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The experimental data of density(p) and speed of the sound(u) of 2-methoxyaniline and
N-alkyl amides binary liquid mixtures have been evaluated at temperatures T = (303.15 to

318.15) K. Values of excess molar volume (VE), excess isentropic compressibility (kE), ex-
E
m,1»

. oE o . I,
cess partial molar volumes (V,,;,V ,), and excess partial molar volumes at infinite dilu-

tion(V,E,;io, \751'_026) over the whole composition range have been calculated by using the den-
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sity and the speed of sound measurements. The calculated excess parameters were used to
discuss the intermolecular interactions. A quantum mechanical approach was performed
in gas phase and classical molecular dynamic simulations were done in liquid phase to
study the intermolecular interactions in self and cross-associated complexes. The details of
experimental, quantum mechanical and classical molecular dynamic methods are used to
investigate the formation of a hydrogen-bonded network between 2-methoxyaniline and
N-alkyl amide mixtures.
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1. Rationale

Hydrogen bond plays a significant role in many prominent chemical and biological processes in relation to retrieve the
chemical dynamics of molecules [1-5]. Subsequently, the investigation of hydrogen bonding interactions in the liquid state
offers a promising method in developing statistical thermodynamic models to describe the pronounced features of liquid
state systems [6-8]. Owing to the complex nature of intermolecular interactions in liquid state, it is necessary to carry out
studies on the effect of functional groups. A clear understanding of intermolecular interactions in liquid state is quite es-
sential to investigate the structural features as well as macroscopic properties of liquids. Thus a comprehensive microscopic
view of intermolecular interactions in liquid systems could be retrieved by experimental and theoretical methods.

In recent years, considerable amount of interest has been reported to explain the intermolecular hydrogen bonding in
liquid mixtures with the aid of experimental results supplemented by theoretical methods [9-14]. In the liquid mixtures,
density and speed of sound are considered to be the vital parameters to explore the theoretical calculations. Further, ex-
cess thermodynamic properties associated with the liquid mixtures play a vital role to analyze the structures, molecular
interactions, and thermal motion of molecules [15-17]. Density functional theory (DFT) incorporating quantum mechanical
approach is a promising method to estimate the binary interaction parameters of molecular complexes with much precision.
Quantum mechanical approaches such as Density Function Theory (DFT) can be successfully used to estimate the binary in-
teraction parameters among the liquid mixtures.

The liquids which are chosen in the present investigation have many potential applications towards the chemical in-
dustries. 2-Methoxyaniline is a polar solvent that is self-associated through hydrogen bonding of the Amine group. 2-
Methoxyaniline is used in the manufacturing of dyes and hair dyes. 2-Methoxyaniline is also used as an intermediate chem-
ical in the production of Synthetic Guaiacol. N-Substituted amides are the simplest model molecules which has peptide
group, and subsequently, many studies have been proved to understand that the intermolecular interactions of N-substituted
amides. This paper gives us most prominent part of our continuing and systematic study of the secondary amides in chosen
solutions from thermodynamic, densitometric and density functional theory aspects. In the current work we have studied
the influence of an additional alkyl group on the volumetric properties of the mixtures. Especially in the case of Hydrogen
bond and intermolecular forces of -NH group, it plays vital role in N-substituted amides and in Biology gives as proper
model systems.

The current research was undertaken to determine the characteristics like speed of sound and density of
N-Methylformamide(NMF), N-Methylacetamide(NMA) and N-Ethylacetamide(NEA) and their binary mixtures with 2-
Methoxyaniline at a temperature (T) of 303.15-318.15K. In theoretical study, monomer’s and all possible hydrogen-bonded
dimer’s geometrical structures are completely optimized with the help of Density Functional Theory (DFT) with the Lee-
Yang-Parr (LYP) correlation function (B3LYP) and the 6-311++G(d,p) basis set. An extensive examination of the computa-
tional results is carried out to confirm the complex formation of the Hydrogen-Bond and also its interacting nature.

2. Procedure
2.1. Materials

The 2-methoxyaniline and N-alkylamides (N-methylformamide (NMF), N-methylacetamide (NMA) and N-ethylacetamide
(NEA)) are obtained from Sigma Aldrich Corporation, India and are used without further purification. All the binary liquid
combinations are made by weighing suitable quantities of pure liquids on a digital weighing balance (Mettler Toledo AB
135, Switzerland) with an uncertainty of +£0.00001g, by injecting each liquid component into an airtight sample bottles
to decrease the loss of evaporation. The uncertainty in the approximation of mole fraction is +1 x 10~4. The structure of
observed chemicals, CAS number, their organic liquid sources, and also their final purities are mentioned in the Table S1.

2.2. Measurements

Binary liquid mixtures of 2-methoxyaniline(MOA) and N-alkylamides (N-Methylformamide (NMF), N-
methylacetamide(NMA), N-ethylacetamide(NEA)) were prepared in different composition by weighing appropriate amounts
of pure liquids on a digital electronic balance (Mettler Toledo AB 135, Switzerland) with an uncertainty of +0.00001 g. To
minimize the evaporation or absorption losses, samples were kept in airtight stoppered bottles.

The values of density, p and speed of sound, u at temperatures range from 303.15K to 318.15K, were measured with an
Anton Paar (DSA 5000 M) vibrating u-tube densitometer, which is calibrated by using ultra pure distilled water and dry air
at different temperatures and atmospheric pressure. The built in thermostat controls the temperature in the vibrating U-tube
with a precision of +0.01 K. The estimated uncertainties of measured density and speed of sound were, +0.0005g cm~3and
+0.5m s~! and for VE, kf with uncertainties +0.005 cm?® mol~1, +0.05 TPa~, respectively. The p and u values of selected
organic liquids are mentioned in Table 1 and were also compared with their respective literature values [18-24].
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Table 1

Comparison of densities, p, speeds of sound, u pure chemicals with
their corresponding literature values at T=303.15, 308.15K, 313.15K and
318.15K andatmospheric pressure 0.1 MPa.

Density Speed of sound

Compound N - - -
Experimental Literature Experimental Literature

2-methoxyaniline

303.15 K 1.09180 1.09175° 1595.2 1595.4°

308.15 K  1.08740 1.087357 1579.5 1579.2°

31315 K  1.08383 1.083781 1566.8 -

31815 K  1.08085 1.08080° 1554.2 -

N-methylformamide

303.15 K 0.99464 0.9946" 1409.5 1408.5¢

0.9949¢
30815 K  0.99033 0.9903° 1397.6 1398.2¢
0.9905¢

31315 K  0.98614 0.9861° 1383.1 1382.5¢

31815 K 0.98204 0.9820° 1366.6 1365.8¢

N-methylacetamide

303.15 K 095132 0.9512¢ 1367.1 1367"

308.15 K 0.94590 0.9470¢ 1362.2 1354.2¢
1362f

31315 K 0.94363 0.9429¢ 13344 1339.4¢
1334/

31815 K 0.93992 0.9402¢ 1319.8 1324.8¢

N-ethylacetamide

30315 K 0.92655 0.9266° 1450.8 -

308.15 K 0.92265 0.9226¢ 14379 -

31315 K 091890 - 1426.4 -

31815 K  0.91525 - 1413.9 -

3 Ref. [26].

b Ref. [27].

¢ Ref. [28].

4 Ref. [29].

¢ Ref. [30].

f Ref. [31].

& Ref. [32].

2.3. Computational methods

2.3.1. DFT calculations

Quantum mechanical electronic structure calculations are used to evaluate the intermolecular hydrogen bonding be-
tween 2-methoxyaniline and N-alkylamide complexes. The geometrical parameters, interactions energies, second-order per-
turbation stabilization energies and electron densities were calculated by using B3LYP method [25,26] using basis set
6 — 311 + +G(d, p). All these simulations in the gas phase were carried out by using Gaussian 09 software [27]. The interac-
tion energies of all dimers are determined from the energy difference between the dimer and monomers in their optimized
position. The Basis Set Superposition Error (BSSE) is eliminated by using the method of Boys and Bernard’s counterpoise
[28]. Charge densities, Laplacian charge densities and total electron energy densities were computed by using Multiwfn pro-
gram [29] at bonding critical point (BCP). The non-covalent interactions (NCI) plots are employed for real-space visualization
of attractive interactions between 2-methoxyaniline and N-alkylamides.

2.3.2. Molecular dynamics simulations

Classical molecular dynamics (MD) analysis of the mixture of 2-methoxyaniline (MOA) and N-alkylamides (N-
methylformamide (NMF), N-methylacetamide (NMA), N-ethylacetamide (NEA) were performed using the Gromacs5.0.4 soft-
ware package [30]. The simulations were carried out in a cubic box with 200 molecules. In order to make simulations more
sensible, the structures of components were optimized at the B3LYP/6-31++G (d, p) level using Gaussian 09. To investigate
the interactions between the selected liquid mixtures, ‘Optimized Potentials for Liquid Simulation’ (OPLS) force field were
used [31].

All MD simulations were performed in three phases: pre-equilibration, equilibration and production. In the pre-
equilibration stage the energy was minimized with steepest descent and conjugate gradient algorithms followed by equili-
bration in the NVT ensemble. After energy minimization equilibration was performed, then the system was switched to a
NPT ensemble at 303.15K and then the system was equilibrated for 1ns. The pressure and temperatures were monitored
by Nosé—Hoover barostat and thermostat with a relaxation time of 0.5 ps. The bond length and angles were constrained by
using LINCS algorithm [32]. The particle-mesh Ewald method was used to control the cut-off radius for both electrostatic
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Table 2
Density (p) and speed of sound (u) of binary liquid mixtures of 2-methoxyaniline with N-alkylamides at tem-
peratures T = (303.15-318.15) K.

X1 plkg m—3 u/m s~!

30315K 30815K 31315K 31815K 30315K 30815K 31315K 31815K

2-methoxyaniline+ N-methylformamide

0.0000 994.6 990.3 986.1 982.0 1409.5 1397.6 1383.1 1366.6
0.1743 1023.8 1018.8 1015.6 1011.9 1454.4 14434 1428.3 1412.4
0.3220 1042.6 1037.2 1034.5 1031.1 1490.2 1478.5 1463.6 1448.5
0.4488  1055.7 1050.1 1047.7 1044.4 1518.7 1506.1 1491.5 1477.0
0.5588 1065.3 1059.6 1057.3 1054.1 1541.2 1527.8 1513.5 1499.4
0.6551 1072.6 1066.9 1064.6 1061.5 1558.9 1544.9 1530.8 1517.2

0.7402 1078.3 1072.7 1070.4 1067.3 1572.6 1558.1 1544.3 1531.2
0.8159 1082.9 1077.4 1075.0 1071.9 1582.7 1568.1 1554.7 1542.0
0.8837 1086.5 1081.3 1078.6 1075.7 1589.7 1574.9 1562.0 1549.8
0.9447 1089.4 1084.6 1081.6 1078.6 1593.9 1578.6 1566.1 1554.3

1.0000  1091.8 1087.4 1083.8 1080.9 1595.2 1579.5 1566.8 1554.2
2-methoxyaniline+ N-methylacetamide

0.0000 9513 945.9 943.6 939.9 1367.1 1362.2 13344 1319.8
0.1403 980.4 975.4 9731 969.8 1400.6 1396.4 1368.7 1354.2
0.2685 1003.8 998.9 996.3 993.0 1432.7 1428.6 1401.6 1387.7
0.3862 1022.6 1017.8 1015.1 1011.8 1462.8 1457.9 14323 1418.7

0.4946 1038.1 1033.4 1030.5 1027.3 1490.3 1484.3 1460.3 14471
0.5948 1050.9 1046.3 1043.3 1040.1 1515.0 1507.6 1485.5 1472.6
0.6877 1061.6 10571 1054.0 1051.0 1536.6 15279 1507.9 1495.5
0.7740 1070.8 1066.3 1063.2 1060.2 1555.3 1545.0 1527.3 1515.5
0.8545 1078.7 1074.4 10711 1068.2 1571.0 1559.3 1543.6 1532.5
0.9296 1085.6 1081.3 1078.0 1075.1 1584.3 1570.6 1556.8 1545.9
1.0000 1091.8 1087.4 1083.8 1080.9 1595.2 1579.5 1566.8 1554.2

2-methoxyaniline+ N-ethylacetamide

0.0000 926.6 922.6 918.8 915.3 1450.8 14379 1426.4 1413.9
0.1176 951.5 947.6 944.0 940.8 1467.9 1455.0 1444.0 1431.9
0.2307 973.8 969.9 966.3 963.0 1485.6 1472.6 1461.9 1450.0
0.3396 993.9 989.8 986.2 983.0 1503.4 1489.9 1479.3 1467.5

04444  1012.0 1007.9 1004.3 1001.2 1520.5 1506.7 1496.1 1484.3
0.5454 1028.5 1024.3 1020.8 1017.7 1536.7 1522.5 1511.8 1500.1
0.6428 1043.5 1039.3 1035.8 1032.8 1551.4 1537.2 1526.4 1514.9
0.7368 1057.2 1053.1 1049.6 1046.7 1564.8 1550.2 1539.4 1528.4
0.8276 1069.7 1065.6 1062.2 1059.4 1576.4 1561.8 1550.8 1540.0
0.9152 1081.2 1077.0 1073.6 1070.8 1586.6 15715 1560.0 1549.2
1.0000 1091.8 1087.4 1083.8 1080.9 1595.2 1579.5 1566.8 1554.2

Standard uncertainties u are u (T)=0.01K, u (p)=+0.5 kgm~3, u (u)=+ 0.7m s~ ', u(p)==+ 1.0kPa.

and Vander Waals interactions. The production simulations were executed at 10ns at constant pressure and temperature
(NPT ensemble).

3. Data, value and validation
3.1. Excess molar volume and excess isentropic compressibility

The measured density, speed of sound and their calculated excess parameters (VE, kE) for a mixture of 2-methoxyaniline
and N-alkylamides at a temperature range 303.15-318.15K and as a function of composition are listed in Tables 2 and 3
respectively.

The values of excess molar volume of 2-methoxyaniline + N-alkylamides liquid mixtures were determined by using the
following equation:

V,ﬁ:XZ:X,M,-(l —l> (1)
0 P D

where x;, M; and p; are the mole fraction, molar weight and density of ith component of mixtures and p is the density of
the mixtures.
The isentropic compressibility («s) as follows:

1
Ks = m (2)
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Table 3
Excess molar volume (V) and deviation in viscosity (An) of binary liquid mixtures of 2-methoxyaniline with
N-alkylamides at temperatures T= (303.15-318.15) K.

X1 VE [ 105 cm® mol-! KE | TPa~!

30315K 30815K 31315K 31815K 30315K 30815K 31315K 31815K

2-methoxyaniline + N-methylformamide

0.000  0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00
0.174 —0.045 —0.051 —0.058 —0.065 —-2.66 -3.16 -3.42 -3.55
0.322 -0.079 —0.086 —-0.094 —-0.106 -4.87 —5.55 -5.78 —-6.03
0449 -0.103 —-0.109 -0.115 -0.129 —6.56 -719 —745 -7.67
0.559  -0.116 -0.122 -0.127 —0.140 —7.60 -8.16 -8.33 -8.50
0.655 -0.121 -0.126 -0.131 -0.142 -7.95 —8.46 -8.64 -8.77
0.740 -0.117 -0.122 -0.128 -0.138 -7.67 -8.16 -835 —8.48
0.816 —-0.104 -0.111 -0.118 -0.127 -6.72 -7.28 -754 -7.65
0.884  —0.081 —-0.089 -0.097 -0.106 -5.13 -5.75 —6.09 -6.25
0945  —-0.047 —0.054 -0.061 —-0.068 -2.93 -3.37 -3.72 -3.85
1.000  0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00
2-methoxyaniline + N-methylacetamide

0.000  0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00
0.140 -0.100 -0.122 —0.140 —-0.160 -3.04 -3.51 -415 —4.65
0269 -0.186 —-0.207 -0.223 -0.239 -5.72 -6.35 -7.30 -8.01
0386 —0.234 -0.254 -0.265 -0.279 -7.70 -8.31 -9.44 -10.20
0495 -0.254 -0.271 —0.287 -0.299 -8.85 -9.45 -10.64 -11.38
0.595 -0.241 —-0.261 —-0.274 —-0.288 -9.13 -9.72 -10.91 —-11.61
0.688  -0.210 -0.227 -0.241 -0.259 -8.51 -9.20 -10.38 -11.12
0.774 -0.162 -0.179 —0.200 -0.217 -7.20 -7.84 -9.06 -9.89
0.855 —-0.108 -0.130 —0.148 -0.167 -5.19 -5.93 -6.97 -7.82
0930  -0.053 —-0.070 —-0.086 -0.105 -2.76 -3.29 —4.06 -4.71
1.000  0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00
2-methoxyaniline + N-ethylacetamide

0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00
0.118 —-0.145 -0.159 -0.184 —-0.208 —3.58 -4.00 -4.71 -5.22
0.231 -0.243 -0.259 -0.279 -0.299 —-6.52 -712 -8.12 -8.81
0340 -0.294 -0.309 -0.327 -0.343 —-8.66 -9.25 -10.45 -11.16
0444  -0.313 -0.328 -0.344 -0.360 -9.90 —-10.50 —11.73 -12.42
0.545 —-0.308 -0.323 -0.339 -0.356 -10.27 -10.84 —12.09 -12.73
0.643 -0.284 —-0.300 -0.317 -0.335 -9.66 -10.35 —11.59 -12.27
0.737 -0.244 -0.263 —0.286 —-0.308 -8.29 -8.95 -10.23 -11.01
0.828 -0.175 —-0.198 -0.224 -0.249 —-6.05 —6.81 -7.92 -8.75
0.915 —-0.090 -0.109 -0.133 -0.156 -3.26 -3.80 —4.62 -5.26
1.000  0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00

Standard uncertainties u are u (T) = 0.01K, u (V£)=4 0.05-106 m? mol~', u (kf)=0.04 TPa~!, u(p) =+ 1.0kPa.

The comparable excess isentropic compressibilities («£) have been calculated from the subsequent equation:
kE = ks — ki (3)
where « is the ideal value of the isentropic compressibility and calculated by using Benson and Kiyohara [33-37] expres-
sion was given below:

¢1Vm,l(ap,l)2 N d’sz.z(Olp,z)2 N V,ild(a;d)z

Kid: 1Ks1+ @k +T -
§' = Q1Ks1 + Paks, o Cy2 C})d

(4)

where, C,; and «; are the molar heat capacity and the thermal expansion coefficient of the ith component respectively. The
value of C,; was obtained by group contribution method [38].
The thermal expansion coefficient «; was calculated by following equation.

1(0p
(%),

All the excess values are adapted by the method of nonlinear least-squares to a Redlich-Kister [39] polynomial equation
of the category,

n
Vi (oricf) = x1%3 Y Ai(x1 — X))’ (6)
i=0
In which x; represents the mole fraction of 2-Methoxyaniline and x, is the mole fraction of N-alkylamides and the
subscription ‘i’ in the equation takes the values from O to 2. By using the Least square method we can attain the values of
A; which are the binary coefficients. The standard deviation (o) is calculated by using the below relation
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Fig. 1. Variation of excess molar volume (VE) with mole fraction (x;) of 2-methoxyaniline+ N-methylformamide at 303.15K (W), 308.15K (e), 313.15(A),
318.15K (??V).
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Fig. 2. Variation of excess molar volume (VE) with mole fraction (x;) of 2-methoxyaniline+ N-methylacetamide at 303.15K (M), 308.15K (e), 313.15(A),
318.15K (??V).

The values of A; are the binary coefficients attained by the method of least squares. The standard deviation (o) is calcu-
lated using the relation,

273
o = Z (Yeb;(P B Ycil) (7)
N-n
where N and n are the number of experimental points and number of coefficients. The values of adjustable parameters and
standard deviations are presented in Table S3. The standard deviations values are found to be the highest level of confidence
which gives the satisfactory results. Table S3 shows the values of adjustable parameters and standard deviations of Redlich-
Kister polynomial equations. The values of standard deviations are gives valid results for the experimental values. The values
of excess molar volume (VE,) and excess isentropic compressibility («£) for the considered binary mixture are plotted against
the mole fraction of N-alkylamides and showed in Figs. 1-3 and Figs. S1-S3.

The determined excess molar volume (V) of binary combinations with mole fraction (x;) are mentioned in Table 3 and
Figs. 1-3. A perusal of Figs. 1-3 show that the VE values are negative over the entire mole fraction range and at all temper-
atures investigated. The uncertainty in average of the excess molar volume is estimated to be +0.006 cm® mol-!.

The negative excess molar volumes are associated to the dominance of the following effects: (a) dissociation of self-
supported 2-methoxyaniline and N-alkylamides (b) interstitial accommodation of N-alkylamides in 2-methoxyaniline ag-
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Fig. 3. Variation of excess molar volume (VE) with mole fraction (x;) of 2-methoxyaniline+ N-ethylacetamide at 303.15K (M), 308.15K (e), 313.15(A),
318.15K (2?V).

gregates (c) Hydrogen-Bond interaction between dissimilar molecules. However, the first factor contributes an increase in
excess molar volume and the last two factors contribute the decrease in excess volumes; an interstitial accommodation of
N-alkylamides in 2-methoxyaniline aggregates makes a negative contribution to VE. The magnitude of VE as follows the
sequence:

(MOA + NMF) < (MOA + NMA) < (MOA + NEA)

The negative excess molar volume more will be the interactions in between the complexive partners due to hydrogen
bond between the oxygen of amide and 2-methoxyaniline. By above conclusion it could be explained in terms of electronic
factors of organic molecules. The Electronic factors which influence the organic molecules and in turn organic reactions are
Inductive, Electrometric, Resonance effects and also hyper conjugation.

The density of electrons is distributed evenly between the two atoms in a non-polar bond like C-C or C-H bond where
the two ends of the bond have same electro negativity. In contrast, a covalent bond between atoms with different electro
negativities would be polarized partially or completely towards the more electronegative atom among the two, which is
nothing but Inductive effect. Inductive effect categorized into two groups viz, + 1 effect containing electron donating groups
like alkyl groups, while -I effect containing electron withdrawing groups.

[cr—»c—» C= x]

X being a more electronegative
atom than C
X - -l effect group
C- +| effect group

Applying the above concept to our study in NEA, NMA and NMF, ethyl being the stronger +I group compared to methyl
in NMA and NMF, the former pushes the electrons strongly towards N atom in NEA compared to that of latter components.
More the electron density at N atom more would be the interaction with 2-methoxyaniline. This attributes to the strong
interactions between the NEA and 2- methoxyaniline. Moreover, The more steric hindrance in NEA binary mixtures due to
availability of -CH3 group of +I effect near the group which is involving in H-bonding association with electron density of
aromatic ring of 2-methoxyaniline.

For all the analyzed binary mixtures, a decrease in VE over the entire composition range can observed with a change
in temperature range from 303.15K to 318.15K. The increase of temperature leads to an increase in the kinetic energy of
the self-supported molecules of N-substituted amides and also promotes their dissociation. However the temperature has
the same impact on the complex between the components of the mixture. By the gained result we can observe that the
increment in temperature will show a greater effect on the characteristics of self - supported reactions of amides and 2-
methoxyanelene than the complex formations between amides and 2-methoxyanelene.

The values of the speed of the sound (u) and its derived excess isentropic compressibility (k) for the binary mixtures of
2-methoxyaniline and N-alkyl amides are given in the Table 3 and the respective graphical representation also illustrated in
Figs S1-S3.

It is familiar that the values of kE could be influenced by the relative strengths of several resisted effects that com-
prised of Structural, Physical and Chemical contributions. In which the Physical contribution gives us the positive value of
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kE whereas both Chemical and Structural contribution provides the negative value for kE. Because of dispersion forces or
weak dipole-dipole interactions the physical contribution leads to positive value of k£, the specific interactions such as the
origination of hydrogen bonds, charge transfer between complexes and their forming interactions including strong dipole-
dipole interactions among the component molecules the Chemical contribution leads to negative result in kf and structural
contribution influence a change in geometrical structure and also allows the fitting of molecules belongs to two different
sizes in each other’s structure that results in negative contribution to kE. The Figs. S1-S3 represents the gained values for
KE for all three binary combinations, which shows the mixture has less compressibility than the respective ideal combi-
nation. These results suggest noticeable interactions between cross associated molecules and the optimised structure of
2-methoxyaniline (MOA) gets disorder by the adding N-alkylamides.

The gained kE values (Figs. S1-S3) for all the three binary combinations under study, indicate that the mixture is
less compressible than the corresponding ideal mixture, suggesting significant interactions between the unlike component
molecules, i.e., the compact structure of polar component (MOA), due to dipolar association, has been disrupted by the ad-
dition of N-alkylamides. With the help of present analysis we can conclude that there will be an increase in speed of sound
and decrease of isentropic compressibility of the taken dipole-dipole interactions and geometrical contribution between
cross associated molecules which can be known by the gained values of kf and also there is a parallel relation between V[
and «£. In another way it can be explained as if the volume decreases at the time of mixing then the entire system becomes
rigid. In the present system kf becomes negative along with a raise in temperature. Breaking of associations that present in
the pure liquids are supported by the raise in temperature by releasing more and more free dipoles of unlike molecules in
the mixture which interact with each other,

The gained values of kf can be explained in terms of dipole-dipole interactions and geometrical contribution between
cross associated molecules which leads to an increase in speed of sound and decrease of isentropic compressibility as ob-
served in the present investigation. There is a parallel relation between VE and «£. In other words, during mixing the volume
decreases and the whole system becomes more rigid. When temperature increases (kf) becomes more and more negative
in the present system. Increase in temperature promotes the breaking of associations present in the pure liquids releasing
more and more free dipoles of unlike molecules in the mixture which interact with each other.

3.2. Excess partial molar volumes

To study the intermolecular interactions between various solute and solvent molecules the partial and excess partial mo-
lar volumes are used. By using the following relations we can find out the excess partial molar volumes of cross associated
combinations of 2-methoxyaniline with N-alkyl amides.

The partial and excess partial molar volumes have been used to understand the intermolecular interactions between
different solute-solvent molecules. The excess partial molar volumes of 2-methoxyaniline and N-alkylamides of their binary
mixtures have been calculated by using the following equations:

7E p—
Vi=V{ -V (8)

—E —
V=V, -V (9)

where the elements described as V? and V- molar volumes 2-Methoxyaniline and N-Alkyl amides respectively, V; and V,-
partial molar volumes of 2-Methoxyaniline and N-Alkyl amides respectively. The partial molar volume of 2-Methoxyaniline
is calculated by using the following relation which is described by Wood et al. and Cipiani et al. [40,41]:

E
12 :v5+v{’—x2<%v> (10)
X Jrp
And for N- Alkylamides:
_ E
Vo VELve 1 (1—x 22 (11)
9%, T.P

The derived value of VE with respect to x,, is given in Eqs. (10) and (11), can be computed by using differentiation of the
Redlich-Kister relation and combination of the results of differentiation with Eqs. (10) and (11). The results can be found by
using the following relations for the partial molar volumes of 2-methoxyaniline and N-Alkylamides, respectively:

n n
Vi=VP+x3 > A1 —2x) +2(1 —x)x3 Y Ai(i) (1 —2x5)"" (12)
i=0 i=0
— n . N .
Vo=V +(1-x)% Y Ai(1 = 2x2)" = 2(1 — x2)x3 > Ai(i) (1 — 2x5)" (13)
i=0 i=0

The excess partial molar volume data of 2-methoxyaniline and N-alkylamides in their mixtures were depicted graph-
ically in the Figs. 4-6 at T=(303.15-318.15) K. Further, the partial molar volumes and excess partial molar volumes of
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Fig. 4. Variation of the partial molar volume, V5, V, of (a) 2-methoxyaniline and (b) N-methylformamide respectively, against mole fraction, x; of 2-
methoxyaniline for the binary mixtures at 303.15K (M), 308.15K (e), 313.15(A), 318.15K (??V).

2-methoxyaniline and N-alkylamides in the binary mixtures were given Table S2. It has been seen that partial molar volume

data was negative over the entire composition range in the mixture containing 2-methoxyaniline and N-alkylamides. The

negative excess partial molar volume values of the mixture suggest that their partial molar volumes were less than their
. . . . —E

respective molar volumes in the pure state. The overall magnitude of excess partial molar volumes (V; ) also follows the

order:

(MOA + NMF) < (MOA + NMA) < (MOA + NEA)

With the above result, the partial molar volumes at finite dilutions will give the information about intermolecular in-
teractions between solute and solvent molecules. At infinite dilution, as the solute and solvent interactions are very small,
so they can be neglected. By using the following relation the partial molar volumes of 2-methoxyaniline at infinite di-
lution (x; = 0) in N-alkylamides (cho) and the partial molar volumes of N-Alkyl amides at infinite dilution (x, = 0) in
2-methoxyaniline (V;O) can be computed by the following relations [42] and the respective values are mentioned in Table 4.

n

Vi =V AT (14)
i=0
n

Vo =V + ) A (15)
i=0

The partial molar volumes of 2-methoxyaniline at infinite dilution (x; = 0) in N-alkylamides (VC{O) and the partial molar
volumes of N-alkylamides at infinite dilution (x, = 0) in 2-methoxyaniline (V;o) were given Table 4. The partial molar
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Fig. 5. Variation of the partial molar volume, V;,V,of (a) 2-methoxyaniline and (b) N-methylacetamide respectively, against mole fraction, x; of 2-
methoxyaniline for the binary mixtures of at 303.15K (M), 308.15K (e), 313.15(A), 318.15K (??V).

Table 4

Partial molar volumes of 2—methoxyani1ine(])‘at infinite dilution (X; = 0) in N-methylformamide,N-
methylacetamide and N-ethylacetamide(2) (V?) and Partial molar volumes of N-methylformamide,N-
methylacetamide and N-ethylacetamide(1) at infinite dilution (X, = 0) in 2-methoxyaniline(2) (V;c).

System T/K Vo vy Ve V9 vy Ve

cm’mol-!

2-methoxyaniline(1)+ 30315 1168437 116560 0284 593782 58361  —1017

N-methylformamide (2) 30815 1173165 116888  -0420 596366 58418  —1218
31315 117703 117235  —0468  59.8900 58508 1382
31815 1180275 117465  —0563 601401 58574  —1566

2-methoxyaniline (1)+ 30315 1168437 1162099 —0.6338 768300 761161  —0.713

N-methylacetamide (2) ~ 30815 1173165 1162777 10388 772703 761301  —1140
31315 1180275 1166222  —14052 777619 76261  —1500

318.15 118.0275  116.2124 —1.8150 7776194 75.8477 -1.914

2-methoxyaniline (1)+ 303.15  116.8437  115.5438  —-1.300 94.0211 93.0368  —0.984
N-ethylacetamide (2) 30815  117.3165 1157988  —1.518 94.4287 93.0475  —-1.381
313.15 118.0275  116.0131 -2.014 95.1819 93.2813 -1.901
318.15 118.0275  115.5174 —-2.510 95.1819 92.7759  —-2.406
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Fig. 6. Variation of the partial molar volume, V;,V,of (a) 2-methoxyaniline and (b) N-ethylacetamide respectively, against mole fraction, x; of 2-
methoxyaniline for the binary mixtures of at 303.15K (M), 308.15K (e), 313.15(A), 318.15K (??v).

volume values (V?O and V;O) were algebraically lesser than the molar volume of pure components (V10 and VZO). When the
mixing process was over the molar volumes of two liquids in the mixture were relatively smaller when compared to molar
volumes of pure liquids 1 and 2, which indicates a contraction in volume and better packing efficiency in the mixture than
in the pure liquids [43].

The excess partial molar volumes at infinite dilution (Vf’ooand Vﬁ*‘”) were calculated from the Redlich-Kister coefficients
by using the following equations:

n

—E, —00 ;

Vit =V == A=) (16)
i=0

—E,00 —00 "

V," =V, -V = A (17)
i=0

. . o —E.co —E, . .
The excess partial molar volume at infinite dilution (V' °°,V2 ®) for the studied binary systems over the temperature

range T= (303.15, 308.15, 313.15 and 318.15) K were reported in Table 4. The values of Vf’oo and \75’00 for 2-methoxyaniline
and N-alkylamides at different temperatures are observed to be negative. More negative values of 2-methoxyaniline + N-
Ethylacetamide (NEA) suggest that intermolecular hydrogen bond formed between -NH, group of 2-methoxyaniline and
-NH and C=0 groups of N-Ethylacetamide were stronger than the other two isomers at infinite dilution. This also suggests
that the hydrogen bonds between 2-methoxyaniline with N-Alkyl amides are not broken at infinite dilute regions. This also
means that intermolecular hydrogen bonds between 2-methoxyaniline and N-alkylamides were not broken in dilute regions.
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Table 5
Distances (A°) and angles (°) of the hydrogen bonds for all hydrogen bond associations at B3LYP/6-
311++G (d, p).

Complexes  X-H-Y R(X-H) AR (X-H) R(H-Y) ARH-Y) RX-Y) (XHY)
COM 1 N2-H15-N1 101481  0.00611 226346 049840 326090  172.813
COM 2 N2-H7--01 102852  0.02019 187179  0.84821 289730  174.549
N1-H2--02 102852  0.02019 187182 0.84818 289734 174551
COM 3 N2-H5--01 102698  0.0172 186707  0.85293  2.89399  179.209
N1-H1--02 102698 0.0172 186709  0.85291 289401 179210
COM 4 N1-H1--02 102775  0.02027 188639  0.83361 291353 177.562
N2-H10--01 102775  0.02027 188640  0.83360 291355  177.561
COM 5 N1-H5--02 101541  0.00594 208521  0.63479  3.05026  157.949
COM 6 N2-H11--N1 101735  0.00902 216185  0.58815 317626 174713
COM 7 N2-H11--01 101566  0.00588 204340 067660  3.05025 167453
COM 8 N1-H6--02 101217  0.01239 208367 063633  3.00098  173.156
COM 9 N2-H10--N1 101459  0.00481 219828  0.55172 320802  173.224
COM 10 N2-H10--01 101434  0.01307 198766  0.73234 298591  170.761
COM 11 N3-H4--02 101813  0.00601 208495 066505  3.09501  171.196
COM 12 N1-H1-N2 101552  0.00804 221113 053887 321644 170182
COM 13 N1-H2-02 102055 0.01333 197610  0.7739 246000 172772
N2-H14--01 101964  0.01216 200020  0.7498 299436  164.244

3.3. Experimental details of FT-IR studies

Experimental FTIR spectra of pure 2-methoxyaniline, N-alkylamides (N-methylformamide (NMF), N-methylacetamide
(NMA) and N-ethylacetamide (NEA)), and the systems 2-methoxyaniline (1)+ N-alkyl amides (2) with the equimolar binary
mixture are as shown in Figs. S9-S11.

In the pure spectrum of N-methylformamide (NMF) the stretching frequency of -C=0 group is 3291 cm~! where
as in the 2-methoxyaniline + N-methylformamide (Fig. S9) complex shift in the stretching vibrational frequency of -C=0
group is 4 cm~!. Where as in 2-methoxyaniline + N-methylacetamide (Fig. S10) shift in the stretching vibrational frequency
of bonded -C=0 is 8 cm~!. Similarly the shift in the stretching frequencies of hydroxylgroups in 2-methoxyaniline + N-
ethylacetamide (Fig. S11) complexes is 20 cm~!. This indicates the formation of new hydrogen bonding interaction between
2-methoxyaniline and N-alkylamides. They also showed that in all the cases, the red-shifting of hydrogen bonds are ob-
served.

3.4. Computational results

3.4.1. Geometrical structure

To analyse the inter molecular interactions, we found 13 possibilities of intermolecular hydrogen bond associations based
on the nature and optimised structures of 2-Methoxyaniline and N-Alkylamides. All possible dimer structures are success-
fully optimized at the B3LYP/6-311++G (d, p) level. Harmonic vibrational frequencies and zero Point Energy Corrections
(ZPE) are calculated for the optimized complexes and also for the non-bonded molecules. No imaginary frequencies are
found in any of the fully optimized complexes.

The respective hydrogen bond computative framework and molecular graphs of the observed thirteen associations are
mentioned in Table 5 and Figs. S5.1-S5.13 and the intermolecular hydrogen bonds have been formed in all these 13 com-
plexes. And also it is observed that all these bonds have formed as conventional (N-H--0, O-H--0, N-H--N) hydrogen bonds.

In all of these complexes intermolecular hydrogen bonds are formed. It also observed that in all the 13 complexes,
intermolecular hydrogen bonds are formed as conventional (N-H--O, O-H--O, N-H--N) hydrogen bonds. While the bond
formation takes place as X-H--Y hydrogen bond, electrons transfer between X-H group and Y group which results in the
compress of H--Y bond length. The compressed H--Y bond and the stronger X-H bond has the stronger interaction, and vice
versa [44].

The value of shortest hydrogen bond length (H--Y) (197610 A) and largest AR(X-H) are found in N1-H2--02 (0.01333
A) cross-associated hydrogen bond of COM 13. This shows that N-H...O hydrogen bond in COM 13 (2-Methoxyaniline- N-
Ethylacetamide) is the strongest hydrogen bond among all cross associations between 2-methoxyaniline and N-Alkyl amides
complexes. The second shortest Hydrogen bond length is observed in COM 11 as (1.98766 A) and the largest as (0.01307 A)
of AR(X-H). This suggest that the second strongest Hydrogen bond is possible in COM 11. The hydrogen bond in COM 11
involves in the second shortest hydrogen bond length (1.98766 A) and the largest second largest value (0.01307 A) of AR(X-
H) should be the second strongest hydrogen bond present in 2-methoxyaniline and N-methylacetamide complex. Similarly
the N-H--O hydrogen bond present in COM 9 is the third strongest hydrogen bond with a hydrogen bond length (2.08367
A) and largest value (0.01239 A) of AR(X-H) present in N-Methylformamide. As shown in Table 5, all the values of hydrogen
bonds are positive; these values indicate that they are all red shifting hydrogen bonds [45].
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Table 6

Second order perturbation theory analysis of the Fock matrix in the NBO basis for the intermolec-
ular interactions for Dimers.

Complex  Donor NBO(i)  Acceptor NBO(j) E(2)(kcal/mol)  E(j)-E(i) (a.u) F(iJ) (a.u)
COM 1 LP (1) N11 BD*(])N29—H31 5.01 0.78 0.058
COM 2 LP (1) 03 D*(1)N13-H14 532 111 0.069
LP (2) 03 BD*(l)NlB—HM 10.00 0.69 0.076
COM 3 LP (1) 02 BD*(1)N11-H12 4.69 11 0.065
LP (1) 02 BD*(1)N11-H12 11.23 0.70 0.081
COM 4 LP(1)017 BD*(1)N3-H4 4.73 110 0.065
LP(2)017 BD*(1)N3-H4 10.54 0.70 0.078
COM 5 LP(1)021 BD*(1)N11-H12 2.89 117 0.052
LP(2)021 BD*(1)N11-H12 1.76 0.74 0.033
COM 6 LP(1)N11 BD*(1)N21-H22 2.46 0.95 0.044
COM 7 LP(1)014 BD‘(])N22—H23 6.16 0.77 0.066
LP(2)014 D*(1)N22-H23 2.10 0.77 0.037
COM 8 LP(1)020 BD*(l)Nll—HlB 2.71 117 0.050
LP(2)020 BD*(1)N11-H13 3.87 0.74 0.049
COM 9 LP(1)N11 BD*(1)N21-H22 4,39 1.01 0.059
COM 10 LP(1)014 BD*(1) N21-H22  6.47 0.77 0.065
LP(2)014 BD*(1) N21-H22  3.00 0.85 0.045
COM 11 LP(1)029 BD*(1) N3-H4 0.50 0.93 0.019
LP(2)029 BD*(1) N3-H4 5.30 0.80 0.059
COM 12 LP(1)N26 BD*(1) N3-H4 3.47 0.77 0.065
COM 13 LP(1)029 BD‘(]) N3-H4 247 0.88 0.042
LP(2)029 D*(1) N3-H4 7.41 0.85 0.065
LP(1)02 BD*(l) N26-H27  2.75 115 0.056
LP(2)02 BD*(1) N26-H27  4.98 0.72 0.055

In addition, a hydrogen bond parameter AR(H...Y) [46], is described as AR (H-Y)=R (H)ywr+ R(Y)ywr-R (H-Y) Where
R(Y)ywr and R(H)yw: are the Vander Waals radii of H and Y acceptor atoms and these can be obtained by Bondi [47] re-
spectively, R(X--Y) is the distance between the hydrogen-donor and hydrogen- acceptor. Table 5 concludes that there is
possibility for the largest value of AR (H--Y) is 0.7739 of the intermolecular NH--O hydrogen bond in the cross asso-
ciation complex COM 13 which represents the strongest bond. This shows the strongest interaction possibility between
in 2-methoxyaniline and N-Ethylacetamide cross-associated dimer (COM13) by -NH2 group of 2-methoxyaniline and -C=0
groups of N-Ethylacetamide. This shows that the 2-methoxyaniline + N-Ethylacetamide cross-associated dimer (COM13) and
its strong interaction by hydrogen bonding between -NH, group of 2-methoxyaniline and -C=0 groups of N-Ethylacetamide.

3.4.2. Natural bonding orbital (NBO) studies

The interaction among occupied Lewis type (donor) NBO’s and unoccupied non-Lewis type (acceptor) NBO’s can be ex-
plained in terms of hyper conjugative electron movement process from the donor orbital to acceptor orbital. The second-
order perturbated stabilization energy for the interaction between proton donor and acceptors relevant to the hydrogen bond
formation between the cross associations of 2-methoxyaniline with N-alkylamides from NBO analysis at B3LYP/6-311G++(d,
p) level of theory are mentioned in Table 6.

The Natural Bonding Orbital data is reliable method for the confirmation of H-bonds which inter relates the changes in
bond length between component molecules. This also provides relevant statistics about the deviations in charge densities
between proton donor and proton acceptors and also in the bonding and anti-bonding orbitals. For each donor and acceptor,
the stabilization energy E(2) associated with hydrogen bonding between sites i and j are given below

F@) =q 0D (18)
el £j

where g; is the ith donor orbital frequency, ¢; and ; are the diagonal elements in connection with NBO Fock matrix.

The computed and compared stabilization energies between lone pair of electrons (n) of proton acceptor and anti bond-
ing orbitals (o*) of the proton donor for various cross associated hydrogen bonded molecules are mentioned in Table 6

The stabilization energy between lone pair of electrons (n) of the proton acceptor and anti-bonding orbitals (o *) of the
proton donor were compared for various intermolecular hydrogen bonding complexes.

From Table 6 it is concluded that in COM1 (self associated 2-Methoxyaniline) the amine group “N” offers its lone pair
to o (N-H)* which stabilizes the system with the interactive energy 5.01 kcal mol~!. But in the self association of all N-
Alkyl amides(NMFNMA,NEA) in COM2, COM3, COM4 the bond formation is basically due to the oxygen atom offers their
p electrons to the o (N-H)* which were stabilized with interaction energies lies in between 4.69 and 11.23 kcal mol~'.
The orbital interactions for cross associated molecules (COM5, COM6, COM7) have second-order perturbation stabilization
energy E (2) range of 1.76-6.16 kcal mol~! with the orbital interactions LP (0)— o (N-H)*, LP (N)— o (N-H)*. Whereas the
orbital interactions LP (O)— o (N-H)*, LP (N)— o (N-H)* in 2-methoxyaniline and N-methylacetamide (NMA) complexes
(COMS8 - COM10) having stabilization energy E (2) in range of 2.71-6.47 kcal mol~1. Similarly the orbital interactions in
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Table 7
Interaction energy corrected with BSSE (AEq. k] mol~1) for all
dimmers at B3LYP/6-311++G (d,p) level.

Complexes X-H-Y AE BSSE AEcp

COM1 N2-H15--N1 —14.3624 0.36 —12.4947
COM 2 N2-H7--01 —48.8373 1.87 —14.8183
COM 3 N2-H5--01 —57.3814 1.97 149573
COM 4 N1-H1--02 —32.3421 141 —15.8058
COM 5 N1-H5--02 -11.2142 0.86 —10.3542
COM 6 N2-H11--N1 -20.3526  1.26 —12.6847
COM 7 N2-H11--01 —13.9447 1.66 —12.2847
COM 8 N1-H6--02 —18.7641 0.88 —17.8841
COM 9 N2-H10--N1 -19.3644 146 —17.9044
COM 10 N2-H10--01 -29.3644  1.66 —27.7044
COM 11 N3-H4--02 -15.8750  0.91 —14.9650
COM 12 N1-H1--N2 —17.9993 0.94 —17.0593
COM 13 N1-H2--02 —31.9192 1.24 -30.6792

2-methoxyaniline and N-ethylacetamide (NEA) complexes (COM11-COM13) have second-order perturbation stabilization en-
ergies E(2) are 0.50-7.41 kcal mol~!. With this observation it suggests that the cross associations of H-N--O=C combinations
are stronger than N-H--N combinations in 2-Methoxyanelene with Isomeric N-Alkylamides.

From Table 6 in the self-associated 2-methoxyaniline complex (COM1) the major interaction is that N (amine group)
offers its lone pair to the o (N-H)* antibond; this interaction stabilizes the system with energy 5.01 kcal mol~!. Where
as in the N-methylformamide (NMF), N-methylacetamide (NMA) and N-ethylacetamide (NEA) self associated complexes
(COM 2-COM 4) the major interaction are the oxygen atom offers their p electrons to the o (N-H)* and these interac-
tion stabilizes the systems with energies lies between 4.73 and 10.54 kcal mol~!. The orbital interactions LP (0)— o (N-H)*,
LP(N) — o(N-H)* in 2-methoxyaniline and N-methylformamide (NMF) complexes (COM5-COM?7) have second-order pertur-
bation stabilization energy E (2) range of 1.76-6.16 kcal mol~!. Whereas the orbital interactions LP (0)— o (N-H)*, LP
(N)— o (N-H)* in 2-methoxyaniline and N-methylacetamide (NMA) complexes (COM8-COM10) having stabilization energy
E (2) in range of 2.71-6.47 kcal mol~!. Similarly the orbital interactions in 2-methoxyaniline and N-ethylacetamide (NEA)
complexes (COM11-COM13) have second-order perturbation stabilization energies E(2) are 0.50-7.41 kcal mol~!. Hence it is
observed that in the cross-associations H-N--O=C interactions stronger than N-H--N interactions in 2-methoxyaniline and
isomeric N-alkylamides mixtures.

3.4.3. Interactive energy
To analyze the stable geometrical optimized hydrogen bonded complexes, precise interaction energies are always re-
quired. The interaction energy of two hydrogen bonded monomers (X, Y) was evaluated by using the following formula:

AEin = E(XY) — E(X) — E(Y) (8)

where E(XY) is the total energy of XY pair and E(X), E(Y) are energies of monomeric moieties. The calculated interaction
energies contain overestimated values that can cause an error called basis set superposition error (BSSE) [48] and this occurs
due to the overlapping of basis set function of monomers.The counterpoise-corrected method proposed by Boys-Bernardi
is used to rectify BSSE error. The counterpoise-corrected interaction energies, AE? for all the dimers were computed at
B3LYP/6 — 311G + +(d, p) level and the values are summarized in Table 7.

The calculated interaction energies in Table 7 show that among all the 13 complexes the main interaction (H-
bond) is happening between 2-methoxyaniline and N-alkylamides mixtures (COM5-COM?7) In 2-methoxyaniline with
N-methylformamide 1:1 complex (COM 5-COM 7) the interactive energies are in the range of —10.3542k] mol-! to
—12.2847k] mol~!. In the case of 2-methoxyaniline and N-methylacetamide (NMA) 1:1 complex (COM 8-COM 10) the
interaction energies are in the range of —17.8841k] mol~! to —27.7044k] mol~!. Finally In the case of 2-methoxyaniline
and N-Ethylacetamide 1:1 complex (COM 11-COM 13) the interactive energies are in the range of —14.9650k].mol"! and
—30.6792 k] mol~1. It is found that COM 13(N-H--0) has noticeable interactive energy (—30.6792 k] mol~!) when compared
to all self and cross-associated due to the presence of the shorter N-H--O hydrogen bond (1.97610 A). i.e. The compu-
tational results of the interaction energies also supports the strong intermolecular cross-association in COM 13. And also
the computational calculations of the interaction energies, stabilization energies and geometries shows that the intermolec-
ular cross-associated combinations are much stronger than the intermolecular self-associated combinations between the
monomers.

3.4.4. Quantum theory of atoms in molecules (QTAIM) studies

QTAIM analysis was used to investigate the electron charge densities of hydrogen bond interactions in 2-methoxyaniline
and N-alkylamides complexes at B3LYP/6 — 311 + +G(d, p) level of theory. .In this analysis a chemical bond is characterized
by a point called bonding critical point (BCP) with a (3,—1) topology between the atoms connected by a hydrogen bond.
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The values of electron density (o(r)) and Laplacian of the electron density (V2p(r)) at BCP of all the dimers are summarized
in Table S4. Koch and Popelier [49] proposed the following three local topological properties to detect and characterize the
hydrogen bond.

(1) Existence of BCP between proton (H) and acceptor (Y) contact is the conformation of formation of H-bond
(2) At BCP of the H---Y the electron density (o(r)) lies in the range of 0.002-0.040 a.u
(3) Laplacian electronic density (V2p(r)) is positive and lies in the range 0.015-0.15 a.u

In the current work, the values of p(r) and V2p(r) are obtained at BCP between hydrogen and the other atoms and
they varies from 0.016328 to 0.030776 a.u and 0.047733 to 0.10298 a.u. Maximum electron density in the self-association is
0.04702 a.u and in cross-association is 0.03389 a.u shows strong hydrogen bonds are observed for O-H--N interaction with
high stability.

Furthermore, the values of Laplacian charge density all possible combinations are found to be positive. These results
support the closed shell [50] interactions of hydrogen bonds in the chosen complexes. The hydrogen bond length and elec-
tron density are inversely proportional to each other which shows that the increase in the hydrogen bond length leads
to decrease in the electron charge density. As there is a increase in the distance of hydrogen bond length, this leads to re-
duced orbital overlapping and electron density decreases along the bond length. It is also noticed that the Laplacian electron
density and hydrogen bond lengths are also inversely related to each other.

According to virial theorem the Laplacian of the electron density V2 p(r) is directly connected with the local kinetic
energy density (Kgcp) and potential energy density (Vgcp) in every point of the system.

1
szp(r)BCP = 2Kpcp + Vpep (8)

Hpcp = Kpcp + Vicp 9)

where Hpcp Represents the electronic energy density. The sign of the Hpcp will depend on the local kinetic energy density
(Kgcp) and potential energy density (Vgcp).

According to Grabowski et al. [51] Laplacian of the electron density V2 p(r) and total electronic energy density Hpcp
follows the below conditions at BCP of hydrogen bond:

(1) For weak and medium hydrogen bonds both V2 p(r) and Hgep > 0
(2) For strong hydrogen bonds V2 p(r) > 0 and H¢p <0
(3) For very strong hydrogen bonds both V2 p(r) and Hpcp <°

From Table S4 both V2 p(r) and HBCP and weak hydrogen bonds, reveals the information that only electrostatic interac-
tions are present in all the complexes [52].

3.4.5. NCI analysis

We can use the Reduced Density gradient (RDG) curves which are suggested by Yang and Co-worker [54], that supports
the Hydrogen bond interaction between selected cross associated complexes (COM13, COM10, and COMS8) and are presented
in Figs. 7-9.

Further, the strength of the hydrogen bond interaction between selected dimers (COM13, COM10, and COMS8) can effec-
tively exhibited by reduced density gradient (RDG) curves proposed by Yang and co-worker [53] are shown in Figs. 6-8. The
decreased density gradient versus sign (A,)o along with the reduced density gradient isosurfaces with the value of s=0.50
a.u. of the 3 associations are studied by the typical characteristic of sharp spike(s) which belongs to weak intermolecular
interactions in the low-density region of component molecules. There are different cross-associated dimers are possible in
which N-H--O hydrogen bonds shows a stronger interaction when compared to other bond interactions.

In the case of COM13, COM10 and COMS8 dimers, the two low-reduced gradient spikes at low density now lies at negative
values of —0.02458 a.u and —0.01822 a.u. respectively, indicates a stabilizing bond interaction. In accordance with the note
of the sharp spike associations COM13, COM10 and COMS8 contain a strong H-bond interaction at sin(A;)p =—0.02458 a.u
(N1-H2--02 (COM13)), —0.019709 a.u (N2-H10--01 (COM10)) and —0.01822 a.u (N1-H6--02 (COMS)), respectively. So the
stability order of the dimers is COM13>COM10>COMS8 that coincides the interaction energy calculation with the help of
compared result.

Along with this, the RDG isosurfaces shows a productive visualisation of NCI analysis in the broad regions in real space.
For three associations which are employed, it is possible to obtain the strong H-bonds, weaker H-bonds and weaker repul-
sive interactions according to the gradient isosurfaces. The more blue colour region represents the stronger interaction and
can be indentified in the different regions from the colour-filled RDG isosurface. From the colour-filled RDG isosurface, we
can identify different type regions by colour the more blue means the stronger interactive interaction. In this the light blue
region shows us that there is a hydrogen bond formation and is in elliptical slab between oxygen and hydrogen shows light
blue colour, so we can conclude that there is a hydrogen bond.
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Fig. 7. Plots of the reduced density gradient versus the electron density multiplied by the sign of the second hessian eigenvalues and gradient isosurfaces
with s = 0.5a.u for the for the hydrogen bond association2-methoxyaniline +N-methylformamide.
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Fig. 8. Plots of the reduced density gradient versus the electron density multiplied by the sign of the second hessian eigenvalues and gradient isosurfaces
with s = 0.5a.u for the for the hydrogen bond association2-methoxyaniline+ N-methylacetamide.

4. Site-Site intermolecular radial distribution function (RDF)

Radial distribution functions (RDFs) is the fundamental property that characterize the averaged spatial structure and
the local molecular distribution. The study on the RDFs directly provides the microscopic structure information of the
system. Radial distribution functions (RDFs) are useful in studying intermolecular structure and interactions in bulk sys-
tems [54,55]. Site-site radial distribution functions of 2-methoxyaniline - N-alkylamides at equi-molefraction were obtained
through molecular dynamic simulations.

RDF’s of pure 2-methoxyaniline and N-alkylamides reveals the presence of N1--H5 hydrogen bond in pure 2-chloroaniline
which is shown in Fig.S6. For N1--H5 pair, it has two peaks in which the first peak is a sharp one and it is located at
2213 A, and the second one is located at a distance of 3.386 A. These values are agrees with the intermolecular distances
of the cross-associated dimer of O-H..N and it is calculated at B3LP/6 — 311 + +G(d, P) which is shown in Fig. S5.1. The
location of the first peak is a bit lesser than the total value of the Vander Waals radii of hydrogen and nitrogen atoms
[Ry--Hy < 2.52 A (threshold distance)] which is an indication of an intermolecular hydrogen bond between H and N atoms
of component molecules. The second peak is a broad one and located at 3.386 A that does not refer to an H-bond and this
peak might be a combination of 3 different intermolecular interactions. The very first one is related to the interaction of N
atom to the central molecule with the second Hy atoms of other molecules and are located in the nearest layer, whereas
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Fig. 9. Plots of the reduced density gradient versus the electron density multiplied by the sign of the second hessian eigenvalues and gradient isosurfaces
with s = 0.5a.u for the for the hydrogen bond association2-methoxyaniline+ N-ethylacetamide.

second and third interactions are related to the interaction of 2 Hy of the central molecule with N of the other molecules
which are located in the closest shell.

For N-Alkylamides NMF, NMA and NEA are computed with RDFs of N-H--O=C hydrogen bond interactions have been
shown in Fig. S7. The mean value of N-H--O=C contacts and it can be accredited to a single NMF, NMA and NEA molecules,
these can be estimated by calculating the g(r) RDF of the pairs which are gained by an amide hydrogen atom (acting as
donor) & a carbonyl oxygen atom (acceptor). In Fig. S7 the gy function executes a well noticeable at initial peak for H--O
site occurs at r(oy) = 1.9283 A for NMF, r(oy) = 1.9366 A for NMA and r(oy) = 1.875 A for NEA. This is an indication of
strong hydrogen bonding between the adjacent self associated molecules of carbonyl’s oxygen and the amide hydrogen of
neighbor self-associated molecules. A close observation of first peak values in Fig. S7 reveals that H--O interactions are
strong in N-Ethylacetamide (NEA) molecules compared to N-Methylformamide (NMF), N-Methylacetamide (NMA).

The RDF of carbonyl oxygen of N-alkylamides surrounded by H atoms of 2-methoxyaniline at the equi-mole fractional
values at 303.15K are presented by Fig. S8. The position of first and second peaks for H--O site occurs at r; = 1.955 A,
ry = 3.375 A for (MOA+NMF), r; = 1.925 A, r, = 3.335 A for(MOA+NMA) and r; = 1.8933 A?, r, = 3.323 A for(MOA+NEA).
Intermolecular interactions are revealed by all these peaks reveal. Due to steric hindrance, RDFs of O ... Hy peak is sharper.
In all the three mixtures location of the first peaks are in the range 1.8933-1.955 A shows a H-bond as this indicates distance
is lesser than the total sum of the vander Waals radii of H and O atoms [R--Hy < 2.48 A (threshold distance)].The second
broad peak located in the range 3.323-3.375 A does not refer to the H-bond and it can be related to O of the molecule
which is at center with H atom of the other molecules that are presented in the nearest layer.

So, a close observation of first and second peaks values in Fig. S8 reveals that O...H-N interactions are strong in
MOA+NEA binary mixture compared to MOA+NMA and MOA+NMF binary mixtures. These MD outcomes are good in cor-
responds with the practical and DFT calculations.

Conclusion

Intermolecular interactions between the self and cross-associated structures of 2-methoxyaniline - N-alkylamides com-
plexes were investigated in experimental and theoretical methods. Excess molar volume and isentropic compressibility re-
trieved from the density and speed of sound at temperatures from 303.15K to 318.15K were found to be negative at all
compositions. The predominant contribution to the excess properties is due to volume contraction, interstitial accommoda-
tion of unlike molecules in mixtures. The interaction observed is stronger in case of 2-methoxyaniline and N-ethylacetamide
(NEA) mixture than 2-methoxyaniline and N-methylformamide (NMF), N-methylacetamide (NMA) mixtures. The character-
istics of these complexes are essentially controlled by intermolecular hydrogen bonds .The study of optimized geometries,
interaction energies, QTAIM and NBO reveals that, COM13(2-methoxyaniline and N-ethylacetamide) with N-H--O hydrogen
bond is the most stable complex among the thirteen self and cross associated dimers. The molecular dynamics simulations
in liquid phase using the RDF revels a good agreement with their values retrieved form quantum mechanical simulations
and experimental results.
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