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Molecular dynamics simulations are used to investigate the interfacial properties of molecules related to flavours
of Scotch whisky, in ethanol/water solutions with different values of alcohol-by-volume (ABV). The propensity
of flavour molecules to accumulate at the liquid-vapour interface is linked to the evaporation of those molecules
into the head space, and consequently their perception when nosing or tasting. The simulation approach is first
validated for ethanol/water solutions, without flavour molecules, by comparing simulated and experimental
values of the ethanol surface excess and the interfacial tension. The chosen values of ABV are 0% (pure water),
20% (typical dilution for sensory evaluation), 30% (diluted spirit), 40% (typical bottle strength), 50%, 65% and
73% (representing a range of cask strengths), and 100% (pure ethanol). Then, flavour molecules are considered,
ranging from hydrophobic to hydrophilic: octane (alkane); octan-1-ol (alcohol); octanal (aldehyde); octanoic acid
(carboxylic acid); and ethyl hexanoate (ester). The primary focus is whether there is a positive excess of such
molecules at the interface, or whether the molecules remain fully solvated by the liquid layer. The dependence
of this excess on ethanol content can be correlated with how flavour molecules are released into the head space
on dilution with water, and hence the tasting experience. Additional molecular-level details are presented, such
as how organic molecules are oriented with respect to the interface. This illustrates how molecular simulations
could be employed to improve our understanding of the links between composition and flavour perception, or
to aid the development of low-alcohol spirits with similar sensory characteristics to full strength equivalents.

1. Introduction Scotch Whisky Regulations 2009 [6], the alcoholic strength of newly
distilled spirit must be less than 94.8% alcohol by volume (ABV). Grain
whiskies are generally distilled to strengths higher than 90% ABV, while

Although distilled spirits are mostly composed of ethanol and wa-
for a typical malt whisky the distillation strength is around 68-70%

ter, their distinct flavours and aromas arise from a plethora of small

molecules which are present at significantly lower concentrations [1].
Scotch whisky contains a wide variety of naturally occurring flavour
compounds which originate from the raw materials, production and
maturation processes. The concentration, or even presence, of those
molecules in whisky depends on a number of factors such as the malt-
ing procedure [2], the nature of the microorganisms present during
the fermentation [3,4], and the treatment given to the oak casks in
which the spirit is matured [5]. This results in significantly different
flavour profiles across different Scotch whisky brands. In addition to
the developing flavour composition, the alcoholic strength of the spirit
also changes during production. According to legislation set out in the
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ABV. The evaporation of alcohol (including the “angel’s share”), the
addition of water, and the concomitant reduction in alcoholic strength
continue from the time the spirit leaves the still until it reaches the
glass. There is generally a dilution step before maturation, as water is
an essential factor in the extraction of flavour from the oak. There is
further dilution before bottling. By its legal definition, Scotch whisky
needs to be bottled at a minimum alcohol strength of 40% ABV [6], but
most is bottled at 40-43% ABV, although bottlings of higher strength
can be found on the market. Finally, the consumer may choose to di-
lute their whisky further, depending on personal taste, by adding water
or ice.
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The whisky industry uses sensory analysis — the evaluation by
trained human assessors — to monitor and control flavour quality. Typi-
cally, assessments are carried out at 20% ABV. This reduces the burning
sensation caused by alcohol, which interferes with the perception of
other flavours and results in sensory fatigue [7]. Relatively little is un-
derstood about how differences in alcoholic strength affect the flavour
of whisky. This question is commonly addressed by using chromato-
graphic methods to study the distribution of molecules between the
liquid and the head space (the vapour region in the glass, in immedi-
ate contact with the liquid). In some cases, the concentration of a target
flavour molecule in the liquid phase falls below the limit of detection
of traditional analytical methods, while still being detected in sensory
analysis. This renders common experimental methods useless. In this
work, the issue is addressed by using molecular simulations of flavour
molecules at the liquid-vapour interface.

Molecular simulations have been widely used to study the micro-
scopic behaviour of physicochemical systems in situations where ex-
periments are difficult or impossible. Of particular importance to the
current problem are binding and adsorption. In the pharmaceutical in-
dustry, virtual screening can be used to predict the binding affinity of
millions of different small molecules to a macromolecule of therapeu-
tic interest [8-10]. Molecular simulations are widely used to explore
the adsorption of surfactant molecules at solid-liquid and liquid-vapour
interfaces [11,12]. Molecular simulations have also been successfully
applied to important problems in the drinks industry. In two recent
studies by Du et al., the stability of Barley Limit Dextrinase (an en-
zyme that breaks barley starch into fermentable sugars) at different
mashing temperatures was examined using molecular dynamics (MD)
simulations [13,14]. A key publication on whisky by Karlsson and Fried-
man reports the interfacial properties of guaiacol (a phenol associated
with smoky aroma in whisky) at different alcohol concentrations, and
links these to the tasting experience [15]. MD simulations of a layer of
ethanol/water solution were carried out, and the distribution of the so-
lute (guaiacol) within the layer was computed, and linked to its likely
evaporation, and hence sensing, in the head space.

Inspired by the work of Karlsson and Friedman [15], the current
study is focused on a comparison of model flavour molecules with dif-
ferent functional groups, in solutions with different alcoholic strengths.
The differences in the flavour of whisky at different alcohol strengths
are due to different distributions of flavour molecules between the lig-
uid (which is mostly ethanol and water) and the gas phase. Fig. 1 illus-
trates that a typical whisky drink can be simulated as an ethanol/water
solution with or without flavour molecules (depending on the purpose),
and with at least one liquid-air interface. The flavour molecules evapo-
rate and resolvate at different rates depending on their physicochemical
properties.

To validate the simulation approach, ethanol solutions of various
concentrations are first studied without flavour molecules. Estimates of
the surface excess of ethanol at the liquid-vapour interface, and the in-
terfacial tension, are compared to experimental data from the literature.
Because the solution layers are quite thin, the surface excess represents
a significant fraction of the total ethanol content, and so an effective
ABV of the bulk solution is derived in order to connect the simulated
solutions with real spirits. Next, flavour molecules are added to the so-
lution layers, and the spatial distributions of those molecules within
the layers are computed, and subsequently linked to sensory percep-
tions. The flavour molecules are all linear, 8-carbon organic molecules
related to typical whisky flavours, and include an alkane, an alcohol,
an aldehyde, a carboxylic acid, and an ester. The findings contribute to
the development of a better understanding of how alcoholic strength af-
fects the solvation and evaporation of molecules related to the flavour
of whisky and, in turn, the tasting experience.

The rest of this article is organised as follows. The MD simula-
tion methods are described in Section 2. The results are presented in
Section 3, beginning with ethanol solutions without flavour molecules
(3.1), and then moving through each kind of flavour molecule (3.2).
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Fig. 1. Image of a typical whisky glass beside a schematic view of the MD sim-
ulation box used in this study. The spirit is approximated as an ethanol/water
solution in which flavour molecules (FM) evaporate and resolvate at the edge
of the liquid phase (brown).

The link between simulation results and flavour characteristics is out-
lined in Section 4, and Section 5 concludes the article.

2. Methods

The target molecules, listed in Table 1, were chosen to represent
a wide range of flavours, and have different degrees of polarity. De-
scriptions of the flavours, and whether these are perceived as aromas
or taste, are given in the table. An aroma compound can be perceived
by the orthonasal route, breathed in through the nose and detected by
the olfactory epithelium at the top of the nasal cavity, or retronasally,
when the product is tasted and the compounds travel from the oral
cavity up through the back of the nose to be detected by the same
organ. Certain compounds, in this case octanoic acid, will generate a
taste response, through stimulation of the taste buds on the tongue. Al-
though octane does not represent a flavour, it was included due to its
high hydrophobicity, and again 8-carbon structure. In order to under-
stand the behaviour of the molecules in Table 1 at different alcoholic
strengths, MD simulations were run under different conditions in which
whisky can be consumed, in order of increasing ABV: sensory analy-
sis (20%); diluted spirit (30%); bottle strength (40%); and cask strength
(50%, 65%, 73%). Additionally, simulations with the same flavour com-
pounds were run using pure water (0% ABV) and pure ethanol (100%
ABV) as solvent. The analysis included the determination of concentra-
tion profiles across the liquid and head-space phases in order to provide
insight on the effects that different alcohol concentrations can have on
the evaporation of flavour molecules.

2.1. Molecular dynamics simulations

Classical MD simulations were performed using the LAMMPS soft-
ware package [16-18] with initial configurations created using Packmol
[19]. The Visual Molecular Dynamics software was used for system
visualisation and image rendering [20]. The interactions between the
target flavour molecules and ethanol were given by the all-atom L-
OPLS-AA force field [21-25], while water interactions were given by
the TIP3P force field [26]. Cross interactions were evaluated using the
Good-Hope and Berthelot rules for the Lennard-Jones energy parame-
ter and range parameter, respectively [27,28]. Liquid-vacuum interface
simulations (modelling the liquid-vapour interface) were carried out on
a square prism simulation box with periodic boundary conditions ap-
plied, Lennard-Jones interactions cut at 12 A, and long-range Coulomb
interactions handled using the particle-particle particle-mesh method
with a relative accuracy in the forces of 1 x 107*. The dimensions of the
box were L, = L, =80 A, and L, =240 A.
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Table 1
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The target molecules studied in this work along with their chemical formulas, associated flavours,

and whether they are aroma or taste compounds.

molecule formula flavour

octane CH;(CH,)sCH; none

octan-1-ol CH,(CH,);CH,0H waxy (aroma)

octanal CH;(CH,)sCHO soapy, oily (aroma)
octanoic acid CH;(CH,);,COOH goaty (aroma), sour (taste)
ethyl hexanoate CH,(CH,),COOCH,CH, fruity (aroma)

Table 2

Details of the numbers of water and ethanol molecules used in the MD simulations. Component 1 is water, and component 2 is ethanol. N, and x; are, respectively,
the number and mole fraction of component i, and N, is the total atom count. V; is the molar volume of pure component i, V,, is the excess molar volume
calculated using Eq. (1), V =x, V| + x,V, + V,, is the molar volume of the resulting solution, and the nominal ABV = 100x,V,/V .

N, N, Natom Xy X, W x, Vs Vex Vv nominal ABV
(cm?mol™") (cm3 mol™") (cm3 mol™") (cm?mol™") (%)

8500 0 25500 1.0000 0.0000 18.0687 0.0000 0.0000 18.0687 0.0000

6928 524 25500 0.9297 0.0703 16.7982 4.1266 —0.3583 20.5665 20.0646

6194 786 25656 0.8874 0.1126 16.0340 6.6084 —0.5573 22.0852 29.9224

5364 1048 25524 0.8366 0.1634 15.1155 9.5918 —0.7570 23.9503 40.0488

4510 1332 25518 0.7721 0.2279 13.9504 13.3759 —0.9366 26.3897 50.6861

3252 1700 25056 0.6567 0.3433 11.8658 20.1465 -1.0716 30.9407 65.1133

2585 1913 24972 0.5747 0.4253 10.3845 24.9577 —1.0703 34.2719 72.8228

0 2616 23544 0.0000 1.0000 0.0000 58.6857 0.0000 58.6857 100.0000

A cubic layer of solution containing water, ethanol, and flavour
molecules with random positions and orientations was placed in the
centre of the box. The numbers of water and ethanol molecules were
chosen to give a desired nominal ABV (the volume of pure alcohol in a
given volume of solution), while giving a similar total volume of liquid
in each case. This involved correcting for the excess volume V,, using
the experimental data reported in [29], which were refitted using the
equation

4
Ve =x1(1=x) )" A, (2x, = 1)" €h)
n=0

where x; is the mole fraction of water. The refitted coefficients, all to
4 significant figures and in units of cm3 mol™', are A, = —4.140 + 0.040,
Ay =-1200+0.149, Ay = —2.746 +0.355, A; =0.1342 £0.3162, and A, =
2.995 + 0.569, and are not significantly different from those reported
(without fitting errors) in [29]. The resulting numbers of molecules used
in the simulations are summarised in Table 2, corresponding to nominal
ABV values of approximately 0%, 20%, 30%, 40%, 50%, 65%, 73%, and
100%. In all cases, the systems were energy minimised, and then run at
constant volume and temperature (NVT conditions) with T =298.15 K
using a Nosé-Hoover thermostat. The simulation time step was 1 fs, and
typical run lengths, after equilibration, were 5 ns, over which various
properties were computed and averaged.

2.2. Analysis

At equilibrium, the two liquid-vapour interfaces associated with the
layer of solution are aligned, on average, in the xy plane, and the con-
centrations of the various components depend only on z. The total atom
count was chosen so that the thickness of the resulting liquid layer
was around 40 A, which was large enough for the two interfaces to
be independent of one another. In each case, the number of flavour
molecules was 20, which was low enough for the concentration to be
representative of real whisky, while improving statistics on the distri-
bution throughout the liquid layer.

In what follows, the position z = 0 corresponds to the centre of mass
of the liquid layer, and so —L,/2 < z < L,/2. Concentration profiles
were analysed in two ways: using the local mass density of atoms be-
longing to a particular type of molecule, calculated within slices of
width 6z=0.1 10\; and for the flavour molecules, which are at low con-

centration, the probability density p(z) of finding particular groups of
atoms within the liquid layer, defined so that [_LL’//ZZ p(z)dz=1.

The interfacial tension y was calculated from the pressure tensor P, 5
obtained from simulations. The relationship between these properties is
[30]

+oo

y= / [Py(2) - Pr(2)] dz, 2

—00

where Py is the normal component (Py = P,.), and Py is the transverse
component [P = (P, + P,,) /2], with respect to an interface. Recall
that the interfaces are parallel to the xy plane, and z is perpendicular
to the interfaces, and so the pressure tensor (on average) depends on
z only. The average of the pressure tensor over the simulation cell is
therefore
L./2
= 1
Puy= o / Poy(2)dz 3)

z
-L,/2

and this is computed straightforwardly in LAMMPS. Note that in a lig-
uid, the off-diagonal elements of the pressure tensor (a # f) average out
to zero, because liquids do not support shear stress. Inserting Eq. (3)
into Eq. (2) gives the result

(Puc+Py)
—

_LZ

r="|Pu- O]

where the division by 2 is because there are two interfaces associated
with the layer of liquid. y was determined from Eq. (4) over the course
of the MD simulation, and averaged.

3. Results

To set the scene, Fig. 2 shows final configurations of two ethanol
solutions at 73% ABV with (a) octane and (b) octanoic acid. It is clear
from the image that the octane molecules accumulate at the liquid-
vapour interface, while there is some ingress of octanoic acid into the
middle of the liquid layer. This simply reflects the relative polarity —
and hydrophobicity — of each solute. The corresponding concentration
profiles are examined in more detail in Section 3.2.
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(a)

Fig. 2. Snapshots of 73% ABV solutions of (a) octane and (b) octanoic acid.
Flavour molecules are shown in space filling representation: carbon — black;
hydrogen - white; oxygen — red. Solvent molecules are shown in stick represen-
tation: water — blue; ethanol — orange.
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Fig. 3. Mass-density profiles of (a) water and (b) ethanol in liquid layers with
different values of nominal ABV. The points are from MD simulations: 0% —
black circles; 20% - red squares; 30% - light green diamonds; 40% — dark blue
up triangles; 50% — purple down triangles; 65% - light blue left triangles; 73%
- dark green right triangles; 100% — gold pluses. The lines are fits using Eq. (6):
for the water profiles at all ABVs, and the pure-ethanol profile, there are no
peaks at the liquid-vapour interfaces, and so Ap = 0. The fit parameters are
given in Table 3.

3.1. Ethanol/water solutions

Fig. 3 shows the water and ethanol mass-density profiles in liquid
layers with various values of ABV. In the pure-water case, the mass
density in the middle of the layer is just 3% higher than the expected
value for the bulk liquid at 25°C (p = 1031 kgm™3 versus 997 kgm™3
[31]). As the ethanol content is increased, the shoulders of the water
profile become broader, signalling that ethanol is competing with water
at the interfaces.

To quantify these effects, the water-density profiles were fitted with
the mean-field function [30]

Journal of Molecular Liquids 383 (2023) 122152

IZI—H/2>
z ,

where p,,, and py, are, respectively, the mass densities in the centres of
the vapour and the liquid phases, H is the layer thickness, the interfaces
are located at z=+H /2, and ¢ is a measure of the interfacial thickness.
For all practical purposes, p,,, = 0. The fits are shown in Fig. 3(a), and
the fit parameters are given in Table 3. As the ethanol content is in-
creased, the width of the corresponding interface increases. Since H
depends on the total atom count, it does not indicate anything of ex-
perimental relevance. The functional form of p(z) depends on various
theoretical approximations. For example, capillary wave theory gives
an error function instead of a tanh function [32], but the quality of the
fits, and the trends in p;;, and ¢, are practically the same.

The ethanol profiles can be fitted with the same function as Eq. (5),
supplemented by Gaussian peaks centred at z=+H /2, and again with
=0:

)

1 1
p(z) = E (pliq + /)vap) - E (pliq - pvap) tanh (

Pyap

-H/2 - H/2)?
p(z) = %Pliq [1 — tanh <%>] + Apexp [—%]- (6)

The fit parameters are given in Table 3. As the ethanol content is in-
creased to 65%, the width of the interface increases slightly, and there
are two clear peaks at the liquid-vapour interface, showing that there is
a positive surface excess. In 100% ethanol, the liquid density is about
1% lower than the experimental value (785.2 kgm~ [33]), and there
is no surface excess. An estimate of the surface excess can be obtained
from the area of each Gaussian peak in Eq. (6):

)

2m, 202

—00

< 2
L . [_(|z| —H/2) ]dz: Vardpo
my

The peaks at z = +H /2 are assumed to be well separated, and m, is
the molar mass of ethanol. Since thin liquid layers are used in the MD
simulations, the surface excess of ethanol at the interface is significant
compared to the amount of ethanol in the bulk solution. Therefore, the
effective bulk mole fraction of ethanol is computed from

off _ Prig2/m>
Pig,1/m1 + Piiga /My

®

where pj,; and p;, refer to water and ethanol, respectively, and m,
is the molar mass of water. Fig. 4 shows (a) the ethanol surface excess
(FZ"), and (b) the interfacial tension (y), as functions of the (effective)
mole fraction of ethanol in solution. The MD simulation results are com-
pared with experimental data for both Fg" [34,35] and y [36-38]. In
general, the MD simulation results indicate a smaller surface excess
and interfacial tension than seen experimentally, highlighting the short-
comings of the force field, and particularly TIP3P water [39]. But the
position of the maximum in I')*, and the general composition depen-
dence of y, are both captured correctly by the simulations. Surface
properties are particularly sensitive to the details of the interactions,
and so it is encouraging that the MD simulation results are qualitatively
correct.

As an aside, the TIP3P water model was chosen not for its accu-
racy in predicting bulk and interfacial properties — which is rather low
[26,39-43] - but for its simplicity, and continued and widespread use
in the molecular-simulation community, especially in conjunction with
the OPLS-AA force field. Mixing force fields for different components
rapidly increases the number of possible combinations. Gereben and
Pusztai compared different water models in combination with OPLS-
AA ethanol, and found that either the SWM4-DP or TIP4P-2005 model
performs well compared to experimental data depending on the compo-
sition [44]. So the choice of force fields is complicated for mixtures. For
completeness, some radial distribution functions (RDFs) for the current
model are presented in Fig. 5. Bulk-phase NPT simulations were carried
out in a cubic simulation box with P =1 atm and 7 =298.15 K, using
the Nosé-Hoover barostat and thermostat.
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Table 3
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Parameters from the fits of Egs. (5) and (6) to the density profiles of the ethanol/water solutions, and results from Egs. (7) and (8). py, is the mass density in the

centre of the liquid phase, H is the layer thickness, ¢ is a measure of the interfacial thickness, x

surface excess. Both the nominal and effective ABVs are given.

eff

St s the effective bulk mole fraction of ethanol, and ris the ethanol

nominal ABV species Pig H 13 Ap o x! effective ABV re
(%) (kgm™) & A& (kgm™) N (%) (#molm~)
0 H,0 1031.2+0.5 38.56 +0.01 2.00+0.01
20 H,0 941.2+0.6 34.47 +0.01 2.60 +0.01
20 EtOH 75.6+0.3 36.39+0.12 2.64+0.74 3104+ 1.0 2.26 +0.01 0.0305 9.7 3.816 £ 0.015
30 H,0 867.1+0.6 33.49 +0.02 3.00+0.01
30 EtOH 137.3+0.5 36.00+0.17 2.90 +0.66 349.6 +2.0 2.55+0.01 0.0583 17.5 4.843 +£0.032
40 H,0 757.0+0.7 33.20+0.02 3.03+0.02
40 EtOH 226.5+0.6 3598 +0.22 2.99+0.51 337.0+4.1 2.60+0.01 0.1047 28.9 4.762 +0.061
50 H,0 638.7+0.5 33.11+£0.02 3.20+0.02
50 EtOH 3204405 36.18+0.19 3.12+0.29 3209+4.6 2.70 +0.01 0.1640 40.9 4.714 £ 0.069
65 H,0 4572+0.6 33.35+0.03 3.31+0.02
65 EtOH 459.4+0.6 36.49 +0.26 3.18+0.22 2544 +8.8 2.80+0.02 0.2821 58.7 3.875+0.137
73 H,0 3543+04 34.16 +0.02 3.11+0.02
73 EtOH 535.6+0.5 37.09+0.25 3.26+0.16 217.7+9.9 2.76 +0.02 0.3715 68.4 3.267 +0.149
100 EtOH 782.8+0.5 39.94 +0.07 3.23+0.01 100.0
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Fig. 4. (a) Ethanol surface excess s and (b) interfacial tension y as functions
of the ethanol mole fraction x, from experiments and MD simulations. In the
case of MD simulations, the effective ethanol mole fraction x;” is used in place
of x,. For I“;"‘, experimental results are shown from Li et al. [34], and Yano
[35]. For y, experimental results are shown from Vézquez et al. [36], Strey et
al. [37], and Khattab et al. [38].

Fig. 5(a) shows the oxygen-oxygen RDFs [go(r)] in pure water,
and in 40% ABV ethanol solution (x, = 0.1634). The results show that
in the ethanol solution, the correlations between water molecules are
strongest, and the correlations between the hydroxyl groups in ethanol
are weakest. The position of the first peak in gy (r) is always around
2.7-2.8 A, while the first minimum is more clearly pronounced when
ethanol is involved. A qualitative comparison between these results,

Fig. 5. Radial distribution functions g(r) between (a) oxygen atoms of water
(OW) and ethanol (OE), and (b) oxygens (OW, OE) and hydroxyl hydrogens
(HW, HE). Results are shown for bulk simulations of pure water (black dashed
lines) and 40% ABV solutions (solid lines).

and those for x, = 0.2 in Figure 3 of Ref. [44], shows that the basic
features are very similar. Fig. 5(b) shows the oxygen-hydroxyl hydro-
gen RDFs [goy(r)] for the same two liquids. The position of the first
peak signals the O---H hydrogen bond, and it does not depend strongly
on composition, being in the range 1.7-1.8 A. The non-bonded coor-
dination numbers (CNs) of oxygen atoms, and the associated cut-off
distances r.,, are shown in Table 4. r,,, was taken to be the position of
the minimum between the first and second peaks in the RDF. The results
show that the water oxygens are surrounded by slightly fewer oxygens
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Table 4

Non-bonded coordination numbers (CNs), and associated cut-off distances,
around oxygen atoms in water (OW) and in ethanol (OE). HW and HE denote
the hydroxyl hydrogens in water and ethanol, respectively. Results are shown
for pure water (0% ABV) and 40% ABV ethanol solution at P =1 atm and
T =298.15 K. The fraction of atoms of a given type is indicated after the CN;
for example, of the 4.17 oxygen atoms surrounding an OW atom in the ethanol
solution, the fraction of other OWs is 0.884, and the fraction of OEs is 0.116.

ABV (%) atom 1 atom 2 Feud (A) CN (fraction)
0 ow ow 331 4.43 (1.000)
40 ow ow 3.34 3.69 (0.884)
40 ow OF 335 0.48 (0.116)
40 OF ow 335 2.48 (0.890)
40 OE OE 3.36 031 (0.110)
0 ow HW 240 1.83 (1.000)
40 ow HW 2.40 1.59 (0.910)
40 ow HE 2.46 0.16 (0.090)
40 OF. HW 246 1.42 (0.909)
40 OF. HE 2.53 0.14 (0.091)

and hydrogens in ethanol solution than in pure water, which correlates
with the lower polarity of the solution. The fraction of ethanol oxygens
in the first coordination shell of a given oxygen atom is slightly less
than the overall mole fraction x,. The fraction of ethanol hydroxyl hy-
drogens in the first coordination shell of a given oxygen atom is very
similar to the overall mole fraction, equal to 0.0890.

3.2. Solutions with flavour molecules

In all of the results presented in this section, the ABVs are the nom-
inal ones for the liquid layers, as shown in Table 2. The effective ABV
is lower than the nominal one, and the values corrected for the sur-
face excess of ethanol are given in Table 3. Since the bulk and surface
concentrations of flavour molecules are low, the effective ABV should
provide a reasonable estimate of the true alcoholic strength of the bulk
product, and these are used in Section 4 for a discussion of the experi-
mental relevance of the results.

3.2.1. Octane

Mass-density profiles for water, ethanol, and octane at 40% ABV are
shown in Fig. 6. The water and ethanol profiles are hardly affected by
the presence of a small number of octane molecules, which are strongly
localised at the liquid-vapour interfaces. Octane is, of course, highly
hydrophobic and immiscible with water; the solubility is 0.66 mgL™!
[45], and so the expected average number of octane molecules in the
simulated pure-water layer is ~ 1073,

Since these molecules are at such low concentrations, in what fol-
lows, the probability density p(z) is presented instead of p(z); this is
the probability density of finding at position z any atoms belonging to
octane. Since the water and ethanol concentration profiles are hardly af-
fected by the low concentrations of the flavour molecules, these will not
be shown, but it will be obvious in each case where the liquid-vapour
interfaces are positioned. Fig. 7(a) shows the probability densities for
atoms in octane at all values of ABV. The distributions are not symmet-
ric about z =0 because the molecules are localised randomly at one of
the two interfaces, and the concentration of molecules is low enough
that they do not influence each other. Nonetheless, as the ethanol con-
tent is increased, the widths of the peaks at the liquid-vapour interfaces
increase. In pure ethanol, there is an appreciable concentration of oc-
tane within the liquid layer, but there are still distinct peaks at the
liquid-vapour interfaces. Note that octane is miscible in pure (bulk)
ethanol [46].

3.2.2. Octanol

Fig. 7(b) shows the probability densities for atoms in octanol at all
values of ABV. In water-rich solutions, the octanol is localised at the
liquid-vapour interfaces. It starts to dissolve in the liquid layer at 50%
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Fig. 6. Mass-density profiles for water, ethanol, and octane in a liquid layer
with 40% ABV (nominal).
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Fig. 7. Probability densities for atoms of flavour molecules in liquid layers with
different values of nominal ABV: (a) octane; (b) octanol; (c) octanal; (d) oc-
tanoic acid; (e) ethyl hexanoate. The lines are coloured according to nominal
ABV: 0% - black; 20% - red; 30% - light green; 40% — dark blue; 50% — purple;
65% — light blue; 73% - dark green; 100% - gold.
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Fig. 8. Probability densities for polar and non-polar atoms of flavour molecules
in liquid layers with 50% ABV (nominal): (a) octanol; (b) octanal; (c) octanoic
acid; (d) ethyl hexanoate. The black lines are for the polar atoms, and the red
and green lines are for the non-polar atoms.

ABV, but there are still distinct peaks at the liquid-vapour interfaces. At
100% ABV, the interfacial peaks are absent, and so the octanol is fully
dissolved in the liquid layer.

To get insight on the orientations of the octanol molecules at the
liquid-vapour interfaces, Fig. 8(a) shows individual probability densi-
ties for the non-polar atoms [CH3(CH,),] and polar atoms (OH) on the
molecules, for the case of 50% ABV. These profiles show that the polar
atoms are mainly on the liquid side of the interface, and the non-polar
atoms are on the vapour side. There is a very small probability of the
octanol molecules being found in the liquid layer.

3.2.3. Solutions with octanal

Fig. 7(c) shows the probability densities for atoms in octanal at all
values of ABV. The results show that octanal begins to dissolve in the
liquid at 65% ABV, and is fully soluble at 100% ABV. The probability
densities for the non-polar atoms [CH;3(CH,)¢] and polar (CHO) atoms
at 50% ABV, shown in Fig. 8(b), indicate that the molecules orient
themselves at the liquid-vapour interface similar to octanol molecules,
with the polar heads in the liquid, and the non-polar tails pointing to-
ward the vapour. As noted above, the asymmetry in the profiles is due
to molecules being localised at one or other interface, at random.

3.2.4. Solutions with octanoic acid

Fig. 7(d) shows the probability densities for atoms in octanoic acid
at all values of ABV. Below 50% ABV, the octanoic acid is strongly
localised at the liquid-vapour interfaces. It begins to dissolve at 50%
ABV, and at 100%, the interfacial peaks are absent, indicating complete
dissolution. Fig. 8(c) shows that the non-polar atoms [CH;(CH,)¢] are
on the vapour side of the interface, and the polar atoms (COOH) are
on the liquid side, in a solution at 50% ABV. There is a very small
probability of the octanoic acid molecules being found in the liquid
layer.

3.2.5. Solutions with ethyl hexanoate

Fig. 7(e) shows the probability densities for atoms in ethyl hex-
anoate at all values of ABV. The results show that it begins to dissolve
at 65% ABV, and is fully dissolved by 100% ABV. Fig. 8(d) shows that
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at 50% ABV, the non-polar CH;(CH,), atoms are on the vapour side of
the interface, and the non-polar CH,CH; and polar COO atoms are on
the liquid side.

4. Relevance to whisky tasting
4.1. Density profiles of water and ethanol

The density profiles presented in Fig. 3 reveal that water is dis-
tributed evenly in the bulk of the solution at all simulated ABV values.
In contrast, ethanol exhibits a preference for the liquid-vapour interface
in all solutions that contain any water. Essentially, ethanol acts like a
surfactant [15], and accordingly leads to a decrease in the liquid-vapour
interfacial tension, as shown in Fig. 4(b). Although the bulk-solution
structure is not the focus of this study, it should be noted that simple al-
cohols like methanol and ethanol also exhibit mesoscopic clustering in
water driven by the hydrophobic association of the non-polar moieties
[47,48]. This is consistent with the observation that the polar moieties
of solute molecules prefer the bulk of the solution, while the apolar
moieties are localised at the interface (as shown in Fig. 8).

4.2. Concentration profiles of flavour molecules at different ABV

The high alcohol content of a spirit stabilises the product by retain-
ing flavour molecules over a prolonged period. However, for the tasting
experience to be possible, such molecules need to interact with the ol-
factory epithelium in the nasal cavity, or the taste buds on the tongue.
Taste perception requires that the relevant molecules are present at the
interface between the liquid and the human tissue, while aroma per-
ception requires volatile molecules to be present at the liquid-vapour
interface so that they can evaporate. In both cases, a compound that is
mostly located in the bulk of the solution is unlikely to interact with
the taste and aroma receptors, and therefore will not cause a flavour
response. Similarly, a molecule that is concentrated at the interface is
more likely to evaporate before the spirit can reach the mouth, result-
ing in a flavour response that will be mostly perceived on the nose. The
density profiles presented in Section 3.2 are discussed below in terms
of the probability of finding a given molecule at the interface and in
the bulk of the solution at different alcohol strengths. To summarise
those results, octane is strongly localised at the liquid-vapour interface
in all but pure-ethanol solutions. Roughly speaking, octanol and oc-
tanoic acid begin to dissolve in solutions with 50% nominal ABV (41%
effective ABV), while octanal and ethyl hexanoate begin to dissolve at
65% nominal ABV (59% effective ABV). Both octanol and octanoic acid
have exposed groups of polar atoms, while the heteroatoms of octanal
and ethyl hexanoate are separated and/or surrounded by carbon atoms,
which may explain the observations. To make connections with real
products, the effective ABVs from Table 3 are used below.

4.2.1. Solutions with octane

Octane is not generated during Scotch whisky production, and is
not flavour active. The reason for including octane in this study was
that its hydrophobicity is higher than that of the other molecules, while
having a similar molecular structure and mass. It is therefore a model
of a highly hydrophobic molecule, and it provides a reference point for
the other flavour molecules. The simulations show that octane is only
found inside the solution at 100% ABV (pure ethanol), and even in this
case, it still exhibits a preference for the interface. A molecule with the
hydrophobicity of octane may be present in the initial distillate, but
would likely be lost when the spirit is diluted to cask strength. Any
remaining traces of such a compound would be concentrated at the
liquid-vapour interface and could potentially have an aroma impact if
present at high enough levels.

4.2.2. Solutions with octanol
Octanol is associated with a waxy aroma in Scotch whisky. The
simulations show that octanol is essentially concentrated at the liquid-
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vapour interface at all alcoholic strengths below 41% ABV. This range
includes the common strengths of sensory testing, and regular bottle
strength products. In such products, octanol will easily evaporate and
cause a sensory response through stimulation of the olfactory system.
At higher strengths, octanol is still mostly concentrated at the interface,
with a smaller proportion located in the bulk of the solution. In those
cases, octanol may still be detected, but at a lower intensity. Finally,
an octanol solution in pure ethanol would have most of the solute lo-
cated in the bulk of the solution where it would be unlikely to initiate
a flavour response.

4.2.3. Solutions with octanal

Octanal has a soapy or oily aroma. At alcoholic strengths of 41%
ABV or lower, octanal is mainly located at the liquid-vapour interface,
suggesting that in bottle strength products, octanal will mostly cause
an olfactory response. In cask strength products (59%, 68% ABV), oc-
tanal partly dissolves into the bulk of the solution, while still showing
preference for the interface, indicating that it will still be detectable by
the olfactory system, albeit at a lower intensity. In pure ethanol (100%
ABV), octanal is mostly located in the bulk of the solution, indicating
that no flavour response is likely to be triggered.

4.2.4. Solutions with octanoic acid

Octanoic acid has a goaty aroma, reminiscent of goat’s cheese, and
sour taste. At strengths of 29% and below, octanoic acid is primarily
located at the liquid-vapour interface, and will therefore be likely to
induce a sensory response (aroma and taste). In products bottled at
41% ABV, octanoic acid will be partly located in the bulk of the solu-
tion, suggesting implications for both taste and aroma. At 59% or 68%
ABV, a more significant part of the solute is located in the bulk, but
it still exhibits a preference for the interface, which again promises a
response involving both taste and aroma. Once more, octanoic acid in
pure ethanol is unlikely to produce a sensory response, being mostly
located in the bulk solution.

4.2.5. Solutions with ethyl hexanoate

Ethyl hexanoate is associated with fruity aromas in Scotch whisky.
Its flavour properties at different alcohol strengths will be similar to
those of octanoic acid: in bottle strength products (41% ABV) and those
with a lower ABV, ethyl hexanoate will most likely produce a purely ol-
factory response. In cask strength products (59%, 68% ABV), a response
is still likely to occur, though again this may be at reduced intensity.

5. Conclusions

In this work, MD simulations were performed to explore the be-
haviour of a series of flavour molecules relevant to the whisky industry
at the liquid-vapour interface of solutions with various values of ABV.
Octanol, octanal, octanoic acid, and ethyl hexanoate were selected due
to their varying flavour properties and degrees of hydrophobicity, while
octane (which is not present in whisky and not flavour active) was se-
lected as a model of a hydrophobic compound. An additional study
of pure solutions of ethanol/water was conducted to analyse the sur-
face excess of ethanol at the chosen simulation conditions. The role of
the simulation work is to provide atomistic details on the underlying
behaviour of the systems. It was observed that the surface excess of
ethanol is significant compared to the content of the bulk solution, and
so it has to be taken into account when trying to simulate a layer with
a given ABV. Furthermore, it was shown that the results from MD sim-
ulations compare favourably with experimental values of the ethanol
surface excess, and the interfacial tension, of ethanol/water solutions.

In the systems with flavour molecules, it was shown how decreasing
the ABV can lead to an increase in surface concentration of these com-
pounds, such as might happen when adding water to a cask-strength
dram of whisky. The level of surface activity depends on the hydropho-
bicity of the flavour molecules, with octane being surface active at
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much higher values of ABV than the other molecules, and octanol
and octanoic acid being active at lower ABVs than the others. Further-
more, it was shown how molecules with hydrophobic and hydrophilic
moieties have surfactant-like behaviour at the liquid-vapour interface,
showing preferential orientation of the polar moieties towards the in-
side of the liquid layer. Overall, this study shows how MD simulations
can help in understanding the complex behaviours of flavour molecules
in ethanol/water solutions, and complement available experimental
techniques. A particular advantage of MD simulations is that high-
throughput screening could be used to gain an improved understanding
of the links between composition and sensory perception. Further explo-
ration of alcohol strength impacts could also provide useful information
for the development of low-alcohol beverages that simulate the tasting
experience of regular strength spirits.
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