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ABSTRACT: Binary alcohol + ether liquid mixtures are of significant
importance as potential biofuels or additives for internal combustion engines
and attract considerable fundamental interest as model systems containing one
strongly H-bonded self-associating component (alcohol) and one that is unable
to do so (ether), but that can interact strongly as a H-bond acceptor. In this
context, the excess thermodynamic properties of these mixtures, specifically the
excess molar enthalpies and volumes (H® and V¥), have been extensively
measured. Butanol isomer + di-n-butyl ether (DBE) mixtures received significant
attention because of interesting differences in their VE changing from negative
(1- and isobutanol) to positive (2- and tert-butanol) with increasing alkyl group
branching. With the aim of shedding light on the differences in alcohol self-
association and cross-species H-bonding, considered responsible for the
observed differences, we studied representative 1- and 2-butanol + DBE

Ve (cm? mol ™)

mixtures by molecular dynamics simulations and experimental excess property measurements. The simulations reveal marked
differences in the self-association of the two isomers and, while supporting the existing interpretations of the H* and V¥ in a general
sense, our results suggest, for the first time, that subtle changes in H-bonded topologies may contribute significantly to the

anomalous volumetric properties of these mixtures.

1. INTRODUCTION

The physical properties of binary liquid mixtures of alcohols
with either alkanes or ethers have been the subject of sustained
research interest over the past few decades due to both their
practical importance as fuel additives in the internal combustion
engines and fundamental interest (a mixture of self-associating
and non-self-associating components).'~”

In fuel applications, oxygenated compounds, e.g., alcohols and
ethers, are used and investigated as gasoline/fuel additives with
the aim of reducing pollutants from vehicle exhaust emissions by
altering combustion characteristics.” ™ Higher alcohols, and
butanol isomers in particular, are increasingly studied for
applications as biofuels since they may offer advantages over the
traditional biofuel, ethanol, including better compatibility with
the existing engine designs at 85% per volume compared with
the corresponding ethanol-based fuel (E8S), and higher energy
content per unit volume.”'® Indeed, butanol isomers are
included in the international regulation on the promotion of
the use of energy from renewable sources."’ The related di-n-
butyl ether (DBE) has been investigated as a blending agent in
gasoline.” In the context of fuel applications, there is
considerable interest in understanding the physical properties
of such alcohol + ether binary mixtures, e.g., excess
thermodynamic properties.”"”
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Measurements of the molar enthalpies of mixing, A ; H, a
property coinciding with the excess molar enthalpy, HY, and the
excess molar volumes, V¥, of binary mixtures of selected butanol
isomers and DBE have been reported by several groups over the
past 3 decades.”™*° Both excess thermodynamic properties have
been found to increase in magnitude in the order 1-butanol (n-
butanol) < 2-methyl-1-propanol (isobutanol) < 2-butanol (sec-
butanol) < 2-methyl-2-propanol (tert-butanol; tert-butyl alco-
hol), with the V* values showing an interesting change in sign
from negative at all compositions for 1-butanol and isobutanol,
to predominantly positive for 2-butanol and positive at all
compositions for tert-butyl alcohol + DBE mixtures. These
excess property trends have been interpreted as due to the
differences in the balance of intermolecular interaction
contributions arising from the breakage of alcohol—alcohol
hydrogen bonds (H-bonds) upon mixing, the formation of
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alcohol-DBE H-bonds within the mixtures, and other non-
specific intermolecular interactions. For example, the observed
VE trend of these mixtures has been interpreted as largely due to
steric effects on alcohol—DBE cross-species H-bonding, where
the alkyl chain branching in the vicinity of the hydroxyl groups of
2- and tert-butanol hinders H-bonding with DBE, resulting in a
smaller negative V* contribution from this interaction type
compared to 1- and isobutanol.>*°

Kammerer et al.* applied the extended real association
solution (ERAS) model to 1-butanol and 2-butanol + DBE
mixtures with the aim to obtain the simultaneous description of
HE and V¥ expressed by a set of system-specific parameters. As
both the mixtures exhibit strong hydrogen bonding, the
chemical contribution was assumed to be dominant, with
respect to (w.r.t.) the physical contribution, in the calculation of
each excess properties under examination, and a fixed value for
the physical parameter was used. A good representation of the
experimental data was obtained using the parameters previously
obtained by a least-squares treatment. For 2-butanol + DBE, the
model calculations result in a much lower value for the
association constant between alcohol and ether, K3, than for
the system with 1-butanol.

Numerous experimental studies of alcohol + alkane mixtures
by, e.g, ultrasonic measurements, vibrational or NMR
spectroscopic techniques, and neutron scattering, have revealed
varying degrees of alcohol self-association via H-bonding."'>"*
Moreover, computational molecular modeling methods, notably
Monte Carlo (MC) and molecular dynamics (MD) simulations,
have provided additional detailed molecular-level information
on the nature of alcohol H-bonding and self-association in such
mixtures, e.g., H-bonded cluster size distributions.'>™2°
Conversely, alcohol + ether binary liquid mixtures have received
considerably less computational consideration;”! in fact, to the
best of our knowledge, no computer simulation studies have
been reported for any butanol isomer + DBE mixtures described
above. To address this gap, we combine here the measurement
of the thermodynamic properties for two such mixture series, 1-
butanol and 2-butanol + DBE (molecular structures shown in
Figure 1), with MD computer simulations performed over the
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Figure 1. Molecular structures of (a) 1-butanol, (b, c) 2-butanol (R and
S stereoisomers, respectively), and (d) di-n-butyl ether (DBE).
Hydrogen atoms are shown in white, carbon in cyan, and oxygen in red.

entire mixture composition ranges, specifically with the aim of
studying H-bonded alcohol self-association and its dependence
on the hydroxyl position in a linear hydrocarbon skeleton, how
differences in the association related to the existing explanations
of their much-studied excess thermodynamic properties,”*°
and how the dramatic differences of such properties among the
two alcohol mixtures are related to the different molecular
organization.
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2. METHODS

2.1. Sample Preparation. The substances employed in this
study were purchased from Sigma, and their relevant physical
properties are reported in Table 1. Before using, all solvents were

Table 1. Chemical Abstract Serial Number (CASNR), Molar
Masses, M, Purities Expressed as Mass Fraction, wy, and
Experimental and Literature’” densities, p, at 298.15 K of
Chemicals Used in the Experiments

a

Pexp Piie
compound  CASNR (g‘mol_l) wy (kg~m_3 ) (kg~m_3 )
DBE 142-96-1 130.23 0.993 764.17 764.10
1-butanol 71-36-3 74.12 0.994 805.97 805.75
2-butanol 78-92-2 74.12 0.995 802.19 802.41

“Calculated from the atomic weight of elements recommended by
IUPAC.*

degassed for about 2 h by means of an ultrasonic device (WVR
model USC100T, 45 kHz, 30 W). Water was obtained by
distillation and used immediately after preparation.

2.2. Calorimetry. Heats of mixing were determined by
means of a flow microcalorimeter (model 2277, LKB-producer
AB, Bromma, Sweden). Fully automatic burets (ABUSO,
Radiometer, Copenhagen, Denmark) were used to pump the
liquid into the LKB unit. The molar flow rate ®, of component i
flowing into the mixing cell, is given by

(I)i = \plﬁ
M; (1)
where W, is the volumetric flow rate, p; is the density, and M is

the molar mass. The molar excess enthalpies have been
evaluated from the formula

Pl

HE(xl) = @
T

)
where P(x,) is the actual value of the power associated with the
formation of a given mixture, obtained by comparison of the raw
experimental value with the one corresponding to an electrical
calibration experiment and @ is the molar flow rate of the
mixture. All enthalpy measurements were carried out at 298.15
K and at 0.1 MPa. The accuracy of the LKB bath temperature is
0.01 K. The reliability of the apparatus and procedure adopted
were checked periodically by performing H* measurements on
the test system benzene + cyclohexane. Our results concerning
this system differed by <2% from reliable literature data®* over
the entire composition range. The whole set of H* experimental
data is reported in Table SI.

2.3. Volumetry. The necessary density data for the
determination of the molar flow in the calorimetric determi-
nations and of the excess molar volumes were measured using a
vibrating tube densitometer (model DMA 58, Anton Paar, Graz,
Austria) with a reproducibility of 1 X 107> kg m™>. Accuracy in
the temperature was better than +1 X 107> K by means of an
internal temperature control device that applies the Peltier
principle to maintain isothermal conditions. Densitometer
calibration was performed before every run using a double
reference (water and dry air).

The liquid mixtures were prepared by weighing in septum-
capped vials of approximately 8 mL using needles and syringes to
transfer liquids.
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The molar excess volumes VE were calculated from the
following equation

x M, + x,M, B xM; B
P 2

x, M,
Py

VE =
3)

where x; and x, are the mole fractions, M; and M, are the molar
masses, p; and p, are the densities of the two pure components,
and p is the density of the mixture. The procedure was checked
by comparison of our experimental V¥ data of the water +
ethanol system with reliable literature data.”> Our experimental
data differed by less than 0.8% in the whole composition range.
The whole set of V¥ experimental data is reported in Table S2.

2.4. Computational Details. Molecular dynamics (MD)
computer simulations were performed with the AMBER 18
package™® using both central processing unit (CPU) and
graphics processing unit (GPU) versions of PMEMD.”” 1-
and 2-butanol (racemic mixture of R and S stereoisomers) and
DBE were modeled with the general AMBER force field
(GAFF)** using Antechamber software to generate the library
files. Atomic partial charges were calculated according to the
GAFF protocol at the Hartree—Fock (HF) theory level with the
basis set 6-31G*. Electronic structure calculations were
performed using Gaussian 09.”> MD simulations were carried
out at a temperature of 298.15 K and 0.1 MPa pressure, which
were regulated using the Berendsen weak coupling thermostat/
barostat’’ using coupling times of 0.1 and 0.5 ps, respectively.
Periodical removal (every 2 ps) of the center of mass velocity
was done to minimize the “flying ice cube” phenomenon.”’ A
nonbonded interaction cut-off was set at 12 A, with long-range
electrostatic interactions treated using the particle-mesh Ewald
(PME) algorithm. Appropriate values of isothermal compressi-
bility, Ky, of the various mixtures under these conditions were
obtained by interpolation of the data reported by Montero and
co-workers.” "’

2.4.1. Starting Configurations. Each simulated system
contained a total of 400 molecules in a cubic cell with the
mole fraction DBE, xpgg, covering the entire composition range.
Specifically, in addition to the simulations of the three pure
liquids, for each alcohol, a total of eight simulations of DBE
mixtures were performed with the following xpgg, = {0.12, 0.2,
0.375,0.50, 0.625, 0.75, 0.88, 0.94}. The molecules were packed
in a simulation cubic box, with periodic boundaries, of side
length between S0 and 54 A, depending on the system, using the
PACKMOL program.™

2.4.2. Equilibration Protocol and Production Details.
Following an initial steepest-descent energy minimization
(10 000 steps), each system was equilibrated first under constant
temperature and volume conditions (NVT, 1 ns), and then
under constant pressure (NPT, 1 ns); during this time period,
the temperature, pressure, and density reached the equilibrium.
Production simulations of at least 50 ns were similarly
performed under NPT conditions. All simulations were carried
out using a time step of 2 fs with SHAKE constraints®® on
hydrogen atoms (default tolerance = 0.00001).

Statistical errors in the calculated thermodynamic properties
were evaluated using the block averaging method.”* More
detailed information on this procedure may be found in the
Supporting Information.

For the H-bonded alcohol cluster analysis, we developed a
script, described in the Supporting Information, written in tool
command language (tcl), that makes use of VMD*® and its atom
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selection capabilities. All of the pictures of the molecular
configurations were produced using VMD.

3. RESULTS

The measured enthalpies of mixing, HE, and excess molar
volumes, VE, of 1- and 2-butanol + DBE mixtures at 298.15 K,
0.1 MPa, are compared with those computed from classical MD
simulations in Figures 2 and 3; corresponding tabulated data,
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Figure 2. Enthalpies of mixing (H®) of 1- (blue data markers) and 2-
butanol (red markers) + DBE binary mixtures, with the composition
expressed as a function of xpgg, temperature 298.15 K, 0.1 MPa. Open
circles connected by the solid line: present experimental measurements;
open triangles: measurements of Kammerer and Lichtenthaler;* solid
(filled) circles: MD computer simulation results (full details in the main
text). Error bars for the simulation data, see Tables S4 and SS, are
smaller than the data marker size and have been omitted for clarity.
Experimental uncertainties are given in Table S1.

both experimental and computational, are reported in Tables
S1-SS in the Supporting Information. Also shown in Figures 2
and 3, for comparison, are experimental results from selected
literature sources,”*® which may be seen to be in very good
agreement with our measurements; the results from other earlier
reports™” are also in good agreement but are not shown here in

—— 1l-butanol — 2-butano|]
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Figure 3. Excess molar volumes (V) of 1- (blue markers) and 2-
butanol (red) + DBE mixtures with the composition expressed as a
function of xpgg at 298.15 K, 0.1 MPa. As in Figure 2, open circle
markers (joined by solid lines) show the present experimental
measurements, open triangles show the previous measurements of
Bernazzani et al.**¢ for comparison, and filled circles show the MD
results. Error bars on the simulation data represent 1 standard deviation
of the mean. Experimental uncertainties are given in Table S2.
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Figure 4. Radial distribution functions, goo(r), computed for oxygen atoms from simulated 1- and 2-butanol + DBE mixtures. Top: alcohol—alcohol
oxygen atom (O,—0O,) pairin (a) 1-butanol and (b) 2-butanol and their DBE mixtures. Bottom: alcohol-DBE (O,—Og) oxygen pairin (c) 1-and (d)
2-butanol + DBE mixtures. Insets show expansions of the respective first RDF minimum regions, which were used as the cut-off distance for the

evaluation of H-bonded neighbors.

the interest of clarity. Considering first the H plots, the
simulation results indicate a much larger H® for 2-butanol
mixing than for I1-butanol, in full agreement with the
experimental data. The computed H* for 2-butanol mixtures is
very close to the experimental values, while for 1-butanol
mixtures they have a trend similar to the experimental values
showing a similar asymmetry with both maxima around xpp =
0.7, but are generally lower than experiment. It should be noted
at this stage that the magnitude of deviations from experiment
observed for the simulated 1-butanol + DBE mixtures is not
uncommon among computer simulation studies using standard
classical force fields, e.g., optimized potentials for liquid
simulations-all atoms (OPLS-AA),>” often reporting larger
deviations,*® and will be further discussed below. On the other
hand, the agreement between simulations and experiments
obtained for 2-butanol mixtures is remarkable.

The overall experimental V¥ trends in Figure 3 are well
reproduced by the MD simulations, and, very importantly, the
signs of the data correspond to the experiment, with DBE
mixtures with 2-butanol showing a positive excess volume while
with 1-butanol a negative one. The simulated V* are higher than
the experimental ones for both isomers and at all compositions,
with the 1-butanol mixture data again showing larger
discrepancies and greater asymmetry w.r.t. compositions. Such
discrepancies are, however, not surprising, considering related
computer simulation studies of binary liquid mixtures, since the
reproduction of small experimental V* values is evidently
challenging when using standard classical force fields, often
resulting in qualitative differences; the reader is referred to the
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simulation study of S-shaped excess thermodynamic properties
by Miroshnichenko and Vrabec,” and references therein.
Deviations between the experimental and simulated excess
properties for binary liquid mixtures are often ascribed to
limitations of classical force field combination (or combining)
rules for describing interactions among unlike molecules, and it
has been demonstrated that this agreement may be improved by
the application of certain scaling procedures to the computation
of intermolecular interactions.”” Overall, the currently reported
simulation excess thermodynamic results reproduce the main
teatures of the experimental observations, and, in view of this
validation, can be considered a realistic model for a deeper
understanding of the origin of the properties of interest.

4. DISCUSSION

4.1. Enthalpies of Mixing and Structural Organization.
The H® measurements of butanol isomer + DBE binary liquid
mixtures have generally been interpreted as resulting from a
balance of two energetic contributions of opposite sign:z’4

e apositive (endothermic) contribution from the breakage
of alcohol—alcohol H-bonds, which characterize the
respective pure butanol isomer liquids, upon mixing, and

o anegative (exothermic) contribution from the formation
of alcohol—ether H-bonds in the mixture.

For a given alcohol + ether binary mixture, the H-bond
enthalpy of two self-associated alcohol molecules is greater than
that of an alcohol—ether H-bond,>*° from which it follows that
the measured H® do not necessarily reflect (in the absence of
more detailed energetic information) the extent to which

https://dx.doi.org/10.1021/acs.jpcb.0c10076
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alcohol—alcohol H-bonds are replaced by alcohol—ether H-
bonds upon mixing. Based on this interpretation, the positive H®
values measured for butanol—DBE mixtures have been taken to
indicate that the energetic cost associated with breaking of the
particular H-bonded structure of the pure alcohol upon mixing
with DBE is not fully compensated by the formation of new
alcohol-DBE H-bonds. Kammerer and Lichtenthaler ascribed
the greater H* of 2-butanol compared to 1-butanol + DBE
binary mixtures (Figure 2) to a more pronounced formation of
1-butanol—DBE H-bonds, whereas the formation of such cross-
species H-bonds is more sterically hindered for the correspond-
ing 2-butanol mixtures.” Interestingly, Lafuente and co-work-
ers,""*” in their study of excess thermodynamic properties of
binary mixtures of 1- and 2-butanol with the cyclic ether
tetrahydrofuran (THF) and 2-methyl-THF, proposed the larger
H" values of the 2-butanol mixtures to be predominantly due to a
greater degree of breakage of the pure alcohol H-bond
associated structure upon mixing, i.e., contribution 1 described
above.

While it is generally accepted that pure liquid 1-butanol is
more strongly and extensively associated by H-bondin
compared to the other butanol isomers, including 2-butanol,*
and that it is similarly more strongly self-associated in mixtures
with alkanes** and possibly ethers,"" it appears that the
differences in the H-bonded structures of pure 1- and 2-butanol,
the H-bond topologies in mixtures with DBE, or the precise role
of these differences in determining H® of such mixtures have not
been studied.

In this context, MD simulations can provide detailed
information on the atomistic-level structure and dynamics of
molecular liquids, their mixtures, ™% their solvating proper-
ties,"”" and the microstructural and dynamical heterogeneity of
mixture of solvents of various degrees of complexity.”” " As
discussed in the computer simulation Section 3, our MD
computer simulations satisfactorily reproduce the H* trends of
1- and 2-butanol + DBE mixtures, and thus, we can proceed to
investigate the structures of the simulated liquids and liquid
mixtures with the aim of understanding the molecular origin of
the observed difference in the H".

Structural studies of H-bonded liquids routinely make use of
oxygen—oxygen radial pair distribution functions (RDFs),
goo(r), computed from the simulation trajectories, which
describe the radially averaged distribution of oxygen atoms in
the vicinity of any given (average) oxygen atom. This function
has a strong experimental connection in the form of X-ray and
neutron scattering patterns,55 with its typical intense first
maximum (typically in the distance range of 2.5—3.0 A) taken to
indicate the presence of directly H-bonded neighbors; the
function may be suitably integrated (typically up to the first
minimum) to estimate the average number of such neighbors,
also often referred to as the coordination number.

The alcohol oxygen (hereafter abbreviated O,) RDFs around
agiven O, for the simulated 1- and 2-butanol pure liquids and all
DBE mixtures studied are shown in Figure 4a,b, respectively. At
all mixture compositions studied, the first maxima (i.e.,
occurring at shortest distances) of the O,—O, RDFs of
simulated 1-butanol and its DBE mixtures are more intense
than those of the corresponding 2-butanol systems at the same
DBE molar fraction, indicative of a higher degree of alcohol self-
association via H-bonding. Furthermore, the insets in Figure
4a,b show that these first maxima consistently occur at slightly
shorter distances for 1-butanol and its mixtures, suggesting a
stronger and more compact alcohol—alcohol H-bonding
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compared to 2-butanol systems; pertinent numerical data may
be found in Table S6. For the pure alcohols, these findings are
essentially consistent with the O,—O, RDFs presented by
Mesele et al.*® in their MD simulation study (temperature 298
K, using the OPLS-AA force field®”) of reorientational motions
in pure liquid butanol isomers, though a slightly lower 1-butanol
first maximum was reported by these authors (see below).
Considering the O,—0, RDFs of the simulated 1- and 2-
butanol + DBE mixtures, the first maxima intensities may be
seen to increase with the increasing DBE content, xpgg. It should
be stressed at this stage that since the computed RDFs are
normalized to the bulk densities of the particles considered (in
this case, O,), which decrease with the increasing xpgg, the
observed RDF intensity increase does not necessarily corre-
spond to an increase in the number of H-bonded neighbors.
Indeed, the O,—O, coordination numbers, obtained by the
integration of these first RDF peaks (to their respective first
minima, Ryo; see Table S6) and plotted in Figure S, show the
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Figure 5. O—O coordination numbers, obtained by RDF integration,
plotted as a function of mixture composition, xppg. Data for 1-butanol
(blue) and 2-butanol (red); 0O,—0, (alcohol—alcohol) coordination
numbers plotted in the solid line, solid circle data markers, and O,—Og
(alcohol—ether) in dashed line, open circle markers.

expected decrease with the increasing xppp for both mixture
series, i.e., the average number of H-bonded alcohol neighbors
of a given alcohol molecule decreases as the alcohol is
increasingly diluted with DBE. The O,—O, coordination
numbers for the simulated 1-butanol mixtures are greater than
those of the corresponding 2-butanol mixtures at all
compositions studied, indicating a higher average number of
such H-bonded alcohol—alcohol neighbors, as previously
inferred from the O,—O, RDF intensity differences.

Similar O—O RDFs may be computed to study the cross-
species H-bonding between alcohol and ether (with the oxygen
atom, Og) molecules. The O,—Og RDFs and the corresponding
coordination numbers are shown in Figures 4c,d and 5,
respectively. The O,—Og RDFs exhibit shapes and variations
apparently similar to their O,—O, counterparts, with those of 1-
butanol systems consistently more intense, yet the coordination
numbers in Figure 4 reveal that the average numbers of Og H-
bonded to a given O, are significantly lower than the
corresponding O,—O, numbers and rather similar for the 1-
and 2-butanol mixtures studied. While the first of these findings
is not unexpected (since a given alcohol molecule can form only
a single H-bond with a neighboring DBE molecule), the
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similarity of the O,—Op coordination numbers for the two
alcohols is interesting in view of the fact that previous
investigations have attributed the different H® of these mixtures
to more pronounced alcohol-DBE H-bonding for 1-butanol.”
Considering the consistently higher 1-butanol O,—O, coordi-
nation numbers and consequently lower availability of 1-butanol
molecules for H-bonding with DBE, it may indeed be concluded
that a larger fraction of the available 1-butanol molecules forms
H-bonds with DBE.

The analysis of O—O RDFs, as described above, has been
extensively used to study H-bonding in computer simulations;
however, the additional H-bond criteria have been proposed
(both geometric and energetic); the following set of three
geometric H-bond criteria are widely cited.””*

1. The distance between the H-bond donor and acceptor
oxygen atoms, Op,, and O, should be smaller than a
certain value, typically chosen as the corresponding
Opon—Oac RDF first minimum, hereafter Ry .

2. The distance Roy between the donor H and acceptor O
atoms should be smaller than a certain limit, similarly
taken as the O,..—Hp,, RDF first minimum.

3. An angle criterion defining the relative orientations of the
donor and acceptor groups; in this study, we define the H-
bond Opy,—Hp,,*Opc. Obtuse angle >135°.

In practical H-bond definitions, at least one of the above
distance criteria (typically criterion 1) is combined with an angle
criterion, allowing for the development of algorithms that
provide detailed information on simulated H-bond topologies,
e.g., fractions of molecules involved in different numbers of H-
bonds, the distribution of H-bonded self-associate (or “cluster”)
sizes, etc.”” These H-bond criteria are also incorporated into
freely available software gackages, e.g.,, the “hbond” command in
the CPPTRAJ program © (a combination of criteria 1 and 3),
which was used in the present study. The computed average
numbers of alcohol—alcohol and alcohol-DBE H-bonds for all
simulated 1- and 2-butanol + DBE mixtures are plotted in Figure
6.

Comparison of these H-bond analysis results with those
obtained by RDF integration (Figure S) shows strong
similarities w.r.t. the trends and differences between the two
alcohols. As regards the actual values, the average number of H-
bonds per alcohol molecule obtained by the H-bond analysis
procedure is consistently lower than those from RDF integration
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Figure 6. Average number of H-bonds for a given 1- or 2-butanol
molecule with other alcohol molecules of the same type (solid circle
data markers, solid line) and with DBE (open circle, dashed line). Color
code: blue, 1-butanol and red, 2-butanol.

for both mixture series; this difference is due to the application of
the additional angle criterion. We note that this lower average
number of H-bonds per molecule in the simulated pure 1-
butanol obtained using the hbond tool (1.53) agrees favorably
with that reported by Cerar et al.®" (1.56) for the AMBERO3
force field, as implemented in the GROMACS 5.1 simulation
package62 (however, using a different set of H-bond criteria).
The H-bond analysis described above can provide a wealth of
additional information, e.g, the average H-bond distances,
angles, and their time evolution, some of which is presented in
the Supporting Information (Figure S1).

Taken together, the average number of H-bonded neighbors
of a given alcohol molecule as obtained from RDF integration
and a H-bond analysis algorithm (hbond), operating on the
simulation trajectories, indicate 1-butanol to be more exten-
sively self-associated via H-bonding in its mixtures with DBE
compared to 2-butanol (as well as in the pure liquids), which is
generally consistent with the conclusions of previous exper-
imental studies."’

In the context of interpreting the different H® of these mixture
series, it is pertinent to compare the extent to which the H-
bonded structure of the pure alcohols is broken in the various
DBE mixtures. Considering the alcohol—alcohol H-bond
number data plotted in Figures 5 and 6, it may be seen that
the decrease in the average number of such H-bonds per alcohol
molecule follows a steeper decreasing trend (with increasing
xppg) for 2-butanol compared to 1-butanol systems, indicating a
greater relative decrease in the number of alcohol—alcohol H-
bonds in the former. To facilitate the comparison of the trends,
the normalized average number of alcohol—alcohol H-bonds per
alcohol molecule for 1-butanol over 2-butanol mixtures, relative
to that in the respective pure alcohols, has been calculated and
plotted in Figure S2. This normalized number is lower for 2-
butanol at all studied xppg, confirming a greater degree of
alcohol—alcohol H-bond breakage in 2-butanol + DBE mixtures
relative to that in pure 2-butanol compared to 1-butanol
mixtures, consistent with the greater HE of the former at all
compositions.

In conclusion, our simulations, which reasonably reproduce
the different HE for 1- and 2-butanol + DBE mixtures, indicate
that both a lower degree of alcohol—alcohol H-bond breakage
and the participation of a greater fraction of the available alcohol
molecules in cross-species H-bonds occur in the 1-butanol
mixtures, both of which conceivably account for the lower H® of
these mixtures compared to that of the corresponding 2-butanol
mixtures. Evaluation of the relative importance of these
contributions requires additional detailed energetic information
for the various alcohol—alcohol and alcohol-DBE H-bond
types.

We would like to draw attention to a possible limitation of the
current computational model. Of the different systems studied
here, comparable computer simulation results are available only
for the pure liquids, primarily 1-butanol.**°"** As noted above,
while the average number of H-bonded neighbors in pure 1-
butanol computed from our simulation agrees rather well with
that presented by Cerar et al.’" (using a different force field and
H-bond criteria, the combined effects of which are unknown),
the relevant O—O RDF first maximum is notably higher than
that of Mesele et al.*® Moreover, the 1-butanol nearest-neighbor
(H-bonded) coordination number, obtained by O—O RDF
integration (Figure S and Table S6), is also higher than those
reported in X-ray and neutron scattering studies.”**> In this
context, and considering the too-low simulated HE for 1-butanol
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mixtures in Figure 2, it appears that the present 1-butanol
computational model overestimates alcohol—alcohol H-bond-
ing, both in the pure liquid and its DBE mixtures (also see
discussion of V¥ below). Since such H-bonding interactions are,
within the present computational model, of a purely electrostatic
nature, the above limitation points to the —OH group partial
atomic charges (O: —0.71337 ¢; H: +0.43402 ¢) as possibly
being too high (in an absolute sense). As described in the
Section 2.4, these partial atomic charges were derived according
to an electrostatic potential fitting protocol recommended for
GAFF and are, in fact, in very good agreement with those of
Caleman et al. (O: —0.7143 ¢ H: +0.4335 ¢),°° similarly
developed for use with GAFF parameters. Interestingly, Cerar et
al.°" made use of notably lower —OH group partial charges (O:
—0.683 ¢; H: +0.418 ¢) in their comparative MD simulation and
X-ray study of pure 1-butanol, also in combination with the
AMBERO3 force field, which uses the same Lennard-Jones
potential parameters as GAFF. Finally, the lower —OH group
partial atomic charges derived for the present 2-butanol model
(O: —0.69586 ¢; H: +0.397918 ¢) are generally consistent with
the Compton scattering experiments and density functional
theory (DFT) calculations results of Hakala et al,”” which
showed that the degree of charge delocalization is greater in the
branched iso- and 2-butanol compared to the linear 1-butanol.
Notably, this difference in charge distribution is not directly
accounted for in the OPLS-AA force field used by Mesele et al,**
the only other MD simulation study to compare the liquid
structures of butanol isomers, with all isomers having identical
—OH group partial atomic charges.

4.2. Excess Molar Volumes, Clustering, and Micro-
scopic Heterogeneity. Patil et al.® first reported the excess
molar volumes, V¥, of all butanol isomer + DBE binary mixtures
and interpreted the increasing V¥ order 1-butanol (negative) <
isobutanol (negative) < 2-butanol (predominantly positive) <
tert-butanol (positive) as due to a combination of three
contributions.

1. Breaking of alcohol—alcohol H-bonds (structure-break-
ing), leading to a positive V*.

2. Formation of alcohol-DBE H-bonds, leading to negative
VE,

3. Disruption of the orientationally ordered structure of
DBE, leading to a positive V¥.

The authors ascribed the above V¥ trend as resulting from
increasing steric hindrance at the alcohol hydroxyl (—OH),
correlating the deviation of the alcohol molecular shape from
linearity with the reduction of H-bond and van der Waals
interactions with the linear DBE. Similar interpretations were
presented in subsequent reports of the V* of these butanol
isomer + DBE mixtures by Kammerer and Lichtenthaler” and
Bernazzani et al.,’ focusing mainly on contribution 2.
Interestingly, it appears that the role of contribution 1, i.e., the
differences in the degree of breaking up of the characteristic H-
bonded structure of the respective pure butanol isomers, has not
received the same consideration.

As discussed in the previous section, our simulations indicate
that while 1-butanol is more extensively self-associated via H-
bonding, a greater degree of breakage of the characteristic pure
alcohol H-bonded structure is observed for 2-butanol. More-
over, a greater fraction of non-H-bond saturated 1-butanol
molecules, w.r.t. 2-butanol, engage in H-bonds with DBE. These
findings are generally consistent (through V* contributions 1
and 2 described above) with the observed higher V* of 2-butanol
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+ DBE mixtures. However, the MD simulations may provide
more detailed information on changes in the size distribution of
H-bonded alcohol self-associates (clusters) and their topologies,
which may, conceivably, also affect the V¥ of these mixtures
through, e.g., differences in molecular packing efficiency, i.e.,
contribution 3; in fact, of the systems simulated, only the H-
bonded liquid structure of pure 1-butanol has been studied at a
comparable level of detail.”"*****” With the aim of character-
izing the H-bond self-association in the studied mixtures, we
developed an algorithm for identifying H-bonded molecular
associates, hereafter simply referred to as “clusters”, using H-
bond criteria (1, 2) listed in the previous section. The present H-
bond cluster search algorithm is described in detail in the
Supporting Information.

The average size (in terms of the number of members) of
alcohol H-bonded clusters in the simulated 1- and 2-butanol +
DBE mixtures are reported in Table 2. As inferred from the local

Table 2. Average H-Bonded Cluster Sizes in Simulated 1- and
2-Butanol + DBE Mixtures

average cluster size (1)

XDBE 1-butanol 2-butanol
0.000 27.7 8.0
0.125 16.5 6.0
0.250 11.1 4.7
0.375 8.3 3.9
0.500 6.3 33
0.625 5.0 2.7
0.750 3.6 2.2
0.880 2.4 1.6
0.940 1.7 1.3

H-bond analysis presented in the preceding section, the average
cluster sizes in 1-butanol and its DBE mixtures are larger than
those of the corresponding 2-butanol systems at all composi-
tions studied and decrease with the increasing xppg for both
mixture series. The average H-bonded cluster size in simulated
pure 1-butanol, 27.7, is significantly larger than that reported in
previous computer simulation studies (<4),°*%" estimated from
near-IR measurements (7.5)”° and computed using a modified
ERAS model (14).”' While previous computer simulation
studies used different force field models and H-bonded neighbor
search criteria, this discrepancy confirms that the present
simulations overestimate the extent of 1-butanol H-bonding and
self-association, as noted previously. With this possible
limitation in mind, as well as the satisfactory reproduction of
the essential VE differences by these simulations (Figure 2), we
proceed to consider differences in H-bonded alcohol cluster size
distributions in greater detail.

The average count per simulation trajectory frame, or
frequency of occurrence, of such H-bonded clusters of a given
size (number of members, n.) computed for pure 1- and 2-
butanol and selected DBE mixtures is shown in Figure 7 (left-
side panels). In fact, the distribution histograms shown in Figure
7 are mostly only partial, showing the data up to n_ = 10, whereas
for the simulated pure alcohols, the long decaying tails reach
sizes n. > 100 (very low occurrence); however, as will be shown
shortly, we are presently primarily interested in the distribution
of smaller alcohol clusters, which account for the majority of self-
associated alcohol molecules in the DBE mixtures (the
corresponding full cluster size distributions may be found in
the Figure S3, Supporting Information).
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Figure 7. (Left column) Number of H-bonded alcohol clusters of given size n_averaged over the entire production trajectories (1000 configurations)
of four representative compositions of 1- and 2-butanol + DBE mixtures, and (right column) the corresponding recast as a percentage of alcohol

molecules contributing to H-bonded clusters of a given size.

Considering the distributions obtained for the pure alcohols
first, the data set for the simulated 1-butanol may be seen to be
consistently lower and flatter, apparently rather featureless,
compared to that for 2-butanol. For both 1- and 2-butanol, . =
1, i.e,, non-H-bonded molecule, has the highest average count,
after which significantly lower counts are registered for H-
bonded dimers and trimers (1, = 2, 3), before increasing for sizes
#. = 4—6. A similar H-bonded cluster distribution behavior has
been previously reported in simulation studies of pure liquid 1-
hexanol''® and 1-octanol’®”> and their aqueous or alkane
mixtures and has been ascribed to the increased relative stability
of four- to six-membered clusters, specifically cyclic arrange-
ments that allow for an additional alcohol—alcohol H-bond with
respect to the noncyclic arrangement; the formation of larger
clusters becomes increasingly entropically unfavorable. In fact,
such studies often represent the H-bonded cluster size
distribution in terms of the average fraction of alcohol molecules
occurring in the clusters of given size n ; a similar representation
of the pure alcohol cluster data is shown in Figure 7b, and
similarly in the right-hand side panels for the remaining
mixtures. In Figure 7b, it may be seen that non-H-bonded
molecules, n, = 1, while being the most frequently occurring
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single cluster size, account for only a small fraction of 1- and 2-
butanol molecules in the pure liquids. In the case of 1-butanol, a
low maximum may be noted at n. = 5 (or “pentamer”), while for
2-butanol n. = 4 (tetramer, function maximum) and $ are very
prominent. Nevertheless, the majority of molecules in both pure
1- and 2-butanol occur in larger clusters, n, > 10, indicating that
the properties of these pure liquids are primarily determined by
the nature of their extensively H-bonded liquid structures.
Turning to the results for the representative 1- and 2-butanol
+ DBE mixtures, xpgg = 0.25, 0.50, and 0.75, we note that smaller
H-bonded alcohol clusters occur more frequently and account
for a greater fraction of alcohol molecules as the larger H-
bonded structures are increasingly broken with the increasing
DBE content. Interestingly, the H-bonded cluster size
preferences observed in Figure 7ab, i.e., pentamers for 1-
butanol and tetramers for 2-butanol, appear to persist in the
DBE mixtures, with non-self-associated (n, = 1) alcohol
molecules accounting for an increasingly larger alcohol fraction.
In fact, at xpgg = 0.75, H-bonded tetramers and pentamers
together may be seen in Figure 7d to account for >30% of 2-
butanol molecules in the simulated system. For ease of
comparison, the fractions of 1- and 2-butanol molecules
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occurring in clusters of size n, = 1—6, and >6 in all simulated well as the initial increase and a maximum at higher xpy; of the
systems are plotted as a function of xpgg in Figure 8. In these alcohol fraction participating in small- to intermediate-sized
plots, the fractions of 2-butanol molecules participating in clusters (n. = 4—6). The appearance of the latter type of clusters
smaller clusters, n. < 4, are greater than those for 1-butanol over upon dilution has been explained with the formation of small
most of the mixture composition range, whereas greater cyclic H-bonded alcohol clusters. Aida et al,”* in their MD
fractions of 1-butanol contribute to large clusters n. > 6 at all simulation study of volume expansion phenomena in various

compositions. The plots for the intermediate cluster sizes, n, =
4—6, are particularly interesting in that these show clear maxima
in the mid-xppg composition range, with those of 2-butanol
occurring at consistently lower xpgg. The different H-bonded
cluster behavior of 1- and 2-butanol in DBE mixtures is visually
illustrated by the simulation snapshots in Figure 9. In this figure,

short-chain alcohol + CO, binary mixtures, showed a significant
fraction of tetrameric (n. = 4) and pentameric (n. = S) H-
bonded alcohol clusters to be simple cycles (or “rings”), the
formation of which also feature prominently in their proposed
explanation of the phenomenon. Visual inspection of our
simulation trajectories has also revealed the presence of such H-
bonded alcohol rings, with a higher probability of occurrence in
the 2-butanol + DBE mixtures. A representative four-membered
H-bonded 2-butanol ring configuration, isolated from the
simulation cell configuration in Figure 9, is shown in Figure
10a,b, where the alkyl groups of the ring members may be seen
to adopt alternating up/down relative orientations, likely to
minimize steric repulsion and H-bonded ring strain, as had been
proposed for cyclic H-bonded tetramers in tert-butanol, its
alkane mixtures and vapors.”®’>’® A similar 1-butanol
configuration shown in Figure 10c,d notably does not exhibit
this same alkyl chain orientation (more below).

Figure 9. Representative configurations from MD simulations of (a) 1- To more effectively evaluate the importance of simple cyclic
butanol and (b) 2-butanol + DBE miXtu_res Q’Oth V_Vith comp °Siti_°n H-bonded structures in the self-association of 1- and 2-butanol
xpgg = 0.5). DBE molecules have been omitted in the interest of clarity, in their DBE mixtures, an additional algorithm was developed

with the butanol —OH groups shown using a space-filling ) ) - o
representation (red and white spheres correspond to O and H atoms, using the previously described H-bond criteria (1-3) to

respectively). Butanol isomer alkyl groups are shown with H atoms determine the fractions of alcohol molecules present in simple
omitted using a gray line representation. cyclic H-bonded self-associated motifs. The results of this
procedure, which initially provides histogram data similar to
those in Figure 7, are collected in Figure 11 for selected H-
bonded ring sizes (1,). The smallest possible H-bonded ring size,
n. = 3, is notably absent from Figure 11; the reason for this

1-butanol molecules (a) may be seen to engage in extended
chain-like H-bonded clusters, whereas 2-butanol tend to form
smaller, more compact clusters with a larger number of single-

molecule units (n, = 1), i.e, not H-bonded to other alcohol omission is that the average fractions of both 1- and 2-butanol
molecules. molecules participating in such small rings were found to be <2%
The decrease in the fraction of alcohols in large H-bonded over the entire composition range (Figure S4) likely as a
self-associates (11, > 6) and a concurrent increase in the non-self- consequence of prohibitive ring strain, suggesting that this
associated (n, = 1) alcohol fraction with the increasing xpgg are particular arrangement likely does not significantly affect the

often proposed for alcohol + alkane binary mixtures,'®”"" as physical properties of the mixtures studied.
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Figure 10. Representative 2-butanol (top row) and 1-butanol (bottom
row) four-membered H-bonded ring configuration: (a, c) top views of
effective ring planes; (b, d) side views. Aliphatic H atoms have been
omitted in the interest of clarity; O atoms are in red, C atoms are in gray,
and H in white. The figures make use of a space-filling (“van der Waals”)
representation, with default van der Waals radii (VMD) scaled by a
factor of 0.5 to better show the H-bonded cluster core. H-bonds are
represented as dotted black lines.
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Figure 11. Percentage of 1- (blue solid line) and 2-butanol (red dashed
line) molecules in cyclic H-bonded alcohol motifs of size n, = 4 (a), §
(b), 6 (c), and >6 (d), plotted as a function of mixture composition,
XDBE-

Considering the H-bonded ring sizes n, =4 and 5 in Figure 11,
it may be noted that the alcohol fraction variations for both 1-
and 2-butanol closely resemble those of the corresponding H-
bonded cluster sizes, n. = 4 and 5, reported in Figure 8,
indicating that the significant fractions of these H-bonded rings
are, in fact, individual clusters of the corresponding size, as
opposed to forming part of larger clusters. Similar findings have
been reported by Aida et al.”* for 1- and tert-butanol H-bonded
clusters (pentamers and tetramers, respectively) in their
simulated binary mixtures with CO,, where, as noted above,
the formation of such small cyclic structures were proposed to
play an important role in bringing about the lower-than-
expected densities (volumetric expansion) occurring in these
mixtures. In fact, comparing the distribution of the 2-butanol
fraction in four-membered H-bonded ring motifs (n, = 4) with
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the corresponding simulated V* data in Figure 3, similar
asymmetric data set shapes may be noted, with maxima in the
same mixture composition region (xpgg = 0.625), suggestive of a
possible positive correlation between the presence of such
configurations and the average volume of the simulated system.

A preliminary investigation of selected simulation trajectory
blocks, spanning tens to hundreds of picoseconds, appears to
support the above hypothesis: Figure 12 compares the time-
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Figure 12. Variation of the simulated system volume (blue, primary y-
axis) and the number of four-membered (n, = 4) 2-butanol rings (gray,
secondary y-axis) over the final 150 ps for a selected 2-butanol + DBE
mixture simulation trajectory (xpgg = 0.625). To facilitate the
comparison of variation trends for the two datasets, nine-point running
averages have been plotted in bold blue and gray lines for system
volume and four-membered ring fraction, respectively. Horizontal
dotted black lines show the trajectory average values.

dependent variations in the simulated system volume with those
in the number of four-membered H-bonded 2-butanol rings
found by our algorithm over the final 150 ps of one of the
simulations (xpgg = 0.625). The main maxima/minima features
of these datasets appear to be effectively correlated if somewhat
offset. To facilitate comparison of the datasets (which is
complicated due to high-frequency fluctuations), running
averages (taken over nine datapoints, the original datapoints
are separated by 1 ps) are also plotted in Figure 12.

Clearly, a more dedicated computational study is needed to
establish the precise nature of this possible correlation, which
more than likely involves additional high-volume H-bonded
configurations (e.g., five-membered alcohol rings), and may
indeed be quite different for 1- and 2-butanol systems. For
example, in Figure 12, not all simulation trajectory time blocks
with significantly higher-than-average volumes contain high
counts of four-membered rings, and it is likely that other
configurations contribute to the volume expansion in such
instances. Moreover, for 1-butanol + DBE mixtures, which have
negative V¥, there appears to be no apparent correlation between
the simulated V* trend shape and the presence of the H-bonded
1-butanol cluster or ring sizes. The prominent four-membered
H-bonded rings of 2-butanol adopt characteristic “up/down”
alkyl group configurations shown in Figure 10a,b, which likely
serves to relieve the steric repulsion and ring strain produced by
these bulky alkyl groups (which is not possible for five-
membered rings, hence their lower occurrence). Such
configuration prevents strong H-bonding or dipole interactions
of surrounding molecules with the H-bonded core and leads to
high-volume structures.”*”> Differently, the 1-butanol four-
membered rings, shown in Figure 10c,d, with their more mobile,
linear alkyl groups are expected to allow for more favorable
interactions with the surrounding molecules. Nevertheless, upon
closer inspection of Figures 3 and 11, the increasing prominence
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of four- and, especially, five-membered H-bonded rings (1, = )
at xppg > 0.75 do indeed reflect the asymmetry of the simulated
VE trend, which is less-negative in this composition range than
expected based on the more highly symmetric experimental
data, suggesting a similar positive V* contribution by these cyclic
structures.

Considering the six-membered and larger (n, > 6) alcohol H-
bonded ring size data in Figure 11c,d, the fraction of 1-butanol
molecules involved in such structures may be seen to be greater
than that for 2-butanol at all compositions studied. This
difference is consistent with the larger average H-bonded
alcohol cluster sizes found for the 1-butanol mixtures; however,
for these larger H-bonded ring sizes, the trend shapes differ
noticeably from those of the corresponding total H-bonded
cluster size data (n.) in Figure 8, unlike n, n, =4 and S described
above. For 1-butanol, larger H-bonded rings (n, > 6) appear to
be rather prominent motifs over a large composition range, with
the fraction of 1-butanol molecules contributing to such rings
remaining essentially constant up to ca. xpgg = 0.6. At any rate,
the variation trends of H-bonded ring sizes n, > 6 do not appear
to correlate with simulated V* features, with the possible
exception of 1, = 6 in the case of 1-butanol, which shows a shape
similar to that of n, = S (see above); this observation is
reasonable in view of the expectation that large cyclic H-bonded
structures should not occupy a significantly greater volume
compared to a linear or branched H-bonded cluster of the same
size (number of members).

Interestingly, a literature survey reveals very few computa-
tional reports describing correlations between the specific H-
bonded self-associated topologies, e.g., cyclic structures of a
given size, and anomalous liquid mixture densities, or VE.*7
On the contrary, the effects of cross-species H-bonding modes
on binary liquid mixture excess thermodynamic properties, e.g.,
leading to negative V* by interstitial molecular accommodation
phenomena,”** have been studied in detail, notably for
aqueous mixtures. In this context, while the computer
simulation results presented here largely support the existing
interpretations of the different V= of 1- and 2-butanol + DBE
mixtures, namely, as due to more prominent cross-species H-
bonding in 1-butanol + DBE mixtures and greater retention of
alcohol—alcohol H-bonds upon mixing with DBE,>*° we have
shown that changes in the nature of H-bonded alcohol self-
associates, e.g., the increasing fraction of alcohol molecules in
cyclic H-bonded clusters with the increasing DBE content of the
mixture, may indeed account for an important additional V*
contribution. As noted, more focused computational studies
may reveal the precise importance of the presence of such cyclic
H-bonded structures and the physical mechanism by which
these affect the mixture density, e.g, reduced strength of
interactions with the surrounding molecules, poor molecular
packing, or inherently high volume of such configurations.

5. CONCLUSIONS

1- and 2-Butanol + di-n-butyl ether (DBE) binary liquid
mixtures have been studied for the first time by means of
extensive MD computer simulations, and the results compared
with the newly performed calorimetric and densitometric
measurements and with previously reported excess thermody-
namic data.

The simulations satisfactorily reproduce the experimentally
extensively studied differences in the excess molar enthalpies
(HE) and volumes (VE) of these mixtures and, thus, constitute a
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reliable model for studying how these properties are related to
the differences in the molecular organization.

Extensive structure analysis of the simulated liquid directly
demonstrates, for the first time, notable differences in butanol
isomer self-association via H-bonding in these mixtures, as well
as more subtle differences in butanol-DBE cross-species H-
bonding, both of which have been implicated in previous
explanations of the excess thermodynamic properties of
alcohol—ether binary mixtures. Specifically,

e pure 1-butanol and its DBE mixtures were found to be
characterized by larger average H-bonded self-associate
sizes and broader size distributions compared to the
corresponding 2-butanol mixtures, which prominently
feature four- and five-membered H-bonded associates;

o the H-bonded clusters in 1-butanol and its DBE mixtures
are more compact, with 1-butanol molecules interacting
through shorter H-bonds than those between the 2-
butanol isomers;

e the higher H® experimentally observed for 2-butanol—
DBE mixtures is explained by the greater relative
disruption of H-bonds when DBE is added to 2-butanol
with respect to adding it to 1-butanol, while the number of
H-bonds to DBE is essentially the same for the two
isomers at any concentration. Taken together, these two
observations indicate a larger energetic counterbalance of
the reduction in the alcohol self-association by the
formation of butanol-DBE H-bonds in 1-butanol
mixtures compared to those of 2-butanol;

e a H-bond topological analysis revealed a significant
fraction of such small H-bonded 2-butanol clusters to
be simple cyclic structures and that the increased
prominence of four-membered H-bonded 2-butanol
cycles, in particular, appears to show a correlation with
the characteristic V* variation of these mixtures. While a
tuller understanding of the effect of small cyclic H-bonded
self-associates on the volumetric properties of these
mixtures must await a more comprehensive computa-
tional study, the present results show that MD simulations
can reasonably reproduce the excess thermodynamic
properties of these mixtures and provide detailed
information on the nature of molecular self-association
phenomena.

The results, and the analysis methods employed here,
constitute an important step in the study of more complex
mixtures, such as those of deep eutectic solvents, which often
exhibit interesting S-shaped excess molar volumes or enthalpies
as a function of mixture composition.””
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