot displays the results versus the
mole fraction of ethanol of the samples as prepared. The lower plot
displays the same results versus the calculated scattering cross
section fraction of ethanol in the samples.
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Fig. 3 Residence times 7 (symbols) fitted to the spectra recorded
using the incident neutron energy 3.4meV in a global fit for all g at
once of equation 2 inserted in equation 1, as a function of the
water-ethanol ratio, for different temperatures. T describes the
averaged residence time of the water and ethanol molecules. The
lines denote spline fits to the residence times at 7 = 285K, as guides
to the eye. The upper plot displays the results versus the mole
fraction of ethanol of the samples as prepared. The lower plot
displays the same results versus the calculated scattering cross
section fraction of ethanol in the samples.

(H,O) at T = 285K from our experiments is slightly larger
than the corresponding value obtained by gradient spin-echo
NMR, Dnvr = (1.58 40.08) 10~2m?/s,3 which is sensitive
to the translational part of the self-diffusion only.

0 in equation 1 can be attributed to faster motions at the
limit of the accessible energy window.3? Attempts to further
extend the model to account for the different populations,
namely water and ethanol, separately, led to inconclusive re-
sults and insufficient fits. Notably, in addition to independent
water and ethanol contributions, a model of coupled contribu-
tions based on a generalized jump-diffusion model of multi-
ple diffusive states was also tested.3® This model of coupled
contributions did not result in stable fits, presumably due to
very similar linewidths of the two diffusive contributions at-
tributed to the water and ethanol molecules, respectively. This
behaviour is consistent with the similar absolute values of self-
diffusion for the two molecules found in simulations access-
ing long observation times and indistinguishable contributions
in the limit of short observation times (see further below for
a detailed discussion).?>37 Therefore, the single linewidth
o accounts for the combined contributions from the differ-
ent solvent molecules water and ethanol. Following ref.3?,
the broader linewidth 0> > o] accounts for an apparent back-
ground due to vibrational contributions and will not be fur-
ther treated in this article. Nevertheless, the resulting fit pa-
rameters for this contribution are reported in the ESI (figure
S4). Moreover, the Elastic Incoherent Structure Factor (EISF)
Ao(q) = ai1(q)/(ai1(q) +a2(q)) associated with the ratio of the
two Lorentzian intensities in equation 1 agrees well with the
published result for pure water3? (figure S5) and changes with
rising ethanol fraction, indicating that the confinement geom-
etry of the diffusive motions does change by the addition of
ethanol.

Example spectra along with fits are depicted in figure 1 and
in figures S2 and S3 in the ESI. The diffusion coefficients D
and residence times 7 obtained by fitting the jump diffusion
model equation 2 inserted in equation 1 are summarized in
figures 2 and 3, respectively, and numerical values are listed
in table S1 in the ESI. In figures 2 and 3, the x-axis denotes
the mole fraction of ethanol in the samples as prepared, and
the scattering cross section fraction of ethanol has been cal-
culated from this mole fraction by the ratio of the number
density of hydrogen atoms on ethanol over the total hydro-
gen number density. The error bars in figures 2 and 3 mark
the 68% confidence limits from the diagonal of the covariance
matrix and are quite small due to the global fit of the spectra
for all g-values at once, imposing the jump-diffusion model,
equation 2. The diffusion coefficients D (figure 2) evidence
a minimum at an intermediate ethanol mole fraction, consis-
tent with simulations,?’ and the associated residence times T
(figure 3) display a corresponding maximum very close to the
ethanol mole fraction with a minimum of D.
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Fig. 4 Arrhenius plot of the diffusion coefficients D (figure 2)
summarized for 0.2 (circles), 0.5 (squares), and 0.8 (diamonds)
mole fraction ethanol, respectively. The lines denote linear fits of
In(D x 10%s/m?) = ¢| 4¢3 x 1000K/T. (cf. text for details)

The obtained self-diffusion coefficients can be summa-
rized in an Arrhenius plot as illustrated in figure 4 for the
0.2, 0.5, and 0.8ethanol mole fractions measured at dif-
ferent temperatures, from which Arrhenius activation ener-
gies and Arrhenius rate constants can be obtained by lin-
ear fits In(D x 10°s/m?) = ¢; + ¢ x 1000K/T, where c; >
are scalar fit parameters.3® For our data, the slope c; results
in the Arrhenius activation energy E,, defined as D(T) =
Aexp(—E,/(kgT)), of E, = (24.79 +0.25) kJ/mol for the 0.2
ethanol mole fraction (figure 4).38 Using data for the other
two ethanol mole fractions, the Arrhenius activation energy E,
shows with 24.48 4+ 0.98 (0.5mol ethanol) and 10.95 4 0.37
kJ/mol (0.8 mol ethanol) a reasonably good correlation with
calculated values.?” According to these literature values3’,
the activation energy spikes around the ethanol mole frac-
tion of 0.2, for which the lowest diffusion coefficients have
been determined. The pre-exponential factor A extracted from
the same fits of the Arrhenius behaviour (figure 4) gives the
rate constant associated with the diffusion. The values re-
sulting from our fits are ¢; = In(A/(10~°m?/s)) = (10.07 &
0.32), (10.20 £ 1.22), and (4.82 +0.45) for the 0.2, 0.5, and
0.8 mole fraction ethanol samples, respectively. We note that
the Arrhenius fits for the data with only three different temper-
atures are rather unstable, and further data at additional tem-
peratures with a wider spacing would be required.

On the short picosecond observation time scales, the wa-
ter and ethanol diffusion coefficients are expected to be in-
distinguishable according to recent simulations accessing this
scale.?’ This expectation is reasonable, because on this obser-
vation time, the diffusive displacement /(r2) with (r?) = 6Dt

is on the order of a few Angstroms, i.e. on the order of the
size of the molecules. Furthermore, even on much longer time
scales, such as those accessed by NMR techniques, the water
and ethanol diffusion coefficients are rather similar according
to earlier simulations. >

Moreover, in the limiting cases of 0 and 1 ethanol mole
fraction only one molecular species, i.e. water or ethanol, con-
tributes to the measured signal. It is therefore not possible to
access any differences in the diffusivities of the two species in
these limiting cases experimentally, but only by simulations.
The absolute values of the self-diffusion coefficients found in
our study on the picosecond time scale and nanometer length
scale tend to be somewhat larger than the values found on
much longer time and length scales using experimental NMR
spectroscopy data,?’ as well as corresponding long-time sim-
ulations.?> This observation can be understood by the larger
initial slope of the diffusive mean-squared displacement ver-
sus time found in simulations on the picosecond time scale.’’

Finally, our finding of the absence of different individual
diffusivities of water and ethanol on the picosecond obser-
vation time scale does not contradict the picture of a micro-
structure of water and ethanol, as it has been reported that
clusters resulting from such micro-structuring are short-lived
with an expected lifetime of less than a picosecond, i.e. on
the order of or less than the residence time 7 found in our
fits. 1839 Therefore, in this respect the water-ethanol system
is substantially different from other binary liquid system, e.g.
dimethylsulfoxide-water mixtures, which has been studied
earlier using neutron spectroscopy and which displays much
longer cluster lifetimes on the order of several tens of picosec-
onds. 3940

As outlined earlier, our study on fully protiated samples
may in the future be complemented by a study of water-
ethanol mixtures using partially deuterated molecules com-
bined with neutron polarization analysis in order to distinguish
the contributions from the molecular constituents of the mix-
tures. The data presented here will support a meaningful dis-
cussion on the influence of altered mass due to the deuteration,
allowing for further elucidation of this surprisingly compli-
cated mixed-solvent system.

4 Conclusions

We have presented systematic data of the ensemble-averaged
self-diffusion coefficients of water and ethanol as a function
of the water-ethanol mixing ratio measured on the picosec-
ond time scale and nanometer length scale using incoherent
quasi-elastic neutron scattering. The observation time scale is
crucial to interpret the results. With this understanding, our
results fit in an overall picture with published simulations and
experimental data using NMR spectroscopy, in which the dif-
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fusivities attributed to the water and ethanol molecules, re-
spectively, are comparable on the picosecond observation time
scale that we probe with our experiment. Small differences
would be expected to become apparent only on much longer
time scales. The very good quality of the fits suggests that the
used model, originally established for pure water, also holds
for all water-ethanol mixing ratios in a sufficient approxima-
tion for the present data.
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tron and Muon Facility and can be accessed by the experiment
number RB1610311, DOI: 10.5286/ISIS.E.73947887.
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