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The potential energy surface of the (ethapelyater heterotrimers for the trans and gauche conformers of
ethanol was studied using density functional theory. The same approximation was used for characterizing
representative clusters of (ethanp{methanoh, and (methano}j-water. Trimerization energies and enthalpies

as well as the analysis of geometric parameters suggest that the structures with a cyclic pattern in the three
hydrogen bonds of the type-cH---O (primary hydrogen bonds), where all molecules are proton denor
acceptor at the same time, are more stable than those with just two primary hydrogen bonds. Additionally,
we propose the formation of “secondary hydrogen bonds” between hydrogen atoms of the methyl group of
ethanol and the oxygen atom of water or other ethanol molecut¢H(GO), which were found to be weaker

than the primary hydrogen bonds.

chemistry!=3 For example, they are the basis to explain, at a
molecular level, the formation of molecular clusters such as
those formed by the ethanelvater azeotrope (96% of ethanol

1. Introduction r° -0
Molecular systems bound through hydrogen bonds are very
important in many fields of physics, chemistry, and bio- LH---O ‘J

and 4% of water). Recently, this azeotrope has received a lot J

of attention due to the use of anhydrous ethanol as additive in FProton Donor Proton Acceptor
gasoline, which requires a high degree of separation of the trans:trans ()

ethanot-water mixture~” Nevertheless, the available informa- @ .‘J »

tion at the molecular level obtained by experimental and Q J.J"\‘ Y
computational techniques for the ethanulater system is still ‘ -,
very limited, because there are only a few studies published in 4 "J

this subject. Masella and Flamémtvaluated the interaction in
heterodimers between a water molecule and a molecule of _.

. . ...~ Figure 1. Optimized geometries of theans-ethanot-trans-ethanol
ethanol, methanol, or dimethyl ether by means of ab initio (tt) dimer andrans-ethanot-water (tw) and watertrans-ethanol (wt)

calculations at the MP2 level and various basis sets (631 peterodimers. Hydrogen bonds are represented by black dotted lines
(d,p), 6-311-G(d,p), and 6-31+G(2df,2p)). Several properties  (H---0). O-H bond and O---O intermolecular distances are also
of the hydrogen bonds were investigated, such as inter-oxygenindicated in the figure.
distances and ©H bond lengths. These results showed that, if
water acts as a proton donor species, there is a larger stabilityof the ethanol molecule. Additionally, Katrib et & used the
of the heterodimers than when water is the proton acceptor droplet train technique coupled to mass spectrometric detection
molecule. Later, van Erp and Meifeused DFT-based Car to describe the gas uptake process of ethanol molecules by
Parrinello molecular dynamics to study the aqueous solvation aqueous surfaces and reported the experimental dimerization
of ethanol and ethylene. It was found that ethanol can be easilyenthalpies for ethaneiwater heterodimers, which is in the range
accommodated in the hydrogen-bonded network of water of —5.6+ 1.5 kcal/mol. They also carried out DFT molecular
molecules without altering its structure. Recently, Oliveira and modeling to calculate dimerization enthalpies for the water-trans
Vasconcello¥ employed the charges from electrostatic poten- heterodimer,—4.5 kcal/mol, and théranswater heterodimer,
tials using a grid based method (CHELPG) and the atoms in —5.4 kcal/mol (see Figure 1).
molecules (AIM) theory to evaluate the proton donacceptor The lack of studies for clusters of bigger size, between several
behavior of the water molecule within the ethanwolater ethanol molecules and one water molecule, might be due to the
heterodimer considering just the ethanol gauche conformer. Theexistence of three major conformers of ethanol, which have been
results suggest that in addition to the formation of a hydrogen characterized by experimental methdés$ they are identified
bond between the oxygen atom of the water molecule and theas the trans ethanol monomer (t) and two gauche ethanol
hydrogen atom of the hydroxyl group, there is the formation of enantiomers (g1 and g2). These conformers are differentiated
a hydrogen bond between the oxygen atom of the water by their dihedral angles formed among the C, C, and O atoms
molecule and one of the hydrogen atoms of the methyl group and the H that is connected to the oxygen atom, approximately
+18C°, +60°, and—60° for t, g1 and g2, respectively. These

* Corresponding author. Fax--547 210 6565. E-mail: fmondra@ three conformers are very close in energy, with a difference of

catios.udea.edu.co. 41.24 5cnr! (0.1194 0.014 kcal/mol) as reported by Kakar

trans-water (tw) water-trans (wt)
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Figure 2. Trimerization energy in kcal/mol for the cg2wt heterotrimer at different levels of theory with various basis sets (data after ZPE correction).
The reference energy and the energy for the selected theory level and basis set are the circled values.

and Quadé’ A similar value was reported in a study of the functional and the 6-31G(d) basis set. Harmonic vibrational
microwave spectrum of ethanol in the region from 51 to 505 frequencies and zero point energy (ZPE) correction to the
GHz, where this difference of energy is 39.2¢nf0.113 kcal/ trimerization energy were calculated at the same level of theory,
mol),’8in all cases the trans conformer of ethanol being more because it is known that the ZPE value is significant in
stable than the gauche one. However, Shaw &t eported hydrogen-bonded systerfidn addition, the trimerization energy
that the gauche ethanol is favored in the gas phase by a ratio ofincludes the correction for the basis set superposition error
6:4 and it was concluded that ethanol exists as a mixture of (BSSE) through the counterpoise metR&dTherefore, the
42:58 of the forms trans:gauche due to the existence of its two trimerization energy was calculated A&qim(0 K) = Eguster —
equivalent enantiomers: gauche 1 and gauche 2. SEmonomers trimerization enthalpy was calculated in a similar
Considering the experimental evidence, it becomes necessaryvay: AHyim(298 K) = Heuse298 K) — =Hmonomer{298 K).
to take into account these three conformers of ethanol for a  Fjnaly, the bond orders of the hydrogen bonds of the different
proper description of the etharalvater interaction ina similar  ¢jysters were obtained with the natural bond orbital (NBO)
way as has been considered for the ethagthanol system. — anajysis to have an indication of the strength of the hydrogen
For example, Gorizez et al2® carried out a study of ethanol  pongs, in addition to the analysis of the distance of such
dimers and cyclic trimers where it was reported that the most jnteractions. The angle formed by the-8---O atoms for each

stable dimer is the one that corresponds to two trans m0|eCU|eShydrogen bond of this type also was analyzed. Similar meth-
(see Figure 1). This result was refuted by Dyczm&naho odology was employed for the (ethangpl(methanol), and

proposed that the global minimum is of the type gauche (athanol—water clusters. All calculations were carried out
gauche. Another reason that makes difficult the study of Systems, it the Gaussian 03 progra#.

bonded by hydrogen bonds is the high computational cost
demanded by the use of high-level ab initio formalisms. For ) )
this reason, several authors have chosen to use density functionap: Results and Discussion
theory (DFT) because of the good results obtained at a
considerably lower computational cdst2® It is important to
mention that even though DFT fails in the description of
dispersion forces, hydrogen bonds are mainly of electrostatic

character, which is included in DFF. . . )
A first step t d understanding the behavi f th the lack of experimental information for etharabater clusters
s a first step toward understanding the behavior ot IN€ w,a4 contain more than two molecules to validate the compu-

elthar:joi—witlgrh Sé/Stsm’t ;al:mg dlmto att:r(]:ount what fht?]S been &ational results obtained for heterotrimers, we compared the DFT
aiready published about neterodimers, thé purpose of the présenyq 15 \ith the ab initio method MP2 at the highest basis set

research was to study gas phase (ethan@pter heterotrimers evaluated. Four functionals, B3PW91, PW91, BLYP, and

(two ethanol molecules and one water molecule) considering B3LYP, as well as the MP2 method were used. These
the trans and gauche conformers of ethanol and to analyze the

trimerization energies and enthalpies as well as the distance anaapproximations have been used widely in the scientific literature

X . o : ; o6 2034
e bona orter of e ycrogen bonds Addonaly, knowr L% 9904 5SS 1 ecind (s e o et
that water does not form an azeotrope with methanol, we

optimized structures of methanolvater heterotrimers, and fc(;llowirégsbﬁs_:_s(;%ts: 663311(1(25) dG'Sl%(g’fi’G@f(%)’ﬁfg S
ethanot-ethanol and methanemethanol trimers, for compari- (d.p), 6- (d), 6- (dp). 6- (d), 6- dp),

son with the data obtained from the (ethapelyater hetero- 6-311G(d), 6-314-G(d,p), 6-313%+G(d), and 6-311+G-
trimers. (d,p). The goal was to observe the effect of systematically

increasing the quality of the basis set on the trimerization energy
of the heterotrimer cg2wt (see inset in Figure 2), which was
taken as a representative cluster of the ethamaiter inter-

Full optimization of (ethanofj-water heterotrimers was action. The letter c makes reference to the cyclic pattern that
carried out at the DFT level of theory using the B3LYP hybrid is shown for the three hydrogen bonds-B---O, which we

Theory Level and Basis Set Selectiorinitially, the search
for an appropriate computational method was carried out (theory
level/basis set) that allowed us to obtain reliable information
of the hydrogen bonds at a reasonable calculation time. Due to

2. Computational Details
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TABLE 1: Selected Geometric Parameters for Gauche 2 (g2) and Trans (t) Ethanol Monomers, as Well as the Water (w)
Monomer and cg2wt Heterotrimer, Obtained with the Chosen Theory Level and Basis Set and That of the Reference

heterotrimer cg2wt

monomers bond length (A)
method g2 w t o (deg} O—H 0---0 H---O
B3LYP/6-31+G(d) O (deg —61.66 105.39 179.99 g2 —64.31 0.982 A 2.791 1.902
O—H (A) 0.970 0.969 0.969 w 106.37 0987 B 2.758 1.844
t 178.03 0.983 C 2.786 1.900
MP2/6-311+G(d,p) @ (deg —57.04 103.37 179.95 g2 —60.30 0.971 A 2.817 1.934
O—H (A) 0.961 0.960 0.961 w 104.99 0974 B 2.764 1.867
t 171.78 0.972 C 2.799 1.923
2@ = H—-0O—H angle for water and dihedral angle-C—O—H for ethanol conformer® Proton donor bond length.
identify as primary hydrogen bonds, in this structure the three 2
molecules are proton donor and proton acceptor at the same A..‘.B AL,
time. | B o o e
For all the cases, the cg2wt trimer corresponds to a minimum < @& ? } ? PR o
on the potential energy surface, because no imaginary frequen- 4 ay o + ¥
cies were found for the optimized geometry. The trimerization s glglw g ggw J
energy determined with MP2/6-3+H#-G(d,p) was—14.8 kcal/ Ay = - 744 Ay, = - 7.05
mol. This is considered our most reliable value because of the i ‘ - " 4
better treatment of electron correlation. All the curves show a .-"-.B
e . L 9 o B
similar tendency. For the same theory level, adding a second [ L J
diffuse function on the basis set does not significantly affect ﬁ:; 5@‘5 9 »H&
the trimerization energy, but adding the p polarization function o J b J )4
makes the trimerization energy a little less negative in com- - Aﬂjiz_wdgs . AHmtgi‘fﬁ_gg
parison to the values obtained with just the d polarization
function. In addition, all the functionals, except PW91, produced A.@.B A ‘ B
trimerization energies that are less exothermic than the results ) > Y ) @ o '-.J.
obtained with MP2 for each basis set. A P . 2
On the basis of the comparison of the trimerization energies, ° ‘3 o ¥ # ‘j ‘b q;
the B3LYP functional with the 6-3tG(d) basis set produced o 22w % 9 tw ’
the best compromise between accuracy and computational cost. AHyp = - 6.57 AHyg, = -7.10

The trimerization energy difference with that of the reference Figure 3. Optimized geometries of heterotrimers that belong to group
is about 6.2% less exothermic. The values of the geometrical 1. Primary hydrogen bonds are named A and B, and they are represented
parameters such as the dihedral angtedc-O—H for ethanol by dotted lines. Trimerization enthalpieAHyim) are in kcal/mol.
conformers and bond lengths are slightly overestimated for

isolated monomers because geometry optimizations were carried 4 ] ? > i ?
out without imposing symmetry constraints. A similar behavior 3 9 A J,Bj q 2 & .°-.J JQ
I ® ‘o’ %
was found for these molecules when they become part of the % J 9
. J 4 4 4
cluster, see values in Table 1. However, the values for the O---H walgl s welg2
and O---O intermolecular distances in the cg2wt heterotrimer AHL. =.704 AHL. =.702
are slightly underestimated with respect to those obtained with B
MP2/6-311+G(d,p). % P 2 i@
Heterotrimers Geometries.Due to the different interactions o | ‘o ’ “; % 9 )
that can exist between the water molecule and the two ethanol “‘J"‘ - Tl ¥ ®n  C r“
molecules, there are several spatial possible arrangements. In ¢ e il Y
this work, 36 structures were considered, which correspond to AHL. =.872 AH,_ =-876
minima of the potential energy surface. To facilitate our analysis, ? Sl e
we propose a classification in six groups according to the proton A ‘.‘.B..\ ...-J.J-..."
acceptor or proton donor nature of the water molecule as well & . i _“ s -
as the cyclic pattern observed for the heterotrimers that form 4@ *J c J* 3 D Covy .’J
“primary hydrogen bonds: ©H---O” and “secondary hydrogen ’ wig? - J wit
bonds: C-H---O”. Figures 3-8 show the structures that belong AH,, =-799 AH,, =-801

to each group, where the hydrogen bonds are named with therigyre 4. Optimized geometries of heterotrimers that belong to group

letters A, B, C, and/or D. Secondary hydrogen bonds were 2. Primary hydrogen bonds are named A and B and are represented by

postulated when the bond order is greater than 6<100~2 dotted lines. Secondary hydrogen bonds are named C and D, and they

and are represented by gray dashed lines. are represented by gray dashed lines. Trimerization enthalplég.{)
Group lincludes clusters where the water molecule behaves &€ in kcal/mol.

as a double proton acceptor forming two primary hydrogen

bonds. The clusters of this group are identified as glglw, bonds and in some cases acts as a single or double proton

glg2w, g2g2w, tglw, tg2w, and ttw; the structures are shown acceptor forming secondary hydrogen bonds, as in the case of

in Figure 3. the structures wtg2 and wtgl, see Figure 4. The clusters of this
Group 2includes clusters where the water molecule acts as group are identified as wglgl, wglg2, wg2g2, wtgl, wtg2, and

a double proton donor species forming two primary hydrogen witt.
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Figure 5. Optimized geometries of heterotrimers that belong to group

3. Primary hydrogen bonds are named A, B, and C and are representec

by dotted linesThe secondary hydrogen bond is named D, and it is
represented by a gray dashed line. Trimerization enthalgié:)
are in kcal/mol.
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Figure 6. Optimized geometries of heterotrimers that belong to group
4. Primary hydrogen bonds are named A and B and are represented b
dotted lines. Secondary hydrogen bonds are named C and D, and the
are represented by gray dashed lines. Trimerization enthalpidig()

are in kcal/mol.
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Figure 7. Optimized geometries of heterotrimers that belong to group
5. Primary hydrogen bonds are named A and B and are represented b
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Figure 8. Optimized geometries of heterotrimers that belong to group
6. Primary hydrogen bonds are named A, B, and C, and they are
represented by dotted lines. Trimerization enthalpitlifm) are in
kcal/mol.

Clusters of this group are identified as glwgl, glwg2, glwt,
g2wgl, g2wg2, g2wt, and twt.

Group 5contains clusters for which the water molecule is a
proton donor in a primary hydrogen bond and a proton acceptor
in one secondary hydrogen bond. Structures of this group are
identified as wglgl*, wglg2*, wg2g2*, wtgl*, and wtg2*; all
these clusters are shown in Figure 7. The asterisk (*) is used to

y)gifferentiate the structures of this group from the structures that

elong to group 1.

Group 6has clusters that only form primary hydrogen bonds
in a cyclic pattern, all the molecules being proton donors and
proton acceptors, at the same time. Structures belonging to this
group are cglwgl, cglwg2, cglwt, cg2wgl, cg2wg2, cg2wt,
ctwgl, cwtg2, and ctwt. The complete set of structures of this
group is in Figure 8.

Structures that belong to groups 1 and 2, where the water
molecule is a double proton acceptor and a double proton donor,
respectively, are formed by two almost equivalent primary
hydrogen bonds in each structure. Nevertheless, the distances
of these hydrogen bonds for the heterotrimers of group 1 are
larger than the corresponding ones for the heterotrimers of group
2. This may be due to the fact that the hydrogen bonds of the
clusters where the ethanol molecule is proton acceptor are
stronger. This behavior could probably be explained by the
inductive effect of the alkyl group of ethanol that makes the

ﬁlectronic density of the oxygen atom more available, as was

dotted lines. The secondary hydrogen bond is named C, and it is @lready addressed by Masella et al.their computational study

represented by a gray dashed line. Trimerization enthalgié:g)
are in kcal/mol.

Group 3has systems where the water molecule is a double
proton donor within a cyclic pattern formed by three primary
hydrogen bonds. In addition, there is formation of an ethanol

of ethanot-water, methanetwater, and dimethyl etheiwater
heterodimers. Masella et al. concluded that the dimethyl ether
water heterodimer presents the strongest hydrogen bond due to
the higher number of alkyl groups bonded to the oxygen atom
in the proton acceptor molecule (dimethyl ether). This result
was obtained by analysis of electronic density at the hydrogen

water secondary hydrogen bond; see structures cwglt, cwg2tbond critical point (at the HF/6-31G(2d,2p) level) for the

and cwitt in Figure 5.

interaction of dimethyl ether, methanol, and ethanol with the

Group 4 has clusters where the water molecule acts as a water molecule. These densities are 2.56, 2.50, and 2.48 given

proton donor and proton acceptor at the same time, forming

in 102 e/au, respectively. In addition, for the dimethyl ether

two primary hydrogen bonds. There is the formation of one or water heterodimer, the O---O distance is shorter than for the
two secondary hydrogen bonds between the ethanol moleculespther heterodimers and the—®! bond is larger than for the
as can be seen in structures g2wt and glwg2 (see Figure 6)other heterodimers where the water molecule is proton donor.
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TABLE 2: Hydrogen Bond Lengths, Bond Orders, and O—H---O Angles of Some Heterotrimer Representatives of Each One of
Six Groups

hydrogen bond lengths (A) bond orders ¥10 O—H---O angle (deg)
heterotrimer A B C D A B C D A B C
tg2w (group 1) 1.976 1.979 3.17 3.05 165.83 162.90
wtg2 (group 2) 1.936 1.935 3.105 3.63 3.53 0.23 166.94 165.54
wtgl (group 2) 1.933 1.933 2.878 3.210 3.63 3.59 0.24 0.20 167.81 165.55
cwg2t (group 3) 2.053 2.243 1.967 3.223 2.85 1.29 341 0.20 148.13 146.47 158.43
g2wt (group 4) 1.807 1.857 2.582 4.86 5.23 1.16 177.31 171.31
glwg2 (group 4) 1.805 1.861 2.607 3.312 5.36 5.21 0.58 0.19 169.40 166.40
wglg2* (group 5) 1.838 1.825 2.448 4.87 5.77 0.91 167.37 167.65
cglwt (group 6) 1.894 1.897 1.891 5.62 4.73 4.97 151.76 149.59 149.46

In the present investigation, based on the analysis of bondbeing at the same time proton acceptor and proton donor
orders, we found the existence of secondary hydrogen bondsmolecules. For this last group, only the homologous cluster with
in some heterotrimers of group 2, except for wglgl, wglg2, three trans ethanol conformers was obtained, structure (cttt) in
and wg2g2 structures (see Figure 4). The results show that wttFigure 9. This trimer was chosen because it was reported to be
and wtgl clusters have two secondary hydrogen bonds. How-the global minimum on the potential energy surface of ethanol
ever, primary hydrogen bonds are 15 times stronger than thesetrimers by GonZzkez et al?® using DFT calculations. Similarly
interactions for clusters of this group having distances as largeto the heterotrimers of group 6, this trimer has three primary
as 3.60 A (see Table 2). These results are in good agreemenhydrogen bonds whose distances do not exceed 1.9 A.
with those reported in the scientific literature for other type of ~ Other geometric parameter that may be used to analyze the
systems with hydrogen bonds that do not involve two oxygen strength of the primary hydrogen bonds is the angle formed by
atoms, such as €H---7 and C-H---O, which are for each  the O-H---O, because it is expected that a linear hydrogen bond
particular system weaker than the primary hydrogen bédss’ should be stronger. We found that for groups 1, 2, 4, and 5,
In these studies, the interactions were characterized with toolswhich do not have a cyclic pattern, the-®---O angle is closer
such as electron density at the bond critical points using the to 18 for the strongest hydrogen bonds, as shown in Table 2.
AIM theory. For example, Parthasarathi et3&lreported However, the structures belonging to groups 3 and 6 show the
hydrogen bonds with distances as long as 4.30 A for hydrogen less linear G-H---O angles found in this study, as observed in
bonds of the type €H---7 with HF/6-31+G(d) and 3.60 A Table 2, although group 6 involves the strongest hydrogen
with MP2/6-31-G(d) in cyclic phenol trimers. bonds. This result can be due to the cyclic pattern of their

The structures of group 3 formed a secondary hydrogen bondPrimary hydrogen bonds, which induce a structural stress,
(see Figure 5) with a distance of no more than 3.20 A. For this distorting the O-H---O angle.
group, primary hydrogen bonds form a Cyc”c pattern and are ThermOdynamiC Parameters for the Heterotrimers. The
more than 17 times stronger than this interaction. Clusters of results of trimerization energyA€qim) and enthalpy &AHisim)
group 4 form secondary hydrogen bonds with a distance betweerorganized in ranges for each group are listed in Table 3.
2.50 and 2.60 A and a bond order that suggests a strength almosPepending on thé\Hyim, the following order of exothermicity
one-fifth that of the corresponding strength of primary hydrogen for the heterotrimers was found: group<lgroup 2< group
bonds in five of the seven clusters of this group. The primary 3 < group 4~ group 5< group 6.
hydrogen bonds of these structures are among the shortest and The less exothermic heterotrimers belong to group 1, where
strongest when compared to the other heterotrimers, they havethere is formation of two primary hydrogen bonds with
distances as short as 1.80 A and bond orders similar to thetrimerization enthalpies in the range5.85 to—7.44 kcal/mol.
corresponding hydrogen bonds of the heterotrimers of group 6.

As an example, if the primary hydrogen bond with the highest A.‘

bond order of the cglwt heterotrimer (group 6), that is, hydrogen J el .-“ ’f}..'

bond A, is compared with the corresponding bond order of 2 ..,q. " +Q ‘e d s

hydrogen bond B of the g2wt heterotrimer (group 4), the 'f‘ £ ), ”

difference is just 0.3% 1072 This behavior may be due to the AR e e s

influence of the secondary hydrogen bonds that, in spite of beingHSOA‘:;;SESBB;LS;g g; 512:38 HB: 4A=B 19313

very weak interactions, may force the structures of group 4 t0 g, = 11.52 AHy, = - 14.36 AEgn = - 575 AHyg, = - 7.96

take a configuration in which the other hydrogen bonds are 2

favored. The glwg2 and g2wgz2 structures were the exceptions P . N

within this group because these form two secondary hydrogen il 2

bonds, which share the same oxygen atom of the gauche 2 " A..,B Hevl B

ethanol, obtaining a smaller bond order for these interactions ‘J.‘: . J “"_,.. J

in comparison with the ones that correspond to the bonds of . c? j‘ e C

this type in the other structures of group 4, perhaps due to the * "'4' 4

fact of sharing a single electronic density by two protons (see cttt cmunm

Figure 6 and Table 2). BO: A=499B=551C=537 BO: A=502B=562C=549

HB: A=1897B=1868 C=13871 HB: A=138%EBE=1346C=1399

The structures of group 5 also formed a secondary hydrogen \g _ — 13 30 aH, = - 14.11 AE,, =-12.18 AHy, =- 14.73

bond (see Figure 7), with a distance of up to 2.50 A. For this

group, _prl_mary hydrogen bonds are more than 7 times Strong.ertrimers of ethanol and methanol (cttt, cmmm). Bond order (BO) and
than this interaction. The structures of group 6 present a cyclic gistances (HB) in A for primary hydrogen bonds (black dotted lines).

pattern of three primary hydrogen bonds where each moleculeTrimerization energiesAEqm) and enthalpiesXHiim) in kcal/mol. For
interacts with the other two by means of two hydrogen bonds each hydrogen bond, the bond order is given in210

Figure 9. Methanot-water heterotrimers (cmwm, wmm) and cyclic
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TABLE 3: Range of Trimerization Energies (AEgin) and the trimer that we analyzed (cmmm) has three primary hydrogen
Enthalpies (AHyin) for Heterotrimers in the Different bonds in a cyclic pattern, which does not allow the formation
Groups of these secondary interactions.
group  AEuim (0 K)? (kcal/mol)  AHuim (298 K) (kcal/mol) Comparing the thermodynamic parameters of ethanalter
group 1 —5.26 t0—5.02 —7.44t0—6.85 and ethanol clusters with its homologous clusters of methanol
group 2 —6.29 t0—5.97 —8.76 t0—7.92 water and methanol, we observe a similar behavior in both the
group 3 —6.59 t0—6.42 —9.01t0—8.53 trimerization enthalpy and energy (see Figure 9 and Table 3).
group 4 —8.9610-7.86 —11.8910-10.31 This thermodynamic information is correlated with the previ-
group 5 —9.30t0o—9.08 —11.67 to—11.35 Lo .
group 6 ~11.29t0-11.73 —14.20 to—14.81 ously analyzed similarity in the geometric parameters o_f these
) ) ) ] aggregates; thus, for example, the methanater interaction
#Including ZPE correction and counterpoise correction. for the heterotrimer with the cyclic pattern (cmwm) is more

. .. . . favorable than this interaction in the heterotrimer (mwm) with
It is important to note that the more exothermic trimerization just two primary hydrogen bonds. It is important to emphasize
reactions correspond to the formation of the heterotrimers with that, for the methanol clusters study, B3LYP/6+33(d) is a
the shortest and strongest primary hydrogen bonds. This reactiorgood approach too, according to the value of trimerization
is favored.when the water moleculle. is the proton glonor, as is enthalpy for methanol (mmm), because this value differs by
observed in the order of exothermicity for the two first groups jyst 2.08 kcal/mol considering the experimental rank reported

(group 1= group 2), because the hydrogen bonds A and B for for trimerization enthalpy of-12.53+ 0.12 kcal/moF®

group 2 are strengthened by the inductive effect of the alkyl

group .o_f the (lathanoll molecule as a proton acceptor moleculle.4_ Conclusions

In addition, it is possible that the secondary hydrogen bonds in ) ] ) )
group 2 stabilize these clusters in comparison with the hetero- [N this research it was found that the B3LYP hybrid functional
trimers that belong to group 1 that do not show such interactions. USing the 6-3+G(d) basis set is a suitable approach for the

Structures that belong to group 6 have the most negative Study of weakly bound clusters through hydrogen bonds. The
trimerization enthalpies for this kind of cluster with exothermic  Study of clusters with ethanol molecules is difficult because the
values below-14 kcal/mol, which may be due to the presence potential energy surface for those clusters seems to be very flat.
of three short primary hydrogen bonds with high bond orders We identified a total of 36 stable clusters that were classified
in these heterotrimers. In other words, the configurations that IN Six groups according to the behavior of the water molecule
present cyclic patterns in their primary hydrogen bonds, where S proton acceptor or proton donor. It was found that structures
all molecules are proton doneacceptors, are more favorable.  With @ cyclic pattern where all the molecules are proton denor
In contrast, structures of group 3 that also form three primary @CCeptor in primary hydrogen bonds are the most stable. Thus,
hydrogen bonds in a cyclic pattern are less exothermic than the cluster stability seems to increase with the increasing the
structures that belong to groups 4 and 5, which form just two umber of primary hydrogen bonds. Additionally, the presence
primary hydrogen bonds. This is probably due to the fact that Of the new interactions in ethanelvater clusters (€H---O)
the water molecule is a double proton donor in structures of Was confirmed. Even though the calculauon; here reporteq are
group 3. This is similar to the reported result about water [0F the gas phase, they can be taken as a first approach in the
water interactions, where it was concluded that the most stableS€arch of a structure(s) that can explain the ethawaker
water trimer has a cyclic pattern where the water molecules are@2€0trope. It is suggested that the presence of secondary
proton donoracceptor’ hydrogen bonds might play an important role in the formation

Comparison between Ethanot-Water Heterotrimers and and stability of ethanetwater azeotrope.
the Cyclic Ethanol Trimer with Its Homologous Methanol
Clusters. The two structures obtained for the heterotrimers of
(methanol)—water along with the cyclic ethanol and methanol
trimers are shown in Figure 9, these clusters do not present
formation of secondary hydrogen bonds.

It was not possible to optimize (methanetwater clusters
with geometric patterns similar to the (ethanefjvater het-
erotrimers of groups 1, 3, 4, and 5. It was only possible to obtain References and Notes
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