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ABSTRACT: Quantum cluster equilibrium theory (QCE) has been widely used to determine the properties of pure and binary mixture
of liquids. The main limitation of the application of QCE is the exploration of different possible clusters formed by the solvent
molecules. Therefore, in this study, we applied the QCE theory to predict liquid properties of ethanol after thorough exploration of the
potential energy surfaces (PESs) of the ethanol clusters from dimer to hexamer. The exploration started by generating possible structures
using classical molecular dynamics followed by optimizations at the MP2/aug-cc-pVDZ level of theory. 484 different configurations
of the ethanol clusters have been finally used in the QCE theory. The results show that the population of liquid ethanol is constituted
from the contribution of hexamer, pentamer, and tetramer. In addition, we noted that the ethanol monomer, dimer and trimer do not
contribute to the population of liquid ethanol. Furthermore, based on the predicted population of the liquid ethanol, we calculated its
infrared spectrum at different temperatures. The calculated infrared spectrum is found to be in qualitative agreement with experiment.

Some thermodynamic properties, such as the heat capacity, are also predicted to be in good agreement with experiment.

KEYWORDS: Liquid ethanol, ethanol clusters, quantum cluster equilibrium, liquid thermodynamic properties

1 Introduction

Weinhold has proposed the quantum cluster equilibrium (QCE)
theory to describe the equilibrium properties of liquids based on
clusters of molecules constituting the liquids'. The QCE the-
ory extends the statistical thermodynamics handling of quantum
systems. Weinhold has given the detailed implementation of the
theory and will be recalled in subsection 2.1. The QCE theory
has then been applied initially to understand the liquid properties
of water and ammonia'~*. Ludwig, Weinhold, and Farrar”~ have
determined the thermodynamics properties of liquid ammonia as
a function of temperature, including the constant-volume specific
heat capacity (C,). Using a simple ab-initio quantum mechan-
ical method (HF/6-31+G(d)), the authors have predicted proper-
ties with an acceptable agreement with the experiment. This per-
formance of QCE has made several authors interested in applying
QCE to study the properties of liquids.

After applying QCE to water and ammonia, QCE has been ap-
plied to study the liquid properties of N-methylacetamide Ludwig
et al.*. The authors have also applied the QCE in several other
systems . These systems have been studied using only the HF
level of theory, which poorly describes quantum mechanical en-
ergies. Later, some authors applied the QCE to reinvestigate the
same liquids with a relatively higher level of theory. Matisz et
al.” used the QCE theory to investigate the properties of liquid
methanol at the MP2/6-311++G(d,p) level of theory. Some au-
thors have tested different levels of theory. Recently, Kuo and
coworkers '’ have applied the QCE theory to determine some
liquid properties of methanol after extensive exploration of the
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methanol clusters (MeOH),,—,_14. The quantum chemical calcu-
lations have been performed at the four different levels of theory:
B3LYP-CP/6-31+G(d,p), B3LYP-CP-D3/6-31+G(d,p), MP2/6-
31+G(d,p), and MP2-CP/6-311++G(d,p). The authors calculated
the clusters population, thermodynamics properties, and infrared
spectrum at 300K '%. The QCE calculated infrared spectrum of
liquid methanol agreed with experiment ',

In addition to pure/neat liquids, the QCE theory has been used
to study the properties of binary liquids. An extension of the QCE
theory to study binary liquids (mixture of two different liquids)
was proposed by the group of Kirchner in 2011'". The proposed
modified implementation of QCE has been applied to study the
mixture of water and dimethylsulfoxide (DMSO) I Later, the bi-
nary quantum cluster equilibrium (bQCE) theory was applied to
study several mixtures of two liquids. Matisz et al.'* have stud-
ied the binary mixture of methanol and water using bQCE the-
ory. The study of the mixture of water and N-methylformamide
has been reported by von Domaros and coworkers'’. The au-
thors reported the population of clusters in liquids in addition
to some thermodynamic properties of the mixture. The mixing
Gibbs free energy and the mixing enthalpy have been evaluated as
a function of the mole fraction of N-methylformamide '*. Ingen-
mey et al.'* studied three binary mixtures: acetonitrile-acetone,
benzene-acetone, and water-acetone. The study has been per-
formed to predict the miscibility of the aforementioned binary
systems. For each system, the population of clusters in liquid
and the mixing Gibbs free energy have been provided'*. Re-
cently, Kutsyk ez al. "> have investigated the mixture of methanol
and chloroform using the bQCE. The quantum mechanical cal-
culations have been performed at the B3LYP/cc-pVTZ level of
theory. They have evaluated the mixing enthalpy, concentration
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profiles, and the liquid mixture’s Raman and FTIR spectrum.

Moreover, QCE has been extended to study the activity coef-
ficients in binary mixtures'®. The proposed approach has been
applied to the benzene—acetonitrile mixture '°. Further investiga-
tions on binary mixtures have been performed by Marchelli and
coworkers from the group of Kirchner'”-'®. Activity coefficients
of a binary mixture of methanol and other alcohols (including
ethanol, two propanols, and three butanols) have been calculated
by Marchelli et al. using the bQCE theory!”. The authors con-
cluded that, in the mixture of methanol with alcohol, when the
size of the alcohol is increased, they found a more significant de-
viation from an ideal mixture. However, when the branching of
alcohols is increased, the authors found an ideal mixture'’. Be-
sides, a mixture of hexafluoroisopropanol and ethanol and hex-
afluoroisopropanol and methanol have been assessed using bQCE
theory and classical molecular dynamics simulations '*. The au-
thors used up to six solvent molecules in pure and mixed solvents.
Thermodynamic properties, including vaporization entropies and
enthalpies, agree with experiment '®.

Besides pure and binary mixtures, QCE has been applied to
study the conformer weighting in nicotine and their phosphorous
derivatives and bulk systems'>*’. Additionally, it is worth not-
ing that Domaros and Perlt have investigated the effects of anhar-
monicity on the QCE results”'. Domaros and Perlt”' proposed
a methodology to consider the anharmonicity effects, and they
applied the methodology to the liquid hydrogen chloride. It has
been found that the calculated properties are improved by includ-
ing anharmonic effects”'. Perlt et al.>> have used the QCE theory
to predict the ionic product of water using several quantum chem-
ical levels of theory. Water clusters from monomer to decamer
have been optimized using HF, and DFT functionals, including
the D3 dispersion and counterpoise corrections, in addition to
MP2 and DLPNO-CCSD(T) methods. For the specific case of the
ionic product of water, the authors found that the results predicted
at the B3LYP-D3/def2-TZVP have the tiniest mean absolute de-
viation from the experiment.

Examination of previous works shows that considerable inves-
tigations are reported in the literature using the QCE theory. Most
of these works have been performed at a low level of theory.
Moreover, very few works have extensively explored the sam-
pling of cluster conformers. These limitations could affect the
accuracy of the QCE predicted properties. Regarding the spe-
cific case of ethanol, Ludwig and coworkers ”-* have applied the
QCE to study liquid ethanol at the HF/6-31+G(d) level of the-
ory. Only six conformers of ethanol clusters have been considered
from monomer to hexamer. Thus, not all possible configurations
of ethanol clusters have been located before applying the QCE.
As seen in the results section, the accuracy of the QCE theory is
dependent on the quantum chemical sampling of different con-
formers that could contribute to the liquid’s population. Thus, it
is essential to thoroughly sample different cluster configurations
before applying the QCE for accurate predictions. Therefore, in
this work, we applied the QCE theory to study the liquid prop-
erties of ethanol. We extensively explored cluster configurations
using the MP2/aug-cc-pVDZ level of theory. The configurations

have been initially generated using ABCluster’»**. Up to 484
different conformers of ethanol clusters, (EtOH),—>_¢, have been
selected at the MP2/aug-cc-pVDZ level of theory.

2 Methodology

This section briefly recalls the QCE theory in subsection 2.1.
Then, we explain how the ethanol clusters have been generated
and optimized quantum mechanically (see subsection 2.2).

2.1 Quantum cluster equilibrium (QCE) theory

The total partition function in the QCE theory can be written as
follows:

N 2mkpT \ />
0y .) = [Ty g o) (20 )
1w, h
N Np
amyi(p)
(v bxvplepv,,> exp{ ;’/’kBT }] (1)

where N, is the number of isomers of size p. m, is the mass
of the isomer of size p. V is the volume. (V —by 22]:1vap)

is the corrected volume of the system, where v, = i(p)v; is the
volume of an isomer of size p, which is equal to the product of
the number of monomers, i(p), times the volume of the monomer,
Vi. q;,"’ (T), q;ib(T), and qf,l(T) is the rotational, vibrational, and
electronic partition function of an isomer of size p, respectively.

1/2 2 3/2
T 8mokgT
a0, (T) = = ( o ) Vb 2
11, I, Iz are the principal moment of inertia. kg, & are the Boltz-
mann and Planck constants, respectively, and 7 is the tempera-
ture. ¢ is the rotational symmetry number.

; 1
q;b(T) =11 7 o\ (3
i 1—exp < v"’)
©,,; is the characteristic temperature.
1 &'
(T = — . 4
) =oew () @

85’ and g( are the ground state electronic energy and its degen-
eracy, respectively. The electronic energies used in this work are
zero-point energy (ZPE) corrected.

In this work, we applied the QCE theory to study the prop-
erties of liquid ethanol using the Peacemaker code of Kirchner
and coworkers >»*°, Peacemaker implements the QCE theory for
pure and binary liquids. As input, Peacemaker needs the opti-
mized Cartesian coordinates of all the conformers of the clusters
to compute the moment of inertia of the rotational partition func-
tion. It also needs the binding energies and the vibrational fre-
quencies to compute the electronic and the vibrational partition
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3 Results and discussions

P

a EtOH4_1 0.7 b EtOH42 0.7 ¢ EtOH43 0.9 d EtOH44 0.9 e EtOH4.5 09
f EtOH4 6 1.4 g EtOH47 14 1.7 j EtOH4_10 2.2

k EtOH5_1 0.7

1 EtOHS5 2

1.3 m EtOH5.3 01.4

Fig. 1 Structures of the ethanol tetramer and pentamer that contribute to the population of liquid ethanol as will be discussed in subsection 3.1. The relative energies

are calculated at the MP2/aug-cc-pVDZ level of theory (in kcal/mol).

functions. To determine a,,y and b,,, Peacemaker needs an ex-
perimental property of the liquid that will serve as a reference to
solve the polynomial equations. This experimental property can
be the density of the liquid, the transition phase temperature, the
isobar, or any combination of these properties. In this work, we
used the density of liquid ethanol (0.7893 g/cm?) and the transi-
tion temperature of ethanol from liquid to gas (351.52K). The
sampling of a4, and by, has been performed between 0.0 and
2.0 and 0.5 and 1.5, respectively. Peacemaker’s authors recom-
mend these intervals. The sampling yielded the optimal values
of 0.49 and 0.92 for a,, and b,,, respectively. These values con-
firm that the chosen intervals are correct. It should be noted that
the Peacemaker code has been used successfully in several QCE
theory applications to study pure and binary liquids ' /»'%%°.

2.2 Clusters’ generation and quantum calculations

The accuracy of the QCE theory relies on the complete explo-
ration of all possible conformers of the clusters that could con-
tribute to the liquid population. Thus, an essential task for apply-
ing QCE starts by generating all possible clusters. In this work,

the initial configurations of the clusters have been generated using
the ABCluster code’***. Details of the generation of the config-
urations are provided in our previous works’’~*’. The generated
configurations are optimized at the MP2/aug-cc-pVDZ level of
theory. The ABCluster code has been used in our previous works
with reasonable accuracy to generate initial geometries .

3 Results and discussions

We start this section by presenting the clusters used in this work
to perform the QCE predictions of liquid ethanol (see subsec-
tion 3.1). Then, the population of liquid ethanol is presented in
subsection 3.2. The predicted thermodynamic properties are pre-
sented in subsection 3.3. Finally, the predicted population is used
to determine the infrared spectrum of liquid ethanol (see subsec-
tion 3.4).

3.1 About the clusters

As mentioned above, the configurations generated by ABCluster
have been fully optimized at the MP2/aug-cc-pVDZ level of the-
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s EtOH6_19 0.8 t EtOH6.20 1.0

u EtOH6.21 1.0

v EtOH6.22 1.0

Fig. 2 Structures of the ethanol hexamer that contribute to the population of liquid ethanol as will be discussed in subsection 3.1. The relative energies are calculated at

the MP2/aug-cc-pVDZ level of theory (in kcal /mol).

ory. Frequency calculation has also been performed at the same
level of theory. Details of the generation can be found in our pre-
vious works on the ethanol clusters >’~*’. Up to 484 conformers of
the ethanol clusters have been located at the MP2/aug-cc-pVDZ
level of theory for clusters ranging from dimer (n = 2) to hex-
amer (n = 6). The located structures and their relative electronic
energies have been published in our previous works”’~>?. Tt is
worth recalling that the generation of clusters considered all the
three monomers of ethanol (trans, gauche+, and gauche-). For
each cluster size n, all possible combinations of the monomers
have been considered to generate the configurations. These com-
binations lead to many located structures of the ethanol clusters
from dimer to hexamer. Due to the mirror image between the
gauche+ and gauche- conformers, we have concluded that each
isomer of the ethanol clusters has a corresponding mirror image
(enantiomer). This conclusion has been explicitly elaborated for
the case of the ethanol dimer”’. In this work, all mirror images
have been discarded. That is to say; the 484 isomers have been

obtained after excluding the mirror image of the isomers. In Fig-
ure | and Figure 2, EtOHx_y indicates the y—th isomer of the
ethanol x—mer. We recommend the reader to read the previously
published works for further details on the structures of the ethanol
clusters used in this work *'~*".

We provided in the supporting information the Cartesian coor-
dinates of the 484 structures considered in this work to apply the
QCE on liquid ethanol. However, the structures that contribute to
the population of liquid ethanol are reported in Figure | and Fig-
ure 2. Only structures that contribute with more than 1% to the
population are considered in these figures. The contribution of
configurations with 1% or lower are considered to be negligible.
The structures are reported along with their relative energies (in
kcal /mol) as calculated at the MP2/aug-cc-pVDZ level of theory.
It is important to note that the relative energies consider all possi-
ble structures for the considered cluster size. Therefore, as can be
seen in Figure | and Figure 2, the first isomer that contributes to
the population is not necessarily the most stable one with relative
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3 Results and discussions

3.2 Predicted population of liquid ethanol

energy equals to 0.0 kcal /mol.

3.2 Predicted population of liquid ethanol

The predicted QCE population of liquid ethanol is reported in
Figure 3. It should be noted that subsection 3.2 presents the pop-
ulation by cluster size and does not explicitly show the contribu-
tion of different configurations. This presentation is adopted to
avoid cumbersomeness. Thus, for each cluster size n, we sum
over the contribution of different isomers to determine the pop-
ulation as reported in Figure 3. The contribution of individual
configurations to the population is provided in an Excel sheet as
supporting information. The result indicates that the ethanol hex-
amer dominates the liquid ethanol population up to 320 K. Above
320 K, the ethanol pentamer dominates the population. The over-
all results show that the population of liquid ethanol comprises
the contribution from tetramer, pentamer, and hexamer. The con-
tribution of the ethanol monomer, dimer, and trimer to the pop-
ulation of liquid ethanol is negligible. Above 351 K (the transi-
tion temperature), the population is dominated exclusively by the
ethanol monomer. In this range of temperatures, all the bondings
linking the monomers together in a cluster are broken; therefore,
only the ethanol monomer is found.

=
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Temperature (K)

Fig. 3 QCE predicted population of liquid ethanol as a function of temperature
from 150 to 400 K. For each cluster size n, the reported population is the sum of
the population of different configurations of the considered cluster.

Previously, Ludwig ef al.” applied the QCE theory to predict
some thermodynamic properties of liquid ethanol. They per-
formed their calculations at the HF/6-31G(d) level of theory. The
calculations have been performed using clusters from monomer
to hexamer, and only one configuration is used for each clus-
ter size. Ludwig et al.” found that the population of the liquid
ethanol between 250 and 350K is constituted from the ethanol
monomer, tetramer, and pentamer. They found that the ethanol
dimer, trimer, and hexamer do not contribute to the population
of the liquid ethanol. The difference between our prediction and
the prediction of Ludwig et al.” can be ascribed to two facts: (1)

we have used MP2/aug-cc-pVDZ level of theory, while they used
HF/6-31G(d) level of theory, (2) and we have used 484 differ-
ent configurations, while they used only six configurations. Con-
sidering the number of configurations we have used and the in-
creased level of theory, our predicted population of liquid ethanol
could be more reliable. It is worth recalling that, despite these
differences, we predicted that the ethanol dimer and trimer do
not contribute to the population of the liquid ethanol in agree-
ment with the prediction of Ludwig et al.”. It is worth noting
that other studies of liquid ethanol based on QCE at HF/6-31G(d)
level of theory have been reported by Huelsekopf and Ludwig *°.
Borowski et al.*” applied the QCE theory to study the liquid wa-
ter, methanol, and ethanol after geometry optimizations at the
B3LYP/6-311G(d,p) level of theory. They considered the ethanol
clusters, (EtOH),,, for n = 1 — 6, 8. Borowski et al. 37 found that
only the ethanol monomer and pentamer contribute to the popula-
tion of the liquid ethanol between 200 and 351 K. Unfortunately,
similar to previous studies, only one configuration has been con-
sidered for each given cluster size’’. Matisz et al.*® have applied
the QCE to the study of the liquid phase of some primary alcohols
(methanol, ethanol, propan-1-ol, and butan-1-ol). For each alco-
hol, clusters from monomer to heptamer have been considered
for QCE predictions. The authors stated that only cyclic config-
urations containing g + ¢t or g —tt (t = trans, g+ = gauche+,
and g— = gauche—) had been selected based on previous stud-
ies at the B3LYP/6-31+G(d,p) level of theory*®. Their predic-
tions show that the population of liquid ethanol is dominated by
ethanol heptamer, with a small contribution from hexamer and
pentamer. They found a negligible contribution for dimer, trimer,
and pentamer. As mentioned earlier, the fact that all possible con-
figurations have not been used would be the main reason for the
difference between our predicted population and that of Matisz
and coworkers*®. Recently, Teh, Hsu, and Kuo '’ have applied
the QCE theory to study liquid methanol. They used methanol
clusters from dimer to 14-mer at the B3LYP/6-31+G(d,p) level of
theory. Their investigations show that an isomer of the methanol
octamer dominates the population of liquid methanol ',

Exploring the literature shows that only a few configurations
of the ethanol clusters have been considered by previous authors
in applying the QCE to liquid ethanol. This is understandable,
considering the complexity of the PESs of the ethanol clusters.
To properly apply the QCE to liquid ethanol and to expect accu-
rate predictions, one had to locate all possible configurations of
the ethanol clusters as large as possible. This exploration of all
possible configurations has only been done in the present work,
at an acceptable computational level of theory (the MP2/aug-cc-
pVDZ level of theory), for ethanol clusters up to the ethanol hex-
amer. The fact that up to 484 configurations of the ethanol clus-
ters have been used justifies the difference between our predic-
tions and those of previous authors presented above. Based on
this exploration, we can state that our predicted population of
the liquid ethanol could be considered reliable. A warning re-
garding the current predicted population would be that the cluster
size is limited to the hexamer. As stated above, Teh, Hsu, and
Kuo ' have found that a structure of the methanol octamer con-
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tributes to the population of the liquid methanol. Although it is
customary to assume that only small clusters would contribute
to the population, it is unclear how small the cluster should be.
Therefore, it is possible that the ethanol clusters larger than the
ethanol hexamer, not considered here, may contribute to the pop-
ulation of liquid ethanol. However, considering the complexity
of the PESs of the ethanol clusters (as outlined in our previous
works */~??), it has not been possible for us to go beyond the hex-
amer at the MP2/aug-cc-pVDZ level of theory. To overcome this
limitation, investigation of ethanol clusters larger than the hex-
amer at a cheaper, yet accurate, level of theory is advised for
future works. The DFT functional PW6B95D3 has been bench-
marked in our previous work”’ to be an accurate functional to
reproduce the DLPNO-CCSD(T)/CBS level of theory. This DFT
functional can be used for these investigations. Using QCE to
predict the ionic product of water, Perlt e al.”> have shown that
a cheap computational level of theory can yield accurate predic-
tions.

As mentioned above, only the sum of the contributions of all
isomers of a given cluster to the population of the liquid ethanol
is reported in subsection 3.2. To gain insights into the indi-
vidual contributions of each isomer, we examined the case of
the ethanol hexamer. The individual contributions of the iso-
mers of the ethanol hexamer are reported in Figure 4. To avoid
the cumbersomeness of Figure 4, only isomers that contribute
with more than 2% are represented. The complete list of the
isomers with their contribution as a function of temperature is
provided in the supporting information. It can be seen in Fig-
ure 4 that several isomers of the ethanol hexamer have a consid-
erable contribution to the population of the liquid ethanol. The
first two isomers with the highest contributions are EtOH6_22
and EtOH6_18, lying 1.0 kcal/mol and 0.8 kcal/mol above the
most stable. Interestingly, the most stable isomer (based on
the electronic energy) does not contribute to the predicted pop-
ulation of the liquid ethanol. This result highlights the impor-
tance of thoroughly exploring the ethanol clusters to obtain a re-
liable population prediction. Although it is impossible to know
which isomer can contribute in advance, our results show that
the isomers that contribute have their relative electronic energies
within ~2.0 kcal/mol. Therefore, thoroughly exploring the clus-
ters within a few kcal /mol would lead to accurate population pre-
diction.

3.3 QCE predicted thermodynamic properties

After the prediction of the population of the liquid ethanol, some
thermodynamic properties have been estimated for temperatures
ranging from 150 to 400 K. The estimated thermodynamic prop-
erties include the heat capacity at constant pressure, C,, the heat
capacity at constant volume, C,, the internal energy, U, the en-
thalpy, H, the entropy, S, and the Gibbs free energy, G. These
QCE-predicted thermodynamic properties are reported in the sup-
porting information. However, for some selected temperatures,
we provided the experimental and the QCE predicted heat capac-
ity at constant pressure in Table 1. As can be seen in Table 1,
the QCE predicted heat capacity at constant pressure is closer to

0.25 ————————————————————————
] ——EtOH6_1 ]

1 -~ EtOH6_2 |

0204 - EtOH6_8 ]

1 EtOH6 9 ]

1 AN EtOH6_10 |

S 015 AN EtOH6_12 ]
s 1 N EtOH6_16 |
2 - - —~EtOH6_18 |
(o] ]
O 0.10 ——— EtOH6_22 ]
0.05—- 4
0.00 +—— LI —7r1 11

150 200 250 300 350 400

Temperature (K)

Fig. 4 Contributions of individual isomers of the ethanol hexamer to the popula-
tion of the liquid ethanol, reported in Figure 3.

the experimental heat capacity of gas-phase ethanol than that of
liquid-phase ethanol at room temperature (298.15 K). This dis-
crepancy has been reported and discussed previously in the case
of liquid water”. The discrepancy between the QCE-predicted
heat capacity and the experimental one is ascribed to the limi-
tation in calculating the total partition function. The vibrational
partition function is calculated in the framework of harmonic ap-
proximation. Thus, anharmonic effects can considerably affect
the predicted properties. In addition, only interactions between
ethanol molecules inside clusters are treated correctly, while a
mean-field approximation represents interactions between differ-
ent clusters (mainly CH---O and OH---O interactions)”. Im-
provement of these limitations would yield more accurate QCE
predictions.

3.4 Predicted infrared spectrum of liquid ethanol

Using the predicted population of the liquid ethanol, we deter-
mine its infrared spectrum using Equation 5.

lix Yik
T T ((J)*U)ik)er}’l%c’

(0,T) =Y N(T) )
]
where N;(T) is the probability of configuration i at temperature
T. I and @y are the intensity and the central frequency of the
k™ peak of configuration i. 7y is half of FWHM (full width
at half maximum). In this work, 7 is considered to be con-
stant, where ¥ = 20.0cm™! for frequencies below 2000 cm™!
and ¥y = 40.0cm™! for frequencies above 2000 cm™~'. Frequen-
cies above 2000 cm~! correspond to OH and CH stretching, while
frequencies below 2000cm~! correspond to bending, wagging
and twisting of the molecular coordinates. In order to account
for anharmonic effects on the calculated frequencies, we applied
a scale factor of 0.959 to all frequencies. The calculated infrared
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4  Conclusions

Table 1 Heat capacity at different temperatures predicted with QCE. Cp(gas) and
Cp(liquid) are retrieved from the NIST Chemistry WebBook 3940 1 atm is the
pressure considered for all temperatures.

T(K) Cp(gas) C,(iquid)’’ C,(QCE)
300.00 112.75 70.52
305.00 115.43 71.33
310.00 118.12 72.14
315.00 120.80 72.79
320.00 123.49 73.76
325.00 126.17 74.58
330.00 128.85 75.40
340.00 134.22 77.03
350.00 139.59 78.67
356.55  75.70 75.46
360.00  74.57 75.62
361.75  76.40 75.77
367.90  75.52 76.38
370.01  76.00 76.62
371.85  77.70 76.88
380.00 77.46 77.99
387.25  79.80 79.02
388.85  80.00 79.32
400.08  80.40 80.99

spectrum of the liquid ethanol at 7 = 300K is reported in Fig-
ure 5. In addition, we have also reported in Figure 5 the experi-
mental infrared spectrum of liquid ethanol **. Both the calculated
and the experimental spectra are normalized to unity for the re-
gion 500 to 4000cm~!. We have calculated the infrared spectra
for different temperatures 7 € [150, 200, 250, 300, 350, 400]K
and reported the curves in the supporting information. We noted
that the calculated spectrum for temperatures in the liquid phase
T € [150, 200, 250, 300, 350]K are found to be almost identical.
However, for T = 400K, where the population is dominated ex-
clusively by the ethanol monomer, the calculated IR spectrum is
equal to that of the ethanol monomer.

It can be seen in Figure 5 that the calculated infrared spec-
trum of the liquid ethanol is in qualitative agreement with the
experiment. Despite the qualitative agreement, we noted that the
intensity of the predicted peaks is lower than those of the ex-
perimental peaks in the frequency region lower than 2000 cm™!.
The discrepancy between the calculated and the experimental in-
frared spectrum is ascribable to anharmonic effects (Fermi reso-
nances): overtones and combination bands. These effects have
been highlighted in protonated methanol clusters*® and methyl
and methoxy groups**. Teh, Hsu, and Kuo '’ applied the QCE
theory to calculate the infrared spectrum of the liquid methanol
at T = 300K. The authors have used four different levels of the-
ory. It came out that the infrared spectra predicted at these levels
of theory display similar features.

4 Conclusions

In this work, we applied the quantum cluster equilibrium theory
(QCE) to study the properties of liquid ethanol. We started by

T T T T ‘I f T
0.9 m — - Experiment \

500 1000 1500 2000 2500 3000

Frequencies (cm-1)

3500 4000

Fig. 5 Predicted IR spectrum of liquid ethanol for temperature 7 = 300K. The
spectrum is generated using the Equation 5.

exploring the PESs of the ethanol clusters from dimer to hex-
amer using classical molecular dynamics as implemented in the
ABCluster code. The generated geometries have been optimized
at the MP2/aug-cc-pVDZ level of theory. We located up to 484
different configurations of the ethanol clusters at the MP2/aug-cc-
pVDZ level of theory. The interaction energies, vibrational fre-
quencies, and Cartesian coordinates of the structures have been
used to determine the total QCE partition function and predict
the liquid ethanol’s properties. The result shows that the ethanol
hexamer dominates the predicted population of liquid ethanol.
It has been found that the ethanol pentamer and the ethanol
tetramer contribute to the population of liquid ethanol along with
the ethanol hexamer. The prediction indicated that the ethanol
monomer, dimer, and trimer do not contribute to the population
of liquid ethanol. Besides, the infrared spectrum of the liquid
ethanol has been calculated based on the QCE predicted popula-
tion. The calculated infrared spectrum is in qualitative agreement
with the experiment. The predicted intensities of some peaks are
smaller than the experiment peaks. The difference is attributed
to the anharmonic effects. Moreover, thermodynamic properties
such as the heat capacity at constant pressure, the heat capacity
at constant volume, the internal energy, the enthalpy, the entropy,
and the Gibbs free energy of the liquid ethanol are predicted and
reported using the QCE.

Despite the efforts made in this work toward achieving accu-
racy and reliability, some issues still need to be considered, which
could affect the accuracy of the predictions made in this work.
These issues include:

Cluster size. As mentioned in the previous section, the fact that
the ethanol clusters larger than the hexamer have not been
considered in this work may affect the current QCE pre-
dictions. Therefore, a more accurate work should include
larger-sized clusters, which has not been possible at the
MP2/aug-cc-pVDZ level of theory, considering the expense
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of the level of theory. PW6B95D3 is recommended for fu-
ture works on larger-sized ethanol clusters based on our pre-
vious works.

Basis set superposition error (BSSE). The total partition func-
tion depends on the accuracy of the interaction energy of the
clusters, which in turn is considerably affected by BSSE.
These corrections have not been considered in this work,
which could also affect the reliability of the QCE predictions
reported in this work. Thus, including BSSE corrections,
through CBS (complete basis set) extrapolations or counter-
poise corrections, could increase the reliability of the study.
Nevertheless, it should be noted that including counterpoise
corrections with a relatively large basis set (TZ or higher)
could worsen the predictions *”.

Anharmonicity. The total partition function depends on the vi-
brational frequencies. In this work, the vibrational frequen-
cies are calculated in the framework of the rigid rotor and
harmonic approximations. Therefore, anharmonic effects
could considerably affect the total partition function, espe-
cially in hydrogen-bonded molecular systems. Thus, anhar-
monic corrections should be considered in future works for
accurate predictions.
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