
U
o

A
a

b

c

d

a

A
R
R
A
A

P
4
4
6
6
3

K
U
V
C
R
H

1

p
u
S
n
a
m
m
o
u
p
i
r
t
d

0
d

Fluid Phase Equilibria 281 (2009) 78–86

Contents lists available at ScienceDirect

Fluid Phase Equilibria

journa l homepage: www.e lsev ier .com/ locate / f lu id

ltrasonic study on binary mixture containing dimethylformamide and methanol
ver the entire miscibility range (0 < x < 1) at temperatures 303–323 K

. Moses Ezhil Raja,∗, L.B. Resmia, V. Bena Jothyb, M. Jayachandranc, C. Sanjeevirajad

Department of Physics, Scott Christian College (Autonomous), Nagercoil 629003, India
Department of Physics, Women’s Christian College, Nagercoil 629001, India
ECMS Division, Central Electrochemical Research Institute, Karaikudi 630006, India
Department of Physics, Alagappa University, Karaikudi 630003, India

r t i c l e i n f o

rticle history:
eceived 12 September 2008
eceived in revised form 7 April 2009
ccepted 14 April 2009
vailable online 22 April 2009

ACS:
3.35.+d
3.35.Ac
2.10.+s
2.80.+f

a b s t r a c t

The experimental density and speed of ultrasound measurements in connection with literature data have
been measured for pure N,N-dimethylformamide (DMF), methanol and their binary mixtures over the
whole miscibility range at different temperatures 303, 308, 313, 318 and 323 K. These parameters were
used to determine the adiabatic compressibility, intermolecular free length, molar compressibility, molar
sound velocity, acoustic impedance, relaxation strength and their excess values. The variation of these
parameters with composition of mixture indicates the nature and extent of interaction between unlike
molecules. The non-ideal behavior of the system studied was explained on the basis of the dipole-induced
dipole interactions and hydrogen bonding. The complex formation through intermolecular hydrogen
bonding was confirmed from the recorded FTIR spectra. Available thermal energy breaks the bonds
between the associated molecules into their respective monomers on increasing the temperature.
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. Introduction

The concentration and temperature dependence of acoustic
roperties has proved to be a significant observation of intermolec-
lar interactions in liquids, liquid mixtures and solutions [1–4].
ince liquid mixtures have found applications in medicine, engi-
eering, agriculture and other industrial applications, the study
nd understanding of thermodynamic and transport properties are
ore essential [5,6]. Intermolecular interactions in liquid mixtures
odify the structural arrangements and hence change the shape

f the molecule. The study of molecular interactions in the liq-
id mixtures is therefore important in elucidation of the structural
roperties of the molecules. Measurements of ultrasonic veloc-
ty and density have been used to calculate various parameters
elated to different types of molecular interactions in liquid mix-
ures. The compressibility behavior of solutes, which is the second
erivative of the Gibbs energy, is a very sensitive indicator of

∗ Corresponding author. Tel.: +91 4652 232888; fax: +91 4652 229800.
E-mail address: ezhilmoses@yahoo.co.in (A. Moses Ezhil Raj).

378-3812/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.fluid.2009.04.009
molecular interactions and can provide useful information about
these phenomena [7–10]. The non-rectilinear behavior of ultrasonic
velocity, compressibility and other thermodynamical parameters
of liquid mixtures also reveal the strength of interactions. To get
additional information about the nature and strength of molecu-
lar interactions, other related acoustical parameters such as free
length, adiabatic compressibility, free volume, acoustic impedance
and their excess parameters have been calculated in the liquid mix-
tures [11,12]. The excess thermodynamic functions are sensitive to
the intermolecular forces as well as to the size of the molecules. In
order to study all these molecular-kinetic properties of liquids and
liquid mixtures, low amplitude ultrasonic wave is very valuable.
Ultrasonic methods have established a permanent place in science
and new applications and found for the solution of many theoretical
and practical problems. Most important features of ultrasonic sys-
tems are robustness, non-invasiveness, precision, low cost, rapidity

and easy automation.

Since acoustic parameters provide a better insight into molec-
ular environments in liquid mixtures, it seems important to study
molecular interactions in binary liquid mixtures. The present inves-
tigation is concerned with the study of N,N-dimethylformamide

http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:ezhilmoses@yahoo.co.in
dx.doi.org/10.1016/j.fluid.2009.04.009
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the respective tendency of the molecular interactions.
Fig. 1 shows the variation of ultrasonic velocity with the entire

miscibility range of N,N-dimethylformamide in methanol at differ-
ent temperatures. Obtained values of ultrasonic velocity for pure
DMF and methanol are in agreement with the reported values
A. Moses Ezhil Raj et al. / Fluid

DMF)–methanol mixtures covering the whole miscibility range.
MF is highly polar (� = 3.86 D and ε = 36.71 at 298.15 K), yet is prac-

ically unassociated and behaves as a good solvent in chemical and
echnological process [13–15]. Moreover, DMF is reported to be a
owerful breaker of polymerized structures of hydroxy compounds
nd the dipoles of DMF are randomly oriented [16]. Methanol is an
nteresting non-aqueous solvent, in particular because it is strongly
elf-associated through hydrogen bonding despite its low dipole
oment and dielectric constant (� = 1.70 D and ε = 33 at 298.15 K).
any researchers have studied the hydrogen bonding and volu-
etric behavior of amide–water [17,18], amide–alcohol [19,20] and

ernary mixture containing amide and alcohol mixed with other
rganic liquids [21]. Most of the authors have studied the acous-
ic parameters only at a single temperature and therefore a clear
nderstanding of the solution structure of DMF–methanol system

s lacking.
In this report, we estimate densities, viscosities and ultrasonic

elocities of mixtures of DMF with methanol at temperatures
03, 308, 313, 318 and 323 K covering the whole miscibility range
xpressed by the mole fraction ‘x’ of DMF (0 < x <1). These properties
ave been used to determine adiabatic compressibility, inter-
olecular free length, molar sound velocity, molar compressibility,

coustic impedance, etc. The significance of these parameters has
een emphasized in understanding the intermolecular interaction
etween DMF and methanol molecules. The variation of these
arameters with composition of mixture and temperature is use-
ul in understanding the nature and extend of interaction between
nlike molecules in the mixture. The excess parameters such as
xcess velocity (UE), excess adiabatic compressibility (ˇE), excess
ree length (Lf), excess acoustic impedance (ZE) and excess free
olume (Vf) have significant role in determining the molecular
nteraction amongst the atoms of the liquid mixture. The pres-
nce of dispersion forces, dipole–dipole, dipole-induced dipole,
harge transfer and hydrogen bonding interaction has been under-
tood from the positive and negative values of the mixture. Based
n the above facts, excess values are used to study the strength
nd nature of interaction namely strong, weak and complex
ormation.

. Experimental details

Methanol and DMF used were of AnalaR grade samples and
hey were used after purification as mentioned in the literatures
22,23]. The estimated purity was >99.8%. The mixtures were pre-
ared by mixing known volume of pure liquids in airtight-stopper
ottles and adequate precautions were taken to minimize evapo-
ation loses during the actual measurements. The reproducibility
n mole fraction was within ±0.0002 units. The density of pure
olvent and of solutions was measured at the experimental temper-
tures by using a pyknometer with the uncertainties of 0.0001 g/ml.
he ultrasonic velocities in pure liquids and their mixtures were
easured using a single crystal variable path ultrasonic interfer-

meter operating at 2 MHz supplied by Mittal Enterprises, Model
-81. The instrument was calibrated by measuring the velocity of
enzene and carbon tetrachloride. Measured values were found
o be in good agreement with their literature values of 1295 and
26 m/s, respectively, at 25 ◦C [24,25]. The temperature of the
olution was maintained constant to an accuracy of ±0.05 ◦C by
irculating water through the brass jacket from a thermostatic
ater bath. The various acoustical parameters were calculated

sing Microsoft® Excel and plotted using Micro cal® Origin soft-
are. The hydrogen bonding in the binary solution mixture was

onfirmed through infrared spectrum recorded in the wavenumber
ange 4000–650 cm−1. Various acoustical parameters were cal-
ulated from the measured values of ultrasonic velocity ‘U’ and
Equilibria 281 (2009) 78–86 79

density ‘�’ [26–28].

Adiabatic compressibility (ˇ) = 1
U2�

(1)

Intermolecular free length (Lf) = (Kˇ)1/2 (2)

where K is a temperature dependent constant taken from the work
of Jacobson [29].

Molar sound velocity (R) = U1/3V (3)

where V is the molar volume.

Molar compressibility (B) = M

�
ˇ−1/7 (4)

where M is the molecular weight.

Acoustic impedance (Z) = �U (5)

Excess ultrasonic velocity (UE) = U − U (6)

Excess adiabatic compressibility (ˇE) = ˇ − ˇ (7)

Excess intermolecular free length (LE
f ) = Lf − Lf (8)

Excess molar compressibility (BE) = B − B (9)

where U, ˇ, Lf and B are respective values defined under the vol-
ume additive rule.

Relaxation strength (r) = 1 −
(

U

U∞

)1/2
(10)

where U∞=1.6 × 105 cm2/s.

3. Results and discussion

Acoustical parameters such as adiabatic compressibility, inter-
molecular free length, molar sound velocity, molar compressibility
and acoustic impedance were calculated from the measured ultra-
sonic velocity and density values at temperatures 303, 308, 313
and 323 K have been tabulated in Table 1 for various mole fractions
of DMF. In order to understand the reaction kinetics of the binary
liquid, tabulated values of the acoustic parameters are graphically
displayed. The linear and nonlinear behavior of the curve reveals
Fig. 1. Ultrasound velocity (U) with mole fraction (x) of DMF at different tempera-
tures.
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Table 1
Values of U, �, ˇ, Lf , V, R, B and Z values of DMF in methanol for various mole fractions (x).

Temperature (K) x U (m/s) � (kg/m3) ˇ × 10−10 (N−1 m2) Lf × 10−11 (m) V × 10−5 (mol m−3) R × 10−3 (m3 mol−1 (m s−1)1/3) B × 10−3 (m3 mol−1 (N−1 m3)−1/7) Z × 105 (kg m−2 s−1)

303 0.0 1089.0 771.90 10.924 6.858 4.150 0.427 0.791 8.406
0.2 1133.8 818.70 9.501 6.396 4.916 0.512 0.956 9.282
0.4 1201.2 801.17 8.650 6.103 6.048 0.643 1.192 9.623
0.6 1249.2 853.80 7.505 5.684 6.637 0.714 1.335 10.665
0.8 1339.4 888.88 6.270 5.196 7.299 0.804 1.506 11.905
1.0 1469.8 953.21 4.856 4.572 7.667 0.871 1.641 14.010

308 0.0 1069.6 764.70 11.430 7.079 4.189 0.428 0.794 8.179
0.2 1126.8 811.76 9.702 6.522 4.958 0.516 0.961 9.146
0.4 1187.4 794.11 8.931 6.257 6.102 0.646 1.197 9.429
0.6 1243.4 852.94 7.583 5.766 6.644 0.714 1.334 10.605
0.8 1320.0 888.23 6.461 5.322 7.304 0.801 1.501 11.724
1.0 1433.2 952.94 5.109 4.732 7.669 0.864 1.630 13.657

313 0.0 1057.2 757.40 11.810 7.260 4.230 0.431 0.797 8.007
0.2 1110.8 798.81 10.150 6.728 5.038 0.522 0.970 8.873
0.4 1169.2 786.98 9.295 6.440 6.157 0.649 1.201 9.201
0.6 1219.4 846.15 7.948 5.955 6.697 0.716 1.336 10.318
0.8 1313.2 881.65 6.577 5.417 7.358 0.806 1.508 11.577
1.0 1418.0 952.66 5.220 4.826 7.672 0.862 1.625 13.508

318 0.0 1033.2 750.00 12.490 7.532 4.272 0.432 0.799 7.749
0.2 1097.7 785.71 10.562 6.926 5.123 0.528 0.981 8.624
0.4 1152.0 773.80 9.737 6.650 6.263 0.657 1.213 8.914
0.6 1208.0 833.33 8.223 6.111 6.800 0.724 1.350 10.066
0.8 1275.4 875.00 7.025 5.649 7.415 0.804 1.505 11.159
1.0 1402.2 952.38 5.340 4.925 7.674 0.859 1.620 13.354

323 0.0 1008.0 718.60 13.695 7.956 4.458 0.447 0.823 7.243
0.2 1095.4 778.44 10.706 7.034 5.170 0.533 0.989 8.527
0.4 1136.0 754.49 10.270 6.890 6.422 0.670 1.235 8.571
0.6 1189.0 803.35 8.804 6.379 7.054 0.747 1.387 9.551
0.8 1257.2 868.26 7.286 5.803 7.472 0.806 1.509 10.915
1.0 1374.8 952.09 5.557 5.068 7.676 0.854 1.612 13.089
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mation between the solute molecules through hydrogen bonding
due to which structural arrangement is considerably altered. In the
present study also, there is a possibility of complex formation due
to interactions as revealed by the nonlinear variation of ultrasonic
ig. 2. Density (�) in binary mixture of DMF with methanol for various mole frac-
ions (x) at different temperatures.

30]. In all the measurement temperatures and concentrations, the
lot comprises two linear portions with different slopes. These
lopes show a break at the mole fraction of 0.6 of DMF/methanol.
his nonlinear behavior of velocity with concentration indicates
he deviation from ideal mixing behavior, similar to the previ-
us reports of the water/ether system [31,32]. Even though the
ltrasonic velocity increases with ‘x’, there are no maxima or
inima. The linear behavior with increase in velocity with con-

entration indicates the interactions between unlike molecules
hrough hydrogen bonding (OH–O) which in turn produces dis-
lacement of electron and nuclei [33–35]. Also it is noted that the
elocity of ultrasonic wave decreases with temperature. At 303 K,
he velocity of DMF is 1469.8 m/s and it is decreased to 1374.8 m/s
hen the temperature is increased to 323 K. As the temperature

s increased, available thermal energy facilitates the breaking of
he bonds between the associated molecules into their monomers.

oreover, increase of thermal energy weakens the molecular
orces which tend to decrease the ultrasonic velocity as expected
36].

The experimental results of density measurements of binary
ixtures of DMF with methanol over the whole composition range

xpressed in mole fraction x of DMF (0 < x < 1) at different temper-
tures is shown in Fig. 2 and are in agreement with the reported
alues [37]. Large dispersion in densities with temperature is seen
t lower values of mole fractions. However, dispersion in density
radually decreases on increasing the mole fractions and the disper-
ions decreases almost to zero at x = 1. This indicates the dominant
haracter of N,N-dimethylformamide over methanol, that binds the
olecules together and therefore the density variation with tem-

erature is less at higher values of ‘x’.
Fig. 3 illustrates the variation of the adiabatic compressibility for

arious mole fraction of DMF in forming solution with methanol.
he nature of variation indicates the possible interaction among
olecules. The adiabatic compressibility gradually decreases with

ncreasing the concentration of DMF in the mixture. The reverse
ehavior of adiabatic compressibility occurs because of structural
hanges present in the mixture that brings the molecules to a
loser packing. Also, it reveals negative deviation with tempera-
ure, when compared with ultrasonic velocity. These deviations
an be explained in terms of the dispersion forces that increase

he intermolecular path lengths as described by Jacobson [38,39].
ecrease of the intermolecular path lengths on the other hand leads

o a positive deviation in sound velocity and negative deviation in
he compressibility. In our observation it seems that the negative
Fig. 3. Adiabatic compressibility (ˇ) versus mole fraction (x) for DMF.

deviation in compressibility at higher mole fractions of DMF is due
to the presence of dipole-induced dipole interactions. DMF being
dipolar molecules induces dipole moment in methanol, causing
dipole-induced dipole interactions to operate. These findings are
in accordance with the previously reported results of Yadava and
Yadav [40].

Intermolecular free length is an important parameter that
has association with adiabatic compressibility. Fig. 4 shows the
variation of free length with mole fractions. It is clear that the
intermolecular free length shows a similar behavior as reflected
by ‘ˇ’. The decreased compressibility brings the molecules to a
closer packing resulting a decrease in intermolecular free length.
Moreover, free length is a predominant factor in determining the
variation of ultrasonic velocity in solutions. The inter dependence
of ‘Lf’ and ‘U’ has been evolved from a model for sound propagation
proposed by Eyring and Kincaid [41]. According to the proposed
theory, the decrease in the value of ‘ˇ’ and ‘Lf’ with increase in
ultrasonic velocity further strengthens the process of complex for-
Fig. 4. Intermolecular free length (Lf) versus mole fraction (x) for DMF.
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ig. 5. Variation of molar sound velocity (R) with mole fraction of DMF (x) at differ-
nt temperatures.

elocity and their related parameters due to strong interaction of
orces [42,43].

The variation in molar sound velocity with mole fraction mea-
ured at various temperatures is represented in Fig. 5. Observed
ariation is almost linear; however, in the range of mole fractions
.4–0.6, deviation is more from linearity. This indicates that the
olecular interaction is comparatively higher in that region. The

ariation of molar compressibility is also similar to the molar sound
elocity (Fig. 6). Since interaction is less at lower and higher mole
ractions of DMF, temperature effect on molar compressibility is
ery less in those compositions. However, for the mole fraction
f 0.4–0.6, variation of molar sound velocity with temperature is
rominent. At these mole fractions, complex formation is initi-
ted and therefore thermal energy is utilized for breaking of bonds
etween the associated molecules, resulting into creation of their
onomers [44].
When an acoustic wave travels in a medium, there is a variation

f pressure from particle to particle. When a plane ultrasonic wave

s set up in a liquid, then the pressure and hence density and refrac-
ive index of the liquid show a periodic variation with distance from
he source along the direction of propagation. If there is stationary
ltrasonic pattern in the liquid, the density will be greater in the

ig. 6. Molar compressibility (B) variation with concentration of DMF (x) at different
emperatures.
Fig. 7. Variation of acoustic impedance (Z) with concentration of DMF (x).

nodal plane. The acoustic impedance is the parameter related to
the elastic properties of the medium. Therefore, it is important to
examine specific acoustic impedance in relation to concentration
and temperature. Fig. 7 shows the variation of acoustic impedance
with mole fraction and temperature. Acoustic impedance exhibits a
nonlinear variation with concentration at x = 0.4–0.6. The nonlinear
behavior further supports the possibility of molecular interactions
due to the H bonding [45,46].

In addition to above observations, the nature and strength of
molecular associations in the present system (DMF–methanol)
have been studied from excess acoustic parameters such as excess
velocity (UE), excess adiabatic compressibility (ˇE), excess acoustic
impedance (ZE), excess free length (LE

f ) and excess molar compress-
ibility (BE) (Table 2). It is expected that the dispersion forces should
make positive contributions to excess values while dipole–dipole,
dipole-induced dipole, charge-transfer interaction and hydrogen
bonding between unlike components should make negative con-
tributions [42]. Fig. 8 shows the variation of excess velocity of the
solution for different mole fractions of DMF at five different tem-

peratures. For the whole composition range, the excess velocity
becomes increasingly negative with increasing strength of inter-
action between the component molecules. As seen, at 303 K, the
excess velocity increases in the negative side up to the mole frac-

Fig. 8. Excess ultrasound velocity (UE) with various concentrations of DMF (x) at
different temperatures.
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Table 2
Variation of excess parameters, UE, ˇE, ZE, LE

f
, BE and r with mole fraction (x) of DMF in methanol at different temperatures (T).

T (K) x UE (m/s) ˇE × 10−11 (N−1 m2) ZE × 105 (kg m−2 s−1) LE
f

× 10−12 (m) BE (m3 mol−1 (N−1 m2)−1/7) r

303 0.0 0 0 0 0 0 0.536
0.2 −31.36 −2.087 −0.244 −0.049 −0.960 0.497
0.4 −40.12 1.536 −1.024 1.589 −1.130 0.436
0.6 −68.28 2.221 −1.102 1.978 −1.300 0.390
0.8 −54.24 2.012 −0.983 1.664 −1.469 0.299
1.0 0 0 0 0 0 0.156

308 0.0 0 0 0 0 0 0.553
0.2 −15.52 −46.300 −0.128 −8.780 −0.960 0.504
0.4 −27.64 2.984 −0.941 11.710 −1.127 0.449
0.6 −44.36 −5.410 −0.860 9.494 −1.294 0.396
0.8 −40.48 8.816 −0.837 12.070 −1.461 0.319
1.0 0 0 0 0 0 0.197

313 0.0 0 0 0 0 0 0.563
0.2 −18.56 −34.620 −0.234 −4.50 −0.962 0.518
0.4 −32.32 12.118 −1.006 15.35 −1.127 0.466
0.6 −54.28 9.201 −0.990 15.53 −1.292 0.419
0.8 −32.64 3.916 −0.830 10.42 −1.458 0.326
1.0 0 0 0 0 0 0.214

318 0.0 0 0 0 0 0 0.583
0.2 −9.28 −49.803 −0.245 −8.42 −0.962 0.529
0.4 −28.80 10.766 −1.076 16.13 −1.126 0.481
0.6 −46.60 2.306 −1.045 14.37 −1.290 0.429
0.8 −53.00 2.555 −1.073 20.26 −1.454 0.364
1.0 0 0 0 0 0 0.231

323 0.0 0 0 0 0 0 0.603
0.2 14.04 −136.070 0.114 −34.42 −0.979 0.531
0.4 −18.72 −16.709 −1.010 8.88 −1.137 0.495
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of two unshared electron pairs on the oxygen atom of the C O
group of DMF represented by the two Sp2-hybridized orbital. If
one of these orbital may be considered to be collinear with the
–OH· · ·O axis, there is maximum interaction between –OH group of
0.6 −39.08 −3.393 −1.199
0.8 −44.24 10.767 −1.004
1.0 0 0 0

ion x = 0.6 of DMF and then begins to rise up towards positive
alues. Since dimethylformamide it is a dipolar aprotic liquid with
arge dipole moment, mixing of DMF with methanol will induce
he mutual destruction of dipolar structure of the component liq-
ids releasing free dipoles. As a result, strong dipolar interactions
etween DMF and methanol are expected. The observed negative
alues of velocity (UE) over the complete range of composition of
imethylformamide–methanol binary mixture support the above
iew. Negative deviation decrease and the velocity maximum point
hifts towards higher ‘x’ values on increasing the temperature. This
learly indicates the presence of strong hydrogen bonding which
ecomes maximum where the minima occur.

The variation of adiabatic compressibility (ˇE) with mole frac-
ion of DMF in the binary solution (DMF + methanol) is represented
n Fig. 9. The values of excess adiabatic compressibility is found to
e the negative over the mole fraction of 0–0.4 DMF indicating the
resence of interactions between the molecules. The strength of the

nteraction between the components increases when excess val-
es tend to become increasingly negative. This may be qualitatively

nterpreted in terms of closer approach of unlike molecules leading
o reductions in compressibility and volume [40,42]. This type of
nteractions for the binary mixture DMF–toluene [47], DMF–water
48] has been already reported. The pronounced compressibil-
ty minimum at x = 0.2 may be attributed to strong molecular
nteraction which eventually results in complexation [48]. The
xcess properties are found to decrease with increasing temper-
ture which is in agreement with the previously reported result
49].

Fig. 10 indicates the variation of excess free length for the entire

omposition of the DMF–methanol binary system. In this system,
he negative values of (LE

f ) tend to increase in the lower mole frac-
ions of DMF x = 0–0.2 indicating strong interactions between the
nlike molecules. The change from negative to positive LE

f values
ndicating greater be the dissociation between the components
15.60 −1.294 0.447
15.77 −1.452 0.382
0 0 0.261

and may be quantitatively interpreted in terms of detachment of
unlike molecules leading to increase in compressibility and volume.
The ˇE and LE

f minima occur at the same concentrations further
strengthens the occurrence of molecular associations. The positive
contribution is mainly to the dispersion forces and this type of vari-
ation of LE

f has also been reported for binary mixtures [50,51]. At
low composition of DMF, the strong hydrogen bonding between
DMF and methanol molecules may be attributed to the presence
Fig. 9. Excess adiabatic compressibility (ˇE) with various concentrations of DMF (x)
at different temperatures.
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Fig. 11. Variation of excess acoustic impedance (ZE) with mole fraction of DMF (x).
ig. 10. Excess molecular free length (LE
f
) with various concentrations of DMF (x) at

ifferent temperatures.

ethanol and oxygen atom of the carbonyl group. This is because,
he dipole moment of the DMF–methanol complex thus formed
ould be enhanced due to a moment induced by the –OH bond in

he highly polarizable lone pair. The strength of hydrogen bonding
C O· · ·HO–) between oxygen atom of the carbonyl group is strong.
his is because, the dipole moment of the DMF–methanol com-
lex thus formed would be enhanced due to a moment induced by
he –OH bond in the highly polarizable lone pair. The strength of
ydrogen bonding (C O· · ·HO–) between the oxygen atom of the
MF and methanol may be further enhanced by the nitrogen atom
f the DMF molecule. For higher mole fractions of DMF, available
ethanol molecules are less and therefore hydrogen bonding sat-

rates leading to initiate association of two types of molecules.
herefore the compressibility increases and shifts the excess free
ength to the positive side.

The excess acoustic impedance variation is shown in Fig. 11. Over
he mole fraction range 0–0.2 of the investigated system, the inter-
ction between unlike molecules are quite obvious. In the higher

ompositions x = 0.2–0.8, excess impedance value is more in the
egative side and this indicates the dissociation reaction between
he molecules as revealed in the excess adiabatic compressibility
nd free length variations [52]. Dielectric studies of polar molecules
nd non-polar solvent using ultrasonic method have been widely

Fig. 13. FTIR spect
Fig. 12. Variation of relaxation strength (r) with mole fractions of DMF (x).
used to study the molecular structures including the molecular
interactions in the liquid mixtures [53,54]. The variation of relax-
ation strength is shown in Fig. 12. Relaxation strength is found to
decrease with increase in concentration of dimethylformamide. At

rum of DMF.
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Fig. 14. FTIR spectrum of DMF–methanol

fixed concentration, it increases with temperature. In the present
ase, at lower mole fractions the relaxation strength is predominant
han those on higher mole fractions. The increase in ‘r’ suggests the
redominance of molecular interactions [55].

In order to investigate the presence of hydrogen bonding and
he strength of molecular association between the oxygen atom of
he DMF and methanol at a specific composition, FTIR spectra were
ecorded for the DMF (Fig. 13), and DMF–methanol binary system
Fig. 14) for the composition x = 0.6 of DMF at RT. It is observed
hat the broad band observed at 3480.1 and 3424.1 cm−1 are corre-
ponds to DMF and DMF–methanol binary solution, respectively.
t was well established that for less extensive hydrogen bond-
ng absorption band is observed at higher wavenumber region
nd for extensive hydrogen bonding, a broad band appears at a
ower frequency [56]. The O–H bond stretching due to the free

and H group appears as a band at higher frequency range of
480.1 cm−1, but the O–H stretching due to intermolecular hydro-
en bonding which broadens the band and shifts its position to
ower frequencies (3424.1 cm−1). The IR study thus shows the com-
lex formation at this mole fraction, which is also indicated through
eaks of ultrasonic excess parameters. Thus the pattern, position
nd intensity of the O–H band as per infrared data strongly sup-
orts the conclusions drawn from the ultrasonic data that molecular
ssociation through hydrogen bonding is maximum at this con-
entrations where ultrasonic velocity maxima occurs [57]. The
ariation of acoustic parameters with mole fractions and the IR data
trongly support the molecular association in binary liquid mixture
MF–methanol.

. Conclusions

The concentration dependencies of ultrasonic velocity and den-
ity of N,N-dimethylformamide–methanol binary system have been
easured at different temperatures. The nonlinear variation of

he related parameters such as adiabatic compressibility, inter-
olecular free length, molar compressibility, molar sound velocity,

coustic impedance and relaxation strength were elaborated to
nderstand the molecular interactions that leads to the process of

omplex formation between the solute molecules through hydro-
en bonding. The positive and negative variations of the excess
alues with concentration and temperature of the same acoustic
arameters supported the presence of interaction between unlike
olecules. The dominant character of N,N-dimethylformamide

[

[
[
[
[

mixture for mole fraction x = 0.6 of DMF.

over methanol was identified from its binding character of
molecules together through the infrared spectral analysis.
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