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ABSTRACT: New X-ray and neutron diffraction experiments 1500 THE LOWEST T 3000

have been performed on ethanol—water mixtures as a function of o, 2500

decreasing temperature, so that such diffraction data are now 1000 = f‘fﬁg The largest cluster
available over the entire composition range. Extensive molecular Z 5| 3 w0 — Z(Mi,v : ...I 3
dynamics simulations show that the all-atom interatomic potentials 500 I 2 150 e 2 largest cluster
applied are adequate for gaining insight into the hydrogen-bonded g % & i
network structure, as well as into its changes on cooling. Various 0= 6 3 10 0 l?_‘"%i___u;
tools have been exploited for revealing details concerning hydrogen n-membered ring 150 :OUT(KfSO 300

bonding, as a function of decreasing temperature and ethanol

concentration, like determining the H-bond acceptor and donor sites, calculating the cluster-size distributions and cluster topologies,
and computing the Laplace spectra and fractal dimensions of the networks. It is found that S-membered hydrogen-bonded cycles are
dominant up to an ethanol mole fraction x., = 0.7 at room temperature, above which the concentrated ring structures nearly
disappear. Percolation has been given special attention, so that it could be shown that at low temperatures, close to the freezing
point, even the mixture with 90% ethanol (x.q, = 0.9) possesses a three-dimensional (3D) percolating network. Moreover, the water
subnetwork also percolates even at room temperature, with a percolation transition occurring around x4, = 0.5.

B INTRODUCTION Quite recently, we studied structural changes in ethanol—
water mixtures as a function of temperature in the water-rich
region (up to xg, = 0.3).”7>* There we focused mainly on the
cyclic entities. We found that the number of hydrogen-bonded
rings increased upon lowering the temperature, and that
fivefold rings were in majority, especially at x.q, > 0.1 ethanol
concentrations.

In the present study, we extend both X-ray diffraction

The physicochemical properties of water—ethanol solutions
have been among the most extensively studied subjects in the
field of molecular liquids over the past few decades,"™"” due to
their high biological and chemical significance. Even though
they are composed of two simple molecules, the behavior of
their hydrogen-bonded network structures can be very

complex, due to the competition between hydrophobic and (XRD) measurements and molecular dynamics simulations to
hydrophilic interactions.'*™>° The characteristics of these investigate ethanol—water mixtures down to their freezing
networks can be greatly influenced by the concentration. points, over the entire ethanol concentration range. Fur-
Usually, three regions of the composition range are thermore, new neutron diffraction experiments have been
distinguished qualitatively: the water-rich, the medium or performed in the water-rich region (up to x. = 0.3). These
transition, and the alcohol-rich regions. neutron data fit nicely in the present line of investigation and

Most thermodynamic properties, such as excess enthalpy, support our earlier findings. The main goal here was to provide
isentropic compressibility, and entropy, show either maxima or a complete picture of the behavior of the hydrogen-bonded
minima in the low-alcohol-concentration region (molar ratio of network over the entire composition range in ethanol—water
ethanol x,4< 0.2).°"*® Differential scanning calorimetry, mixtures, between room temperature and the freezing point. In
nuclear magnetic resonance (NMR), and infrared (IR) order to identify the existence and the location of the

spectroscopic studies suggested a transition point around x.g, percolation threshold, we monitor the changes of the number

= 0.12, while additional transition points were found at x4, =

0.65 and 0.85.2°73! Concerning the intermediate region Received: April 7, 2021
around «x.,, = 0.5, a maximum was observed by the Revised: ~ May 20, 2021
Kirkwood—Buff integral theory, which suggests water—water Published: June 3, 2021

agg1‘egation.32_35 Also, a maximum of the concentration
fluctuations was found in the same region, at x4, = 0.4, by
small-angle X-ray scattering.*®
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of molecules acting as donor or acceptor, cluster-size
distributions, cyclic and noncyclic properties, and the Laplace
spectra of the H-bonded network.

B METHODS

X-Ray and Neutron Diffraction Experiments. Series of
samples of ethanol—water mixtures have been prepared with
natural isotopic abundances for synchrotron X-ray (ethanol:
Sigma-Aldrich, better than 99.9% purity), and with fully
deuterated forms of both compounds for neutron diffraction
experiments (Sigma-Aldrich; C,D;OD: deuterium content
higher than 99.5%; D,O: deuterium content higher than
99.9%). In the absence of suitable experimental data, low-
temperature densities have been determined by molecular
dynamics simulations (see below) in the NPT ensemble.
Numerical data are reported in Table S2; as is clear from the
table, this method has proven to be accurate within 1% at
room temperature.

Synchrotron experiments were performed at the BL04B2*’
high-energy X-ray diffraction beamline of the Japan Synchro-
tron Radiation Research Institute (SPring-8, Hyogo, Japan).
Diffraction patterns could be obtained over a scattering
variable, Q, ranging between 0.16 and 16 A™', for samples
with alcohol contents of 40, 50, 60, 70, 80, 85, 90, and 100 mol
% of ethanol (x.; = 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9, and 1.0,
respectively). Diffraction patterns have been recorded starting
from room temperature and cooling down to the freezing point
for each composition.

Neutron diffraction measurements have been carried out at
the 7C2 diffractometer of Laboratoire Léon-Brillouin.”® Details
of the experimental setup, the applied ancillary equipment, and
data correction procedure were already reported” for
methanol—water samples measured under the same conditions.
For both neutron and X-ray raw experimental data, standard
procedures®®”” have been applied during data treatment.

All temperature and composition points visited by the new
X-ray and neutron diffraction experiments are displayed
together with the phase diagram of ethanol—water mixtures
in Figure 1. Total scattering structure factors (TSSFs) obtained
from the new experimental data are shown in Figures 2 and S1.
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Figure 1. Phase diagram of ethanol—water mixtures. Gray area: solid
state; white area: liquid state (as these values were obtained from ref
40). Black solid squares: present MD simulations; green solid circles:
new X-ray diffraction data sets; light-blue solid circles: new neutron
diffraction data sets; orange crosses: X-ray diffraction data sets from
ref 19; magenta crosses: X-ray diffraction data sets from ref 21.
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Molecular Dynamics (MD) Simulations. Molecular
dynamics (MD) simulations were carried out using the
GROMACS software”' (version 2018.2). The Newtonian
equations of motions were integrated by the leapfrog
algorithm, using a time step of 2 fs. The particle-mesh Ewald
algorithm was used for handling long-range electrostatic
forces."" The cutoff radius for nonbonded interactions was
set to 1.1 nm (11 A). For ethanol molecules, the all-atom
optimized potentials for liquid simulations (OPLS-AA)** force
field was used. Bond lengths were kept fixed using the LINCS
algorithm.”> The parameters of atom types and atomic charges
can be found in Table S1. Based on the results of our earlier
study,”> the TIP4P/2005* water model was applied, as
handled by the SETTLE algorithm.*” For each composition,
3000 molecules (with respect to compositions and densities)
were placed in a cubic box, with periodic boundary conditions.
The box lengths, together with corresponding bulk densities,
can be found in Table S2. All MD models studied are shown in
Figure 1. Table S3 shows the various phases of the MD
simulations.

B RESULTS AND DISCUSSION

Total Scattering Structure Factors. Total scattering
structure factors have been calculated from MD trajectories via
the standard route, see e.g, ref 22 (also, see the Supporting
Information). As typical examples, total scattering structure
factors obtained from measured X-ray diffraction signals, for
mixtures with x4, = 0.4 and 0.5, as a function of temperature
are shown in Figure 2a. Similarly, Figure 2b shows TSSFs from
neutron diffraction for x., = 0.3. Calculated TSSFs are also
presented in Figure 2. Additional measured TSSFs, together
with the corresponding calculated TSSFs, can be found in
Figure S1.

The agreement between calculated and measured TSSFs for
neutron diffraction appears to be almost perfect. In the case of
X-ray diffraction, apparent differences can be observed, mostly
around the second maximum. R, factors were calculated to
characterize the differences between MD simulated [F5(Q)]
(averaged over many time frames) and experimental structure
factors [F*(Q)] quantitatively, thus providing a kind of
goodness-of-fit (c.f. Supporting Information). Note that values
of R, for the two different experimental methods are not
compared, due to the different data treatment procedures. It
can be stated that MD models are appropriate for further
analyses.

We note here that detailed analyses of partial radial
distribution functions (PRDFs) are not within the scope of
the present work; however, all PRDFs related to H-bonding
properties are shown in Figures S2—S8.

H-Bond Acceptors and Donors. The calculated average
hydrogen-bond numbers for the entire mixture and for the
ethanol subsystem can be found in Figures S9—S11. The H-
bond definition applied is presented also in the Supporting
Information. All of the following analyses (together with the
identification of cyclic and noncyclic entities) were performed
using our in-house computer code.**

The molecules participating in H-bonds can be classified
into two groups according to their roles as proton acceptors or
donors. Each molecule may have a certain number of donor
sites (np) and a certain number of acceptor sites (1), and thus
can be characterized by the “apD:myA” combination. For
example, 1D:2A denotes a molecule that acts as a donor of 1
H-bond and accepts 2 H-bonds. The sum of np, and n, for a

https://doi.org/10.1021/acs.jpcb.1c03122
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https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03122?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

(@)

T(K) Rw
5 = 300K (19.4%)
233K (16.2%)
4 213K (18.1%)
4
8 300K (16.0%)
& 3 233K (20.3%)
213K (16.2%)
2 193K (16.2%)
14 o X-ray data sets for x ;,=0.4
o X-ray data sets for x;,=0.5
corresponding MD models
O T T T T
0 2 4 6 8 10
QA™)

pubs.acs.org/JPCB
T(K) Rw
4.5
300K (1.5%)
4.0

68K (1.5%)

253K (1.5%)

4
7 3.0 48K (1.6%)
2.54 2{ 243K (1.6%)
2.0 38K (1.6%)
1.5+ < Neutron data sets for x,,=0.3
corresponding MD models
1.0 T T T T
0 2 4 6 8 10
-1
Q(A™)

Figure 2. Measured and calculated TSSFs (a) for X-ray diffraction, and (b) for neutron diffraction.
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Figure 3. Donor and acceptor sites (a) for ethanol molecules and (b) for water molecules as a function of ethanol concentration.
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Figure 4. Cluster-size distributions from the room temperature to the lowest studied temperature (a) for x4, = 0.6 and (b) for x.g = 0.9.

given molecule provides the number of H-bonds (nyg) of that
molecule (c.f. Figure S9).

The most populated fractions for ethanol molecules are
1D:1A, 1D:2A and the sum of 0D:1A and 1D:0A (Figure 3a),
while for water molecules, they are 1D:2A, 2D:1A, and 2D:2A
(Figure 3b). These groups altogether contain 80% of all H-
bonds at room temperature and 90% of all H-bonds at low
temperatures.

Concerning ethanol molecules, the occurrence of the 1D:1A
combination is above 50% over almost the entire concentration
range, independently of the temperature. This group
corresponds to chain-like arrangements, which become more
preferred with increasing ethanol content and at lower
temperatures. It is remarkable that in the water-rich region,
the 1D:2A combination has the same (x,4, = 0.2) or even a
slightly higher (x4, = 0.1) occurrence than that of 1D:1A. With
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decreasing water content, the occurrence of 1D:2A decreases.
Also, this group is more dominant at 200 K.

Water molecules most often behave according to the 2D:2A
scheme. The occurrence of this arrangement significantly
increases with decreasing temperature, as well as with
increasing water content. On the other hand, the fractions of
1D:2A and 2D:1A combinations increase as the temperature
increases. There is a well-defined asymmetry between these
two (1D:2A and 2D:1A) types of water molecules in terms of
their populations, and the difference becomes more
pronounced with increasing ethanol concentration. The
fractions of 1A:1D for ethanol molecules, 1D:2A for ethanol
molecules, 2D:1A for water molecules, and 2D:2A for water
molecules as a function of temperature can be found in Figure
S12. Furthermore, the calculated H-bond number excess
parameter is shown in Figure S13. A well-defined maximum

https://doi.org/10.1021/acs.jpcb.1c03122
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can be identified for f,,,; . around ethanol mole fractions of
0.5—0.6 at 298 K, which is shifted at 200 K to ethanol mole
fractions of 0.6—0.7. This may be attributed to a significant
number of excess water molecules in the solvation shell of
water. This maximum agrees well with the maximum of
Gat—wat in Kirkwood—Buft integral theory.** ™

Clustering and Percolation. Two molecules are regarded
as members of a cluster, according to the definitions
introduced by Geiger et al,*” if they are connected by a
chain of hydrogen bonds. Concerning the pure components of
the mixtures studied here, water molecules form a three-
dimensional (3D) percolating hydrogen bonding network,***’
whereas in pure ethanol, only chain (or branched chain)
structures can be detected.””""

There are several descriptors connected to the properties of
networks that can be used for the determination of the
percolation transition. This work focuses on the cluster-size
distribution (P(n.)). However, very similar conclusions may be
drawn from scrutinizing several other parameters such as the
average largest cluster size (C1), average second largest cluster
size (C2), and the fractal dimension of the largest cluster (f;).
A more detailed discussion is provided in the Supporting
Information, Figure S14.

Cluster-size distributions are shown in Figure 4. The system
is percolated when the number of molecules in the largest
cluster is in the order of the system size. For random
percolation on a 3D cubic lattice, the cluster-size distribution
can be given by P(n.) = n.>'°, where n_ is the number of
molecules in a given cluster.””>* Percolation transition can be
ascertained by comparing the calculated cluster-size distribu-
tion function of the present system with that obtained for the
random one. At each temperature, up to x4, = 0.85 (Figures 4
and S15a) a well-defined contribution can be found at large
cluster-size values, signaling percolation. Systems with x4, =
0.9 (Figure 4b) show the same behavior at lower temperatures,
but this signature disappears at room temperature. This
suggests that in the latter case, the system is close to the
percolation threshold, which can be expected between 0.9 and
1.0 ethanol molar fraction. Ethanol molecules in the pure
liquid compose nonpercolated assemblies (Figure S15b).”%*
The structural disintegration of the percolated H-bonded
network can be connected to the transition point found at x.g,
= 0.85 by NMR and IR spectroscopic studies.”” "

The role of water molecules was then analyzed separately.
All of the four quantities mentioned above for characterizing
the percolation transition were calculated, taking into account
only the H-bonds between water molecules. Figure S shows
one representation. The average largest cluster size divided by
the total number of water molecules drops to below 0.5, which
indicates the percolation transition between x.y, = 0.4 and 0.5
at 300 K, and between x4 = 0.5 and 0.6 at 200 K, respectively.
This behavior can be compared to the maximum value
observed by the Kirkwood—Buff integral theory.”*~> Similar
values were found for percolation in formamide—water’* and
glycerol—water mixtures.”> However, in those cases, both of
the constituents (not only water molecules) form 3D
percolating H-bonded networks in the liquid state. Here, in
contrast, independently of the concentration, ethanol mole-
cules form only short chain-like structures, but not large
percolated networks. Typical hydrogen-bond network top-
ologies for the largest cluster at compositions of x4 = 0.4, 0.7,
and 0.9 are shown in Figure S16.

6275

N
A o o o
1 1 A N

<
)
)

largest cluster/total

o
o

T T T T

0.2 0.4 0.6 0.8
Xeth

Figure 5. Average largest cluster size divided by the total number of
water molecules, as a function of the ethanol concentration. Black
open square symbols: 300 K; red solid square symbols: 200 K.

Rings and Chains. Hydrogen-bonded clusters may contain
noncyclic (or “chain-like,” either linear or branched) and cyclic
(“closed into themselves”) entities (c.f. Figure S16). The
number of cyclic entities (N,q), the number of molecules
(Nyoneyet) that are not members of any ring (n. < 10), and the
cyclic size distribution (n,) were calculated using the
algorithms developed by Chihaia et al.*®

Figure 6 summarizes the numbers of cyclic and noncyclic
entities as a function of ethanol concentration and temper-
ature. The number of cycles decreases significantly with
increasing ethanol content. As a result, in the ethanol-rich
region (above 70 mol %), mostly noncyclic entities are present.
Both N,gcyq and Ny show a strong temperature dependence
up to around x4, = 0.80—0.85. This effect appears to be more
pronounced for noncyclic entities. This composition may be,
again, linked to a transition point detected by differential
scanning calorimetry, NMR, and IR spectroscopic studies.”” ™"
At the highest ethanol concentrations, where most of the
molecules are arranged in chains, the number of chains formed
is independent of temperature.

It has already been demonstrated that in pure water,
molecules prefer to form six-membered rings at room
temperature, and that this behavior becomes more pronounced
during cooling.”* This statement remains true in ethanol—
water mixtures (Figure 7) as well, as long as the ethanol molar
ratio stays around 0.1, whereas for x4, = 0.2 and 0.3, 5-
membered rings become dominant.”> The composition where
this significant change of the preferred ring size occurs
corresponds well with another anomalous transition point
found in this liquid mixture,"” ™' and perhaps even more
significantly, with the extrema found in terms of excess
enthalpy, isentropic compressibility, and entropy.”*”** Regard-
less of the ethanol concentration, there are always more rings
at low temperatures.””**

Focusing now on mixtures with ethanol contents higher than
30 mol % (x4, = 0.3), S-membered rings take the leading role
up to a concentration somewhere between x4, = 0.7 and 0.8,
where the number of rings (per particle configuration) falls
below 100. These tendencies are more pronounced at lower
temperatures.

Note that for the sake of comparison, results for the region
between x5, = 0.1 and 0.3 are also presented in Figure 7,
although a detailed discussion of the ring-size distributions for
the water-rich region can be found in ref 22. The new feature
here is that the corresponding curves are consistent also with
our fresh neutron diffraction data (cf. Figure 2b).
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Figure 6. (a) Number of cyclic entities and (b) number of noncyclic entities as a function of ethanol concentration and temperature. Box solid: %y,
= 0.1; red circle solid: x4, = 0.2; blue triangle up solid: x4, = 0.3; dark cyan triangle down solid: x4, = 0.4; magenta triangle left-pointing solid: x.y,
= 0.5; dark yellow triangle right-pointing solid: x4, = 0.6; navy blue diamond solid: x4, = 0.7; dark red pentagon solid: x4, = 0.8; dark magenta
hexagon solid: x4, = 0.85; green star solid: x4, = 0.9. (Note that in most cases, there is more than just one cycle that crosses a given molecule. This
is a particularly prominent feature in the case of water molecules that can easily span a genuine 3D network. This is how the number of rings can

exceed the number of molecules).
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Figure 7. Ring-size distributions as a function of x.4. (a) At room temperature and (b) at the studied lowest temperature.

Spectral Properties of H-Bonded Networks. It has
already been shown that the Laplace spectra®’~” of H-bonded
networks are a good topological indicator for monitoring the
percolation transition in liquids.”® Several authors have studied
the relationship between the eigenvector corresponding to the
second smallest eigenvalue (1,) and the graph structure; well-
documented reviews can be found in the literature.’**>®
More details are available in the Supporting Information.

Figure 8 provides the Laplace spectra of ethanol—water
mixtures as a function of concentration at room temperature.
The low 4 values (up to 0.3) are enlarged at the bottom.
Spectra of the pure constituents can be found in ref 68.
According to the topology of the H-bonded network, two cases

Figure 8. Laplace spectra of ethanol—water mixtures as a function of
concentration at room temperature. Black line: x.q, = 0.1; red line: x4,
= 0.4; and blue line: x4, = 0.95.
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can be distinguished in connection with the Laplace spectra:
(1) For liquids whose molecules form a 3D percolated
network, a well-defined gap can be detected at low eigenvalues.
(2) For systems without an extended 3D network structure,
where molecules link to each other so as to construct
(branched) chains, several well-defined peaks (4 = 0.5, 1,
1.5, 2,..) show up, without any recognizable gap at low
eigenvalues. Pure water falls into the first category, while pure
liquid ethanol belongs to the second one.*®

Concerning the mixtures studied here, the existence of the
gap mentioned above depends on composition. Up to an
ethanol content of 95%, a well-defined gap can be found.
However, above 95% ethanol content, this gap disappears.
Regarding the H-bond network, this means that there is a
limiting alcohol concentration beyond which the presence of
chains of molecules is dominant. In this concentration region,
percolated networks cannot be detected. That given concen-
tration at which the percolation vanishes can be considered as
a percolation threshold. At concentrations lower than this
limiting value, water-like 3D percolated networks are formed.
At lower temperatures, no percolation threshold could be
found and all systems have 3D network structures (cf. Figure

4b).

B SUMMARY AND CONCLUSIONS

X-ray and neutron diffraction measurements have been
conducted on ethanol—water mixtures, as a function of
temperature, down to the freezing points of the liquids. As a

https://doi.org/10.1021/acs.jpcb.1c03122
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result of the new experiments, temperature-dependent X-ray
structure factors are now available for the entire composition
range.

For interpreting the experimental data, series of molecular
dynamics simulations have been performed for ethanol—water
mixtures with ethanol contents between 10 and 90 mol %
(between x., = 0.1 and 0.9). The temperature was varied
between room temperature and the freezing point of the actual
mixture. With the aim of evaluating the applied force fields,
MD models were compared to new X-ray diffraction data over
the entire composition range, as well as to new neutron
diffraction experiments over the water-rich region. It has been
established that the combination of OPLS-AA (ethanol) and
TIP4P/200S (water) potentials has reproduced individual
experimental data sets, as well as their temperature depend-
ence, with a more-than-satisfactory accuracy. It may therefore
be justified that the MD models are used for characterizing
hydrogen-bonded networks that form in ethanol—water
mixtures.

When the H-bond acceptor and donor roles of water
molecules are taken into account, the occurrence of the 2D:2A
combination increases linearly at every concentration with
decreasing temperature.

The percolation threshold and its variation with temperature
have been estimated via various approaches: we found that
even at the highest alcohol concentration, the entire system
percolates at low temperatures. The percolation transition for
the water subsystems was found to be a 3D percolation
transition that occurs between x4 = 0.4 and 0.5 at 300 K, and
between x.g, = 0.5 and 0.6 at 200 K, respectively. These values
resonate well with the extrema found by the Kirkwood—Buff
theory,” ** and by small-angle scattering experiments.*®

Concerning the topology of H-bonded assemblies, in
mixtures with ethanol contents higher than 30 mol % (x.4, =
0.3), a S-membered ring takes the leading role up to x.y = 0.7
and 0.8, where the number of rings falls dramatically. This
tendency is most pronounced at low temperatures. The
composition (about x. = 0.2) where S-membered rings
become dominant matches perfectly the composition where

the extrema of many thermodynamic quantities have been
identifed.”*™**

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122.

Measured and calculated total scattering structure
factors for X-ray diffraction for the ethanol—water
mixtures as a function of temperature (Figure S1);
Lennard—Jones parameters and partial charges for the
atom types of ethanol used in the MD simulations
(Table S1); steps of molecular dynamics simulation at
each studied temperature (Table S2); box lengths (nm),
corresponding bulk densities (g/cm?) for each simulated
system (Table S3); selected partial radial distribution
functions for the mixture with 40, 50, 60, 70, 80, 85 and
90 mol % ethanol as a function of temperature (Figures
$2—S8); average H-bond numbers considering each
molecule, regardless of their types, together with the case
when considering water—water H-bonds only (Figure
S9); average H-bond number for ethanol—ethanol
subsystem (Figure S10); average H-bond numbers
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considering connections of water molecules only, as
well as considering connections of ethanol molecules
only (Figure S11); fraction of donor and acceptor sites
as a function of temperature (Figure S12); H-bond
number excess parameter (Figure S13); the average
largest cluster size (C1) and average second largest
cluster size (C2) as a function of ethanol concentration
and temperatures in ethanol—water mixtures (Figure
S14); cluster-size distributions from the room temper-
ature to the lowest studied temperature (a) for x. =
0.85, (b) for pure ethanol (Figure S1S5); typical
hydrogen-bonded network topologies in water—ethanol
mixtures at concentrations x., = 0.40 (left), 0.70
(middle), and 0.90 (right) (Figure S16); values of the
inequality calculated by eq 4; black open squares: left
side of eq 4 at 298 K; black solid squares: right side of eq
4 at 298 K; red open circles: left side of eq 4 at 233 K;
red solid circles: right side of eq 4 at 233 K (Figure S17)
(PDF)

H AUTHOR INFORMATION

Corresponding Authors

Szilvia Pothoczki — Wigner Research Centre for Physics, H-
1121 Budapest, Hungary; © orcid.org/0000-0003-4884-
1813; Phone: +36 1 392 2222/; Email: pothoczki.szilvia@
wigner.hu

Imre Bakoé — Research Centre for Natural Sciences, H-1117
Budapest, Hungary; © orcid.org/0000-0002-6302-5999;
Phone: +36 1 382 6981; Email: bako.imre@ttk.hu

Authors

Ildiké Pethes — Wigner Research Centre for Physics, H-1121
Budapest, Hungary; ® orcid.org/0000-0002-1931-1584

Lészl6 Pusztai — Wigner Research Centre for Physics, H-1121
Budapest, Hungary; International Research Organization for
Advanced Science and Technology (IROAST), Kumamoto
University, Kumamoto 860-855S, Japan

Lészl6 Temleitner — Wigner Research Centre for Physics, H-
1121 Budapest, Hungary

Koji Ohara — Diffraction and Scattering Division, JASR,
SPring-8, Hyogo 679-5198, Japan; © orcid.org/0000-0002-
3134-512X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.1c03122

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful to the National Research, Develop-
ment and Innovation Office (NRDIO (NKFIH), Hungary) for
financial support via Grant Nos. KH 130425, 124885 and FK
128656. Synchrotron radiation experiments were performed at
the BLO4B2 beamline of SPring-8 with the approval of the
Japan Synchrotron Radiation Research Institute (JASRI)
(Proposal Nos. 2017B1246 and 2018A1132). Neutron
diffraction measurements were carried out on the 7C2
diffractometer at the Laboratoire Léon Brillouin (LLB),
under Proposal ID 378/2017. S.P. and L.T. acknowledge
that this project was supported by the Jdnos Bolyai Research
Scholarship of the Hungarian Academy of Sciences. The
authors thank J. Darpentigny (LLB, France) for the kind

https://doi.org/10.1021/acs.jpcb.1c03122
J. Phys. Chem. B 2021, 125, 6272—6279


https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03122/suppl_file/jp1c03122_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Szilvia+Pothoczki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4884-1813
https://orcid.org/0000-0003-4884-1813
mailto:pothoczki.szilvia@wigner.hu
mailto:pothoczki.szilvia@wigner.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Imre+Bako%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6302-5999
mailto:bako.imre@ttk.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ildiko%CC%81+Pethes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1931-1584
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="La%CC%81szlo%CC%81+Pusztai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="La%CC%81szlo%CC%81+Temleitner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koji+Ohara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3134-512X
https://orcid.org/0000-0002-3134-512X
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03122?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03122?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

support during neutron diffraction experiment. Valuable
assistance from A. Szuja (Centre for Energy Research,
Hungary) is gratefully acknowledged for the careful prepara-
tion of mixtures.

B REFERENCES

(1) Ghoufi, A; Artzner, F.; Malfreyt, P. Physical Properties and
Hydrogen-Bonding Network of Water—Ethanol Mixtures from
Molecular Dynamics Simulations. J. Phys. Chem. B 2016, 120, 793—
802.

(2) Mijakovi¢, M.; Polok, K. D.; Kezic, B.; Sokolic, F.; Perera, A
Zorani¢, L. A comparison of force fields for ethanol—water mixtures.
Mol. Simul. 2014, 41, 699—712.

(3) Miroshnichenko, S.; Vrabec, J. Excess properties of non-ideal
binary mixtures containing water, methanol and ethanol by molecular
simulation. J. Mol. Liq. 2015, 212, 90—95.

(4) Dixit, S.; Crain, J.; Poon, W.; Finney, J.; Soper, A. K. Molecular
Segregation Observed in a Concentrated Alcohol-Water Solution.
Nature 2002, 416, 829—832.

(5) Noskov, S.; Lamoureux, G.; Roux, B. Molecular Dynamics Study
of Hydration in Ethanol-Water Mixtures Using a Polarizable Force
Field. J. Phys. Chem. B 2005, 109, 6705—6713.

(6) Pozar, M.; Bolle, J.; Sternemann, C.; Perera, A. On the X-ray
Scattering Pre-peak of Linear Mono-ols and the Related Micro-
structure from Computer Simulations. J. Phys. Chem. B 2020, 124,
8358—8371.

(7) Pozar, M.; Lovrincevi¢, B.; Zoranic, L.; Primorac, T.; Sokoli¢, F.;
Perera, A. Micro-heterogeneity versus clustering in binary mixtures of
ethanol with water or alkanes. Phys. Chem. Chem. Phys. 2016, 18,
23971-23979.

(8) Pozar, M.; Perera, A. Evolution of the micro-structure of aqueous
alcohol mixtures with cooling: A computer simulation study. J. Mol.
Lig. 2017, 248, 602—609.

(9) Halder, R; Jana, B. Unravelling the Composition-Dependent
Anomalies of Pair Hydrophobicity in Water—Ethanol Binary
Mixtures. J. Phys. Chem. B 2018, 122, 6801—6809.

(10) Lam, R. K; Smith, J. W.; Saykally, R. J. Communication:
Hydrogen bonding interactions in water-alcohol mixtures from X-ray
absorption spectroscopy. J. Chem. Phys. 2016, 144, No. 191103.

(11) Stetina, T. F.; Clark, A. E.; Li, X. X-ray absorption signatures of
hydrogen-bond structure in water—alcohol solutions. Int. J. Quantum
Chem. 2019, 119, No. e25802.

(12) Soper, A. K.; Dougan, L.; Crain, J.; Finney, J. L. Excess Entropy
in Alcohol-Water Solutions: A Simple Clustering Explanation. J.
Phys. Chem. B 2006, 110, 3472—3476.

(13) Wakisaka, A,; Matsuura, K. Microheterogeneity of ethanol-
water binary mixtures observed at the cluster level. J. Mol. Lig. 2006,
129, 25-32.

(14) Nishi, N.; Koga, K.; Ohshima, C.; Yamamoto, K.; Nagashima,
U,; Nagami, K. Molecular association in ethanol-water mixtures
studied by mass spectrometric analysis of clusters generated through
adiabatic expansion of liquid jets. J. Am. Chem. Soc. 1988, 110, 5246—
S25S.

(15) Frank, H. S.; Evans, M. W. Free Volume and Entropy in
Condensed Systems III. Entropy in Binary Liquid Mixtures; Partial
Molal Entropy in Dilute Solutions; Structure and Thermodynamics in
Aqueous Electrolytes. J. Chem. Phys. 1945, 13, 507—532.

(16) Bohmer, R.; Gainaru, C.; Richert, R. Structure and dynamics of
monohydroxy alcohols—Milestones towards their microscopic under-
standing, 100 years after Debye. Phys. Rep. 2014, 545, 125—195.

(17) Koga, Y.; Nishikawa, K.; Westh, P. “Icebergs” or No “Icebergs”
in Aqueous Alcohols?: Composition-Dependent Mixing Schemes. J.
Phys. Chem. A 2004, 108, 3873—3877.

(18) Choi, S.; Parameswaran, S.; Choi, J.-H. Understanding alcohol
aggregates and the water hydrogen bond network towards miscibility
in alcohol solutions: graph theoretical analysis. Phys. Chem. Chem.
Phys. 2020, 22, 17181—17195.

6278

(19) Gereben, O.; Pusztai, L. Investigation of the Structure of
Ethanol-Water Mixtures by Molecular Dynamics Simulation I:
Analyses Concerning the Hydrogen-Bonded Pairs. J. Phys. Chem. B
2015, 119, 3070—3084.

(20) Gereben, O.; Pusztai, L. Cluster Formation and Percolation in
Ethanol-Water mixtures. Chem. Phys. 2017, 496, 1-8.

(21) Takamuku, T.; Saisho, K; Nozawa, S.; Yamaguchi, T. X-ray
diffraction studies on methanol—water, ethanol—water, and 2-
propanol—water mixtures at low temperatures. J. Mol Lig. 2005,
119, 133—146.

(22) Pothoczki, S.; Pusztai, L.; Baké, 1. Variations of the Hydrogen
Bonding and of the Hydrogen Bonded Network in Ethanol-Water
Mixtures on Cooling. J. Phys. Chem. B 2018, 122, 6790—6800.

(23) Pothoczki, S.; Pusztai, L.; Bakd, I. Temperature dependent
dynamics in water-ethanol liquid mixtures. J. Mol. Lig. 2018, 271,
571-579.

(24) Bak¢, L; Pusztai, L; Temleitner, L. Decreasing temperature
enhances the formation of sixfold hydrogen bonded rings in water-
rich water-methanol mixtures. Sci. Rep. 2017, 7, No. 1073.

(25) Pethes, 1; Pusztai, L.; Ohara, K.; Kohara, S.; Darpentigny, J.;
Temleitner, L. Temperature-dependent structure of methanol-water
mixtures on cooling: X-ray and neutron diffraction and molecular
dynamics simulations. ]. Mol. Lig. 2020, 314, No. 113664.

(26) Sato, T.; Chiba, A.; Nozaki, R. Dynamical aspects of mixing
schemes in ethanol—water mixtures in terms of the excess partial
molar activation free energy, enthalpy, and entropy of the dielectric
relaxation process. J. Chem. Phys. 1999, 110, 2508—2521.

(27) Ott, J. B.; Stouffer, C. E.; Cornett, G. V.; Woodfield, B. F.;
Wirthlin, R. C.; Christensen, J. J.; Deiters, U. K. Excess enthalpies for
(ethanol + water) at 298.15 K and pressures of 0.4, S, 10, and 15
MPa. J. Chem. Thermodyn. 1986, 18, 1—12.

(28) Wormald, C. J.; Lloyd, M. J. Excess enthalpies for (water +
ethanol) at T= 398 K to T= 548 K and p= 15 MPa. J. Chem.
Thermodyn. 1996, 28, 615—626.

(29) Pradhan, T.; Ghoshal, P.; Biswas, R. Structural transition in
alcohol-water binary mixtures: A spectroscopic study. J. Chem. Sci.
2008, 120, 275—287.

(30) Nishi, N.; Takahashi, S.; Matsumoto, M.; Tanaka, A.; Muraya,
K,; Takamuku, T.; Yamaguchi, T. Hydrogen-Bonded Cluster
Formation and Hydrophobic Solute Association in Aqueous Solutions
of Ethanol. J. Phys. Chem. A 1995, 99, 462—468.

(31) D’Angelo, M.; Onori, G.; Santucci, A. Self-association of
monohydric alcohols in water: compressibility and infrared absorption
measurements. J. Chem. Phys. 1994, 100, 3107.

(32) Matteoli, E.; Lepori, L. Solute—solute interactions in water. IL.
An analysis through the Kirkwood—Buff integrals for 14 organic
solutes. J. Chem. Phys. 1984, 80, 2856.

(33) Perera, A; Sokoli¢, F.; Almasy, L.; Koga, Y. Kirkwood-Buff
integrals of aqueous alcohol binary mixtures. J. Chem. Phys. 2006, 124,
No. 124515S.

(34) Marcus, Y. Preferential Solvation in Mixed Solvents. Part 5.
Binary Mixtures of Water and Organic Solvents. J. Chem. Soc., Faraday
Trans. 1990, 86, 2215—2224.

(35) Ben-Naim, A. Inversion of the Kirkwood—Buff theory of
solutions: application to the water—ethanol system. J. Chem. Phys.
1977, 67, 4884.

(36) Nishikawa, K.; lijima, T. Small-angle x-ray scattering study of
fluctuations in ethanol and water mixtures. J. Phys. Chem. B 1993, 97,
10824—10828.

(37) Kohara, S.; Suzuya, K.; Kashihara, Y.; Matsumoto, N.; Umesaki,
N.; Sakai, I. A horizontal two-axis diffractometer for high-energy X-ray
diffraction using synchrotron radiation on bending magnet beamline
BLO04B2 at SPring-8. Nucl. Instrum. Methods Phys. Res., Sect. A 2001,
467—468, 1030—1033.

(38) Cuello, G. J.; Darpentigny, J.; Hennet, L.; Cormier, L.; Dupont,
J.; Homatter, B.; Beuneu, B. 7C2, the new neutron diffractometer for
liquids and disordered materials at LLB. J. Phys.: Conf. Ser. 2016, 746,
No. 012020.

https://doi.org/10.1021/acs.jpcb.1c03122
J. Phys. Chem. B 2021, 125, 6272—6279


https://doi.org/10.1021/acs.jpcb.5b11776?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b11776?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b11776?ref=pdf
https://doi.org/10.1080/08927022.2014.923567
https://doi.org/10.1016/j.molliq.2015.08.058
https://doi.org/10.1016/j.molliq.2015.08.058
https://doi.org/10.1016/j.molliq.2015.08.058
https://doi.org/10.1038/416829a
https://doi.org/10.1038/416829a
https://doi.org/10.1021/jp045438q?ref=pdf
https://doi.org/10.1021/jp045438q?ref=pdf
https://doi.org/10.1021/jp045438q?ref=pdf
https://doi.org/10.1021/acs.jpcb.0c05932?ref=pdf
https://doi.org/10.1021/acs.jpcb.0c05932?ref=pdf
https://doi.org/10.1021/acs.jpcb.0c05932?ref=pdf
https://doi.org/10.1039/C6CP04676B
https://doi.org/10.1039/C6CP04676B
https://doi.org/10.1016/j.molliq.2017.10.039
https://doi.org/10.1016/j.molliq.2017.10.039
https://doi.org/10.1021/acs.jpcb.8b02528?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b02528?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b02528?ref=pdf
https://doi.org/10.1063/1.4951010
https://doi.org/10.1063/1.4951010
https://doi.org/10.1063/1.4951010
https://doi.org/10.1002/qua.25802
https://doi.org/10.1002/qua.25802
https://doi.org/10.1021/jp054556q?ref=pdf
https://doi.org/10.1021/jp054556q?ref=pdf
https://doi.org/10.1016/j.molliq.2006.08.010
https://doi.org/10.1016/j.molliq.2006.08.010
https://doi.org/10.1021/ja00224a002?ref=pdf
https://doi.org/10.1021/ja00224a002?ref=pdf
https://doi.org/10.1021/ja00224a002?ref=pdf
https://doi.org/10.1063/1.1723985
https://doi.org/10.1063/1.1723985
https://doi.org/10.1063/1.1723985
https://doi.org/10.1063/1.1723985
https://doi.org/10.1016/j.physrep.2014.07.005
https://doi.org/10.1016/j.physrep.2014.07.005
https://doi.org/10.1016/j.physrep.2014.07.005
https://doi.org/10.1021/jp0312722?ref=pdf
https://doi.org/10.1021/jp0312722?ref=pdf
https://doi.org/10.1039/D0CP01991G
https://doi.org/10.1039/D0CP01991G
https://doi.org/10.1039/D0CP01991G
https://doi.org/10.1021/jp510490y?ref=pdf
https://doi.org/10.1021/jp510490y?ref=pdf
https://doi.org/10.1021/jp510490y?ref=pdf
https://doi.org/10.1016/j.chemphys.2017.09.003
https://doi.org/10.1016/j.chemphys.2017.09.003
https://doi.org/10.1016/j.molliq.2004.10.020
https://doi.org/10.1016/j.molliq.2004.10.020
https://doi.org/10.1016/j.molliq.2004.10.020
https://doi.org/10.1021/acs.jpcb.8b02493?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b02493?ref=pdf
https://doi.org/10.1021/acs.jpcb.8b02493?ref=pdf
https://doi.org/10.1016/j.molliq.2018.09.027
https://doi.org/10.1016/j.molliq.2018.09.027
https://doi.org/10.1038/s41598-017-01095-7
https://doi.org/10.1038/s41598-017-01095-7
https://doi.org/10.1038/s41598-017-01095-7
https://doi.org/10.1016/j.molliq.2020.113664
https://doi.org/10.1016/j.molliq.2020.113664
https://doi.org/10.1016/j.molliq.2020.113664
https://doi.org/10.1063/1.477956
https://doi.org/10.1063/1.477956
https://doi.org/10.1063/1.477956
https://doi.org/10.1063/1.477956
https://doi.org/10.1016/0021-9614(86)90036-4
https://doi.org/10.1016/0021-9614(86)90036-4
https://doi.org/10.1016/0021-9614(86)90036-4
https://doi.org/10.1006/jcht.1996.0058
https://doi.org/10.1006/jcht.1996.0058
https://doi.org/10.1007/s12039-008-0033-0
https://doi.org/10.1007/s12039-008-0033-0
https://doi.org/10.1021/j100001a068?ref=pdf
https://doi.org/10.1021/j100001a068?ref=pdf
https://doi.org/10.1021/j100001a068?ref=pdf
https://doi.org/10.1063/1.466452
https://doi.org/10.1063/1.466452
https://doi.org/10.1063/1.466452
https://doi.org/10.1063/1.447034
https://doi.org/10.1063/1.447034
https://doi.org/10.1063/1.447034
https://doi.org/10.1063/1.2178787
https://doi.org/10.1063/1.2178787
https://doi.org/10.1039/FT9908602215
https://doi.org/10.1039/FT9908602215
https://doi.org/10.1063/1.434669
https://doi.org/10.1063/1.434669
https://doi.org/10.1021/j100143a049?ref=pdf
https://doi.org/10.1021/j100143a049?ref=pdf
https://doi.org/10.1016/S0168-9002(01)00630-1
https://doi.org/10.1016/S0168-9002(01)00630-1
https://doi.org/10.1016/S0168-9002(01)00630-1
https://doi.org/10.1088/1742-6596/746/1/012020
https://doi.org/10.1088/1742-6596/746/1/012020
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03122?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(39) Kohara, S; Itou, M; Suzuya, K; Inamura, Y.; Sakurai, Y.;
Ohishi, Y.; Takata, M. Structural studies of disordered materials using
high-energy x-ray diffraction from ambient to extreme conditions. J.
Phys.: Condens. Matter 2007, 19, No. 506101.

(40) Industrial Solvents Handbook; 4th ed.; In Flick, E. W., Ed,;
Noyes Data Corporation: Westwood, NJ, 1998.

(41) van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.
E.; Berendsen, H. J. GROMACS: fast, flexible, and free. J. Comput.
Chem. 2008, 26, 1701.

(42) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-
log(N) method for Ewald sums in large systems. J. Chem. Phys. 1993,
98, 10089.

(43) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A smooth particle mesh Ewald method. J. Chem. Phys.
199§, 103, 8577.

(44) Jorgensen, W. L.; Maxwell, D.; Tirado-Rives, S. Development
and Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996,
118, 11225—11236.

(45) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M.
LINCS: A linear constraint solver for molecular simulations. J.
Comput. Chem. 1997, 18, 1463—1472.

(46) Abascal, J. L. F.; Vega, C. A. A general purpose model for the
condensed phases of water: TIP4P/200S. J. Chem. Phys. 2005, 123,
No. 234508S.

(47) Miyamoto, S.; Kollman, P. A. Settle: An analytical version of
the SHAKE and RATTLE algorithm for rigid water models. J.
Comput. Chem. 1992, 13, 952—962.

(48) Bako, 1; Megyes, T.; Balint, S.; Grész, T.; Chihaia, V. Water—
methanol mixtures: topology of hydrogen bonded network. Phys.
Chem. Chem. Phys. 2008, 10, 5004—5011.

(49) Geiger, A; Stillinger, F. H; Rahman, A. Aspects of the
percolation process for hydrogen-bond networks in water. J. Chem.
Phys. 1979, 70, 4185.

(50) Cardona, J.; Sweatman, M. B.; Lue, L. Molecular Dynamics
Investigation of the Influence of the Hydrogen Bond Networks in
Ethanol/Water Mixtures on Dielectric Spectra. J. Phys. Chem. B 2018,
122, 1505—1518S.

(51) Guevara-Carrion, G.; Vrabec, J.; Hasse, H. Prediction of self-
diffusion coefficient and shear viscosity of water and its binary
mixtures with methanol and ethanol by molecular simulation. J. Chem.
Phys. 2011, 134, No. 074508.

(52) Malthe-Sorenssen, A. Percolation and Disordered Systems — A
Numerical Approach; Springer, 2018.

(53) Jan, N. Large lattice random site percolation. Physica A 1999,
266, 72.

(54) Bake, 1; Oldh, J.; Labas, A.; Bélint, S.; Pusztai, L.; Bellissent-
Funel, M.-C. Water-formamide mixtures: Topology of the hydrogen-
bonded network. J. Mol. Lig. 2017, 228, 25—31.

(55) Towey, J. J.; Soper, A. K; Dougan, L. What happens to the
structure of water in cryoprotectant solutions? Faraday Discuss. 2014,
167, 159—176.

(56) Chihaia, V.; Adams, S.; Kuhs, W. F. Molecular dynamics
simulations of properties of a (0 0 1) methane clathrate hydrate
surface. Chem. Phys. 2005, 317, 208—225.

(57) Van Mieghem, P. Graph Spectra for Complex Networks;
Cambridge University Press, 2010.

(58) Cvetkovi¢, D.; Simic, S. Graph spectra in Computer Science.
Linear Algebra Appl. 2011, 434, 1545—1562.

(59) von Luxburg, U. A tutorial on spectral clustering. Stat. Comput.
2007, 17, 395—416.

(60) Chung, F. R. K. Spectral Graph Theory; AMS and CBMS:
Providence, RI, 1997; Chapter 2.2.

(61) Banerjee, A.; Jost, J. On the spectrum of the normalized graph
Laplacian. Linear Algebra Appl. 2008, 428, 3015—3022.

(62) McGraw, P. N.; Menzinger, M. Laplacian spectra as a
diagnostic tool for network structure and dynamics. Phys. Rev. E
2008, 77, No. 031102.

6279

(63) Hata, S.; Nakao, H. Localization of Laplacian eigenvectors on
random networks. Sci. Rep. 2017, 7, No. 1121.

(64) Julaiti, A; Wu, B; Zhang, Z. Eigenvalues of normalized
Laplacian matrices of fractal trees and dendrimers: analytical results
and applications. J. Chem. Phys. 2013, 138, No. 204116.

(65) de Abreu, N. M. M. Old and new results on algebraic
connectivity of graphs. Linear Algebra Appl. 2007, 423, 53—73.

(66) Fiedler, M. A property of eigenvectors of nonnegative
symmetric matrices and its applications to graph theory. Czech.
Math. ]. 1975, 25, 619—633.

(67) Friedman, J. Some geometric aspects of graphs and their
eigenfunctions. Duke Math. ]. 1993, 69, 487—525.

(68) Baké, L; Pethes, I; Pothoczki, S.; Pusztai, L. Temperature
dependent network stability in simple alcohols and pure water: The
evolution of Laplace spectra. J. Mol. Lig. 2019, 273, 670—675.

https://doi.org/10.1021/acs.jpcb.1c03122
J. Phys. Chem. B 2021, 125, 6272—6279


https://doi.org/10.1088/0953-8984/19/50/506101
https://doi.org/10.1088/0953-8984/19/50/506101
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.470117
https://doi.org/10.1021/ja9621760?ref=pdf
https://doi.org/10.1021/ja9621760?ref=pdf
https://doi.org/10.1021/ja9621760?ref=pdf
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12<1463::AID-JCC4>3.0.CO;2-H
https://doi.org/10.1063/1.2121687
https://doi.org/10.1063/1.2121687
https://doi.org/10.1002/jcc.540130805
https://doi.org/10.1002/jcc.540130805
https://doi.org/10.1039/b808326f
https://doi.org/10.1039/b808326f
https://doi.org/10.1063/1.438042
https://doi.org/10.1063/1.438042
https://doi.org/10.1021/acs.jpcb.7b12220?ref=pdf
https://doi.org/10.1021/acs.jpcb.7b12220?ref=pdf
https://doi.org/10.1021/acs.jpcb.7b12220?ref=pdf
https://doi.org/10.1063/1.3515262
https://doi.org/10.1063/1.3515262
https://doi.org/10.1063/1.3515262
https://doi.org/10.1016/S0378-4371(98)00577-9
https://doi.org/10.1016/j.molliq.2016.10.052
https://doi.org/10.1016/j.molliq.2016.10.052
https://doi.org/10.1039/c3fd00084b
https://doi.org/10.1039/c3fd00084b
https://doi.org/10.1016/j.chemphys.2005.05.024
https://doi.org/10.1016/j.chemphys.2005.05.024
https://doi.org/10.1016/j.chemphys.2005.05.024
https://doi.org/10.1016/j.laa.2010.11.035
https://doi.org/10.1007/s11222-007-9033-z
https://doi.org/10.1016/j.laa.2008.01.029
https://doi.org/10.1016/j.laa.2008.01.029
https://doi.org/10.1103/PhysRevE.77.031102
https://doi.org/10.1103/PhysRevE.77.031102
https://doi.org/10.1038/s41598-017-01010-0
https://doi.org/10.1038/s41598-017-01010-0
https://doi.org/10.1063/1.4807589
https://doi.org/10.1063/1.4807589
https://doi.org/10.1063/1.4807589
https://doi.org/10.1016/j.laa.2006.08.017
https://doi.org/10.1016/j.laa.2006.08.017
https://doi.org/10.21136/CMJ.1975.101357
https://doi.org/10.21136/CMJ.1975.101357
https://doi.org/10.1215/S0012-7094-93-06921-9
https://doi.org/10.1215/S0012-7094-93-06921-9
https://doi.org/10.1016/j.molliq.2018.11.021
https://doi.org/10.1016/j.molliq.2018.11.021
https://doi.org/10.1016/j.molliq.2018.11.021
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03122?rel=cite-as&ref=PDF&jav=VoR

