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Abstract Densities (p), refractive indices (np) and speeds of sound (1) were measured
for the binary mixtures of 2-chloroaniline with butanols (1-butanol, 2-butanol) over the
entire range of mole fraction at 303.15, 308.15, 313.15 and 318.15 K under atmospheric
pressure. From the experimental data, the values of molar volume (V,,), isentropic com-
pressibility (ks), intermolecular free length (L¢), specific acoustic impedance (Z), molar
refraction (R,,), atomic polarization (P,), polarizability (x), deviation in molar volume
(AV,,), deviation in isentropic compressibility (Ak,), deviation in intermolecular free
length (ALy) and deviation in refractive index (Anp) have been calculated and fitted with
Redlich—Kister type polynomial equations by the method of least-squares. The ex-
perimental reduced Redlich—Kister deviation properties were also determined, and the
results reveal formation of hydrogen bonds between 2-chloroaniline and the butanol
mixtures. The formation of hydrogen bonds in the binary mixture systems was further
confirmed by FT-IR spectra. The optimized geometry, harmonic vibrational wave numbers
and bond characteristics, of pure and equimolar hydrogen bonded complexes, have been
calculated theoretically from the ab-intio Hartree—Fock (HF) and density functional theory
(DFT-B3LYP) methods with 6-31 + G and 6-311 + G basis sets using Gaussian 09
software.

Keywords Reduced Redlich—Kister equation - FT-IR spectra - Hydrogen bond - DFT

M. Chandra Sekhar
Department of Physics, Vignan Institute of Technology and Science, Deshmukhi, Telangana, India

T. Madhu Mohan (X)) - T. Vijaya Krishna
Department of Physics, Vasireddy Venkatadri Institute of Technology, Nambur, Andhra Pradesh, India

e-mail: tmadhumohan@gmail.com

A. Venkatesulu
Department of Physics, Government First Grade College, Hosakote, Bangalore Rural, Karnataka, India

K. Siva Kumar
Department of Chemistry, S.V. Arts Degree & P.G. College (T.T.D’S), Tirupati, Andhra Pradesh, India

@ Springer



238 J Solution Chem (2015) 44:237-263

1 Introduction

The hydrogen bond is an important intermolecular interaction in many chemical and
biological processes. Hydrogen-bonded complexes in which aromatic amines serve as
proton donors have been studied extensively in recent years [1-3]. The formation of a
hydrogen bond in solutions and its effect on the physical properties of the mixtures have
received much attention. Hydrogen bonding plays an important role in fundamental sci-
ences and in industrial applications. Although many experimental and theoretical studies
have been directed towards understanding hydrogen bonding, it remains an area of active
research [4]. Knowledge of the physicochemical properties of liquid mixtures formed by
two or more components, associated through hydrogen bonds, is important from theoretical
and process design aspects. From the theoretical viewpoint, volumetric properties of these
mixtures are important sources of information for the characterization of the interactions
between the components and they are also useful for understanding liquid state theory. In
addition, alcohols and amines are broadly used in a variety of industrial and consumer
applications and, hence, information about their physical properties is also of great im-
portance from a practical point of view.

In the present study, the liquids were chosen on the basis of their industrial importance,
i.e., 2-chloroaniline is used in petroleum solvents, fungicides, agricultural chemicals, azo
dyes, pigments and pharmaceuticals. Butanols are used as hydraulic fluids in pharma-
ceuticals, medications for animals, manufacturing perfumes and paint removers.
2-Chloroaniline is a polar solvent that is self-associated through hydrogen bonding of their
amine group. The amino group in 2-chloroaniline is an electron—donor and the hydrogen
atom in the —NH, group can also play the role of proton—acceptor center, and alcohol
molecules are polar and self-associated through hydrogen bonding of their hydroxyl
groups.

In the present work, the density (p), refractive index (np) and speed of sound () values
of 2-chloroaniline + 1-butanol (system 1) and 2-chloroaniline + 2-butanol (system 2),
over the entire composition range at 303.15, 308.15, 313.15 and 318.15 K under atmo-
spheric pressure, are reported, and from this experimental data, various acoustical pa-
rameters are determined and fitted to Redlich—Kister type polynomial equations by the
method of least-squares deviations. Further, computational and spectroscopic studies were
carried out to understand the intermolecular interactions in the binary mixture systems
under investigation.

Table 1 Specifications of the chemical samples

Chemical name  Source Initial mole Purification Final mole Analysis
fraction purity  method fraction purity = method
2-Chloroaniline  Sigma Aldrich, India  0.98 Fractional 0.99 GC*
distillation
1-Butanol SD Fine Chemicals, 0.97 Fractional 0.99 GC?
India distillation
2-Butanol SD Fine Chemicals, 0.97 Fractional 0.99 GC*
India distillation

* Gas-liquid chromatography
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2 Experimental and Computational Methods
2.1 Materials

2-Chloroaniline of AR grade was procured from Sigma Aldrich. Butanols (1-butanol,
2-butanol) of AR grade were procured from SD Fine Chemicals, India. All the chemicals
were fractionally distilled and dried over 0.4 nm molecular sieves. The mass fraction
purities were tested by gas chromatography and are given in Table 1. The purity of the
solvents was ascertained by comparing the experimental values of density, refractive index
and speed of sound with those reported in the literature [5—10] at temperatures
303.15-318.15 K and the values are given in Table 2. All the binary liquid mixtures were
prepared by weighing appropriate amounts of pure liquids on a digital electronic balance
(Mettler Toledo AB 135, Switzerland) with an uncertainty of +0.00001 g, by syringing
each component into airtight stoppered bottles to minimize evaporation losses. The esti-
mated uncertainty in mole fraction is £1 x 107*.

2.2 Density, Refractive Index, and Speed of Sound Measurements

Density and speed of sound of the pure and binary mixtures were measured by using a
digital vibrating-tube density meter and speed of sound analyzer (Anton Paar DSA 5000).
The calibration of the equipment was carried out with doubly distilled deionized water in
the temperature range 303.15-318.15 K, and were compared with values provided by
Anton Parr in the instruction manual. Uncertainties in temperature, density and speed of
sound are +0.01 K, £2 x 107® g-cm ™ and £0.1 m-s™"', respectively.

The refractive index values of pure and binary liquid mixtures were obtained from
refractometer measurements using a M/s ASCO make of Abbe’s refractometer, with the
sodium D light as source, at different temperatures. The temperature controller system with
a water bath, supplied by M/s Sakti Scientific Instruments Company, India, was used to
maintain the constant temperature with an uncertainty +0.01 K. Uncertainty in the re-
fractive index measurement is +0.0001. The FT-IR-spectra of pure and equimolar binary
mixture systems are recorded in the 400-4,000 cm ™' region on an Agilent Cary 630 FTIR
spectrometer at room temperature (298.15 K).

2.3 Computational Details

The optimized geometry, harmonic vibrational wave numbers and bond characteristics, of
the pure and equimolar hydrogen bonded complexes, have been calculated theoretically
from ab-intio Hartree—Fock (HF) and density functional theory (DFT-B3LYP) [11, 12]
methods with 6-31 + G and 6-311 + G basis sets. All the calculations have been carried
out using the Gaussian 09 computational package [13].

3 Theory
Using the experimentally measured values of density (p), refractive index (np) and speed

of sound (u) the following acoustic, optical and thermodynamic parameters were
evaluated:
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M
molar volume (Vy,), Vin =— (1)
0
. . o 1
isentropic compressibility (ks), ks = P (2)
u
and intermolecular free length (L), Ly = Kjv/ks, (3)

where K; is the Jacobson’s constant, a temperature dependent constant. Its value is
2.0755 x 107° at 303.15 K. Also evaluated are the

specific acoustic impedance (Z), Z=up 4)
. nd — 1
molar refraction (Ry,), Ry = { 2 ]Vm (5)
np + 1
atomic polarization (P,), P, = 1.051%, (6)
and polarizability (o) o= i — 1 3V (7)
P Y, | +2] |4nN ]’

where N is the Avogadro number. Also evaluated are the

N
deviation in adiabatic compressibility (Aky), Aks = kg — Z xiks; (8)
i=1
N
deviation in molar volume (AV,,), AV = Vi — invmi 9)
p
N
deviation in intermolecular free length (ALf),  ALf = Ly — Zx,»Lfi (10)
=1
N
and deviation in refractive index (Anp), Anp =np — 3 xinp;, (11)

i=1

where x; and x, are the mole fractions of liquid 1 and liquid 2, respectively.
The deviation values were fitted by the method of nonlinear least-squares to a Redlich—
Kister [14, 15] polynomial equation of the type:

AYZ)Cle ZA,‘()Q —XQ)i (12)
i=0

where x; is the mole fraction of 2-chloroaniline, x, is the mole fraction of isomeric butanol,
and the subscript i in the equation takes values from O to 2. The values of A; are the
coefficients obtained by the method of least squares.
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The standard deviation (o) was calculated using the relation,

1

o= [Z(Ayexr’ — AYcal)z} :

N —n (13)

(a) 2-chloroaniline+1-butanol
1.25 T T T T T T T T T
1 |—m—303.15K
1207 | e—308.15K
1154 |—4A—313.15K i
1 [—v—318.15K

P/gm cm

(b) 2-chloroaniline+2-butanol
1.25 . , . , . , .

1204 [—=—303.15K
1 —e—308.15K
1159 | —4—313.15K
—v—318.15K

P/gm cm

Fig. 1 Density (p) versus mole fraction (x;) of 2-chloroaniline in a 2-chloroaniline + 1-butanol and b 2-
chloroaniline + 2-butanol binary mixtures at temperatures 7 = 303.15, 308.15, 313.15, and 318.15 K
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where N represents the number of experimental points and n represents the number of
coefficients. The experimental reduced Redlich-Kister [16, 17] deviation properties
Qjexp,r(x1) are expressed by Eq. 14,

(a) 2-chloroaniline+1-butanol
1.60
—a—303.15K
—e—308.15K
—v—318.15K

1.50 H
A
[
1.45 -
1.40 4
T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X,
(b) 2-chloroaniline+2-butanol
1.60
—a—303.15K
—e— 308.15K
—a—313.15K
1551 | +—318.15K
1.50
a
a
1.45 4
1.40 4
I T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

1
Fig. 2 Refractive index (np) versus mole fraction (x;) of 2-chloroaniline in (a) 2-chloroaniline + 1-butanol

and (b) 2-chloroaniline + 2-butanol binary mixtures at temperatures 7' = 303.15, 308.15, 313.15, and
318.15 K
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Qj,exp,T(xl ) = m

where j = 1, 2, 3 and 4 denotes AV,,,, Akg, AL; or Anp.

(a) 2-chloroaniline+1-butanol
1500 T T T T T T T T T
1 |—=—303.15K
1450 < o— 308.15K
—a—313.15K

—v—318.15K

1400 +
<, 1350
g )
= 1300 +
1250 +
1200 H
1150 —
0.0 0.2 04 0.6 0.8 1.0
xl
(b) 2-chloroaniline+2-butanol
q T T T T T T T T T
| |-e—308.15¢
—A—313.15K
14004 |y 318.15K
1350 + |
o T
g 1300 1
\5 b =
1250 +
1200 4 a
1150 ]
T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

Fig. 3 Speed of sound («) versus mole fraction (x;) of 2-chloroaniline in a 2-chloroaniline + 1-butanol and
b 2-chloroaniline + 2-butanol binary mixtures at temperatures 7 = 303.15, 308.15, 313.15, and 318.15 K
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4 Results and Discussions

The experimental values of density, refractive index and speed of sound for system 1
and system 2 are shown in Figs. 1, 2 and 3, respectively. Density, refractive index and
speed of sound are important properties needed to understand the nature of molecular
interactions between solute and solvent in the binary mixtures. The density, refractive
index and speed of sound values increase with increasing concentration of
2-chloroaniline (x;), at all temperatures in both systems, indicating the presence of
solute—solvent interactions in the binary mixtures [18, 19]. The increasing density re-
veals that the addition of 2-chloroaniline makes the systems more compact, and thereby
it discloses the presence of an attractive type of interaction between the components.
As the medium becomes more and more compact, the speed of sound also increases. It
is also observed that the density decreases with increasing temperature, because the rise
in temperature leads to a less ordered structure and more spacing between the mole-
cules. The refractive index values of the pure components and mixtures decrease with
increasing temperature in both systems, which may be attributed to the fact that the
variation in refractive index with temperature is compensated by the change in density
of the liquid mixtures [20].

The values of molar volume (V,,), isentropic compressibility (ks), intermolecular free
length (Lg), specific acoustic impedance (Z), molar refraction (R,,), atomic polarization
(P,), and polarizability («) for system 1 and system 2, at temperatures (303.15, 308.15,
313.15 and 318.15) K under atmospheric pressure, are reported in Table 3.

The molar volume (V,,) values, for both systems, increase with increasing mole fraction
of 2-chloroaniline in butanols at all temperatures. It is also found that, in both systems at a
fixed mole fraction of 2-chloroaniline, the molar volume increases with increasing tem-
perature. The increase in the molar volume of a system on mixing of the components can
be attributed to the dissociation of one component or both components and formation of
solute-solvent bonds [21].

The isentropic compressibility (ks) and intermolecular free length (L¢) are related with
the structural effects and packing phenomena. The decrease in isentropic compressibility,
as well as intermolecular free length, with the mole fraction of 2-chloroaniline, in both the
systems, shows structural compactness. The degree of compressibility is a measure of the
ease with which a system can easily be compressed, i.e., the larger the compressibility the
easier it can be compressed due to the presence of more free space between the compo-
nents. In the present study, in both the systems the variations in kg and L¢ values indicate
complex formation through molecular interactions [22, 23]. The increases in ks and L with
rise in temperature imply the weakening of intermolecular attraction due to thermal
agitations.

In the present work, the specific acoustic impedance (Z) values are observed to increase
with increasing concentration of 2-chloroaniline, in both the systems, at a given tem-
perature. Such an increment in the values of Z supports the possibility of molecular
interactions due to H-bonding between 2-chloroaniline and the butanols [24]. Further, the
specific acoustic impedance decreases with increase in temperature at a given composition
of the mixture, in both the systems, indicating that the variation in temperature has a
significant effect on Z and thereby on the molecular interactions.

The polarizability («) values of 2-chloroaniline, 1-butanol and 2-butanol at 303.15 K are
1.4150, 0.8789 and 0.8745 cm?, respectively. The obvious conclusion is that, in pure
2-chloroaniline, dispersion forces are overwhelming, whereas in the cases of 1-butanol and
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Table 4 Deviation in molar volume (AV,,), deviation in isentropic compressibility (Aks), deviation in
intermolecular free length (ALg) and deviation in refractive index (Anp) for system 1 and system 2 at

temperatures (303.15-318.15 K) and atmospheric pressure

X1 AV,,/em®-mol ™! Akg/TPa™! AL/10" m Anp
System-1  System-2  System-1  System-2  System-1 System-2  System-1  System-2
T=1303.15K
0 0 0 0 0 0 0 0 0
0.09 —0.0490 —0.0604 —6.7493 —16.9680 —0.0175 —0.0514 0.00133 0.00132
0.18 —0.0899 —0.1049 —12.3133 —28.9584 —0.0325 —0.0886  0.00243 0.00236
027 —-0.1251 —0.1383 —16.5668 —37.2025 —0.0445 —0.1151  0.00328 0.00319
037 —0.1430 —0.1574 —19.3472 —41.1825 —0.0528 —0.1285 0.00382  0.00373
047 —0.1535 —0.1620 —20.5224 —40.7545 —0.0568 —0.1282  0.00408 0.00389
057 —0.1438 —-0.1545 —19.7683 —-37.5611 —0.0552 —0.1193  0.00397 0.00375
0.67 —0.1282 —0.1381 —17.2893 —32.2106 —0.0486 —0.1027 0.00356  0.00335
0.78 —0.0953 —0.1042 —13.0778 —22.8236 —0.0369 —0.0733  0.00275 0.00251
0.89 —0.0557 —0.0626 —7.4078 —12.9214 —0.0211 —0.0418 0.00159 0.00149
1 0 0 0 0 0 0 0 0
T =308.15 K
0 0 0 0 0 0 0 0 0
0.09 —-0.0603 —0.0719 —7.5818 —18.5951 —0.0196 —0.055 0.00138 0.00135
0.18 —0.1066 —0.1212 —13.5812 —31.6840 —0.0354 —0.0946  0.00249 0.00239
027 —0.1443 —0.1591 —17.8324 —40.6069 —0.0468 —0.1224 0.00336  0.00323
037 —0.1628 —0.1783 —20.4149 —44.7486 —0.0542 —0.1361  0.00392  0.00377
047 —0.1713 —0.1811 —21.3838 —44.6043 —0.0571 —0.1373  0.00415 0.00392
057 —0.1611 —0.1741 —20.7692 —41.0467 —0.0561 —0.1272 0.00404  0.00379
0.67 —0.1416 —0.1524 —18.4742 —35.1543 —0.0507 —0.1094  0.00361 0.00338
078 —0.1071 —0.1183 —14.2964 —25.0293 —0.0398 —0.0786  0.00284  0.00255
089 —0.0645 —0.0722 —8.2485 —14.1082 —0.0234  —0.0445 0.00163 0.00152
1 0 0 0 0 0 0 0 0
T=313.15K
0 0 0 0 0 0 0 0 0
0.09 —-0.0732 —0.0919 —8.5934 —19.9685 —0.0221 —0.0575 0.00143 0.00142
0.18 —0.1247 —0.1438 —14.9489 —33.6654 —0.0384 —0.0976 0.00257 0.00246
027 —0.1594 —0.1777 —19.3425 —429121 —0.0497 —0.1254  0.00342 0.00328
037 —0.1757 —0.1966 —21.8014 —47.0932 —0.0561 —0.1386  0.00395 0.00381
047 —0.1836 —0.1979 —22.7718 —46.514 —0.0593  —0.1378  0.00423 0.00395
057 —-0.1735 —0.1907 —22.1183 —42.9244 —0.0581 —0.1281  0.00409 0.00382
0.67 —0.1575 —0.1704 —19.744 —36.9391 —0.0527 —0.1111  0.00369 0.00343
078 —0.1231 —0.1383  —15.5925 —26.4861 —0.0427 —0.0805 0.00288 0.00264
0.89 —0.0758 —0.0884 —-9.2183 —15.2669 —0.0261 —0.0472  0.00172 0.0016
1 0 0 0 0 0 0 0 0
T=318.15K
0 0 0 0 0 0 0 0 0
0.09 —0.0895 —0.1014 —-9.7156  —20.3748 —0.0251 —0.0572  0.0015 0.00143
0.18 —0.1465 —0.1601 —16.4657 —34.7722 —0.0420 —0.0986 0.00266  0.00249
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Table 4 continued

X1 AV,,/em>-mol ! Akg/TPa™! AL/10" m Anp

System-1  System-2  System-1  System-2  System-1  System-2  System-1  System-2

027 —-0.1802 —-0.1905 —20.8721 —44.8213 —0.0528 —0.1284  0.00349  0.00327
037 —0.1928 —-0.2078 —23.1307 —49.6078 —0.0582 —0.1434  0.00421 0.00378
047 —0.1976 —0.2085 —24.1362 —49.2597 —0.0613 —0.1437  0.00423 0.00392
057 —0.1866 —0.2042  —23.2555 —453226 —0.0593 —0.1333  0.00413 0.00381
0.67 -0.1711 —-0.1873  —20.9768 —38.8738 —0.0548 —0.1148  0.00373 0.00345
078 —0.1384 —0.1524 —16.7263 —27.7183 —0.0451 —0.0826  0.00295 0.00266
089 —0.0883 —0.1026 —10.1238 —15.6334 —0.0286 —0.0468 0.00176  0.00166
1 0 0 0 0 0 0 0 0

2-butanol, intermolecular forces due to hydrogen bonding and dipole—dipole association
strengths are more dominating than the dispersion forces. The dispersion forces exist
between all molecules and are resolved by the polarizability of the particles. The polar-
izability depends on the overall number of electrons and the volume over which they are
spread. Polarizability values increase with increasing concentration of 2-chloroaniline (x;)
in the mixtures. In both the systems, the polarizability values of all the mixture concen-
trations increase with increasing temperature, which can be attributed to the increase in the
molar volume with temperature.

The molar refraction (R,,,) reflects the strength of interaction in the binary mixtures and
is a sensitive function of wavelength and mixture composition. The magnitude of the molar
refraction increases with increase in mole fraction of 2-chloroaniline (x;) in both the
systems. Since the refractive index is measured in the optical region, the polarizability
should not include orientational effects. Therefore, the molar refraction should not depend
on temperature over a small temperature range and we can observe this from the values of
R, (Table 2).

In order to have a comprehensive picture of the nature of molecular interactions be-
tween the components of the liquid mixtures, it is of interest to discuss the same parameters
in terms of deviation values [25]. In this work, the deviation in molar volume (AV,,),
deviation in isentropic compressibility (Aks), deviation in intermolecular free length (ALy)
and deviation in refractive index (Anp) values were calculated. These values were fitted to
the Redlich—Kister polynomial equation and the results are reported in Table 4. The co-
efficients A; and the corresponding deviations ¢ obtained from the least-squares fitting
method are given in Table 5.

The deviation in molar volume (AV,,) is an indicator of different effects [26]. The
physical contributions that are nonspecific interactions between the real species present in
the mixture give rise to a positive value to AV,, while chemical or specific intermolecular
interactions like charge-transfer and other complex-forming interactions result in a volume
decrease giving rise to a negative value to AV,,,. The negative AV,, values, in both the
systems at all temperatures, indicate that the mixtures have a compact structure. Further, it
is observed that these deviation values become more negative with increase in temperature.
Because increasing temperature promotes the breaking of associated species present in the
pure liquids thus releasing more and more free dipoles of unlike molecules in the mixture,
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which in tern form greater number of hydrogen bonds among the interacting molecules, as
a result the deviation values become more negative.

The deviation in isentropic compressibility (Akg) values, which are different from the
excess isentropic compressibility (k5), are negative over the entire composition range for
both the systems at all temperatures. These negative values of Akg suggest that the liquid

(a) 2-chloroaniline+1-butanol
-0.6 H\._,L_ﬂ/y/)-/‘-——.
e |
ME -0.8
=
L2
= 1 —8—303.15K
i 10 —e—308.15K
= —A—313.15K
= —v—318.15K
o |
=
-1.2 4
T T T T T T T T T

00 01 02 03 04 05 06 07 08 09 10

(b) 2-chloroaniline+2-butanol
-0.5 4
-0.6
— 0.7 4
=]
E 4
“g -0.8 1
L2 ]
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= 1 —e—308.15K
g 107 —a—313.15K
>E | —v—318.15K
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Fig. 4 Experimental reduced Redlich-Kister deviation properties Q; exp.7(x1) for the ratio % of the
deviation in molar volumes (Eq. 14) with mole fraction (x;) in a 2-chloroaniline + 1-butanol and b 2-

chloroaniline + 2-butanol binary mixtures at temperatures 7 = 303.15, 308.15, 313.15, and 318.15 K
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mixtures are less compressible than the pure liquids, indicating that the solution and
molecules in the mixture are more tightly bound in the liquid mixtures than in the cor-
responding pure liquids. According to Fort and Moore [27], negative deviations in isen-
tropic compressibility are an indication of strong heteromolecular interactions in the liquid
mixture and are attributed to charge transfer, dipole—dipole, and dipole-induced-dipole
interactions and hydrogen bonding between unlike components.

(a) 2-chloroaniline+1-butanol
-60
—a—303.15K
—e—308.15K
70 4 —a—313.15K
—v—318.15K
s -80
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=
- ///k‘\\
E” |
=100 +
o
SJ 4
-110 +
-120 +
T T T T T T T T T

00 01 02 03 04 05 06 07 08 09 10

xl
(b) 2-chloroaniline+2-butanol
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120 —a—303.15K
T —e—308.15K
—a—313.15K
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=
. -200
=
A4 220
=
-240 |
-260
T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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1
Fig. 5 Experimental reduced Redlich-Kister deviation properties 0 exp7(x1) for the ratio Ak of the

x (1=x))
deviation in isentropic compressibility (Eq. 14) with mole fraction (x;) in a 2-chloroaniline + 1-butanol and
b 2-chloroaniline + 2-butanol binary mixtures at temperatures 7 = 303.15, 308.15, 313.15, and 318.15 K
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The deviations of intermolecular free length (ALy), in both systems, are negative over
the entire range of composition at all temperatures. The large negative values in the middle
composition range indicate structural readjustments in the liquid mixtures towards a less
compressible fluid phase and closer packing of molecules [28]. Thus, the negative values
of deviation in intermolecular free length indicate the strengthening of hydrogen bonding
between 2-chloroaniline and butanol (1-butanol/2-butanol) molecules. The positive values

(a) 2-chloroaniline+1-butanol
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S
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—" 028 —4—313.15K
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0+ 7T
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(b) 2-chloroaniline+2-butanol
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Fig. 6 Experimental reduced Redlich-Kister deviation properties Q3 exp.7(x1) for the ratio )ﬁ of the

deviation in intermolecular free length (Eq. 14) with mole fraction (x;) in a 2-chloroaniline 4 1-butanol and
b 2-chloroaniline + 2-butanol binary mixtures at temperatures 7 = 303.15, 308.15, 313.15, and 318.15 K
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of refractive index deviations are due to strong specific forces between molecules, such as
hydrogen bonding between the constituent molecules [14].

The experimental reduced Redlich—Kister deviation properties Qexpr(x1) of the de-
viation in molar volume, deviation in isentropic compressibility, deviation in inter-
molecular free length, and deviation in refractive index values are shown in Figs. 4, 5, 6
and 7, for systems 1 and 2. For both systems, changes in curvature are found in the reduced

(a) 2-chloroaniline+1-butanol
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Fig. 7 Experimental reduced Redlich-Kister deviation properties Q4 exp.r(x1) for the ratio )ﬁ of the

deviation in refractive index (Eq. 14) with mole fraction (x;) in a 2-chloroaniline + 1-butanol and b 2-
chloroaniline + 2-butanol binary mixtures at temperatures 7 = 303.15, 308.15, 313.15, and 318.15 K
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Redlich—Kister deviation in molar volume with mole fraction (x;) are due to hydrogen
bonding between unlike molecules of the mixtures, leading to strong intermolecular cor-
relations. The increasingly negative values of the reduced deviation in molar volume with
increasing temperature (Fig. 4) can be explained by considering the differences in the
molar volumes of the two liquids at different temperatures, and this raises the possibility
that the smaller sized molecules of butanol (1-butanol/2-butanol) fit into the voids created
by the larger molecules of 2-chloroaniline. Also, significant changes in curvature for the
reduced Redlich—Kister deviation in isentropic compressibility and deviation in inter-
molecular free length with mole fraction (x;) are observed for both systems (Figs. 5 and 6).
From analysis of these results, it is clear that the complexity of cluster formation and
mutual solvation are reflected in the results of the reduced functions. The reduced deviation
in refractive index values decrease with mole fraction (x;), pass through a localized
minimum at x; = 0.8, and then increase continuously in going to the 2-chloroaniline-rich
region (Fig. 7). This trend suggests that molecular interactions are present in the mixture
containing two liquids of different size and polarity [16].

The hydrogen bonding distances and the corresponding angles can be considered as a
criterion of the strength of hydrogen bonding [29]. The geometrical parameters, i.e., bond
length values of pure compounds and equimolar binary mixtures from DFT (B3LYP) with
6-311 + G basis set, are shown in Figs. 8 and 9. The variations in bond length values of
the equimolar binary mixture systems, compared to their monomers, clearly indicate the
formation of hydrogen bonds between the complexes.

In order to examine the presence of N-H---O-H bonded complexes and the strength of
molecular association at equimolar concentration, for both systems. The infrared spectra
were recorded at room temperature (298.15 K). Observing the experimental FT-IR spectra

(b)

0.972 A° \ 0.960 A°

Fig. 8 The optimized geometrical structures with bond lengths of pure compounds: a 2-chloroaniline, b 1-
butanol, and ¢ 2-butanol from DFT (B3LYP) with the 6-311 + G basis set
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(b) 1.027 A°

/o

1.427 A°

Fig. 9 The optimized geometrical structures with bond lengths of equimolar binary mixtures: a 2-
chloroaniline + 1-butanol and b 2-chloroaniline 4 2-butanol from DFT (B3LYP) with the 6-311 + G basis
set

for the equimolar binary mixture of system 1 (2-chloroaniline + 1-butanol), there is a shift
of 8 cm™" in wave number in the position of -NH and 22 cm™" in the position of —OH for
the mixture relative to the pure compound spectra (Fig. 10). Similarly, the FT-IR spectra
for the equimolar binary mixture of system 2 (2-chloroaniline + 2-butanol), there is a shift
of 11 cm ™" in the position of -NH and 4 cm ™! in the position of -OH, compared with their
respective pure compound spectra (Fig. 11). These shifts are caused by strong inter-
molecular interactions like hydrogen bonding between the oxygen in the hydroxyl group of
butanols (1-butanol/2-butanol) and the hydrogen of 2-chloroaniline. Thus, the FT-IR
analysis convincingly shows intermolecular hydrogen bonding for the equimolar binary
mixture in both systems, with proportionate variations in the stretching wave numbers of
—NH and —OH compared to their respective pure components [30]. The comparison of
experimental and theoretical (scaled down) FT-IR wave numbers is provided in Table 6
and the obtained theoretical values are in reasonable agreement with the experimental
values [31, 32]. The optimized geometrical structures, representing the formation of
hydrogen bonding obtained from density functional theory (DFT-B3LYP) method with the
6-311 4 G basis set calculation using Gaussian 09 software, are shown for system 1 and
system 2 in Fig. 9a, b, respectively.
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Relative transmittance (%)

—— 2-Chloroaniline
—— 2-Chloroaniline+1-butanol
—— 1-butanol

3352 3330(OH)

3377 3369(NH)
T T T T T T T T T T T T T
3000 3100 3200 3300 3400 3500 3600 3700
Wavenumber

Fig. 10 Infrared spectra of pure 2-chloroaniline, pure 1-butanol and the equimolar binary mixture of

2-chloroaniline + 1-butanol

Relative transmittance (%)

—— 2-Chloroaniline
—— 2-Chloroaniline+2-butanol
—— 2-butanol

3350(0OH)

. 3354
3380
3370(NH)
T T T T T T T T T T T T
3000 3100 3200 3300 3400 3500 3600
Wavenumber

Fig. 11 Infrared spectra of pure 2-chloroaniline, pure 2-butanol and the equimolar binary mixture of

2-chloroaniline + 2-butanol
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The Appendix lists the experimental values of density, refractive index and speed of
sound.

5 Conclusions

Physicochemical properties like density, viscosity and speed of sound of the binary mix-
tures containing 2-chloroaniline and butanols (1-butanol/2-butanol), over the entire range
of mole fraction at temperatures 7' = (303.15 to 318.15) K under atmospheric pressure,
were measured. From the experimental data, various acoustical parameters were deter-
mined and fitted to Redlich—Kister type polynomial equations by the method of least-
squares. The sign and magnitude of these quantities indicate the formation of hydrogen
bonds. The FT-IR spectra confirm the formation of intermolecular hydrogen bonds
between the hydrogen of 2-chloroaniline and hydroxyl group of butanols (N-H---O-H).
Further, computational studies were carried out to understand the intermolecular interac-
tions in the binary mixture systems under investigation.
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