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ABSTRACT: In the present study, measurements of the experimental density (ρ),
speed of sound (c), and refractive index (nD) of binary liquid mixtures of ethyl
lactate (EL) with 2-aminoethanol (2-AE), 2-chloroethanol (2-CE), and ethyl
acetate (EA) have been carried out within the temperature range from 298.15 to
323.15 K with an interval of 5 K and at 0.1 MPa. Excess volume (VE), isentropic
compressibility (ks), excess isentropic compressibility (ksE), and excess refractive
index (nD

E) for the above liquid mixtures were calculated from the experimental
measurements and they were correlated with the Redlich−Kister equation. Also, we
obtained good fitting results in the computation of the density with perturbed
chain statistical associating fluid theory equation of state and predictive results in
the computation of the refractive index and speed of sound with several mixing
rules and Nomoto’s relation, respectively. Further, we measured the Fourier-
transform infrared (FT-IR) spectral data of pure liquids and their mixtures at
different concentrations and simulated the molecular interactions using density functional theory (DFT) calculations for the 3 sets of
binary systems with the ADF 2020.102 package at the GGA BP86-D3 level of theory with TZP. Apart from these, the type and
nature of molecular interactions and structural effects were studied between the component molecules with the aid of excess
thermodynamic properties, FT-IR measurements, and DFT calculations.

1. INTRODUCTION
In recent years, researchers are interested to study the
thermodynamic and physicochemical properties of binary
liquid mixtures because of their enhanced chemical separa-
tions, fluid flow, and mass transfer applications.1−5 Based on
the theoretical opinion, the study of excess thermodynamic
properties of binary liquid mixtures has great significance in the
investigation of the polarity, shape, and size of the component
molecules and the strength of interactions prevailing between
mixture components during mixing.6−8 The liquids that were
chosen in the present investigation are having many industrial
applications. Ethyl lactate is a colorless liquid mainly used in
the pharmaceutical industry and as a graffiti ink remover and
plasticizer in polymer processing industries.9−12 The important
applications of 2-chloroethanol are manufacturing of drugs,
pesticides, plasticizers, and dyes and in synthetic reac-
tions.13−15 2-Aminoethanol is a colorless viscous liquid widely
used in the pharmaceutical industries, for carbon dioxide
absorption, and for controlling the pH in the reaction
medium.15

An extensive survey of the literature showed that a few
studies have been carried out on measurements of

thermophysical and thermodynamic properties of binary
mixtures containing EL with different liquids, namely,
alcohols,9 2-alkoxyethanols,16 C3-alkanols,17 aromatic/alkyl
amines,18,19 and nitrile compounds.20,21 On the other hand,
Resa et al.22 have measured the densities, speed of sound, and
refractive index for ethyl lactate with ethyl acetate at 298.15 K.
As far as we know, thermophysical and excess thermodynamic
properties of binary liquid mixtures of ethyl lactate with
substituted ethanols and ethyl acetate at a temperature range of
298.15−323.15 K and at a pressure of 0.1 MPa with Fourier-
transform infrared (FT-IR) spectroscopic and computational
studies were not reported in the literature. Thus, the present
study mainly focused on thermophysical properties (density,
speed of sound, and refractive index) and excess thermody-
namic parameters (VE, ksE, and nD

E) of EL with 2-CE, 2-AE, and
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EA at T = 298.15−323.15 K and at 0.1 MPa together with
experimental FT-IR analysis and density functional theory
(DFT) calculations. Furthermore, we have used perturbed
chain statistical associating fluid theory equation of state (PC-
SAFT EoS) for modeling the density of the binary mixtures.
Nomoto’s relation (NR) coupled to PC-SAFT EoS was used
for modeling the speed of sound of mixtures using a predictive
approach, and PC-SAFT EoS + four different mixing rules
were used for modeling the refractive index of mixtures.

2. EXPERIMENTAL AND/OR COMPUTATIONAL
METHODS
2.1. Materials. The liquids utilized in the present study,

i.e., ethyl lactate and ethyl acetate, were purchased from Sigma-
Aldrich, India and the remaining two liquids, i.e., 2-amino-
ethanol and 2-chloroethanol, were purchased from SD Fine
Chemicals, India. The mass fraction purities of all of the above
chemicals were obtained from the suppliers, and the water
content was determined by using the Analab (Micro Aqua Cal
100) Karl Fischer Titrator together with Karl Fisher reagent
from Merck. This data is given in Table 1.
2.2. Apparatus and Procedure. The binary mixtures of

EL with substituted ethanols or ethyl acetate were prepared by
using an Afcoset weighing balance (ER-120A, India) with a
precision of 0.1 mg. The uncertainty of the mole fraction was
0.0005. The densities and speed of sound were measured with
Anton Paar, DSA 5000 M, Austria, and the refractive index was
determined using an automated refractometer (Anton Paar,
Abbemat 3200, Austria). The details of measurements and the
calibration of the instruments were described earlier.23 The
uncertainties were estimated for density, speed of sound, and
refractive index measurements within 0.0009 g cm−3, 2.91 m
s−2, and 0.0006, respectively. Figure S1 illustrates the
comparison of the experimental density, speed of sound, and
refractive index of pure liquids together with the available
literature data1,9,13,15−17,19−22,24−37 at all of the studied
temperatures (Table 2). The range of deviations from the
literature of pure liquids is within the reported uncertainties of
these properties except a few (2-chloroethanol,31 2-amino-
ethanol,15 ethyl acetate),27,35,36 which show high deviation for
only speed of sound. This might be due to the different
instruments used with low accuracy as compared to the
instrument used in this study as well as the purity of pure
liquids. The maximum deviation in measured properties such
as density, speed of sound, and refractive index was 0.3, 0.8,
and 0.2%, respectively. The uncertainty in excess molar
volume, excess isentropic compressibility, and excess refractive
index was 0.005 cm3 mol−1, 0.2 T Pa−1, and 0.0009,
respectively.
2.3. PC-SAFT EoS Model. PC-SAFT EoS has been widely

used in literature in order to model the physical properties of
mixtures. In the Gross and Sadowski articles38,39 can be
reviewing the equations related to PC-SAFT EoS. The
advantage of using a molecular equation of state like PC-
SAFT is that the association part can be considered between

molecules of the same type and of different types. The
association schemes for each pure fluid are (x)ps − (y)ns,
where ps is the positive site and ns is the negative site, i.e., the
proton donor is the positive site and the proton acceptor is the
negative site. Ethyl lactate will be modeled as (1)ps − (3)ns
because it has three oxygen atoms and one hydrogen atom. 2-
Aminoethanol, possessing the OH group and the NH2 group,
will be modeled using a 4C scheme or (2)ps − (2)ns, i.e., one
negative site on the oxygen atom and another on the nitrogen
atom, while a positive site was placed on the hydrogen atom
bonded to the OH group and the other positive site will be
placed in hydrogen atoms bonded to nitrogen. For the 2-
chloroethanol fluid, a 2B or (1)ps − (1)ns scheme was
considered, i.e., one positive site in the hydrogen atom and one
negative site in the oxygen atom. Finally, ethyl acetate having
two oxygen atoms was modeled as (0)ps − (2)ns. Therefore,
in the case of the ethyl lactate + 2-aminoethanol and ethyl
lactate + 2-chloroethanol mixtures, we have considered a cross-
association between positive and negative sites, while to
consider the cross-association between ethyl lactate and ethyl
acetate, the Kleiner and Sadowski approach was used.40

The speed of sound was modeled using Nomoto’s relation41

and the refractive index was modeled using the Lorentz−
Lorenz (LL), Gladstone−Dale (GD), Laplace (LP), and
Eykman (EK) mixing rules. The advantage of using these
models is that both the speed of sound and the refractive index
are predicted properties using these models combined with
PC-SAFT EoS. The details of the equations to obtain the
speed of sound and the refractive index were mentioned
earlier.41,42

2.4. Computational Details. In the current work, we have
simulated the theoretical intermolecular bonding interactions
using DFT calculations for the 3 sets of binary solutions. We
have started with geometry optimizations followed by studying
the interactions between EL and 2-aminoethanol, followed by
the interactions between ethyl lactate and 2-chloroethanol and
EL and ethyl acetate using the ADF 2020.102 package.43 The
geometry of the binary systems was optimized at the GGA
BP86-D3 (BJ) level of theory with TZP with the following
conditions applied: a Becke44,45 numerical of a good quality
integration grid, a 1 × 10−6 hartree gradient convergence for
the optimization of geometry, and a SCF convergence of 1 ×
10−6 hartree for each of the three relevant interacting
molecular pairs in order to accurately describe the bonding
interactions and their corresponding energies.

3. RESULTS AND DISCUSSION
3.1. Volumetric Properties. Excess volume data of three

binary mixtures, VE, were calculated by using the experimental
densities based on eq 1 and the values are given in Table 3.

= =

=
V

x M x Mi
n

i i

i

n
i i

i

E 1

m 1 (1)

Table 1. Description of Pure Liquids

chemical name provenance CAS number mass fraction purity purification method water content (mass fraction)

ethyl lactate Sigma-Aldrich 97-64-3 0.997 distillation 0.0002
2-aminoethanol SD fine chemicals 141-43-5 0.995 distillation 0.0004
2-chloroethanol SD fine chemicals 107-07-3 0.995 distillation 0.0004
ethyl acetate Sigma-Aldrich 141-78-6 0.999 distillation 0.0003
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Table 2. Experimental and Literature Densities (ρ), Speed of Sound (c), and Refractive Index (nD) of Pure Solvents at T =
298.15−323.15 K and at Pressure p = 0.1 MPaa

ρ/(g cm−3) c/(m s−1) nD

chemical name temperature (K) exp. lit. exp. lit. exp. lit.

ethyl lactate 298.15 1.0284 1.02839224 1279.86 1279.349 1.4104 1.4107624

1.028459 127722 1.4105022

1.0280222 127726 1.4105726

1.028626

303.15 1.0229 1.0228816 1261.20 1261.217 1.4082 1.4084324

1.0235817 1261.116 1.4082020

1.02291824 1261.119 1.4082021

1.023619 1260.3520

1.0228120 1260.3921

1.0229321

308.15 1.0174 1.0173916 1242.06 1243.817 1.4059 1.4061024

1.0165617 1243.816

1.01742024 1243.819

1.016619

313.15 1.0119 1.0118316 1224.00 1224.817 1.4036 1.4037424

1.0118317 1224.816 1.4036120

1.01190224 1224.819 1.4036721

1.011819 1222.6220

1.0119120 1222.6021

1.0119121

318.15 1.0064 1.0063116 1205.38 1206.917 1.4014 1.4013624

1.0063117 1206.916

1.00635824

323.15 1.0008 1.00078924 1186.90 1185.6121 1.3991 1.3989824

1.0007821 1185.5820 1.3989920

1.0007320 1.3989521

2-chloroethanol 298.15 1.1976 1.197627 1360.2 135928 1.4393 1.440227

1.1970913 135829 1.441628

1.198028 136327 1.441129

1.200929 1357.630

1.196330

1.196231

303.15 1.1925 1.1902513 1340.30 1342.815 1.4372 1.437327

1.192127 1343.631 1.438528

1.192428 1.438029

1.192529

1.1921215

1.190541

1.190531

308.15 1.1867 1.186627 1330.49 1328.915 1.4350 1.434227

1.185428 1329.930 1.432628

1.187129 1.432629

1.1852615

1.184930

1.184871

313.15 1.1784 1.1767913 1316.07 1315.515 1.4329
1.1783715 1315.031

1.179231

318.15 1.1737 1.173830 1302.00 1301.215 1.4307
1.1708715 1300.230

323.15 1.1703 1.168011 1288.10 1.4286
2-aminoethanol 298.15 1.0121 1.01202032 1718.68 1719.2332 1.4525 1.45225

1.0125333 1719.234

1.0119834 1717.225

1.013325

303.15 1.0081 1.00800232 1702.78 1703.0932 1.4506
1.0084733 1702.134

1.0080234 1704.915
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Here, ρm refers to the density of the mixture. Mi, ρi, and xi
are the molar mass, density, and mole fraction of component i,
respectively. The calculated VE values plotted against the mole
fraction of ethyl lactate at 298.15 K for three binary systems are
shown in Figure 1.

The VE values are negative for binary mixtures of EL + 2-
aminoethanol or ethyl acetate and the inversion sign was
observed for EL + 2-chloroethanol at 298.15 K. It is well
known that substituted ethanol (2-AE and 2-CE) molecules
are associated through intramolecular hydrogen bonding
interactions in the pure state. Mixing of these liquids with
ethyl lactate would induce the mutual disruption of intra-
molecular hydrogen-bonded interactions in pure-component
molecules and as a result, new intermolecular hydrogen bonds
were formed between the hydrogen atom of the −NH2 group
of 2-AE and the carbonyl group of EL (−C�O···−H−N−)
and hydrogen atom of the −OH group in the 2-CE molecule
and the carbonyl group of EL (−C�O···−H−O−). Moreover,
the negative VE data of the EL + EA binary system suggested a
better compaction between ethyl lactate and ethyl acetate
through the molecular interactions in liquid mixtures than that
of pure liquids. Hence, the algebraic VE data follow the order:
EL > 2-AE > EA > 2-CE. As the temperature increases, the
absolute VE values increase in the three binary liquid mixtures

due to the enhancement of the number of free dipoles, thereby
increasing intermolecular interactions between component
molecules.24,46

Furthermore, the experimental density, speed of sound, and
refractive index data for the ethyl lactate + ethyl acetate binary
system were compared with the literature data22 at 298.15 K
and is given in Figure 2. A similar trend with noticeable
deviation was observed for all measured properties. The
maximum deviation between the experimental and literature
values for density, speed of sound, and refractive index is 8.9,
6.9, and 1.9%, respectively. This may be due to the human
error in the preparation of the sample and the high accuracy of
the instrument used in this work compared to the literature.22

The excess isentropic compressibility (ksE) with respect to
ideality was calculated through the following equation

=k k ks
E

s s
id (2)

The isentropic compressibilities (ks) were calculated from
the Newton−Laplace equation as follows

=k
c
1

s 2 (3)

where ρ and c represent the density and speed of sound of the
binary mixtures, respectively. The ideal isentropic compresibi-

Table 2. continued

ρ/(g cm−3) c/(m s−1) nD

chemical name temperature (K) exp. lit. exp. lit. exp. lit.

1.0087215

308.15 1.0041 1.00402432 1686.05 1686.7932 1.4487
1.0044933 1690.115

1.0047715

313.15 1.0007 1.00003732 1670 1670.5432 1.4468
1.0005033 1670.134

1.0000634 1675.215

1.0005715

318.15 0.9960 0.99602932 1654.01 1654.1932 1.4449
0.9963933 1659.415

0.9960415

323.15 0.9922 0.99201432 1637.58 1637.8632 1.4429
0.9924133 1637.234

0.9920534

ethyl acetate 298.15 0.8944 0.8942922 1138.78 113822 1.3700 1.3697822

0.8945635 114535 1.371027

0.894827 114827 1.37136

0.892836 114236 1.3701437

0.8944837 1139.6837

303.15 0.8883 0.8889035 1116.62 111935 1.3675 1.368127

0.888727 1117.1437 1.3675237

0.8883437

308.15 0.8821 0.882635 1094.44 109835 1.3649 1.365427

0.882727 1094.6837 1.3648137

0.8821537

313.15 0.8759 0.875935 1072.35 108135 1.3625 1.3620937

0.8759237 1072.3337

318.15 0.8697 0.869635 1050.4 105835 1.3592 1.3593837

0.8696337 1050.1337

323.15 0.8633 0.8632937 1028.61 1027.9937 1.3567 1.3566437

aStandard uncertainties u are u(T) = 0.02 K and u(p) = 0.04 MPa, and the combined expanded uncertainties Uc in mole fraction, density, speed of
sound, refractive index, excess molar volume, excess isentropic compressibility, and excess refractive index are Uc(x) = 0.0005, Uc(ρ) = 0.0009 g
cm−3, Uc(c) = 2.91 m s−1, Uc(nD) = 0.0006, Uc(VE) = 0.005 cm3·mol−1, Uc(ksE) = 0.2 T Pa−1, and Uc(nD

E) = 0.0009, respectively (0.95 level of
confidence).
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Table 3. Experimental Results of the Density (ρ), Speed of Sound (c), and Refractive Index (nD) of the Binary Mixtures Along
with Calculated Excess Properties (VE, ksE, and nDE) at All of the Investigated Temperatures (298.15−323.15 K) and at Pressure
p = 0.1 MPaa

x1 ρ (g cm−3) VE (cm3 mol−1) c (m s−1) κs (T Pa−1) ksE(T Pa−1) nD nD
E

Ethyl Lactate + 2-Aminoethanol
T = 298.15 K

0.0000 1.0121 0.000 1718.68 334.48 0.0 1.4525 0.0000
0.0570 1.0229 −0.563 1689.00 342.69 −20.1 1.4526 0.0044
0.1190 1.0329 −1.129 1656.78 352.69 −37.7 1.4523 0.0084
0.1821 1.0411 −1.629 1624.83 363.81 −51.6 1.4517 0.0117
0.2640 1.0491 −2.162 1583.28 380.24 −63.8 1.4502 0.0148
0.3470 1.0544 −2.558 1542.80 398.46 −71.0 1.4480 0.0167
0.4446 1.0573 −2.826 1495.70 422.77 −72.7 1.4447 0.0176
0.5380 1.0572 −2.870 1452.50 448.34 −68.8 1.4406 0.0171
0.6818 1.0524 −2.521 1390.45 491.47 −54.2 1.4330 0.0143
0.8238 1.0434 −1.679 1335.30 537.51 −31.8 1.4238 0.0091
1.0000 1.0284 0.000 1279.86 593.63 0.0 1.4104 0.0000

T = 303.15 K
0.0000 1.0081 0.000 1702.78 342.11 0.0 1.4506 0.0000
0.0570 1.0190 −0.586 1676.23 349.25 −22.8 1.4507 0.0045
0.1190 1.0290 −1.164 1646.80 358.33 −42.8 1.4505 0.0086
0.1821 1.0373 −1.682 1616.02 369.15 −58.3 1.4499 0.0119
0.2640 1.0453 −2.233 1576.18 385.08 −72.6 1.4484 0.0150
0.3470 1.0505 −2.646 1535.29 403.84 −80.5 1.4463 0.0170
0.4446 1.0534 −2.928 1487.05 429.28 −82.4 1.4429 0.0179
0.5380 1.0532 −2.980 1443.80 455.48 −79.0 1.4389 0.0175
0.6818 1.0482 −2.626 1378.00 502.43 −62.0 1.4312 0.0147
0.8238 1.0387 −1.757 1320.30 552.28 −36.8 1.4219 0.0094
1.0000 1.0229 0.000 1261.20 614.58 0.0 1.4082 0.0000

T = 308.15 K
0.0000 1.0041 0.000 1686.05 350.32 0.0 1.4487 0.0000
0.0570 1.0151 −0.605 1660.78 357.16 −24.9 1.4489 0.0046
0.1190 1.0251 −1.201 1631.08 366.66 −46.1 1.4488 0.0089
0.1821 1.0334 −1.735 1601.74 377.17 −63.4 1.4482 0.0123
0.2640 1.0414 −2.308 1561.94 393.58 −78.9 1.4468 0.0155
0.3470 1.0467 −2.738 1521.02 412.97 −87.6 1.4447 0.0176
0.4446 1.0495 −3.036 1473.33 438.94 −90.4 1.4413 0.0185
0.5380 1.0492 −3.095 1428.40 467.13 −86.2 1.4373 0.0181
0.6818 1.0439 −2.737 1362.56 516.00 −68.7 1.4294 0.0151
0.8238 1.0340 −1.838 1303.60 569.12 −41.4 1.4199 0.0097
1.0000 1.0174 0.000 1242.06 637.10 0.0 1.4059 0.0000

T = 313.15 K
0.0000 1.0007 0.000 1670.00 358.33 0.0 1.4468 0.0000
0.0570 1.0116 −0.623 1645.21 365.20 −27.6 1.4471 0.0048
0.1190 1.0217 −1.238 1616.90 374.39 −51.6 1.4470 0.0091
0.1821 1.0300 −1.790 1584.02 386.96 −68.9 1.4465 0.0126
0.2640 1.0379 −2.384 1541.41 405.50 −84.3 1.4452 0.0160
0.3470 1.0431 −2.832 1502.25 424.79 −94.7 1.4431 0.0181
0.4446 1.0458 −3.145 1454.63 451.87 −97.8 1.4397 0.0190
0.5380 1.0454 −3.213 1409.00 481.84 −92.7 1.4356 0.0186
0.6818 1.0397 −2.851 1344.02 532.46 −74.3 1.4276 0.0155
0.8238 1.0293 −1.923 1286.90 586.62 −46.3 1.4179 0.0100
1.0000 1.0119 0.000 1224.00 659.62 0.0 1.4036 0.0000

T = 318.15 K
0.0000 0.9960 0.000 1654.01 366.99 0.0 1.4449 0.0000
0.0570 1.0071 −0.642 1633.00 372.34 −29.1 1.4453 0.0049
0.1190 1.0173 −1.277 1606.84 380.73 −54.1 1.4452 0.0092
0.1821 1.0256 −1.847 1577.50 391.81 −73.5 1.4448 0.0129
0.2640 1.0337 −2.463 1539.98 407.91 −92.3 1.4435 0.0163
0.3470 1.0390 −2.929 1499.84 427.87 −103.4 1.4414 0.0184
0.4446 1.0417 −3.258 1450.00 456.60 −106.5 1.4380 0.0194
0.5380 1.0412 −3.335 1404.08 487.19 −102.5 1.4339 0.0190
0.6818 1.0353 −2.970 1335.11 541.90 −82.9 1.4259 0.0160
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Table 3. continued

x1 ρ (g cm−3) VE (cm3 mol−1) c (m s−1) κs (T Pa−1) ksE(T Pa−1) nD nD
E

0.8238 1.0245 −2.011 1273.25 602.09 −51.7 1.4160 0.0102
1.0000 1.0064 0.000 1205.38 683.91 0.0 1.4014 0.0000

T = 323.15 K
0.0000 0.9922 0.000 1637.58 375.83 0.0 1.4429 0.0000
0.0570 1.0033 −0.660 1614.00 382.60 −31.0 1.4433 0.0050
0.1190 1.0135 −1.315 1587.01 391.75 −58.2 1.4434 0.0095
0.1821 1.0219 −1.904 1558.53 402.87 −79.9 1.4430 0.0132
0.2640 1.0300 −2.543 1519.87 420.29 −99.9 1.4418 0.0168
0.3470 1.0352 −3.028 1479.00 441.61 −111.5 1.4398 0.0190
0.4446 1.0379 −3.375 1431.64 470.10 −116.4 1.4364 0.0200
0.5380 1.0372 −3.462 1385.05 502.57 −111.5 1.4323 0.0197
0.6818 1.0310 −3.095 1317.00 559.19 −90.8 1.4241 0.0164
0.8238 1.0198 −2.106 1254.11 623.46 −55.9 1.4141 0.0106
1.0000 1.0008 0.000 1186.90 709.30 0.0 1.3991 0.0000

Ethyl Lactate + 2-Chloroethanol
T = 298.15 K

0.0000 1.1976 0.000 1360.20 451.30 0.0 1.4393 0.0000
0.0615 1.1798 0.041 1350.66 464.61 −1.7 1.4360 −0.0004
0.1283 1.1626 0.055 1342.48 477.26 −3.9 1.4329 −0.0006
0.2018 1.1458 0.039 1334.00 490.43 −5.4 1.4298 −0.0007
0.2826 1.1294 −0.005 1325.77 503.75 −6.6 1.4269 −0.0007
0.3702 1.1136 −0.076 1317.65 517.21 −7.3 1.4241 −0.0007
0.4701 1.0975 −0.170 1309.50 531.34 −7.5 1.4214 −0.0004
0.5757 1.0821 −0.252 1301.66 545.35 −6.9 1.4189 −0.0002
0.7035 1.0650 −0.308 1293.75 560.98 −5.6 1.4162 0.0001
0.8404 1.0478 −0.263 1286.38 576.74 −3.3 1.4135 0.0002
1.0000 1.0284 0.000 1279.86 593.63 0.0 1.4104 0.0000

T = 303.15 K
0.0000 1.1925 0.000 1340.30 466.81 0.0 1.4372 0.0000
0.0615 1.1748 0.030 1333.07 478.99 −2.8 1.4340 −0.0003
0.1283 1.1577 0.033 1325.46 491.66 −5.0 1.4309 −0.0004
0.2018 1.1409 0.018 1318.29 504.37 −7.3 1.4279 −0.0005
0.2826 1.1245 −0.033 1310.48 517.83 −8.7 1.4250 −0.0005
0.3702 1.1086 −0.106 1302.41 531.75 −9.4 1.4223 −0.0003
0.4701 1.0924 −0.192 1294.14 546.57 −9.5 1.4195 −0.0002
0.5757 1.0769 −0.270 1286.19 561.34 −8.9 1.4171 0.0002
0.7035 1.0597 −0.321 1277.39 578.33 −7.2 1.4142 0.0003
0.8404 1.0424 −0.271 1269.16 595.55 −4.3 1.4114 0.0004
1.0000 1.0229 0.000 1261.20 614.58 0.0 1.4082 0.0000

T = 308.15 K
0.0000 1.1867 0.000 1330.49 476.02 0.0 1.435 0.0000
0.0615 1.1693 0.019 1322.46 489.02 −3.4 1.4319 −0.0001
0.1283 1.1522 0.020 1314.18 502.53 −6.1 1.4289 −0.0002
0.2018 1.1355 −0.008 1305.74 516.52 −8.4 1.4259 −0.0003
0.2826 1.1192 −0.061 1297.14 531.04 −10.2 1.4230 −0.0002
0.3702 1.1034 −0.137 1288.55 545.85 −11.3 1.4202 −0.0002
0.4701 1.0871 −0.222 1279.58 561.81 −11.6 1.4176 0.0002
0.5757 1.0715 −0.297 1270.68 577.99 −10.9 1.4149 0.0003
0.7035 1.0542 −0.336 1261.04 596.50 −9.0 1.4121 0.0005
0.8404 1.0370 −0.281 1251.56 615.65 −5.5 1.4092 0.0004
1.0000 1.0174 0.000 1242.06 637.10 0.0 1.4059 0.0000

T = 313.15 K
0.0000 1.1784 0.000 1316.07 489.96 0.0 1.4329 0.0000
0.0615 1.1614 0.010 1303.15 507.04 −4.0 1.4297 −0.0002
0.1283 1.1448 0.002 1291.46 523.75 −7.3 1.4268 −0.0002
0.2018 1.1284 −0.030 1281.02 540.03 −10.1 1.4239 −0.0001
0.2826 1.1124 −0.086 1271.64 555.93 −12.4 1.4209 −0.0002
0.3702 1.0968 −0.162 1262.82 571.72 −13.6 1.4183 0.0001
0.4701 1.0808 −0.244 1254.65 587.78 −14.2 1.4155 0.0003
0.5757 1.0654 −0.316 1246.89 603.71 −13.2 1.4128 0.0004
0.7035 1.0483 −0.350 1238.90 621.50 −10.8 1.4099 0.0006
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Table 3. continued

x1 ρ (g cm−3) VE (cm3 mol−1) c (m s−1) κs (T Pa−1) ksE(T Pa−1) nD nD
E

0.8404 1.0312 −0.286 1231.38 639.54 −6.6 1.4070 0.0005
1.0000 1.0119 0.000 1224.00 659.62 0.0 1.4036 0.0000

T = 318.15 K
0.0000 1.1737 0.000 1302.00 502.61 0.0 1.4307 0.0000
0.0615 1.1566 0.005 1293.77 516.52 −4.8 1.4279 0.0002
0.1283 1.1400 −0.008 1285.35 530.95 −8.9 1.4250 0.0002
0.2018 1.1236 −0.046 1276.32 546.33 −12.1 1.4221 0.0003
0.2826 1.1075 −0.103 1267.43 562.10 −14.7 1.4194 0.0005
0.3702 1.0918 −0.179 1257.97 578.78 −15.9 1.4166 0.0006
0.4701 1.0757 −0.261 1248.27 596.63 −16.4 1.4138 0.0008
0.5757 1.0602 −0.331 1238.44 614.99 −15.3 1.411 0.0008
0.7035 1.0429 −0.359 1227.32 636.55 −12.3 1.408 0.0008
0.8404 1.0257 −0.291 1216.56 658.73 −7.5 1.4049 0.0006
1.0000 1.0064 0.000 1205.38 683.91 0.0 1.4014 0.0000

T = 323.15 K
0.0000 1.1703 0.000 1288.10 515.00 0.0 1.4286 0.0000
0.0615 1.1530 0.002 1277.32 531.56 −5.6 1.4258 0.0002
0.1283 1.1363 −0.018 1266.76 548.45 −10.1 1.4230 0.0004
0.2018 1.1197 −0.063 1256.96 565.26 −14.2 1.4202 0.0005
0.2826 1.1033 −0.120 1247.14 582.73 −17.0 1.4174 0.0007
0.3702 1.0875 −0.199 1237.43 600.55 −18.5 1.4147 0.0009
0.4701 1.0711 −0.280 1227.78 619.37 −19.0 1.4118 0.0010
0.5757 1.0553 −0.350 1218.00 638.72 −17.5 1.4090 0.0011
0.7035 1.0378 −0.376 1207.28 661.08 −13.8 1.4059 0.0010
0.8404 1.0204 −0.301 1197.09 683.88 −8.3 1.4027 0.0007
1.0000 1.0008 0.000 1186.90 709.30 0.0 1.3991 0.0000

Ethyl Lactate + Ethyl Acetate
T = 298.15 K

0.0000 0.8944 0.000 1138.78 862.15 0.0 1.3700 0.0000
0.0750 0.9075 −0.169 1153.12 828.70 −15.5 1.3747 0.0012
0.1542 0.9209 −0.330 1169.08 794.49 −29.9 1.3792 0.0021
0.2382 0.9345 −0.474 1184.77 762.31 −40.4 1.3836 0.0028
0.3272 0.9487 −0.635 1201.00 730.78 −48.4 1.3878 0.0032
0.4218 0.9628 −0.740 1217.09 701.19 −52.4 1.3918 0.0032
0.5225 0.9768 −0.801 1233.11 673.24 −52.7 1.3957 0.0030
0.6299 0.9909 −0.809 1248.04 647.92 −48.3 1.3994 0.0025
0.7448 1.0046 −0.727 1261.10 625.93 −38.4 1.4031 0.0019
0.8678 1.0174 −0.492 1273.10 606.46 −23.7 1.4068 0.0011
1.0000 1.0284 0.000 1279.86 593.63 0.0 1.4104 0.0000

T = 303.15 K
0.0000 0.8883 0.000 1116.62 902.9 0.0 1.3675 0.0000
0.0750 0.9017 −0.203 1130.80 867.3 −17.2 1.3725 0.0015
0.1542 0.9150 −0.352 1145.90 832.3 −31.5 1.3770 0.0024
0.2382 0.9289 −0.513 1161.75 797.7 −43.3 1.3815 0.0031
0.3272 0.9430 −0.666 1177.65 764.6 −51.2 1.3857 0.0035
0.4218 0.9572 −0.780 1194.36 732.4 −56.0 1.3897 0.0035
0.5225 0.9714 −0.853 1211.09 701.8 −56.8 1.3937 0.0034
0.6299 0.9855 −0.860 1227.09 673.9 −52.5 1.3974 0.0028
0.7448 0.9992 −0.764 1241.07 649.8 −41.9 1.4011 0.0022
0.8678 1.0121 −0.528 1253.76 628.6 −25.9 1.4046 0.0011
1.0000 1.0229 0.000 1261.20 614.58 0.0 1.4082 0.0000

T = 308.15 K
0.0000 0.8821 0.000 1094.44 946.42 0.0 1.3649 0.0000
0.0750 0.8956 −0.200 1108.59 908.60 −17.6 1.3701 0.0017
0.1542 0.9091 −0.375 1124.40 870.00 −33.8 1.3747 0.0026
0.2382 0.9231 −0.545 1140.55 832.80 −46.2 1.3793 0.0035
0.3272 0.9373 −0.706 1157.21 796.70 −55.3 1.3835 0.0038
0.4218 0.9516 −0.831 1174.30 762.00 −60.5 1.3876 0.0039
0.5225 0.9660 −0.905 1190.76 730.10 −60.5 1.3915 0.0036
0.6299 0.9802 −0.918 1206.90 700.40 −55.8 1.3953 0.0032
0.7448 0.9938 −0.808 1221.64 674.20 −45.0 1.3990 0.0024
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ities ksid were calculated by using the Benson and Kiyohara
equation.47,48
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Here, Cp,i, ϕi, and αi are the molar heat capacity, volume
fraction, and thermal expansion coefficient of the ith
component, respectively. The Cp,i, values are taken from the
literature.49−52 The obtained ks and ksE values are listed in
Table 3.

However, the volume fraction and the thermal expansion
coefficient were calculated from the following equations. The

molar heat capacity and thermal expansion coefficient values
are given in Table 4.

=
=

x V x V/i i i
i

n

i i
1 (5)

= =V T V T( / ) / 1/ ( / )i P
1

P (6)

The sign of excess isentropic compressibility (ksE) data
provides vital information to understand the molecular
interactions in liquid mixtures through hydrogen bonding,
dipole−dipole, or dipole-induced dipole interactions, inter-
stitial accommodation, and orientation ordering. The excess
isentropic compressibility (ksE) data graphically depicted
against the mole fraction (x1) of EL with substituted ethanols
or ethyl acetate at 298.15 K are shown in Figure 3.

A perusal of curves depicted in Figure 3 shows that a
negative sign in ksE data was observed for all of the studied

Table 3. continued

x1 ρ (g cm−3) VE (cm3 mol−1) c (m s−1) κs (T Pa−1) ksE(T Pa−1) nD nD
E

0.8678 1.0067 −0.553 1233.93 652.40 −27.1 1.4026 0.0014
1.0000 1.0174 0.000 1242.06 637.10 0.0 1.4059 0.0000

T = 313.15 K
0.0000 0.8759 0.000 1072.35 992.82 0.0 1.3625 0.0000
0.0750 0.8896 −0.224 1086.25 952.70 −18.6 1.3679 0.0019
0.1542 0.9032 −0.408 1101.79 912.00 −35.3 1.3726 0.0029
0.2382 0.9172 −0.575 1118.09 872.20 −48.6 1.3773 0.0039
0.3272 0.9316 −0.752 1134.88 833.40 −58.3 1.3815 0.0042
0.4218 0.9460 −0.877 1152.29 796.10 −63.9 1.3857 0.0044
0.5225 0.9605 −0.966 1170.04 760.50 −65.1 1.3896 0.0041
0.6299 0.9749 −0.981 1186.40 728.80 −59.7 1.3933 0.0035
0.7448 0.9885 −0.868 1202.01 700.10 −48.4 1.3969 0.0027
0.8678 1.0012 −0.575 1214.67 677.00 −28.6 1.4004 0.0016
1.0000 1.0119 0.000 1224 659.62 0.0 1.4036 0.0000

T = 318.15 K
0.0000 0.8697 0.000 1050.40 1042.18 0.0 1.3592 0.0000
0.0750 0.8835 −0.243 1064.90 998.10 −20.3 1.3649 0.0021
0.1542 0.8973 −0.442 1080.67 954.20 −37.9 1.3697 0.0031
0.2382 0.9114 −0.62 1097.90 910.20 −53.1 1.3746 0.0042
0.3272 0.9261 −0.819 1114.89 868.80 −63.0 1.3791 0.0047
0.4218 0.9405 −0.949 1132.65 828.80 −68.9 1.3834 0.0049
0.5225 0.9551 −1.035 1150.19 791.40 −69.4 1.3874 0.0046
0.6299 0.9694 −1.042 1166.70 757.80 −63.3 1.3913 0.0041
0.7448 0.9831 −0.913 1183.61 726.10 −52.3 1.3948 0.0030
0.8678 0.9957 −0.604 1196.41 701.60 −31.1 1.3981 0.0016
1.0000 1.0064 0.000 1205.38 683.91 0.0 1.4014 0.0000

T = 323.15 K
0.0000 0.8633 0.000 1028.61 1094.75 0.0 1.3567 0.0000
0.0750 0.8774 −0.268 1043.59 1047.00 −22.6 1.3626 0.0023
0.1542 0.8913 −0.475 1059.56 999.30 −42.3 1.3677 0.0036
0.2382 0.9056 −0.668 1075.70 954.30 −56.5 1.3725 0.0045
0.3272 0.9203 −0.871 1092.80 909.90 −67.2 1.3772 0.0052
0.4218 0.9350 −1.014 1110.89 866.70 −73.7 1.3815 0.0054
0.5225 0.9496 −1.097 1128.73 826.60 −74.1 1.3855 0.0051
0.6299 0.9639 −1.094 1146.49 789.30 −68.5 1.3892 0.0044
0.7448 0.9776 −0.953 1162.86 756.50 −55.2 1.3927 0.0033
0.8678 0.9902 −0.636 1177.05 728.91 −33.3 1.3962 0.0020
1.0000 1.0008 0.000 1186.90 709.30 0.0 1.3991 0.0000

aStandard uncertainties u are u(T) = 0.02 K and u(p) = 0.04 MPa, and the combined expanded uncertainties Uc in mole fraction, density, speed of
sound, refractive index, excess molar volume, excess isentropic compressibility, and excess refractive index are Uc(x) = 0.0005, Uc(ρ) = 0.0009 g
cm−3, Uc(c) = 2.91 m s−1, Uc(nD) = 0.0006, Uc(VE) = 0.005 cm3 mol−1, Uc(ksE) = 0.2 T Pa−1, and Uc(nD

E) = 0.0009, respectively (0.95 level of
confidence).
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binary systems. The negative ksE values indicate the presence of
strong intermolecular interactions between component mole-
cules through dipole-induced dipole interactions, hydrogen
bonding formation, and interstitial accommodation between
component molecules. The values of ksE can be set in the
following order: EL + 2-AE > EL + EA > EL + 2-CE.

The quantity, excess refractive index (nD
E), was calculated

adopting the equation of Reis et al.,53 which is given below

= [ + ]n n n nD
E

D 1
2

D1 2
2

D2
1/2

(7)

where, φ1, φ2, nD1, and nD2 are the volume fractions and
refractive indices of components 1 and 2, respectively, and nD
is the refractive index of the mixture.

The results of excess refractive index (nD
E) for three binary

systems (EL + 2-AE or 2-CE or EA) at 298.15 K are
graphically represented in Figure 4. The nD

E values are negative
for EL + 2-CE and positive for EL + 2-AE or EA. This behavior
can be explained by considering that when the packing effect
decreases, the number of dipoles per unit volume diminishes
and therefore nD

E also becomes smaller, giving rise to negative
nD

E .
The values of VE, ksE, and nD

E were related to the mole
fraction of binary mixtures, correlated by the Redlich−Kister
equation.54
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where yE is VE or ksE or nD
E , while x1 and x2 are the mole

fractions of pure components.
The corresponding standard deviations (σ) were defined as
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Here, ycalcE represents the calculated values of VE or ksE or nD
E . n

and p denote the number of data points and coefficients in eq 8
and the correlated results are listed in Table 5.

3.2. FT-IR Studies. Figures S2−S4 show the FT-IR
spectrum of binary liquid mixtures of EL with substituted
ethanols or ethyl acetate at different mole fractions within the
range of 500−4000 cm−; these values are reported in Table 6.

From the spectrum, it is very important to examine the
−C�O, −NH2, −C−Cl, and −OH stretching bands to
predict the possible intra- and intermolecular interactions in
binary systems. A broad band appears at 3451 cm−1of pure EL,
as shown in Figure S3, which indicates the presence of
intermolecular hydrogen bonding between the like molecules,
and a sharp band appears at 1729 cm−1, which is assigned to
the −C�O stretching vibrational frequency of pure EL.
Additionally, a strong band observed at 2856 cm−1 for 2-AE is
assigned to −NH2 stretching. When 2-AE was mixed with EL
incrementally, the stretching vibrational frequency of the −OH
group in EL was found to shift toward a lower wavenumber
from 3451 to 3288 cm−1 and the −NH2 group of the 2-AE
stretching vibrational frequency was increased from 2856 to
2872 cm−1. This observation is attributed vividly to the
rupturing of intermolecular hydrogen bonds in pure EL
molecules and a stronger hydrogen bond (N−H···O−H)
between the hydrogen atom of the −NH2 group of 2-AE and
the oxygen atom of the −OH group in the EL molecule.
Furthermore, the shape of −C�O stretching bands changed
significantly from 1729 to 1647 cm−1. It can be concluded that
a new hydrogen bond (N−H···O�C−) formed between the
oxygen atom in −C�O of EL and the hydrogen atom of
−NH2 in 2-AE.

Moreover, Figure S4 illustrates the FT-IR spectrum of pure
2-CE and EL at different mole fractions (x1 = 0.3, 0.5, and 0.7)
for the binary system of EL + 2-CE within the range of 4000−
400 cm−1. Herein, a broad band appears at 3340 cm−1, which
indicates the −OH stretching vibrational frequency of pure 2-
CE. On the addition of EL to 2-CE, the absorption intensity of
the broad −OH stretching band of 2-CE was shifted to 3348,
3375, and 3432 cm−1 for the binary liquid mixtures of EL with
2-CE at x1 = 0.3, 0.5, and 0.7, respectively. Also, as shown in
Figure S4, a sharp band appears at 1729 cm−1, which is
assigned to the −C�O stretching vibrational frequency of

Figure 1. Plots of excess volume (VE) vs mole fraction (x1) of ethyl lactate with 2-aminoethanol (■), 2-chloroethanol (▲), and ethyl acetate (□) at
298.15 K.
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pure EL. On the addition of EL to 2-CE, the −C�O
stretching vibrational frequency shifted to 1736, 1732, and
1730 cm−1 for the binary liquid mixtures of EL with 2-CE at x1
= 0.3, 0.5, and 0.7, respectively. This behavior can explain the
formation of the intermolecular hydrogen bond (−C�O···−

H−O−) between the hydrogen atom of the −OH group in the
2-CE molecule and the carbonyl group of EL.
3.3. Results about Property Modeling. The pure-

component parameters required in the equation of state were
optimized using the objective function defined by eq 10
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where np is the number of experimental points, ρ is the liquid
density, P is the vapor pressure, calc. is related to the calculated
value using PC-SAFT EoS, and exp. is related to the
experimental value. The experimental liquid density data
obtained in this work and the vapor pressure data published by
DIPPR55 were used in eq 10. Also, Figure 5 reveals that the
theoretical models in this work evidently represent the density
for the ethyl lactate + 2-aminoethanol binary system.

The absolute average deviation for density, speed of sound,
and refractive index can be calculated from eq 11
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where ξ is the density or speed of sound or refractive index.
Table 7 shows the parameters for the pure fluids. Deviations in
vapor pressure and liquid density are also observed. According
to these values, PC-SAFT correctly adjusts the vapor pressure
and liquid density of the fluids.

Table 8 shows the adjustable binary parameters in the PC-
SAFT modeling for the density of binary mixtures. The
deviation in the density and speed of sound is also included in
this table. From Table 8, we can see that PC-SAFT EoS
correctly correlates the experimental density of the mixtures
(overall deviation = 0.09%), while the prediction for the speed
of sound with NR and PC-SAFT EoS is very good for EL + CE
and EL + EA mixtures (overall deviation = 0.15 and 0.71%,
respectively).

Moreover, in this work, Figure 6 depicts the PC-SAFT EoS
model, which evidently represents the speed of sound for the
ethyl lactate + 2-chloroethanol binary mixture.

Figure 2. Variations of the experimental (i) density (ρ), (ii) speed of
sound (c), and (iii) refractive index (nD) data for binary systems of EL
+ EA at 298.15 K; (o) this work and (■) ref 22.

Table 4. Molar Heat Capacity (Cp,i) Values Taken from the
Available Literature49−52 and the Thermal Expansion
Coefficient (αi) Calculated from Eq 6 for the Pure Liquid
Components at T = 298.15−323.15 K and at Pressure p =
0.1 MPa

T/K ethyl lactate 2-chloroethanol 2-aminoethanol ethyl acetate

Cp,i (J mol−1 K−1)
298.15 258.6249 129.5350 161.8950 169.951

303.15 269.4249 131.650 164.650 17152

308.15 271.7549 133.850 167.850 172.9552

313.15 274.1349 13650 17150 174.1252

318.15 276.5449 138.250 176.5850 177.7752

323.15 279.9249 14050 179.3250 178.252

αi (k K−1)
298.15 1.0606 0.7119 0.837 1.3622
303.15 1.0634 0.8637 0.7919 1.38
308.15 1.0843 0.9695 0.7997 1.3946
313.15 1.0892 1.418 0.6945 1.4209
318.15 1.106 0.8007 0.9287 1.4374
323.15 1.1141 0.5776 0.7694 1.4629
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Finally, Table 9 summarizes the deviations in the refractive
index using four mixing rules. According to these values, it is
concluded that the four mixing rules combined with PC-SAFT
present results that are in agreement with the experimental
data; however, the Lorentz−Lorenz rule was the best option
(overall deviation = 0.04%).

On the other hand, from Figure 7, it can be seen that the
Lorentz−Lorenz mixing rule correctly predicts the dependence

of the refractive index with the mole fraction of ethyl lactate
and the temperature for the ethyl lactate + ethyl acetate
mixture.
3.4. Computational Results. 3.4.1. Hydrogen Bonding

Interactions: Interacting Atoms and Stabilization Energy.
According to the theoretical calculations, the intermolecular
hydrogen bonding interactions with different interacting
centers with varied stabilization energies are shown in Table

Figure 3. Curves of excess isentropic compressibility (ksE) against the mole fraction (x1) of EL at 298.15 K for three binary systems: EL + 2-AE (■),
EL + 2-CE (▲), and EL + EA (□).

Figure 4. Curves of excess refractive index (nD
E) against the mole fraction (x1) of ethyl lactate with 2-aminoethanol (■), 2-chloroethanol (▲), and

ethyl acetate (□) at 298.15 K.
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10 for three binary systems of ethyl lactate (EL) with 2-
aminoethanol (a), ethyl lactate with 2-chloroethanol (b), and
ethyl lactate with ethyl acetate (c). The calculations were
performed using the ADF 2020.102 package at the BP86-D3
(BJ) level with the TZP basis set, and the SCF convergence
criteria has been maintained the same as those of the geometry
optimizations above.

Moreover, the optimized geometries of ethyl lactate, 2-
aminoethanol, 2-chloroethanol, and ethyl acetate were
calculated at the BP86 level of theory with the TZP basis set
with the empirical dispersion GD3BJ and are represented in
Figure 8.

Hydrogen Bonding Interactions (Interactions Across
Same Molecular Species). The molecules are found to show
multiple intermolecular hydrogen bonding interactions with

different interacting centers with varied stabilization energies.
The optimized structures are shown in Table 11.

Interacting Set (a): Ethyl Lactate with 2-Aminoethanol. In
this set, from theoretical calculations, three possible
interactions are found having the largest stabilization
interaction. The bond length of the O−H bond was elongated
with an increased stabilization energy as well as the distance of
the hydrogen bonding interaction, which is in direct relation
with the stabilization energy.

Interacting Set (b): Ethyl Lactate with 2-Chloroethanol.
The three stabilized interactions are found, with all having very
similar stabilization energies. The OH···Cl interactions are
comparably stronger as of OH···O hydrogen bonds. The
elongation of the OH (hydroxyl group) bond was observed
showing deviations ranging from 0.1 to 0.15 Å with the

Table 5. Redlich−Kister Fitting Parameters and Root-Mean-Square Deviation, σ, for the Binary Mixtures at T = 298.15,
303.15, 308.15, 313.15, 318.15, and 323.15 Ka

Ai 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 323.15 K

{Ethyl Lactate (x1) + 2-Aminoethanol (x2)}
VE (cm3 mol−1) A0 −11.527 −11.954 −12.406 −12.867 −13.346 −13.843

A1 −0.515 −0.653 −0.805 −0.973 −1.149 −1.354
A2 0.641 0.596 0.571 0.533 0.493 0.445
σ 0.002 0.001 0.002 0.001 0.001 0.001

ksE (T Pa−1) A0 −283.860 −323.561 −354.170 −380.565 −419.838 −457.384
A1 97.187 106.315 108.230 112.905 109.664 115.956
A2 0.143 −1.830 −6.048 −29.224 −18.317 −12.888
σ 0.219 0.314 0.221 0.638 0.312 0.305

nD
E A0 0.044 0.045 0.047 0.049 0.050 0.052

A1 −0.004 −0.003 −0.003 −0.004 −0.003 −0.003
A2 0.000 0.000 0.000 −0.001 0.000 −0.001
σ 0.000 0.000 0.000 0.000 0.000 0.000

{Ethyl Lactate (x1) + 2-Chloroethanol (x2)}
VE (cm3 mol−1) A0 −0.708 −0.797 −0.912 −1.001 −1.065 −1.144

A1 −1.738 −1.655 −1.590 −1.514 −1.471 −1.460
A2 −0.018 −0.064 −0.035 −0.056 −0.054 −0.062
σ 0.001 0.002 0.002 0.002 0.002 0.002

ksE (T Pa−1) A0 −29.594 −37.847 −45.903 −55.752 −64.580 −74.506
A1 6.788 9.551 9.037 11.003 15.697 20.551
A2 1.179 −2.337 −3.213 −2.580 −4.657 −2.264
σ 0.109 0.078 0.060 0.073 0.100 0.099

nD
E A0 −0.017 −0.016 −0.015 −0.014 −0.013 −0.012

A1 0.009 0.009 0.008 0.008 0.008 0.007
A2 −0.001 0.000 0.001 0.001 0.001 0.001
σ 0.000 0.000 0.000 0.000 0.000 0.000

{Ethyl Lactate (x1) + Ethyl Acetate (x2)}
VE (cm3 mol−1) A0 −3.185 −3.358 −3.580 −3.809 −4.091 −4.331

A1 −1.155 −1.200 −1.268 −1.335 −1.305 −1.277
A2 −0.349 −0.532 −0.445 −0.497 −0.420 −0.457
σ 0.008 0.009 0.006 0.008 0.009 0.010

ksE (T Pa−1) A0 −211.678 −227.474 −244.147 −260.654 −278.965 −297.754
A1 18.308 13.952 17.001 13.682 16.674 21.272
A2 −6.334 −10.249 −4.458 1.433 −7.284 −16.026
σ 0.349 0.242 0.265 0.185 0.458 0.291

nD
E A0 0.019 0.020 0.021 0.023 0.025 0.027

A1 −0.006 −0.006 −0.006 −0.007 −0.008 −0.008
A2 0.001 0.002 0.004 0.004 0.002 0.004
σ 0.000 0.000 0.000 0.000 0.000 0.000

aStandard uncertainties u are u(T) = 0.02 K and u(p) = 0.04 MPa, and the combined expanded uncertainties Uc in mole fraction, density, speed of
sound, refractive index, excess molar volume, excess isentropic compressibility, and excess refractive index are Uc(x) = 0.0005, Uc(ρ) = 0.0009 g
cm−3, Uc(c) = 2.91 m s−1, Uc(nD) = 0.0006, Uc(VE) = 0.005 cm3 mol−1, Uc(ksE) = 0.2 T Pa−1, and Uc(nD

E) = 0.0009, respectively (0.95 level of
confidence).
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nonhydrogen-bonded optimized chloroethanol structure,
showing an OH bond length of 0.976 Å. The bond lengths
of OH in the above four interactions are directly related to the
corresponding stabilization energy. The hydrogen bond length
also follows the similar trend.

Interacting Set (c): Ethyl Lactate with Ethyl Acetate. Only
one possible interaction was observed for this set, possibly due
to the increased steric hindrance compared to the former sets
of molecules. The elongation of the OH (hydroxyl group)
bond was observed, which deviated from the nonhydrogen-
bonded structure by 0.12 Å.

3.4.2. QTAIM Analysis. To get deeper insights into the
nature of bonding interactions between the molecules,
topological analysis has been carried out for analyzing the
electron density ρ(r) using Bader’s quantum theory of atoms in
molecules (AIM). Furthermore, the contour plots of Laplacian

Table 6. Experimental Neat FT-IR Stretching Wavenumbers
(cm−1) of Distinct Functional Groups of Pure Liquids and
the Mixtures of EL + Substituted Ethanols or Ethyl Acetate

mole
fraction

−OH
(cm−1)

−C�O
(cm−1)

−Cl
(cm−1)

−NH2
(cm−1)

EL + 2-AE
0.0 3172 2856
0.3 3288 2859
0.5 3293 1647 2872
0.7 3383 1731
1 3451 1729
EL + 2-CE
0.0 3340 658
0.3 3348 1736 659
0.5 3375 1732 660
0.7 3432 1730
1 3451 1729
EL + EA
0.0 1736
0.3 3495 1735
0.5 3470 1735
0.7 3462 1733
1 3451 1729

Figure 5. Experimental density and calculated density using PC-SAFT
EoS for the ethyl lactate (1) + 2-aminoethanol (2) mixture. Symbols
refer to experimental data at temperatures (■) 298.15 K, (blue circle
solid) 303.15 K, (red triangle up solid) 308.15 K, (orange tilted
square solid) 313.15 K, (olive green triangle down solid) 318.15 K,
and (green star solid) 323.15 K; solid lines represent the theoretical
data obtained with PC-SAFT.

Table 7. Parameters for the Pure Components Required in PC-SAFT EoS and the Absolute Average Deviation for Vapor
Pressure and Liquid Density (the Temperature Range was 298.15−323.15 K)

fluid m σ/(Å) ε/kB/(K) εAB/kB/(K) kAB %AADP %AADρ
ethyl lactate 2.000 4.3610 394.17 643.71 0.0095 0.16 0.14

2-aminoethanol 3.650 2.8698 232.81 1537.18 0.1023 0.01 0.02
2-chloroethanol 2.950 3.1626 307.54 821.42 0.0145 0.17 0.08

ethyl acetate 3.650 3.2506 227.27 0 0 0.04 0.06
overall 0.10 0.08

Table 8. Fitted Binary Interaction Parameters and the
Absolute Average Deviation for the Density and Speed of
Sound of All of the Mixtures

mixture kij %AADρ %AADu

ethyl lactate (1) + 2-aminoethanol (2) −0.0552 0.05 2.77
ethyl lactate (1) + 2-chloroethanol (2) 0.0354 0.11 0.15
ethyl lactate (1) + ethyl acetate (2) 0.0160 0.12 0.71

overall 0.09 1.21

Figure 6. Experimental speed of sound and calculated speed of sound
using PC-SAFT EoS + NR for the ethyl lactate (1) + 2-chloroethanol
(2) mixture. Symbols refer to experimental data at temperatures (■)
298.15 K, (blue circle solid) 303.15 K, (red triangle up solid) 308.15
K, (orange tilted square solid) 313.15 K, (olive green triangle down
solid) 318.15 K, and (green star solid) 323.15 K; solid lines represent
the theoretical data obtained with PC-SAFT + NR.

Table 9. Absolute Average Deviation for Refractive Index
(%AADnD) Using Four Mixing Rules and PC-SAFT EoS for
All of the Mixtures

mixture LL GD LP EK

ethyl lactate (1) + 2-aminoethanol (2) 0.05 0.12 0.21 0.08
ethyl lactate (1) + 2-chloroethanol (2) 0.03 0.03 0.03 0.03
ethyl lactate (1) + ethyl acetate (2) 0.04 0.05 0.06 0.04
overall 0.04 0.07 0.10 0.05
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distributions for the ethyl lactate (EL) + 2-aminoethanol
binary system are represented in Figure 9.

Interacting Set (a): Ethyl Lactate with 2-Aminoethanol.
The microscopic characteristics of the materials, such as
interatomic interactions, ultimately govern their macroscopic
behavior.56 The presence of a bond critical point (BCP)57,58 is
a need for the creation of a chemical bond. The chemical
bonds can be quantified in terms of characteristics of the BCPs
in electron density, according to Bader’s quantum theory of
atoms in molecules (QTAIM). Information on the type of
atomic interactions is obtained through an analysis of the
electron density parameters at BCPs. However, the electron
density map ρ(r) and the Laplacian of electron density contour
plots are graphically shown in Figure 10 for the ethyl lactate +
2-chloroethanol binary system.

Interacting Set (b): Ethyl Lactate with 2-Chloroethanol.
The distinction between noncovalent closed-shell interactions
(ionic, etc.) and covalent ones is made using difference or
deformation electron densities as well as the Laplacian of
electron density at the BCP, which describes the concentration
of electron density in the bonding region. But these traits are
insufficient to recognize weak covalent bonds.59 Likewise, the
contour plot of the Laplacian distribution [∇2 ρ(r)] in the
O7−H9−O13 plane is depicted in Figure 11 for the ethyl
lactate + ethyl acetate interacting set. The electron density
exits the internuclear area when such bonds are established,
but the remaining density is sufficient for covalent bonding to
develop since the potential energy60 absolute value (magni-
tude) increases. The energy density H is therefore employed in
addition to the Laplacian (∇2) and the deformation density. H
= G + V, where G and V, respectively, stand for the kinetic and
potential energy densities at the BCP. While the bond has a
covalent component at H < 0 (rho is stabilizing), the condition
H > 0 (rho is destabilizing) corresponds to the noncovalent
closed-shell contact. Therefore, the preponderance of local
potential energy at the BCP describes the covalent bond.
Therefore, a chemical bond must be described energetically
and electrostatically (Hellmann−Feynman).61

Interacting Set (C): Ethyl Lactate with Ethyl Acetate. The
three types of atomic interactions are closed-shell interactions,
shared interactions, and transit (intermediate) interactions.

Covalent and polar covalent bonds are examples of shared
interactions. Partially covalent contacts, such as metallic bonds,
strong hydrogen bonds, coordination (dative) bonds, etc., are
examples of intermediate interactions. Ionic bonds and weak
intermolecular contacts (weak and medium hydrogen bonds,
van der Waals interactions, etc.) are examples of closed-shell
interactions. For the record, covalent bonds are what
characterize the strongest hydrogen and coordination bonds.

Additionally, the bond degree parameter BD = H/rho (the
total energy per electron at the BCP) can be used to categorize
atomic interactions. The BD parameter is positive and
indicates a strengthening degree (SD) for noncovalent
closed-shell interactions, the amount of the SD increases
with the interaction’s strength and degree of closure. The
covalence degree (CD) of shared and intermediate (partially
covalent) contacts is indicated by the negative BD parameter;
the stronger and more covalent the connections, the larger are
the CD magnitudes.

In this work, AIM analysis was performed for a, b, and c to
get more insight into the nature of hydrogen bonding
interactions. Moreover, QTAIM analysis was performed for
three binary systems to get more insight into the nature of
hydrogen bonding interactions. Also, the interacting hydrogen
bonds are given in Table 12.

The topological analysis of set a shows that the electron
density ρ(r) at the H19−N9 bond critical point (BCP) is
0.045 a.u, whose value is small, indicating a shared-type
interaction. This was further confirmed by the positive
Laplacian of the electron density value, which is close to
zero, at the BCP between the H19−N9 bond, and the position
of the BCP is close to maximum. The value of η, which is 0.35,
indicates the closed-type interaction across this hydrogen
bond. This nature of the closed shared-type interaction is
further confirmed by the negative value of H(r), which is
−0.01. The ellipticity value of 0.007 indicates that the nature of
bonding is more of a sigma-type interaction. In conclusion, all
of the parameters mentioned above confirm that the nature of
bonding across H19−N9 is a closed shared type of interaction.

This was followed by the topological analysis of set b, which
shows that the electron density ρ(r) at the H25−O5 bond
critical point (BCP) is 0.024 a.u, whose value is small,

Figure 7. Experimental refractive indices and calculated refractive indices using PC-SAFT EoS + the Lorentz−Lorenz mixing rule for the ethyl
lactate (1) + ethyl acetate (2) mixture. Symbols refer to experimental data at temperatures (■) 298.15 K, (blue circle solid) 303.15 K, (red triangle
up solid) 308.15 K, (orange tilted square solid) 313.15 K, (olive green triangle down solid) 318.15 K, and (green star solid) 323.15 K; solid lines
represent the theoretical data obtained with PC-SAFT + the Lorentz−Lorenz mixing rule.
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Table 10. Representation of Interacting Sets {a, b, c} with Their Variations in the Atomic Interacting Centers Along with Bond
Lengths in Angstroms (Å) and Stabilization Energy
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indicating a shared-type interaction. This was further
confirmed by the positive Laplacian of the electron density
value, which is close to zero, at the BCP between the H25−O5
bond, and the position of the BCP is close to maximum. The
value of η, which is 0.23, indicates the closed type of
interaction across this hydrogen bond similar to the set a
interaction. This nature of a closed shared-type interaction is
further confirmed by the negative value of H(r), which is
−0.0002. The ellipticity value of 0.057 indicates that the nature
of bonding is more of a sigma-type interaction and seems to
have more pi character compared to the set a interaction, as
given in the table above. In conclusion, all of the parameters
mentioned above confirm that the nature of bonding across
H25−O5 is a closed shared type of interaction. The set c
QTAIM analysis also infers the presence of a closed-shell-type
interaction as of the previous two sets a and b. In conclusion,
QTAIM analysis predicts the nature of the bonding
interactions across the hydrogen bonds in the binary solutions.
The most stabilized hydrogen bonding interaction was chosen,
which is believed to be dominant at RT conditions. From the
analysis, the nature of bonding is found to be weaker and a
closed-shell shared-type interaction in all of the cases a−c.

3.4.3. Noncovalent Interaction Index Analysis. According
to the divergence theorem,62 the sign of the density’s Laplacian
(∇2ρ) determines whether the net gradient flow of density is
entering (∇2ρ < 0) or leaving (∇2ρ > 0) an infinitesimal
volume surrounding a reference point. The hydrogen bond

interactions between selected cross-associated complexes (a, b,
and c) are represented in Figure 12.

As a result, the sign of ∇2ρ determines if the density at that
site is depleted or concentrated in comparison to the
surroundings. The Laplacian sign cannot be used to
discriminate between various weak interaction types since it
is largely contributed by nuclei (negative).63 Instead,
contributions to the Laplacian along its greatest variation axis
must be investigated. These contributions are of the electron-
density Hessian [∇2ρ = λ1 + λ2 + λ3, (λ1 < λ2 < λ3)] matrix
eigenvalues λi. All of the eigenvalues near the nuclei are
negative, but λ3 > 0 distant from them. The values of λ3 change
in molecules in the internuclear direction, whereas the values
of λ1 and λ2 describe the change in density in the plane normal
to the eigenvector of λ3.

Curiously, the subsequent eigenvalue (λ2) can be either
certain or negative, contingent upon the association type. One
thing that distinguishes bonding-type interactions, for example,
hydrogen bonds, is an accumulation of electron density
perpendicular to the bond and λ2 < 0. Density depletion
occurs when λ2 > 0 occurs as a result of nonbonded
interactions like steric repulsion. Last but not the least, van
der Waals interactions have a density overlap that is so small
that it gives λ2 ≲ 0. As a result, we are able to identify various
kinds of weak interactions through analysis of the sign of λ2,
whereas we are able to evaluate the interaction’s strength
through the density itself. The interacting sets a−c below
demonstrate the dependence of s(r) on sign (λ2)ρ. Figures

Table 10. continued
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Figure 8. Optimized geometries of (i) ethyl lactate, (ii) 2-aminoethanol, (iii) 2-chloroethanol, and (iv) ethyl acetate calculated at the BP86 level of
theory with the TZP basis set with the empirical dispersion GD3BJ. The corresponding bond lengths and bond angles are in angstroms (Å) and
degrees (deg), respectively.
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Table 11. Interacting Dimers with their Variations in the Atomic Interacting Centers Along with Bond Lengths in Angstroms
(Å)a
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Table 11. continued
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below the plots for each of the interacting sets depict the three-
dimensional plots produced by employing sign (λ2)ρ. The
hydrogen-bonded low-density and low-reduced gradient
trough is now negative, indicating an attractive interaction.
Conversely, the positive values of the low-density and low-
gradient trough point to a repulsive type of interaction. Finally,
the dispersion-bound low-density, low-gradient trough is very
close to zero.

4. CONCLUSIONS
In this research article, results on the density, speed of sound,
and refractive index for three binary liquid mixtures of ethyl
lactate with substituted ethanols or ethyl acetate at different
temperatures from 298.15 to 323.15 K and at 0.1 MPa have
been reported. At the same time, excess volume (VE),

isentropic compressibility (ks), excess isentropic compressi-
bility (ksE), and excess refractive index (nD

E) were calculated
from experimental data and these properties were correlated
with the Redlich−Kister equation. The measured excess
thermodynamic properties revealed that the molecular
interactions in the binary systems follow the order ethyl
lactate + 2-aminoethanol > ethyl lactate + ethyl acetate > ethyl
lactate + 2-chloroethanol. Also, the FT-IR spectroscopic
studies clearly revealed complementary information about
the hydrogen bonds between distinct molecules and supported
the strength of intra- and intermolecular interactions for three
binary systems as per the above suggested trend. Obviously,
these excess properties and FT-IR study results provided
significant information for a deeper understanding of intra- and
intermolecular interactions between unlike molecules in liquid

Table 11. continued

aA few hydrogen atoms are omitted for clarity. The stabilization energy represented above in the table is the energy difference between individual
molecules without interaction and molecules with interaction. The molecules that are involved in intermolecular hydrogen bonding are found to
have a lower energy than individual separate molecules

Table 12. QTAIM Results of the Hydrogen Bonds of Interacting Sets (a−c) at the BP86-D3 (BJ)/Def2-TZVPP Level of
Theory (the Values Are in a.u.)

set interacting hydrogen bond ρ(r) ∇2ρ(r) H(r) V(r) G(r) εBCP η
a H19−N9 +0.045 +0.063 −0.010 −0.036 +0.026 +0.007 0.35
b H25−O5 +0.024 +0.083 −0.00023 −0.020 +0.020 +0.057 0.23
c H9−O13 +0.033 +0.087 −0.004 −0.029 +0.025 +0.025 0.27
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mixtures. Moreover, the computational and QTAIM results
provided information about the stabilization energies, hydro-
gen bonding interactions, and the nature of bonding
interactions between the component molecules. From these
results, it is observed that stronger interactions are prevailing in
the binary system of ethyl lactate and 2-aminoethanol when
compared to the other two systems. PC-SAFT was successfully
applied to model the density for the three binary mixtures
studied in this work (overall deviation = 0.09%). Nomoto’s
relation coupled to PC-SAFT predicted the speed of sound
with a deviation of 1.21%. Finally, it is important to highlight
that the four mixing rules used in this work to predict the
refractive index were able to correctly model this property, e.g.,
an overall deviation = 0.04% was obtained with the Lorentz−
Lorenz mixing rule.
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Figure 12. Plots of the reduced density gradient versus the electron density multiplied by the sign of the second Hessian eigenvalues and gradient
isosurfaces with s = 0.5 a.u. for the three interacting sets (a) ethyl lactate + 2-aminoethanol, (b) ethyl lactate + 2-chloroethanol, and (c) ethyl lactate
+ ethyl acetate. The colors represent the following: blue: hydrogen bonding interaction, green: attractive electrostatic interaction, and red: repulsive
interaction. The colors are based on product values of (sign) (second Hessian eigenvalue) (electron density) ranging from −0.03 to 0.02 a.u.
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(20) Grande, M. D.; Álvarez Juliá, J.; Barrero, C. R.; Marschoff, C.

M. Insight into the binary mixture of ethyl lactate + acetonitrile from
density, speed of sound and refractive index measurements. Phys.
Chem. Liq . 2019 , 57 (2), 151−162, DOI: 10.1080/
00319104.2018.1432050.
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