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Density (p) and speed of sound (u) findings on the binary liquid mixtures consisting of cyclohexanol
(CH—OH), with aniline (A), ortho-chloroaniline (0-CA), and meta-chloroaniline (im-CA) were gathered at
the various temperatures spanning the entire concentration range. 303.15, 308.15,313.15 and 318.15 K at
atmospheric pressure. The information measured there was utilized to compute excess molar volume
(VE), excess isentropic compressibility (KE), excess of speed of sound (uF), excess intermolecular free

length (LF) and excess acoustic impedance (ZF). Further, the partial molar volumes (Vo1 V;_l. V,;‘z. V;_,z),

partial molar compressibilities (K, ;, K1, Ky, 5. K;,) and their excess values (751,1- V;f]. Ve, V;;:Z),

(K;l, ?;1, ?,En_z, Kfz) were also computed to perceive more information on molecular interaction and
structural effects in these mixtures. Applying the theory of Prigogine—Flory—Patterson (PFP) as a
framework, the VE data of the current liquid mixtures were examined. The analysis of the experimental
data took into consideration the interactions that occur between the individual molecules that make up
liquid mixtures. By using density functional theory DFT (B3LYP) of 6-31 ++ G (d,P) to analyze the ge-
ometries, bond characteristics, interaction energies, and hydrogen bonded complexes in organic solvent
phase, quantum chemical calculations were able to further confirm the hydrogen bonding that pre-
dominates between cyclohexanol with aniline and chlorosubstituted anilines.

© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

Excess thermodynamic properties of binary liquid mixtures one
of the essential tool for the process of developing industrial ma-
chinery and interpretation of solution theories. The deviation from
ideal behaviour is observed when polar compounds are involved
which are under the investigation. The volumetric and acoustic
properties of binary mixtures are useful for the estimation of nature
and strength of intermolecular interactions between component
molecules [1,2]. Excess molar volume (VE), excess isentropic
compressibility (KE), are useful to estimate strength of molecular
interactions and to test solution theories and mathematical models
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[3] and for development of separation techniques and equipment,
and for many potential industrial applications [4]. The liquid com-
ponents that are under well-known organic liquids are the subject of
this inquiry; in addition to being utilized as a raw material in in-
dustries and for ordinary analytical work, they were selected
because they have a broad range of applications in numerous do-
mains of chemistry. Cyclohexanol (an alcohol) can act as a hydrogen
bond donor because of the hydroxyl (—OH) group. An essential in-
termediate substance, cyclohexanol is utilized extensively in the
synthesis of hexanedioic acid and hexamethylenediamine, both are
used as an important material for production of nylon, capro-lactum.
Aniline and its chloro derivatives (o-chloroaniline, m-chloroaniline)
have an amino (—NH,;) group, which can act as a hydrogen bond
acceptor through the nitrogen atom.

Further, it is also used as a plasticizer, and stabilizer in the
manufacture of paints, varnishes, and lacquers, ortho and meta
chloroanilines are widely used in polymers, rubber,
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pharmaceutical, dye industries and in organic synthesis. Aniline
finds its primary use in the production of rubber accelerators, anti-
oxidant substances dyes and intermediary compounds, photo-
graphic chemicals, urethane foams, explosives, refined petroleum
products, and fungicides and herbicides. The hydrogen bond
strength chloro substituents (Cl) in different positions (ortho- and
meta-) on the aniline ring could influence the strength of the
hydrogen bonds. This happens because the electron-withdrawing
nature of chlorine can alter the electron density on the nitrogen
atom, impacting the ability of the amine group to participate in
hydrogen bonding. This work provides fresh experimental infor-
mation on the densities (p) and speed of sounds (u) measured at
various temperatures 303.15, 308.15, 313.15, and 318.15 K for binary
liquids mixtures of cyclohexanol + aniline and chloro substituted
anilines across the composition range. Additionally, the partial
molar characteristics were verified and the thermodynamic prop-
erties were examined using this experimental data. The results
were computed, and the polynomial formulas were used to analyze
the excess qualities. In addition, to verify their suitability, sound
velocity data for fluid mixtures were analyzed at various temper-
atures under experimental conditions applied to Jacobson's free
length theory (FLT) and Schaff's collision factor theory (CFT). To the
best of our knowledge, the binary mixture of cyclohexanol + aniline
and chloro substituted anilines has not had any experimental data
for densities or speed of sound published in the literature. This is a
portion of our continuing investigation on the thermodynamic
characteristics of liquid mixes that comprise polar and protic sol-
vents [5—9]. Here, we present unique outcomes from experiments
for the above systems. Furthermore, we computed the electronic
structure of molecular systems using the density functional theory
(DFT), which is a highly accurate mathematical approach for
replicating experimental data related to molecule geometry, fre-
quency vibrational, atoms charges, adipole moment, and thermo-
dynamic characteristics [10—13].

2. Experimental

All chemicals were purchased (A.R. grade) from Sigma Aldrich
and SD. The mass percentage purity of all substances utilized in this
investigation has been verified, and the method of purification and
expected purity analysis technique are provided in Table 1. To make
the binary liquid mixes, an electronic balance (A foset, ER 120A,
India) was used to a suitable quantity of pure liquids should be
weighed with a precision of +0.1 mg. In order to minimize evapo-
ration loss, the liquid substances were then syringed into sealed,
airtight bottles. The estimation of the mole fraction has an error of
+1 x 104 With an error of +5 x 1073 kg-m 3, with the aid of an
Anton Paar DMA 5000 computerized swinging U-tube densimeter
using, the density values (p) of the binary mixtures and matching
chemical compounds were determined. Instrument of supplier of
Mittal enterprises India Pvt. Ltd., New Delhi. M81, speed of sound of
liquids that are pure and their liquid mixtures was measured using
a single crystal ultrasonic instrument of variable route waves

Table 1

The specifications pure components.
Chemical Source CAS Purity Linear

number inmass  formula
fraction

Cyclohexanol Sigma Aldrich, India 108-93-0 >0.98 CgH110H
m-Chloro aniline  Sigma Aldrich, India 108-42-9  0.98 CgHeCIN
o0-Chloro aniline S.D fine Pvt. Ltd. 95-51-2 0.98 CgHgCIN
Aniline Sigma Aldrich, India. 62-53-3 >0.99 CgHsNH,

analysers running at a frequency of 2 MHz [14]. The estimated
uncertainty in density and excess volume was found to be
+5 x 107 g-cm > and +0.002 cm?-mol~! respectively. The details
of the methods and methods of measuring were described earlier
[15,16]. By evaluating the p and u of the experimental solutions with
those described in Refs. [17—34], the purity of the solutions was
carefully examined and the results were provided in Table 2. In
addition, The Gaussian 03W programme was used to perform all of
the quantum chemistry calculations using the DFT (B3LYP 6-
31 ++G (d, p)) basis sets [35]. Both the visual animation and the
validation of the normal mode assignment were investigated using
the Gauss view software [36]. Utilizing density functional theories
(DFT), the optimal molecule's energy absorption spectra were
found.

An extensive a review of the scientific literature demonstrates
those binary combinations' more physicochemical characteristics
of cyclohexanol with chlorotoluenes [37], n-alkanes [38] with
alkylamines [23], alkanols [39,40], acetone [41]. They were recor-
ded. As far as we are aware, excess thermodynamic characteristics:
(VE.KE LE,ZE and uf) are not available in literature for the liquid
mixtures of cyclohexanol with aniline, ortho-chloroaniline (0-CA)
and meta-chloroaniline (m-CA). Hence, we have undertaken the
present investigation of above said properties, for the mixtures of
aniline molecules chloro compound and changing its location from
ortho to meta position that may influence both the sign and
magnitude of excess thermodynamic properties.

3. Results and Discussion

The measured density (p) and the speed of sound (u) of binary
liquid mixtures of cyclohexanol with aniline and chloro substituted
anilines, Throughout the entire composition range reported as
mole fraction x; of cyclohexanol. (0< x; <1) are Table 3 lists the
values, which are visually illustrated in Figs. S1 and S2, at 303.15,
308.15, 313.15, and 318.15 K, respectively. For all examined systems,
p and u values drop with increasing temperature in the following
order: cyclohexanol (CH—OH), aniline (A), ortho-chloroaniline (o-
CA), and meta-chloroaniline (m-CA).

Eq. (1) was used to fit the experimental data of p and u to a
polynomial formula [6].

k
F(x)=>_ Axi! (1)
i=1

Table 4 provides a summary of the coefficient values A; and
standard deviations ¢ for both p and u data.

3.1. Excess molar volume (VE)

To calculate the excess molar volumes data, apply for the
following formula was utilized.

VrEn:ZXiMiQO*l —P;K*]) (2)
i1

where p and p"* are the densities of the combination and the density
of the pure liquid molar mass of element I in composed is repre-
sented by M;, and its mole fraction is represented by x;. Table S1
contains the observed excess molar volumes., and are graphically
represented at all the four temperatures in Fig. 1. The measured
systems (VE, KE, LE, ZE and uF) values were matched with the
Redlich—Kister [42] Eq. (3) in the following way:
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Table 2
Experimental and literature values of density (p), speed of sound (u) and heat capacity (Cp) of pure liquids at different temperatures.
Liquids T/K p/kg-m—3 u/m-s! Cp/]-K~'-mol~!
Expt. Lit. Expt. Lit. Expt.
Cyclohexanol 303.15 0.94141 0.94143 [23] 1444.2 1443.2 [24] 135.68 [35]
308.15 0.93726 0.93723 [24] 1425.1 1419.6 [23] 137.83 [35]
313.15 0.93341 0.93348 [24] 1415.3 1414.2 [23] 139.98 [35]
318.15 0.92805 0.92811 [24] 1381.6 1380.8 [23] 142.10 [35]
m-Chloro 303.15 1.20540 1.20532 [19] 1518.3 1517.5[19] 204.64 [35]
aniline 1.20530 [30] 1517.0 [26]
308.15 1.20068 1.20075 [19] 1501.4 1501.2 [19] 205.38 [35]
1.20075 [30]
313.15 1.19603 1.19600 [19] 1480.7 1480.3 [19] 206.12 [35]
1.19602 [30]
318.15 1.19132 1.19125 [19] 1465.2 1464.8 [19] 206.8 [35]
1.19125 [30]
o-Chloro 303.15 1.20268 1.20269 [17] 1469.5 1469.6 [17] 171.54 [35]
aniline 1.2026 [27] 1469.6 [25]
1.2027 [29] 1469.5 [27]
1470 [26]
308.15 1.19798 1.19802 [17] 1452.4 1452.8 [18] 173.14 [35]
1.19802 [18] 1453.4 [27]
1.1980 [27] 1455.13 [28]
1190.62 [28]
313.15 1.19296 1.19302 [17] 1436.1 1435.9 [18] 173.54 [35]
1.19302 [18] 1435.3 [27]
1.1930 [27] 1436 [26]
318.15 1.18843 1.18849 [17,18] 1419.2 1418.9 [17] 174.25 [35]
1.1884 [27] 1418.9 [18]
1418.8 [27]
Aniline 303.15 1.01320 1.01318 [20,21] 1614.8 1614.5 [22] 193.2 [35]
1.0129 [31] 1615.0 [34]
1.0130 [32]
1.01317 [33]
1.0172 [34]
308.15 1.00887 1.00885 [22] 1606.4 1606.5 [22] 194.4 [35]
1.0086 [31] 1606.6 [34]
1.00890 [33]
1.0085 [18]
313.15 1.00438 1.0042 [31] 1586.2 1586.0 [22] 195.6 [35]
1.00463 [33] 1586.6 [34]
1.0048 [34]
318.15 1.00037 1.00036 [33] 1572.6 — 196.8 [35]

Note: The standard uncertainties are u(p) = +0.6 x 10~ g-cm™3, u(u) = +0.7%, u(T) = 0.01 K for density, u(T) = 0.02 K for speed of sound and u(p) = 1 kPa.

k .
F(x)=x1%3 > aj(x —x)"""! (3)
i-1

where q; is the determinants of polynomials equations, k is the
measured by polynomial degree, and all the excess properties
represents by F(x). The values of coefficients a; and stranded de-
viations ¢ for excess properties are given in Table 5.

An investigation of VE curves in Fig. 1 for the systems
of cyclohexanol with aniline, ortho-chloroaniline, and meta-
chloroaniline indicate that the VE data is more negative in the bi-
nary system containing aniline at all the investigated temperatures
at 303.15 K. The maximum negative VE data was seen at mole-
fraction range for the systems cyclohexanol + aniline (X; = 0.4995,

Vr% = —0.9819, cyclohexanol + o-chloroaniline (X; = 0.6010,
VE = —0.5244, and cyclohexanol + m-chloroaniline (X; = 0.5683,
VE = —0.4770). The negative VE reveal that on mixing of compo-

nent molecules attractive interactions or more effective packing is
observed between component molecules. It was well established
that, large negative deviations arised from effective interactions
between component molecules, and interstitial accommodation,
are causing a perfect state in certain combinations. [5,43—46]. The
interactions may hydrogen bonds and the combination of dipole
interactions between incompatible compounds. An examination of

VE  curves suggest that the binary mixture containing

cyclohexanol + aniline is producing more negative (VE) values
when compared to the isomers of chloroaniline meolecules. This
may be clearly explained by considering the following facts:

Aniline is more basic than (0-CA) and (m-CA). The basicity of
aniline and its derivatives is impacted of the presence of sub-
stituents on the benzene ring. Aniline is a primary aromatic amine
that can accept a proton to for anilinium ion (C¢HsNHY) and the
lone pair of electrons on the nitrogen atom in aniline is available for
protonation.

When chlorine atoms are attached to the benzene ring as ortho-
chloroaniline or meta-chloroaniline, the inductive action of the
chlorine changes the net electron density on the nitrogen atoms,
since chlorine is an electron withdrawing group, which decreases
the availability of the lone pair of electrons on the nitrogen
atom for protonation. This reduces the basicity of chloroanilines
when compared to aniline. Among ortho-chloroaniline and meta-
chloroaniline mixtures, the intermolecular interactions are mini-
mum in the mixture containing meta-chloroaniline.

Basicity refers to a property of a compound to accept protons
(H™). In the case of amino compounds, the basicity is influenced by
electron donating or electron—withdrawing nature of substituents
on the aromatic ring. The chloro group (—Cl) is an electron with-
drawing group, due its electro negativity. This leads to reduction in
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Table 3
Densities p and speeds of sound u for cyclohexanol with aniline and chloro substituted anilines systems at different temperatures.
X px 10-3/kg-m3 u/m-s!
303.15K 308.15 K 313.15K 318.15K 303.15 K 308.15K 313.15K 318.15K

Cyclohexanol (1) + m-CA
0.0000 1.2054 1.2012 1.1965 1.1899 15183 1501.4 1480.7 1465.2
0.1073 1.1783 1.1743 1.1697 1.1635 1512.8 1496.0 1477.0 1459.9
0.2124 1.1517 1.1479 1.1434 1.1377 1506.6 1489.9 1472.4 1453.7
0.2983 1.1298 1.1262 1.1217 1.1163 1501.0 1484.3 1468.0 1447.8
0.3361 1.1202 1.1166 1.1122 1.1069 1498.4 1481.7 1465.9 1445.0
0.4024 1.1031 1.0997 1.0953 1.0903 1493.6 1476.9 1461.9 1439.8
0.4962 1.0788 1.0755 1.0713 1.0665 1486.5 1469.7 1455.8 14319
0.5683 1.0599 1.0567 1.0524 1.0479 1480.8 1463.9 1450.8 14254
0.6090 1.0491 1.0460 1.0418 1.0374 1477.5 1460.5 1447.8 1421.6
0.6982 1.0252 1.0222 1.0180 1.0138 1470.1 14529 1440.9 14129
0.7899 1.0003 0.9974 0.9932 0.9892 1462.4 1444.5 1433.5 1403.5
0.8919 0.9721 0.9692 0.9650 0.9611 1453.6 1435.3 14249 1392.6
0.9324 0.9607 0.9578 0.9536 0.9497 1450.1 1431.5 1421.3 1388.1
1.0000 0.9415 0.9387 0.9344 0.9306 14442 1425.1 1415.3 1380.6

Cyclohexanol (1) + o-CA
0.0000 1.2025 1.1976 1.1930 1.1899 1469.5 1452.6 1435.7 1418.7
0.1024 1.1771 1.1723 1.1679 1.1650 1468.4 14523 1437.7 1420.2
0.2022 1.1522 1.1476 1.1435 1.1406 1467.3 1451.9 1438.4 1420.3
0.2981 1.1282 1.1237 1.1200 1.1170 1466.1 1451.0 1438.2 14194
0.3390 1.1179 1.1135 1.1099 1.1069 1465.5 1450.5 1438.0 1418.6
0.4016 1.1021 1.0977 1.0943 1.0913 1464.6 1449.6 1437.3 1417.2
0.4986 1.0772 1.0730 1.0699 1.0668 1462.7 1447.7 1435.9 1414.1
0.5681 1.0593 1.0550 1.0521 1.0489 1461.2 1445.9 1434.4 1411.2
0.6010 1.0507 1.0464 1.0435 1.0404 1460.3 1445.0 1433.5 1409.7
0.6994 1.0246 1.0204 1.0176 1.0144 1457.4 1441.6 1430.1 14043
0.7987 0.9977 0.9935 0.9909 0.9875 1453.7 1437.2 1425.9 1397.6
0.8992 0.9700 0.9657 0.9631 0.9595 1448.9 1431.7 1420.7 1389.8
0.9318 0.9608 0.9566 0.9539 0.9502 1447.1 1429.8 1418.9 1387.0
1.0000 0.9415 0.9372 0.9344 0.9306 14433 1425.1 1414.6 1380.9

Cyclohexanol (1) + aniline (2)
0.0000 1.0139 1.0079 1.0044 1.0004 1612.8 1606.4 1586.2 1572.6
0.1062 1.0089 1.0040 1.0007 0.9970 1598.5 15914 15734 1558.6
0.2269 1.0026 0.9985 0.9953 0.9920 1580.8 15729 1557.0 1540.4
0.2978 0.9985 0.9947 0.9916 0.9882 1569.9 1561.3 1546.4 1528.7
0.3248 0.9967 0.9931 0.9899 0.9868 1565.6 1556.8 1542.1 1524.0
0.4031 0.9916 0.9884 0.9851 0.9820 1552.9 1543.2 1529.6 1510.0
0.4995 0.9849 0.9819 0.9785 0.9756 1536.6 1525.8 1513.1 1491.7
0.5784 0.9789 0.9760 0.9727 0.9697 1522.9 1511.0 1499.0 1475.9
0.6109 0.9763 0.9736 0.9701 0.9671 1517.1 1504.8 1493.0 1469.1
0.6977 0.9692 0.9665 0.9630 0.9599 1501.4 1487.8 1476.6 1450.6
0.7918 0.9611 0.9584 0.9547 09514 1484.0 1468.8 1458.1 1429.7
0.8949 0.9517 0.9489 0.9449 0.9414 1464.4 14474 1437.2 1405.8
0.9234 0.9490 0.9462 0.9422 0.9386 1459.0 14414 14313 1399.1
1.0000 0.9415 0.9387 0.9344 0.9306 1444.2 1425.1 1415.3 1380.6

Note: Standard uncertainties u are, u (T) = + 0.02 K, u(p) = + 0.04 MPa and the combined expanded uncertainty Uc in mole fraction, density and sound velocity were Uc
(x) = £0.004, Uc (p) = + 0.003 x 107> kg-m~> and Uc (u) = + 0.1 m-s~ ! respectively (0.95 level of confidence).

the electron density on the amino group making it lesser donation
of a lone pair of electrons to a proton.

In the 0-CA, the chloro group is in ortho position, which can lead
to steric hindrance and a slight decrease in basicity when compared
to aniline. Whereas, when the chloro group is in meta position, it
has a reduced effect on the amino group. Hence, more negative VE
data was observed in the binary system containing cyclohexanol
and o-CA aniline when compared to cyclohexanol and m-CA
system.

Moreover, the group linked to the benzene ring determines the
m-electron density in its compounds. As a result, the net concen-
tration of electrons in the ring determines how component mole-
cules interact heteromolecular. The distance between the
orientation of the two groups on the benzene ring may have an
impact on these chemical reactions. It is anticipated that the bond
between molecules would diminish as the distance separating the
two groups grows. In the case of an ortho isomer, the intermolec-
ular interactions cause a large strain in the ring creating an opposite

pole at ortho side, developing a dipolar character when compared
to meta derivatives. Therefore, it was anticipated that interactions
would be greater in ortho derivatives as opposed to meta de-
rivatives [47].

3.2. Excess isentropic compressibility (| KE )

Table S1 shows reports the excess molar isentropic compress-
ibility (KE) various temperatures of all the binary liquids combina-
tions of different mole fractions. Applying Eq. (4), the isentropic
compressibility (ks) was successfully determined.

2\ ! 2\ !
K5:<p~u ) :Vm(M~u ) (4)
where M is the combination's molar mass and molar isentropic

compressibility is Ksm The results were determined using the
proposed relations by Douheret et al. [48,49].
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Table 4
Parameters (A;) of Eq. (1) for densities and speed of sound of cyclohexanol with aniline and chloro substituted anilines at different temperautres.
F (x) T/K A A, As o
Cyclohexanol (1) + m-chloro aniline (2)
px 1073/kg-m~> 303.15 1.204 —0.245 -0.017 0.0004
308.15 1.201 -0.241 -0.021 0.0003
313.15 1.195 -0.230 -0.028 0.0006
318.15 1.189 —0.201 —0.037 0.0005
u/m-s! 303.15 1518.0 —-55.4 -19.8 03
308.15 1501.0 -52.5 —24.7 03
313.15 1481.0 —36.1 -30.2 0.2
318.15 1465.0 -50.9 —34.8 0.3
Cyclohexanol (1) + o-chloro aniline (2)
px 1073/kg-m—3 303.15 1.203 -29910 0.037 0.0004
308.15 1.198 -30.570 0.043 0.0005
313.15 1.195 —31.480 0.053 0.001
318.15 1.194 —32.680 0.064 0.001
u/m-s! 303.15 1461.0 —-10.3 -7.2 0.2
308.15 1456.8 —32.6 04 0.2
313.15 1437.0 —-24.1 0.7 0.2
318.15 1420.0 —43.7 3.2 03
Cyclohexanol (1) + aniline (2)
px 1073 /kg-m— 303.15 1.013 —0.044 -0.028 0.0001
308.15 1.008 -0.035 —0.034 0.0002
313.15 1.004 —0.034 —0.036 0.0002
318.15 1.001 —-0.031 -0.036 0.0002
u/m-s! 303.15 16133 —-137.4 -32.2 03
308.15 1606.9 —142.3 —40.0 03
313.15 1586.1 —123.1 —49.2 04
318.15 1573.2 —1334 -59.9 0.4
excess compressibility are predominate in using the all binary
Ksm= — (0Vm/0P)s =Vmks = ZX,'M,' / (pu)? (5) combination. The algebraic «§ data for the mixtures of cyclohexanol

After calculating the surplus molar amounts,
KE = Ksm — KIS, (6)

where I(is‘?m has been determined using the Benson and Kiyohara
method [50]:

. « . EXI'A;; . A;; .
Kt = s K6, 1| () - (& )
" ! \EXG Cpi

While the aforementioned equations, A, ; is the product of the
is the
isobaric molar heat capacity, and K;_,- is the properties of the pure

molar volume V*

P . . - .
mi » @p; is the isobaric expansivity, Cp

Ji

liquid component i.

The statistics on excess isentropic compressibility are displayed
in Fig. 2, over the entire composition temperature range at
T = 303.15 K for the mixtures of cyclohexanol with aniline, ortho-
chloroaniline and meta-chloroaniline. The («£) data, can be
described by two opposing elements, which are (i) loss of reversible
dipolar coupling, size and shape differences between different
molecules and (ii) electron-donor-acceptor interactions, dipole-
dipole, dipole-induced dipole, and intervening accommodation of
aniline, ortho-chloroaniline and meta-chloroaniline in cyclohexanol
matrix. The former factor leads to an increase of free length
measured as proposed by Jacobson [51]. This causes negative de-
viation in sound velocity and positive deviations in excess isen-
tropic compressibilities, the latter effect conversely creates positive
variance in sound velocity and negative variance in (KE) The actual
deviation depends on the proportional amount, sign, and strength
of the two opposing impacts [52]. A perusal of curves in Fig. 2 reveal
that the factors which are responsible for negative deviation in

with aniline, ortho-chloroaniline, and meta-chloroaniline fall in the
order: aniline > o-chloroaniline > m-chloroaniline

3.3. Excess properties of free length (LF ) acoustical impedance (ZF)
speed of sound (uF)

The u can also be used to infer different features from it, which
can be used to describe the kind and intensity of interaction that
exists between the components. The specifications such as inter-
molecular free length (Lf) [51], which is a measure of free space
accessible inside the arrangements of molecules, and specific
acoustic imped ance (Z) were estimated using the following rela-
tion [51,53].

L=K/(u-p"?) (8)

Z=u-p 9

where Lt is the free length of ideal binary mixing, K is a temperature
dependence of constant value of {=(93.875 + 0.375T) x 10~8} [51]).
The excess functions operations of intermolecular interaction of
free length Lf and acoustic impedance Z were computed utilizing
the relations:

Lf=Le = xilg; (10)

ZE=7-N"x2Z (11)
1

uE=u— S "xu (12)
1%
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Fig. 1. Excess molar volume of binary mixtures containing cyclohexanol (1) + aniline
and chlorosubstituted anilines (2) at different temperatures.

The results of KE, L'f': and ZF were further fitting to a polynomial
equation resembling that of the extra molar volume.

The intermolecular interaction of free length is a one of the sig-
nificant physical attributes of binary liquid mixtures, which mostly
influences the sound velocity in liquids. The densely packed mole-
cules that cause the negative excess functions explain the pre-
dominant effective molecular interactions between component
molecules, when they are mixed. The sign of KSE and LF may play key
role in assessing the bonding of hydrogen and the creation of charge
transfer complexes between interaction molecules in binary liquid
mixtures, dipole-dipole interactions, dipole-induced dipole in-
teractions followed by Refs. [54,55] causing negative values of LF. An

analysis of LE slopes show in Fig. 3. Suggest that, specific interactions

are prevailing between cyclohexanol with aniline, o-chloroaniline
and m-chloroaniline binary mixtures. The ZF (Fig. 4) values indicate
positive for every system at every temperature that was examined.
The combination of mixture shows how the interactions between
the mixture's dissimilar molecules are becoming stronger.

Alook at the curves in Fig. 5 suggests the excess speed of sound
(uF) statistics data are positive for the cyclohexanol with aniline,
ortho-chloroaniline and meta-chloroaniline binary liquid mixes at
every temperature under investigation over the whole composition
range. The extent and indication of u® provides the following in-
formation about the specific intermolecular interactions prevailing
in the binary liquid mixtures.

Generally positive deviations speeds of sound uF indicate the
presence of tightly bonded interactions and negative deviation in
uF specify weakly bonded interactions between unlike molecules in
the binary mixtures [56,57]. The studied similar molecules' positive
uF data in the binary mixes.

3.4. Prigogine flory patterson (PFP)

The Prigogine-Flory-Patterson (PFP) analytical method for non-
electrolyte combinations of liquids could be used to appropriately
analyzed the information being studied. [58—60]. Nevertheless,
liquid mixtures and non-associated liquids are not covered by the
PFP hypothesis. But in liquid mixes, where one or both constituents
are pure and interact with one another because of differences in
their chemical makeup, size, and form, the issue gets more
complicated. Keeping this in mind, the VE data were evaluated
using PFP theory to investigate its capacity to predict of isentropic
compressibilities and sound velocity in a variety of binary liquid
combinations containing cyclohexanol + aniline and chloro
substituted anilines. Here, the PFP simulation was implemented
using the preceding outlined procedure and formulae [61].
Furthermore, PFP theory can be used to polar and non-polar mol-
ecules that are mixed together in a binary combination.

~1/3 ~2/3
VIEI (V / — l)V / q’lﬁlxlz
(X1Vy +X,V3) Kg) 73 1}1)*
(int. contribution)
2
(\71 - \72) [(g) v 1}%%
4\ ~-1/3 I
G

(fv. contribution)

(\71 _ Vz) (P} — P30,
P;lpl +P;l[/2

(P*. contribution)
(13)

where V and V; were the reduced volumes of mixture and pure
components; V;" and P} were the characteristic volume and pres-
sure of pure components ¥; and #; represents contact energy
fraction and surface fraction of pure components respectively.
Table 6 shows the several of the PFP theory's variables for
applying pure components. Using the PFP theoretical terms, the
contact interactions variable is calculated. i, for each liquid
mixture based on excess molar volume equimolar values at x; =0.5.
Table 7 shows and measure that the only positive contribution to
excess molar volume of P*, whereas the interaction and free volume
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Table 5
Coefficients (a;) of equation (3) and standard deviation o for excess properties of binary mixtures at different temperatures.
F (x) T/K a; ay as 4
Cyclohexanol (1) + m-chloro Aniline (2)
VE x 105/m>-mol ! 303.15 ~1.778 0.496 -0.11 0.0004
308.15 —1.834 0.481 0.081 0.0006
313.15 —1.998 0.451 -0.111 0.001
318.15 —-2.109 0.378 -0.217 0.001
KE x 1010/ TPa~! 303.15 ~97.68 ~14.99 -0.332 0.001
308.15 -106.3 —24.81 —0.826 0.001
313.15 —-128.8 -21.70 —0.093 0.001
318.15 —196.0 11.56 77.79 0.001
10°ZF/kg-m 2.5 303.15 ~51.17 ~5.567 ~0.605 0.008
308.15 -71.54 —20.22 2.71 0.02
313.15 —82.99 -31.89 —3.479 0.03
318.15 —10.44 —32.31 5.154 0.1
10? LF/nm 303.15 —0.051 0.002 0.001 0.0005
308.15 -0.021 0.045 0.004 0.0004
313.15 0.036 0.403 0.047 0.0004
318.15 0.029 0.084 0.006 0.0001
uE/m~s’1 303.15 13.46 84.64 32.24 0.006
308.15 14.51 102.7 40.03 0.001
313.15 17.14 108.2 39.55 0.01
318.15 19.60 115.6 77.79 0.004
Cyclohexanol (1) + 0-CA (2)
VE x 105/m3-mol ! 303.15 -7.513 2.816 —0.222 0.0001
308.15 -7.74 2.850 —0.191 0.0004
313.15 —-7.913 2952 —0.236 0.0001
318.15 —8.881 2.862 —0.151 0.0002
KE x 1010/ TPa™! 303.15 —22.08 2.847 -0.56 0.02
308.15 —27.42 -5.36 —0.458 0.005
313.15 —33.66 —9.042 —1.332 0.02
318.15 —22.08 —2.847 —0.356 0.003
10°Z%/kg-m 25! 303.15 27.56 —-3.215 —0.854 0.01
308.15 37.36 —0.748 —2.137 0.05
313.15 55.94 6.207 —3.638 0.03
318.15 68.95 0.03 —3.146 0.01
102 LF/nm 303.15 —0.226 —0.164 —0.001 0.0001
308.15 —0.256 —0.026 0.001 0.0001
313.15 —0.287 —-0.43 0.003 0.0001
318.15 —0.347 —0.044 0.003 0.0001
uE/m-s! 303.15 19.91 —7.435 0.041 0.01
308.15 24.75 —-5.916 —0.595 0.04
313.15 30.16 —5.483 —0.32 0.003
318.15 34.78 —6.61 —-4.14 0.01
Cyclohexanol (1) + aniline (2)
VE x 106/m*-mol " 303.15 ~3.925 ~0.189 0.069 0.001
308.15 —4.493 —0.083 -0.104 0.001
313.15 —4.753 —0.074 —0.698 0.004
318.15 -5.174 -0.164 —0.106 0.001
KSE x 101°/TPa*‘ 303.15 —0.665 —0.033 0.002 0.0001
308.15 —0.78 —0.048 —0.481 0.0001
313.15 —0.884 —0.047 —-0.013 0.0004
318.15 —1.052 —0.089 —0.02 0.0001
10°ZF/kg-m 257! 303.15 62.41 13.17 2.1320 0.2
308.15 78.19 17.01 2.9930 0.2
313.15 90.23 —-20.28 5.6410 0.3
318.15 90.23 —-20.28 5.6410 0.1
10? L?/nm 303.15 —0.231 0.001 —0.009 0.001
308.15 —0.282 —0.001 —0.011 0.001
313.15 -0.315 0.004 —0.016 0.001
318.15 —0.389 —0.01 —0.021 0.001
uf/m-s! 303.15 31.87 -7.106 1.624 0.1
308.15 39.67 —7.086 1.579 0.1
313.15 48.86 —9.635 2.449 0.1
318.15 59.61 —8.805 3.273 0.1
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Fig. 2. Excess isentropic compression of binary mixtures containing cyclohexanol
(1) + aniline and chlorosubstituted anilines (2) at different temperatures.

contributions are negative. Both of these elements are dominant
over P* contribution. The substantially higher negative values of
the x12 parameter for the tested systems indicate a higher likely
hood of chemical interaction, as demonstrated by the results VE.
Fig. 6 shows a comparison between the measured excess molar
volume and the mathematically predicted excess molar volume at
T = 303.15 K using PFP concept. There is a strong link between the
data displayed in the image.

Fig. 3. Excess intermolecular free length of binary mixtures containing cyclohexanol
(1) + aniline and chlorosubstituted anilines (2) at different temperatures.

Studying the speed of sound (u) theoretically and applying
different ideas proves the cessation of intermolecular interactions
as determined by various calculated factors [62]. The work dis-
cussed involved the theoretical evaluation of binary liquid mixes of
various temperature (T = 303.15, 308.15, 313.15, and 318.15 K) by
the applied of two theoretical model: (i) collision frequency theory
(CFT) [63]. (ii) Intermolecular free length theory (FLT) [51]. The
equations' specifics were already made public [44]. To evaluate
their amendment factor, we used the to get the average standard
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Fig. 4. Excess specific acoustic impedance of binary mixtures containing cyclohexanol
(1) + aniline and chlorosubstituted anilines (2) at different temperatures.

square variance (¢) between the experimental and theoretical re-
sults, use the following equation:

. F Z(YY)} . (14)
n

e Yexp.

The results for average standard square variance values have
been assembled in Table S5. The speed of sound of liquid

Fig. 5. Excess speeds of sound of binary mixtures containing cyclohexanol
(1) + aniline and chlorosubstituted anilines (2) at different temperatures.

mixture is a significant property at various applications,
including material science, chemistry, and process engineering.
Accurate predictions help in designing and controlling pro-
cesses. Choosing the appropriate theoretical model (in this
case, CFT and FLT) based on RMSD results ensures more reliable
predictions and can lead to better understanding and control of
mixture behaviours.
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4. Excess Partial Characteristics

The partial molar characteristics (partial molar volume and
partial molar compression, Eq. (15)) using cyclohexanol with ani-
line and chloro substituted anilines (Eq. (12)) components in this
mixture were estimated using the following equation [64] for the
whole composition range.

Vi1 = YE + Y, 1+x2<aYm/ax1) (15)

Ymo = YE +Y°, 2+x1(ay§n/axl)tP (16)

where Y, ; and Y, are the molar volumes of each component,
cyclohexanol with aniline and chloro substituted anilines, respec-

tively. The variation, (6PrEn /axl) in Eqgs. (15) and (16) were ob-

tained by differentiating Eq. (3) Wthh results in the following
equations for Y, 1 and Y2

y . j .
Y1 =Ym1 +X5 > Ai(1—2x)

i .
—2x1%3 ) _Aiix)T (17)
i=0 i

i .
—2x3%, ) Ai(1-2x)" 1 (18)

Jj
Yz =Ymo+%5 > _Ai(1- 2x7)
i=0 i=1

Making use of the partial molar characteristics values, V:H_’] and
V:n.z at infinite dilution obtained from Eqgs. (15)—(18), the excess

partial molar characteristics, V;f ;1 and 17;52 at infinite dilution are
calculated by using the following relations:

—o

Ym1=.m1-Y]) (19)
<°F = *
Ym2=Ym2—Y5) (20)

Added to that, a different approach that makes use of the
apparent molar properties was successfully used to calculate the
partial properties of molar volume at a constant dilution of Yy, ; and

Table 6

Y, » for the mixtures of two components are determined using the
following equations [65—67].

Vo1 =Ym 1+ (Ve /x1) (1)

Yoo =Y 2+ (Yr’;/xz) (22)

Egs.(21) and (22) make it simple to calculate the apparent molar
characteristics using the matching mole fractions and experimental
VE values and corresponding mole fractions. Using the linear
regression of 7;'1 versus. X; for dilute solutions of cyclohexanol in
aniline and chloro substituted anilines and Yy, , versus X, for dilute
solution of aniline and chloro substituted anilines in cyclohexanol,
the values of limiting apparent (or partial) molar properties, 7;)1

and 7;_2 at endless diluting have been acquired. Those can be
referred to as partial molar properties at endless diluting, repre-

sented as Yy, ; and Yy, , earlier. The values of V;EJ and 7;52 are used
for this calculation.

The values for Vy, 1, Vo 1, Vi, Vi 1 Vo 1, Vinas Vi 20 Vi Vi 2 and
V;fz for all the three different binary liquid systems in various
temperatures are listed on Table S3 and Fig. 7(a),(b). A careful

. —E —E —E .
observation of V.4, V5 and V., , are negative across the board for
all binary liquid combinations (mol fraction) composition range.
This indicate that the molar volume of each component in the pure
state. In general, the negative V;)Fjl, V;fz and VEm‘z values indicate the
presence of an observable a solute-solvent combination of dis-

similar molecules [68]. While the positive me the existence of
weak solute-solvent interaction. When the latter's construction
approaches zero, the aforementioned parameters, which are sen-
sitive to solute-solvent interaction, alter the situation in the solvent
by solute. In general, it is suggested that the negative partial molar
volume of a solute at infinite dilution indicate a large volume
decrease when added to pure solvent [69,70]. The infinite dilution

7E —o0 . . . - : :

V1 and V5 above data is an indication of strong interaction are
prevailing between studied components of cyclohexanol in aniline
and chloro substituted anilines binary liquid mixtures. The negative

The values of reduced volume, V, characteristic volume, V*, characteristic pressure, P* characteristic temperature, T*, isothermal compressibility, k7, isentropic compressibility,
ks and thermal expansion coefficient, « of pure liquids at temperatures, T = (303.15 to 318.15) K.

T/K % 105V* /m? - mol ! 10-8P*/J-cm 3 T" /K 101Ky /m?-N~" 100 Kg/m?-N~" 10%a/K™!
Cyclohexanol

303.15 1.2481 83.9836 6.6665 5313 5.7144 3.8934 9.8554
308.15 1.2518 84.0438 6.6972 5348 5.7830 3.9368 9.8682
313.15 1.2564 84.0176 6.7694 5370 5.9612 4.0588 9.9292
318.15 1.2609 83.9535 6.7231 5395 6.1158 4.1666 9.9790
m-CA

303.15 1.2667 83.9836 8.1449 5068 7.8506 5.0987 10.7601
308.15 1.2716 84.0438 8.2394 5091 8.0538 5.2538 10.8254
313.15 1.2758 84.0176 8.2340 5123 8.1745 5.3480 10.8569
318.15 1.2820 85.0282 8.2527 5133 8.5424 5.6351 10.9841
0-CA

303.15 1.2666 83.988 8.9548 5372 5.0924 7.8426 10.7567
308.15 1.2715 83.921 8.9756 5396 5.2456 8.0383 10.8197
313.15 1.2757 84.021 8.9668 5416 5.3428 8.1678 10.8542
318.15 1.2820 83.952 8.9773 5440 5.6376 8.5454 10.9853
Aniline

303.15 1.2497 73.500 9.0188 5291 5.2131 3.7917 9.9306
308.15 1.2535 73.715 9.0997 5324 5.2958 3.8450 9.9522
313.15 1.2581 73.700 9.1126 5347 5.4443 3.9572 10.009
318.15 1.2623 73.749 9.1591 5375 5.5615 4.0421 10.047
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Table 7

Values of x5, an experimental and calculated (using PFP theory) and three PFP contributions for near equimolar composition at temperatures, T = 303.15 to 318.15 K.

T/K X12 % 10-8/]-mol~! VE %10%/m>-mol ! PFP contribution to (VE)
Expt. PFP int. Fv P*
Cyclohexanol (1) + m-CA (2)
303.15 —454 -0.4770 —-0.4709 —-0.4769 —0.0001 0.0061
308.15 —468 —-0.5014 —-0.5013 -0.5014 —0.0003 0.0003
313.15 —486 -0.5312 -0.5315 -0.5311 -0.0010 0.0006
318.15 —-509 —0.5745 —0.5748 -0.5743 —0.0012 0.0006
Cyclohexanol (1) + O-chloro aniline (2)
303.15 —469 -0.5229 -0.5195 —0.5228 —0.0001 0.0034
308.15 —492 -0.5574 -0.5574 —0.5574 —0.0002 0.0002
313.15 —540 —0.6231 —0.6234 —0.6230 —0.0007 0.0003
318.15 —563 —0.6700 -0.6704 —0.6699 —0.0009 0.0004
Cyclohexanol (1) + aniline (2)
303.15 -971 —-0.9819 -0.9771 —0.9818 —0.0001 0.0047
308.15 —1098 -1.1273 -1.1271 —1.1272 —0.0002 0.0003
313.15 —1128 —1.1800 —1.1800 —1.1799 —0.0006 0.0005
318.15 —1206 —1.2945 —1.2945 —1.2944 —0.0007 0.0006

values of excess partial molar volume indicate the contraction in
the volume of mixtures due to charge transfer, complex formation
between component molecules and also molecule interaction

among unlike molecules is stronger than of like molecules.

—o E °E o —o

Different value of K |, Ky 1, K7, Ky 1, Ky 1, Koy Ky o, K5, Kfn,z

and K;E‘z as binary function of mol fraction x; of cyclohexanol and
Various temperatures are provided in Table S4. An analysis curves
of Fig. 7 (¢), (d) suggested that the value Kﬁﬂ , ?fn‘z, R;EJ and K, , for
both the binary liquid combination with each tomponent's indi-

cation and the overall composition range in the mixture are less
than their corresponding of compressibility of excess molar isen-
tropic in its pure condition. Further ?IEDJ, an,z, K;ﬂ and K, , can be
explained in terms of structure and geometrical compressibility as
proposed by Hall [71] and by others [72,73] structural compress-
ibility a raised from the rupture of associated structure of compo-
nent molecules and geometrical compressibility is due to side by
side composition of molecular contracting the amount of space and
lowering the average spacing between molecules.

5. Investigated of Density Functional Theory (DFT)

The DFT calculations, several criteria are typically used to
identify and quantify hydrogen bonds of interaction energies (AE)

Fig. 6. Comparison of experimental excess molar volume and theoretically calculated
(by applying PFP (———) for binary mixtures containing cyclohexanol (1) + aniline and
chlorosubstituted anilines (2) at 303.15 K.

of hydrogen-bonded complex binary mixes were computed using
the difference between the component molecule's total energy and
the energy of the hydrogen-bonded complex, as follows:

AE= Ecomplex - Z Ecomponent (23)

The maximum energies of the complex with hydrogen bonds
and individual component molecules are denoted by Ecompiex and
Ecomponent respectively. The counterpoise method is used to correct
binding strengths regarding the fundamental set superposition
inaccuracy [74]. In addition, this offers important details on the
variations in the bonding and antibonding orbitals' charge densities
as well as those of the proton donor and acceptor. Below are the
stabilization energies E (23) linked to hydrogen bonding between
sites i and j for each donor and acceptor:

2
E(23) = g &)
i &

where the diagonal components associated with are ¢; and ¢j, and g;
is the ith donor orbital frequency. For different intermolecular in-
teractions hydrogen bonding complex systems, the equilibrium
energy between the anti-bonding orbital components (7*) of the
proton donor and the lone pair electrons (1) of the proton acceptor
was calculated [75—78].

In quantum chemistry as well as optical and electric properties,
the most important are the highest-occupied molecular orbitals
(HOMO) and Lowest-lying unoccupied molecular orbitals (LUMO)
[78—80]. The HOMO represents the capacity to provide an electron,
whereas the LUMO, an electron acceptor, represents the capacity to
receive an electron. The amount of energy gap between the mo-
lecular structures HOMO and LUMO determines its lonization Po-
tential (I), The highest ionization potential (5.872 eV) and electron
affinity (0.810 eV) suggest that the aniline complex is the hardest to
ionize and the strongest electron acceptor. Electron affinity (A),
electrophilicity (w), chemical potential (u), electronegativity (x),
chemical hardness (I7), and chemical softness (S), its higher
chemical hardness (2.531 eV) and lower chemical softness (0.197)
further support its greater resistance to electron density changes,
confirming its stability [81,82]. Overall, cyclohexanol + aniline
forms the most stable complex, while cyclohexanol + m-CA and
cyclohexanol + o0-CA are more chemically reactive and softer,
suggesting they may participate more readily in electron exchange
processes. These insights are important for understanding the po-
tential applications of these complexes in chemical systems. We
performed computations in utilizing for B3LYP/6-31++G (d, p) and
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Fig. 7. Excess partial molar volumes (a), (b) and excess partial molar isentropic compressibility (c), (d) over the entire range of composition for the binary mixture containing

cyclohexanol (1) + aniline and chlorosubstituted anilines (2) at 303.15 K.

are displayed in Table 8. Using the same software, 3D graphs of the
HOMO, LUMO, and orbital components were produced B3LYP/6-
31G++ (d, p) level for cyclohexanol with aniline and chloro
substituted anilines molecule are illustrated in Fig. 8
(cyclohexanol + aniline, cyclohexanol + ortho-chloroaniline, and
cyclohexanol + meta-chloroaniline.). The red denotes the positive
phase while green denotes the negative phase. The graphic makes it
evident that the LUMO is centered on the benzene ring, but the
HOMO is distributed throughout practically the whole structure.
The majority of the orbital components in the HOMO and LUMO are
of the -anti-bonding kind. The energy output computed for HOMO
is —5.872, —-5.487 and -5.448 in cyclohexanol + aniline,
cyclohexanol + ortho-chloroaniline, and cyclohexanol + meta-
chloroaniline, respectively. LUMO is —0.810, —0.701 and —0.668 in
cyclohexanol + aniline, cyclohexanol + ortho-chloroaniline, and

Table 8

cyclohexanol + meta-chloroaniline, respectively. The finding of
energy gap value (AE) between the HOMO and LUMO
for —5.062, —4.786 and —4.780 in, respectively. The energy gap of
HOMO—-LUMO explains the eventual charge transfer interaction
within the molecule, When the molecule transitions from the
organic solvent—solvent phase, the energy gap between the HOMO
and LUMO increases [83—86]. There is an electron density exchange
during the HOMO to LUMO transformation. This transformation is
from chlorine and partially from the ring structure to the ring itself.
The LUMO is significantly stabilized due to the strong electron-
acceptor nature of an electron-acceptor group within the mole-
cule. This stabilization of the LUMO leads to a lowering of the
HOMO—-LUMO energy band gap and addition information of mo-
lecular hydrogen bonding interactions bond length given by sup-
plementary data and Fig. S3.

Calculated quantum chemical parameters of cyclohexanol + m-chloroaniline (m-CA), cyclohexanol + o-chloroaniline (0-CA), and cyclohexanol + aniline complexes at B3LYP/

6—311 G (d,p) level of theory.

S. No Chemical parameters Cyclohexanol + m-CA Cyclohexanol + o0-CA Cyclohexanol -+ aniline
1 Homo value (H) —5.448 —5.487 —5.872
2 Lumo value (L) —0.668 —-0.701 -0.810
3 Energy gap (AE) —4.780 —4.786 —5.062
4 Ionization potential (I) 5.448 5.487 5.872
5 Electron affinity (A) 0.668 0.705 0.810
6 Electrophilicity (w) 2.005 2.009 2.205
7 Chemical potential (p) —3.091 -3.097 -3.341
8 Electronegativity (y) 3.086 3.094 3.341
9 Chemical hardness (1) 2.389 2.395 2.531
10 Chemical softness (S) 2.207 2.201 0.197
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Fig. 8. Molecular representation of HOMO and LUMO of (a) cyclohexanol + m-CA, (b) cyclohexanol + 0-CA and (c) cyclohexanol + aniline.

6. Conclusions

The results of the experiment show that distinct intermolecular
interactions exist in each system, and the measured density and ul-
trasonic velocity values, as well as the assessed values of different
thermodynamical parameters, are all included. VE, «E, LE, ZF and u®
the excess/deviation properties, outcome for every system fitting by
the Redlich Kister polynomial equation. The presence of attractive
contacts due to molecules belonging to a single element being
accommodated within the interstitial position of another compo-
nents of network structure is suggested by the negative deviation of
VE. «E and LE. Additionally, it implies that in the interactions be-
tween the solvent and the solute in the aqueous
solutions, the result is a significant packing phenomena. In addition,
data on the molecular geometry, lonization Potential, electrochemical
stability, interaction energies, chemical reactivity descriptors, and
numerous other molecular properties of the systems under study
have been obtained by the DFT (B3LYP) 6-31 ++G (d,p) computations.
Changes in the structural characteristics have been seen as a result of
interactions within the molecular systems under study. The
cyclohexanol + aniline solvent has demonstrated increased chemical
reactivity in the cyclohexanol + aniline and chloro substituted aniline
systems, according to HOMO-LUMO spatial plots.

CRediT Authorship Contribution Statement

E A Lohith: Methodology, Data curation, Conceptualization. S.
Ravikumar: Writing — review & editing, Writing — original draft,
Supervision, Software, Methodology, Formal analysis, Data cura-
tion, Conceptualization. K. Keerthi: Formal analysis, Data
curation. S. Ponnusamy: Validation, Supervision, Software.
Sada Venkateswarlu: Validation, Data curation. K. Siva Kumar:
Writing — review & editing, Writing — original draft, Visualization,
Conceptualization. N.V.V. Jyothi: Visualization, Validation, Meth-
odology, Formal analysis.

Declaration of Competing Interest
The authors declare that they have no known competing

financial interests or personal relationships that could have
appeared to influence the work reported in this work.

Supplementary Material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cjche.2025.02.035.



E.A. Lohith et al. / Chinese Journal of Chemical Engineering 85 (2025) 378—392

References

(1l
[2

[3

[4

(5

(6

17

[8

(9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

R. Pradhan, B. Sinha, Thermophysical properties of binary blends of cyclo-
hexane with some esters, J. Serb. Chem. Soc. 82 (2) (2017) 189—202.

J.G. Harris, F.H. Stillinger, [somerization and inherent structures in liquids. A
molecular dynamics study of liquid cyclohexane, J. Chem. Phys. 95 (8) (1991)
5953—-5965.

T.M. Aminabhavi, K. Banerjee, Density, viscosity, refractive index, and speed of
sound in binary mixtures of acrylonitrile with methyl acetate, ethyl acetate,
n-propyl acetate, n-butyl acetate, and 3-methylbutyl-2-acetate in the tem-
perature interval (298.15—308.15) K, J. Chem. Eng. Data 43 (4) (1998)
514—-518.

H. Kumar, S. Chahal, Studies of some thermodynamic properties of binary
mixtures of acrylonitrile with aromatic ketones at T=308.15 K, J. Solut. Chem.
40 (2) (2011) 165—181.

S.L. Oswal, V. Pandiyan, B. Krishnakumar, P. Vasantharani, Thermodynamic and
acoustic properties of binary mixtures of oxolane with aniline and substituted
anilines at 303.15, 313.15 and 323.15 K, Thermochim. Acta 507 (2010) 27—34.

A. Shakila, S. Ravikumar, V. Pandiyan, R. Gaba, Thermodynamic properties of
binary liquid mixtures containing aromatic alcohol and aliphatic amines at
different temperatures, J. Mol. Lig. 285 (2019) 279—287.

R. Rajalakshmi, S. Ravikumar, K. Sivakumar, V. Pandiyan, Excess thermody-
namic properties of intermolecular interactions in binary liquid mixtures of
furfural with alkyl acetates (C1-C5) at different temperatures, Chem. Data
Collect. 24 (2019) 100299.

R. Rajalakshmi, S. Ravikumar, K. Sivakumar, M. Raveendra, V. Pandiyan, Role of
chain length in molecular interactions between monoethanolamine and 2-
alkoxyalkanols at various temperatures, Chem. Data Collect. 20 (2019) 100202.
R. Rajalakshmi, S. Ravikumar, R. Raju, R. Gaba, R. Gerald Arokiaraj, S. Bala-
murugan, R. Sangeetha, V. Pandiyan, Study of intermolecular interactions in
the binary mixtures containing cyclic ethers and benzyl amine at different
temperatures, Chem. Data Collect. 30 (2020) 100561.

P.M.W. Gill, B.G. Johnson, ].A. Pople, M.]. Frisch, The performance of the becke:
Lee: Yang: Parr (B: LYP) density functional theory with various basis sets,
Chem. Phys. Lett. 197 (4—5) (1992) 499—505.

C. Lee, W. Yang, R.G. Parr, Development of the colle-Salvetti correlation-
energy formula into a functional of the electron density, Phys. Rev. B Condens.
Matter 37 (2) (1988) 785—789.

M. Karabacak, D. Karagoz, M. Kurt, Experimental (FT-IR and FT-Raman
spectra) and theoretical (ab initio HF, DFT) study of 2-chloro-5-
methylaniline, J. Mol. Struct. 892 (1-3) (2008) 25—31.

R. Suja, A. Rathika, V.S. Jeba Reeda, A.A. Kumar, P. Divya, Synthesis, spectro-
scopic analysis (FT-IR, FT-Raman, UV, NMR), non-covalent interactions (RDG,
IGM) and dynamic simulation on bis(8-hydroxy quinoline) salicylate salicylic
acid, J. Mol. Struct. 1310 (2024) 138231.

B. Sinha, R. Pradhan, S. Saha, D. Brahman, A. Sarkar, Thermophysical proper-
ties of binary mixtures of N,N-dimethylformamide with three cyclic ethers, J.
Serb. Chem. Soc. 78 (9) (2013) 1443—1460.

B. Kumar Sarkar, A. Choudhury, B. Sinha, Excess molar volumes, excess vis-
cosities and ultrasonic speeds of sound of binary mixtures of 1, 2-
dimethoxyethane with some aromatic liquids at 298.15 K, J. Solut. Chem. 41
(1) (2012) 53—-74.

L. Venkatramana, K. Sivakumar, R.L. Gardas, K.D. Reddy, Effect of chain length
of alcohol on thermodynamic properties of their binary mixtures with ben-
zylalcohol, Thermochim. Acta 581 (2014) 123—132.

D. Ubagaramary, L.V. Muthu Vijayan Enoch, M. Gowrisankar, S. Mullainathan,
Molecular interactions in binary mixtures of 2-cholroaniline and mono-
substituted benzene derivatives at various temperatures, Russ. J. Phys. Chem.
92 (13) (2018) 2665—2678.

M. Chandra Sekhar, A. Venkatesulu, M. Gowrisankar, T. Srinivasa Krishna,
Thermodynamic study of interactions in binary liquid mixtures of 2-
Chloroaniline with some carboxylic acids, Phys. Chem. Lig. 55 (2) (2017)
196—217.

P. Venkateswara Rao, L. Venkatramana, M. Gowrisankar, K. Ravindranath,
Volumetric, acoustic and spectroscopic properties of 3-chloroaniline with
substituted ethanols at various temperatures, J. Chem. Thermodyn. 94 (2016)
186—196.

P. Vasundhara, C. Narasimha Rao, L. Venkatramana, K. Sivakumar, P. Ven-
kateswarlu, R.L. Gardas, Thermodynamic properties of binary mixtures of
aniline with halogenated aromatic hydrocarbons: measurements and corre-
lations, J. Mol. Lig. 202 (2015) 158—164.

M. Swetha Sandhya, P. Biswas, N.R. Vinay, K. Sivakumar, R. Dey, Molecular
interaction studies based on transport, thermodynamic and excess properties
of aniline and alkanol mixtures at varying temperatures, J. Mol. Lig. 278 (2019)
219-225.

K. Govinda Rao, A. Nagarjuna, S. Babu, T. Kalimulla, Speed of sound studies of
the binary liquid mixtures of N-methyl formamide with aniline at different
temperatures, Mater. Today Proc. 5 (13) (2018) 26238—26244.

M.D. Tehrani, H. Shi, H. lloukhani, K. Khanlarzadeh, E. Azizi, Experimental,
theoretical and computational study of binary systems of alkanolamines and
alkylamines with cyclohexanol at different temperatures, J. Chem. Thermodyn.
166 (2022) 106668.

K.R. Reddy, D.B.K. Kumar, G.S. Rao, P. Anila, C. Rambabu, Densities, viscosities,
sound speed, and IR studies of N-methyl-2-pyrrolidone with

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

(34]

[35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

(44

[45]

[46]

[47]

(48]

[49]

391

cyclohexylamine, cyclohexanol, and cyclohexene at different temperatures,
Thermochim. Acta 590 (2014) 116—126.

G.P. Chand, M.G. Sankar, D. Ramachandran, C. Rambabu, Densities, viscosities
and speeds of sound of binary mixtures of 2-chloroaniline with o-Chlor-
otoluene, m-chlorotoluene and p-chlorotoluene at different temperatures, J.
Solut. Chem. 45 (2) (2016) 153—187.

V. Pandiyan, S.L. Oswal, N.I. Malek, P. Vasantharani, Thermodynamic and
acoustic properties of binary mixtures of ethers. V. Diisopropyl ether or
oxolane with 2- or 3-chloroanilines at 303.15, 313.15 and 323.15 K, Ther-
mochim, Acta 524 (1-2) (2011) 140—150.

T. Kalimulla, S. Babu, Excess properties and partial molar volume of binary
mixtures of amides with o-chloroaniline, Int. Appl. Eng. Res. 14 (19) (2019)
3787—-3796.

K. Sreekanth, M. Kondaiah, D. Sravana Kumar, D. Krishna Rao, Excess acous-
tical and volumetric properties and theoretical estimation of ultrasonic ve-
locities in binary liquid mixtures of 2-chloroaniline with acrylic esters at 308.
15 K, J. Solut. Chem. 41 (7) (2012) 1088—1102.

S.S. Joshi, T.M. Aminabhavi, Excess volumes of binary mixtures of anisole
with bromobenzene, o-dichlorobenzene, o-chloroaniline and p-dioxane at
298.15, 303.15, 308.15 and 313.15 K, Fluid Phase Equilib. 60 (3) (1990)
319-326.

D. Rahul, M. Gowri Sankar, T.S. Krishna, D. Ramachandran, Thermodynamic
properties of binary liquid systems of ethanoic acid, propanoic acid, and
butanoic acid with 3-chloroaniline as a function of various temperatures,
Karbala Int. J. Mod. Sci. 2 (2) (2016) 78—87.

P.S. Nikam, S.J. Kharat, Excess molar volumes and deviations in viscosity of bi-
nary mixtures of N, N-dimethylformamide with aniline and benzonitrile at
(298.15, 303.15, 308.15, and 313.15) K, J. Chem. Eng. Data 48 (4) (2003)
972-976.

D. Soldatovi¢, J. Vuksanovi¢, 1. Radovi¢, Z. Visak, M. Kijevcanin, Excess molar
volumes and viscosity behaviour of binary mixtures of aniline/or N,N-dime-
thylaniline with imidazolium ionic liquids having triflate or bistriflamide
anion, J. Chem. Thermodyn. 109 (2017) 137—154.

AK. Nain, Densities and volumetric properties of binary mixtures of aniline
with 1-propanol, 2-propanol, 2-methyl-1-propanol, and 2-methyl-2-propanol
at temperatures from 293.15 to 318.15 K, Int. J. Thermophys. 28 (4) (2007)
1228-1244.

E. Poling, .M. Prausnitz, ].P. O'Connell, The Properties of Gases and Liquids,
McGraw-Hill, New York, 2001.

L.A. Curtiss, P.C. Redfern, K. Raghavachari, Gaussian-4 theory using reduced
order perturbation theory, J. Chem. Phys. 127 (12) (2007) 124105.

R.I Dennington, T. Keith, ]J. Millam, K. Eppinnett, W. Hovell, Gauss view
version, 2009.

C. Narasimha Rao, S. Ramanaiah, A. Chowdappa, K. Sivakumar, P. Ven-
kateswarlu, Thermodynamic and transport properties of binary liquid mix-
tures of cyclohexanol with isomeric chlorotoluenes, Phys. Chem. Lig. 53 (2)
(2015) 264—274.

H. Kaur, J.R. Khurma, B.S. Mahl, Thermodynamic properties of binary
liquid mixtures of cycloalkanol + n-alkanes, Fluid Phase Equilib. 45 (1) (1989)
121-133.

N. Segatin, C. Klofutar, Thermodynamics of the solubility of water in 1-
hexanol, 1-octanol, 1-decanol, and cyclohexanol, Monatsh, Chem/Chem. Mon.
135 (3) (2004) 241—248.

B. Sarkoohaki, M. Almasi, M. Karimkhani, Correlation studies of cyclohexa-
none/(Cs—Cyp) alkan-1-ol binary mixtures: PC-SAFT model and free volume
theory, J. Chem. Eng. Data 63 (6) (2018) 2257—2265.

G.C. Benson, S. Murakami, D.E.G. Jones, The thermodynamic properties of
acetone + cyclohexanol mixtures at 25 °C, J. Chem. Thermodyn. 3 (5) (1971)
719-731.

0. Redlich, A.T. Kister, Thermodynamics of nonelectrolyte solutions, Ind. Eng.
Chem. 40 (1948) 345—351.

A.S. Al-Jimaz, J.A. Al-Kandary, A.M. Abdul-latif, A.M. Al-Zanki, Physical prop-
erties of{anisole+ n-alkanes}at temperatures between (293.15 and 303.15) K,
J. Chem. Thermodyn. 37 (7) (2005) 631—642.

M. Raveendra, M. Chandrasekhar, C. Narasimharao, L. Venkatramanna, K.S.
Kumar, K.D. Reddy, Elucidation of hydrogen bonding formation by a compu-
tational, FT-IR spectroscopic and theoretical study between benzyl alcohol
and isomeric cresols, RSC Adv. 6 (33) (2016) 27335—27348.

C. Aneta, C.M. Kinart, Thermodynamic and physicochemical properties of bi-
nary mixtures of nitromethane with{2-methoxyethanol+2-butoxyethanol}
systems at T =(293.15, 298.15, 303.15, 308.15, and 313.15) K, J. Chem. Ther-
modyn. 43 (3) (2011) 420—429.

C.M. Kinart, W.J. Kinart, D. Checifiska-Majak, C. A, Volumetric behaviour of
binary liquid mixtures of 2-methoxyethanol with n-butylamine, sec-butyl-
amine and tert-butylamine, J. Mol. Lig. 109 (1) (2004) 19—22.

V. Syamala, D.R. Sekhar, K.S. Kumar, P. Venkateswarlu, Volumetric, ultrasonic
and transport properties of binary liquid mixtures containing dimethyl
formamide at 303.15 K, Chin. J. Chem. 25 (1) (2007) 32—43.

G. Douhéret, M.L. Davis, J.C. Reis, M.J. Blandamer, Isentropic compressibilities:
experimental origin and the quest for their rigorous estimation in thermo-
dynamically ideal liquid mixtures, ChemPhysChem 2 (3) (2001) 148—161.

G. Douhéret, M.I. Davis, J.CR. Reis, 1]. Fjellanger, M.B. Vaage, H. Hgiland,
Aggregative processes in aqueous solutions of isomeric 2-butoxyethanols at
298.15 K, Phys. Chem. Chem. Phys. 4 (24) (2002) 6034—6042.



392

(50]
(51]

(52]

[53]

(54]

[55]

[56]

(57]
[58]
(591
[60]

(61]

(62]

(63]
(64]

[65]

(66]

(67]

(68]

(69]

(70]

E.A. Lohith et al. / Chinese Journal of Chemical Engineering 85 (2025) 378—392

G.C. Benson, O. Kiyohara, Evaluation of excess isentropic compressibilities and
isochoric heat capacities, J. Chem. Thermodyn. 11 (11) (1979) 1061—1064.

B. Jacobson, Ultrasonic velocity in liquids and liquid mixtures, J. Chem. Phys. 20
(5) (1952) 927—928.

K. Sreenivasuluy, V. Govinda, P. Venkateswarlu, K. Sivakumar, Thermodynamic
properties of non-electrolyte solutions, J. Therm. Anal. Calorim. 115 (2) (2014)
1805—-1811.

R.K. Dewan, C.M. Gupta, S.K. Mehta, Ultrasonic study of (ethylbenzene + n-
alkanol), Acustica 65 (1988) 245—253.

R. Kumar, N. Swarnalatha, R. Mahesh, B. Shanmugapriyan, V. Kannappan,
Ultrasonic and spectroscopic studies on hydrogen bonded complexes of aro-
matic amine and aryl ketones in n-hexane at 303.15K, J. Mol. Lig. 163 (2)
(2011) 57-63.

M.K. Rawat, Sangeeta, ultrasonic study of molecular interactions and
compressibility behaviour of strontium soaps in chloroform-propylene glycol
mixture, Indian J. Pure Appl. Phys. 46 (3) (2008) 187—192.

S. Prakash O Sinha, Ultrasonic studies in binary mixtures of tetrahydrofuran
with formamide, methyl formamide, dimethyl formamide and 2-methyl
pyridine, Acta Acust, U. Acust. 54 (4) (1984) 223—225.

F. Kawaizumi, M. Ohno, Y. Miyahara, Ultrasonic and volumetric investigation
of aqueous solutions of amides, Bull. Chem. Soc. Jpn. 50 (9) (1977) 2229—2233.
P.J. Flory, Statistical thermodynamics of liquid mixtures, . Am. Chem. Soc. 87
(9) (1965) 1833—1838.

A. Abe, PJ. Flory, The thermodynamic properties of mixtures of small,
nonpolar molecules, J. Am. Chem. Soc. 87 (9) (1965) 1838—1846.

R.A. Orwoll, PJ. Flory, Thermodynamic properties of binary mixtures of n-
alkanes, J. Am. Chem. Soc. 89 (26) (1967) 6822—6829.

P. Bhanuprakash, N.V.V. Jyothi, C. Narasimharao, M. Raveendra, K. Sivakumar,
Elucidation of molecular interactions in the mixtures of benzylalcohol with
(C2—C4) alkylacetates through volumetric, ultrasonic, theoretical and ATR-
FTIR spectroscopic studies at T=(298.15, 303.15, 308.15 and 313.15) K, J. Mol.
Lig. 234 (2017) 49-63.

S.S. Sastry, S. Babu, T. Vishwam, H.S. Tiong, Excess parameters for binary
mixtures of alkyl benzoates with 2-propanol at different temperatures, J.
Therm. Anal. Calorim. 116 (2) (2014) 923—-935.

W. Schaff, Z. Med. Phys. 115 (1940) 69—75.

P.K. Pandey, V.K. Pandey, A. Awasthi, A.K. Nain, A. Awasthi, Study of inter-
molecular interactions in binary mixtures of 2-(dimethylamino)ethanol with
methanol and ethanol at various temperatures, Thermochim. Acta 586 (2014)
58—65.

M. Das, M.N. Roy, Studies on thermodynamic and transport properties of bi-
nary mixtures of acetonitrile with some cyclic ethers at different tempera-
tures by volumetric, viscometric, and interferometric techniques, J. Chem. Eng.
Data 51 (6) (2006) 2225—2232.

A. Jouyban, S.H. Maljaei, M. Khoubnasabjafari, A. Fathi-Azarbayjani, A global
model to predict density of non-aqueous binary solvent mixtures at various
temperatures, Indian J. Chem. Sect. A Inorg. Phys. Theor. Anal. Chem. 51 (5)
(2012) 695—-698.

A. Jouyban, M. Khoubnasabjafari, Z. Vaez-Gharamaleki, Z. Fekari, W.E. Acree,
Calculation of the viscosity of binary liquids at various temperatures using
jouyban-acree model, Chem. Pharm. Bull. 53 (5) (2005) 519—523.

B. Hawrylak, K. Gracie, R. Palepu, Thermodynamic properties of binary mix-
tures of butanediols with water, J. Solut. Chem. 27 (1) (1998) 17—-31.

G.P. Dubey, K. Kumar, Studies of thermodynamic, thermophysical and partial
molar properties of liquid mixtures of diethylenetriamine with alcohols at
293.15 to 313.15K, J. Mol. Lig. 180 (2013) 164—171.

Z. Begum, P.B. Sandhya Sri, D.B. Karuna Kumar, K. Rayapa Reddy, C. Rambabu,
Partial molar volumes partial molar adiabatic compressibilities and molar

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Gibbs energies of anisaldehyde with some alkoxyethanols: insights through
plots showing compositional, volumetric and temperature dependence, J. Mol.
Lig. 184 (2013) 33—42.

L. Hall, The origin of ultrasonic absorption in water, Phys. Rev. 73 (7) (1948)
775—781.

J.E. Desnoyers, G. Perron, Treatment of excess thermodynamic quantities for
liquid mixtures, J. Solut. Chem. 26 (8) (1997) 749—755.

A. Cipiciani, G. Onori, G. Savelli, Structural properties of water-ethanol mix-
tures: a correlation with the formation of micellar aggregates, Chem. Phys. Lett.
143 (5) (1988) 505—509.

S.F. Boys, F. Bernardi, The calculation of small molecular interactions by the
differences of separate total energies. Some procedures with reduced errors,
Mol. Phys. 19 (4) (1970) 553—566.

F. Weinhold, C.R. Landis, Natural bond orbitals and extensions of localized
bonding concepts, Chem. Educ. Res. Pract. 2 (2) (2001) 91-104.

N. AlHokbany, I. AlJlammaz, Spectroscopic investigation and density functional
theory calculations of mercaptobenzothiazole and mercaptobenzimidazole
ligands and their rhenium complexes, Open J. Inorg. Chem. 1 (2) (2011) 23—32.
A.E. Reed, L.A. Curtiss, F. Weinhold, Intermolecular interactions from a natural
bond orbital, donor-acceptor viewpoint, Chem. Rev. 88 (6) (1988) 899—926.
1. Fleming, Frontier Orbitals and Organic Chemical Reactions, Wiley, 1976.

V. Reeda, S. Sakthivel, P. Divya, S. Javed, V. Jothy, Conformational stability,
quantum computational (DFT), vibrational, electronic and non-covalent in-
teractions (QTAIM, RDG and IGM) of antibacterial compound N-(1-naphthyl)
ethylenediamine dihydrochloride, J. Mol. Struct. 1298 (2024) 137043.

P. Divya, V.S. Jeba Reeda, V. Bena Jothy, Fungicide compound 2, 3-
dichloronaphthalene-1, 4-dione: non-covalent interactions (QTAIM, RDG and
ELF), combined vibrational spectroscopic investigations using DFT approach
with experimental analysis, electronic, molecular docking scrutiny in-vitro
assay and thermodynamic property analysis, J. Mol. Lig. 400 (2024) 124544.
A.M. Asiri, M. Karabacak, M. Kurt, K.A. Alamry, Synthesis, molecular confor-
mation, vibrational and electronic transition, isometric chemical shift, polar-
izability and hyperpolarizability analysis of 3-(4-methoxy-phenyl)-2-(4-nitro-
phenyl)-acrylonitrile: a combined experimental and theoretical analysis,
Spectrochim. Acta Mol. Biomol. Spectrosc. 82 (1) (2011) 444—455.

B. Kosar, C. Albayrak, Spectroscopic investigations and quantum chemical
computational study of (E)-4-methoxy-2-[(p-tolylimino)methyl] phenol,
Spectrochim. Acta Mol. Biomol. Spectrosc. 78 (1) (2011) 160—167.

K. Narasimha Rao, S. Paul Douglas, E. Ramanjaneyulu, S. Ravikumar, R. Karthik,
Thermo physical, spectroscopic and computational investigation of binary
liquid mixtures at various temperatures and correlation with the
Jouyban—Acree model (allyl alcohol, ethanoic acid, propanoic acid, and
butanoic acid), Phys. Chem. Liq. (2024) 1-20.

R. Raju, V. Losetty, S. Ravikumar, P. Bhanuprakash, S. Balamurugan, V. Pan-
diyan, Geometrical and temperature impact on elucidation of intermolecular
interactions for the binary mixtures of morpholine with aliphatic esters by
thermodynamic, FTIR and DFT study, Z Fiir Phys. Chem. 237 (4—5) (2023)
519-543.

E. Mohanapriya, S. Elangovan, N. Kanagathara, M.K. Marchewka, J. Janczak,
P. Revathi, Density functional theory calculations, structural and spectro-
scopic characterization, and solvent-dependent HOMO-LUMO studies of 2-
nitro-4-methylanilinium benzenesulfonate, J. Mol. Struct. 1317 (2024)
139147.

E. Mohanapriya, S. Elangovan, J. Janczak, K. Sukumar, N. Kanagathara, V.
Ragavendran, M.K. Marchewka, Structure, DFT calculations, spectroscopic
characterization, and solvent-dependent HOMO-LUMO studies of 3-(hydrox-
ymethyl) pyridinium 4-hydroxybenzenesulfonate, Mater. Today Commun. 41
(2024) 110632.



	DFT study on thermodynamic properties of liquid mixtures containing cyclohexanol with aniline and chloro-substituted anilines
	1. Introduction
	2. Experimental
	3. Results and Discussion
	3.1. Excess molar volume (VmE)
	3.2. Excess isentropic compressibility (κSE)
	3.3. Excess properties of free length (LfE) acoustical impedance (ZE) speed of sound (uE)
	3.4. Prigogine flory patterson (PFP)

	4. Excess Partial Characteristics
	5. Investigated of Density Functional Theory (DFT)
	6. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	Supplementary Material
	References


