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ABSTRACT

For the binary mixture of water and N, N-dimethylacetamide (DMA), observations have
been done of the ultrasonic velocity (u), density (p), viscosity (n) and refractive index (n) in excess
of the whole composition range at various temperature. Deviation in ultrasonic velocity (Au), excess
intermolecular free length (LF), excess acoustic impedance (ZF), excess molar volume (V_F), deviation
in molar refraction (AR ), deviation in viscosity (An) and excess Gibbs' free energy of activation for
viscous flow (AG*) were used to investigate the intermolecular interactions present in the mixture.
Derived parameters such as isoentropic compressibility (K), the specific heat ratio (y), and the
effective Debye temperature (6,) at varying concentrations of DMA have also been computed using
experimental data. Various semi-empirical mixing rules have also been applied to the binary mixture.
Density functional theory is utilised to optimise the geometry of DMA, DMA with water, and calculation
of H-bonded intermolecular interactions.

Keywords: Intermolecular interaction, Density functional theory, Semi-empirical mixing rules,
Derived parameters.

INTRODUCTION bond network that is three dimensions in size'and

can be related with any other group possessing

Examining the relationships between some degree of polarity?, therefore having
molecules in organic binary mixtures. Alcohols alcohol as one of the components is of certain
are highly self-linked liquids that have a hydrogen  relevance. Because ultrasonic velocity evaluation
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are extremely reactive to molecular interactions,
they may offer subjective information with the
kind and intensity of interaction with molecules
in liquid solution®-8.

DMA is miscible with water in all ratios
and with the majority of organic solvents, such as
ethers, ketones, alcohols, and so forth. The boiling
point of DMA, a dipolar aprotic solvent, is 438.2 K,
a dipole moment of 3.72 D, which is higher than that
of water, and a medium dielectric constant of 37.78
at 298.15 K°. Because of its exceptional solvent
power and outstanding water solubility especially
for high molecular weight polymers and resins.
DMA is a widely used solvent in the manufacturing
of synthetic fibers and polyurethanes. It functions
well as a catalyst and a result for a variety of
processes. In addition, it works well as an oil and
gas extraction agent and plasticizer for cosmetics
and pharmaceutical intermediates.

The experimental basis for selecting the
suitable solvents for specific applications is provided
by the estimation of ultrasonic velocity, density,
refrective index, viscosity and their fluctuation
with various proportion composition of liquid and
temperature and composition’®2. Thus, analysis
of molecular association in system of water and N,
N-dimethylacetamide (DMA) has been attempted in
this work. The mixture’s intermolecular interactions
were examined. V_F, Au, AR _, LE, ZF, An and AG™.
The linear regression polynomial equation for
Curve Expert 1.3 has been fitted with these excess
parameters. Using experimental data for the system,
derived parameters have also been determined,
including isoentropic compressibility (k.), specific
heat ratio (y) and the effective Debye temperature
(6,,) at varying concentrations of DMA.

The binary mixture has also been subjected
to a several rule and theories, including the Flory’s
statistical theory (FST), collision factor theory
(CFT), Nomoto, Vandeal and Junjie’s theories for
the theoretical estimation of ultrasonic velocities.
The APD (average percentage deviation) values
determined from the observed values has been
used to compare the comparative merits of the
different mixing methods and models. Furthermore,
the strength of the hydrogen bonding between
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molecules has been examined using density
functional theory (DFT).

DFT Calculations and models

Numerous researchers?'?* have used
density functional theory to calculate molecular
system properties, with remarkable understanding
between experimental and theoretical results.
DFT? has been functional to compute H-bonded
intermolecular interactions using Gaussian
09W?26-2° and to optimize the geometry of DMA
and DMA in relation to water. The outcomes were
visualized using GaussView 5.0 software®.

The Natural Bond Orbital (NBO) has
been utilized to quantify hyperconjugation or
intermolecular delocalization®'. The intermolecular
delocalization of the DMA+water binary mixture has
been studied by means of second-order perturbation
theory using the Fock matrix in the NBO basis. The
structure of DMA+water is given in Figure 1.

Fig. 1. N,N-dimethylacetamide (DMA)+water structure.
EXPERIMENTAL

Apparatus and Procedure

Ultrasonic velocity has been determined
using the interferometric technique. The ultrasonic
velocities were reproducible within an error margin
of +0.08%.

A pycnometer with a single capillary
calibration has been used to measure densities. The
graduation on the pcynometer stem was 0.01 mL.The
reproducibility of the densities was within +0.01%.

The LVDVII+Pro Brookfield viscometer has
been used to measure viscosity. Brookfield Rheocalc
32 Software allows for total PC control over the
instrument. The equipment has a repeatability of +0.2%
and an accuracy of +1.0% of the full-scale range.
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An accurate refractive index of +0.001
unit was obtained with a thermostated Abbe's
refractometer, which had a range of 1.300 to 1.700
for the liquid mixtures.

RESULTS AND DISCUSSION

Thermo dynamic parameters

Table 1 presents the experimentally
measured values for DMA+ water solution with mole
fraction (x,) at varying temperatures.

Table 1: Experimentally measured parameters for
the system DMA+water with x, of DMA at varying

temperatures
X, u (ms™) px103(kg m3) n(cp) n

293.15K
0.0000 1483.0 0.9982 1.002 1.333
0.0999 1768.5 1.0000 2.930 1.379
0.1998 1741.1 0.9994 4.634 1.405
0.2999 1722.8 0.9961 4.918 1.419
0.3998 1664.9 0.9865 4.072 1.427
0.5000 1639.0 0.9739 3.340 1.431
0.6975 1550.1 0.9597 1.840 1.435
0.7949 1523.8 0.9533 1.475 1.436
0.9000 1498.5 0.9464 1.219 1.436
1.0000 1472.0 0.9398 1.012 1.437

303.15K
0.0000 1518.0 0.9956 0.797 1.332
0.0999 1718.6 0.9932 2.089 1.377
0.1998 1702.8 0.9924 3.138 1.401
0.2999 1690.5 0.9866 3.356 1.415
0.3998 1639.7 0.9771 2.871 1.422
0.5000 1601.3 0.9686 2.295 1.427
0.6975 1521.9 0.9511 1.470 1.43
0.7949 1481.1 0.9438 1.220 1.431
0.9000 1459.0 0.9374 1.034 1.431
1.0000 1432.0 0.9315 0.871 1.432

313.15K
0.0000 1529.0 0.9922 0.653 1.331
0.0999 1689.7 0.9866 1.615 1.374
0.1998 1676.0 0.9851 2.342 1.398
0.2999 1658.9 0.9776 2.474 1.411
0.3998 1600.9 0.9680 2.229 1.418
0.5000 1555.2 0.9598 1.839 1.422
0.6975 1481.2 0.9420 1.259 1.425
0.7949 1448.9 0.9352 1.067 1.426
0.9000 1417.3 0.9284 0.924 1.426
1.0000 1402.0 0.9234 0.769 1.427

For calculating isoentropic compressibility
(k,), specific heat ratio (y) and effective Debye
temperature (6,),following relations are used,

@)

Wherey, B, and Gare specific heat ratio,
isothermal compressibility and modulus of rigidity
respectively.

It can be seen from Table 1 that at
all three temperatures, ultrasonic velocity (u)
attains a maxima at .0999 mole fraction. As the
concentration increases we see the ultrasonic
velocity decreases. In liquid mixtures, the strength
of the molecular interaction become maximum at
the concentration where the velocity maxima take
place. These observations agree with the earlier
reported data''.

The isoentropic compressibility (k)
reaches a least amount and then again increases
with an amplify in concentration and have an
opposite relationship with the velocity. The
mixture under study exhibits compressibility
minima in the same concentration range as
the velocity maxima, as would be predicted
(Fig. 2a). At or very close to the concentrations
where complex formation takes place, a decrease
in ks and an increase in u are the results of the
hydrogen bond formation strengthening the inter-
molecular forces. Similar variations in ultrasonic
velocity and isoentropic compressibility have also
been reported earlier”.

The derived parameters, viz., effective
Debye temperature (6,), and specific heat ratio (y)
provide inclusive information about the interactional
and structural characteristics of the mixture at
the microscopic level. It can also be seen from
Fig. 2b and 2c that the variation of effective Debye
temperature (0,) and specific heat ratio (y) with
concentration is also non-linear, which further help
the phenomenon of complex formation between
dissimilar molecules®.
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Fig. 2(a). Isentropic compressibility (k,) of DMA+water (b) Effective Debye’s temperature (6,) of DMA+water (c) Specific
heat ratio (y) of DMA+water

Excess Parameters

Various forms of interactions between
component molecules can account for the excess
parameter values for binary mixtures. Non-specific van
der Waal forces, dipole-dipole interactions, hydrogen
bonding, donor-acceptor interactions between unlike
molecules, and smaller molecules occupying the
gaps left by larger molecules are a few examples of
these interactions. The sign and magnitude of excess
parameters are very important for figuring out how
molecules in a liquid mixture interact with each other
and cause molecules to move around.

Figures 3a and 3b illustrate the deviation in
ultrasonic velocity (Au) and excess acoustic impedance
() for the system of DMA with respect to the mole
fraction at varying temperatures. Analyzing the curves,
it can be observed that both Auand Z£ have positive
values. The strong specific interactions (hydrogen
bonding between DMA and water) is present and the
filling of smaller water molecules into the voids created
by larger DMA molecues are likely responsible for the
positive values of Au and ZF (Figs. 3a and 3b). Fort
and Moore*, as well as many other researchers’s7:3,
contend that positive values of Au and ZF signify the
presence of strong intermolecular interaction between
different molecules. The high positive values like Auand
ZF indicates the DMA s interactive with water.

Figures 3c, 3d, and 3e demonstrate that the

values of excess parameters like L, V Fand AR_are
all negative at all three temperatures. The hydrogen
bonds with water is thought to be the reason behind
DMA's ability to take protons. The molecules in the
mixture varying sizes could possibly be the cause of the
reported negative values. The molar volumes of DMA
and water at 298.15 K are 92.9 cc/mol and 18.06 cc/
mol respectively. The larger difference in molar volume
between DMA and water would result in contraction
in volume due to the component molecules need to
fit with other structures. The difference in component
molecules sizes was also taken into account by Ali
and Nain®* and Pikkarainen'®to explain the negative
values of V_£in binary mixtures of DMA+ethanol and
DMA-+methanol/ethanol/propanol, respectively.

The development of strong hydrogen
bonds between DMA and water molecules is further
supported by the positive values of deviation in
viscosity (An) and excess free energy of activation
for viscous flow (AG*#) for the DMA+water system
(Figs. 3f and 3g). The values of An and AG™*E
extrema decrease with elevation in temperature,
indicating that the interaction between molecules is
temperature sensitive and weakens as temperature
rises. Similar patterns in An and AG* have also been
observed in the cases of DMA + methanol®' and
water+sulfonane?. Table 2 provides the standard
deviation (o(YE)) and coefficient ai as determined
by the curve expert 1.3 software.
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The values of the APD (Average
percentage deviation) of ultrasonic velocity (u)
anticipated by different semi-empirical rules are
shown in Table 3. It shows that the CFT relation

gives the minimum APD and Vandeal’s relation
gives the maximum APD for this system. However,
the APD values predicted by Nomoto, Jungie, and
FST are nearly equal.

Fig. 3(a). Deviation in ultrasonic velocity (Au) of DMA+water (b) Excess acoustic impedance (ZF) of DMA+water (c)
Excess intermolecular free length (L) of DMA+water (d) Excess molar volume (V) of DMA+water (e) Molar
refraction deviation (AR,) of DMA+water (f) Deviation in viscosity (An) of DMA+water (g) Excess Gibbs’s
free energy of activation for viscous flow (AG*) of DMA+water
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Table 2: a, for excess parameters and their 5(Y€) for binary system at three temperatures

Functions a, a, 5 a, ag o(Y")
DMA+Water

T=293.15K

V_Ex10° (m®mol) 0.0439 -8.5174 13.8936 -7.0029 1.5601 0.0961
An(cp) -0.1577 33.6014 -93.8688 87.5647 -27.0823 0.2677
AR, -0.1243 -66.2275 179.5525 -183.0507 69.9332 0.2055
AG(kdmol ) 0.0263 38.9811 -107.9595 106.4839 -37.5455 0.0719
Au(ms™) 21.8986 3044.8484 -11094.579 13804.9984 -5786.9105 36.0507
Z5(kgm™s™) 0.1963 33.4995 -122.1126 151.5864 -63.2677 0.3212
LE(A%) -0.0049 -0.7438 2.6412 -3.2391 1.3488 0.0081
T=303.15 K

V_ Ex10° (m®mol™) 0.0257 -6.9623 6.1435 5.2908 -4.5181 0.0450
An(cp) -0.0967 21.9662 -62.3313 60.0138 -19.5212 0.1635
AR, -1.2300 -65.3446 175.8656 -177.8814 67.5653 0.2053
AG™(kJmol™) 0.0158 35.8636 -101.4766 103.3124 -37.7320 0.0336
Au(ms™) 13.8508 2290.4042 -8014.7883 9629.9490 -3925.4604 23.0465
ZF(kgm2s™) 0.1267 241115 -83.9868 99.9696 -40.2773 0.2125
LE(A%) -0.0033 -0.5731 1.9308 -2.2627 0.9096 0.0054
T=313.15K

V_ Ex10° (m®mol™) 0.0229 -6.5455 4.9527 7.0597 -5.4994 0.0432
An(cp) -0.0554 15.3968 -42.9074 40.9669 -13.3799 0.0911
AR -0.1325 -66.2452 179.3324 -182.2330 69.3677 0.2213
AG™(kJmol™) 0.0244 33.3978 -94.6918 97.7223 -36.4664 0.0421
Au(m.s™) 10.1288 1994.9188 -7123.6009 8604.9702 -3493.1798 17.4459
Z5(kgm2s™) 0.0887 20.5102 -73.1977 87.7487 -35.2135 0.1553
LE(A%) -0.0024 -0.5116 1.7424 -2.0321 0.8054 0.0042

Table 3: APD of several theories utilized for
determination of u

Temperatures CFT FST Nomoto Vandeal Junjie
DMA+Water

293.15K 5.8192 9.5936 7.7528 21.1827 7.7760

303.15K 43209 7.3986 7.2443 19.1958 7.3438

313.15K 3.1629 5.1687 6.6258 17.8053 6.7998

Theoretical study
Natural bond orbital (NBO) study

NBO examination relies on technique
that provide a collection of algorithms that make
it possible to extract the basic bonding concept
through DFT calculations®'. NBO study is an
crucial tool for evaluating the molecular interaction
in molecules, in addition to given that a useful
establishment for analyzing conjugative interaction
or charge transfer in molecular systems. Strong
electrostatic hyperconjugative interactions are
revealed by the NBO study®. The NBO study of
DMA has been already mentioned in published
work?*and for DMA+water the interaction energy
of LP1(N2) with anti-bondingn*(O1-C3) increases
to 67.47 kcal/mol showing higher stabilization
of the system. The interaction of LP(2) of O1
and O19 with ¢*(016-H17) and c*(016-H18)

respectively results in similar stabilization energy
of 5.45 kcal/mol.

DFT investigation of H-bonded intermolecular
interaction

To compute the intermolecular hydrogen
bonding strength using Bader's Atoms in Molecules
(AIM) hypothesis®has been mentioned in published
work?4, In this work to determined the hydrogen bond
strength for the DMA and water binary mixture. It
was computed to be 5.79825 kcal/moland 5.78869
kcal/mol at B3LYP corresponding to two hydrogen
bonds formed between water and DMA molecules.
Table 4 lists the topological parameters.

Table 4: Topological parameters for DMA+water

Parameters 019---H18 O1---H17
Electron density (pBCP) a.u. 0.02481 0.02481
Laplacian of electron density a.u. 0.09056 0.09507
Lagrangian kinetic energy G(r) a.u. 0.02055 0.02055
Hamiltonian kinetic energy K(r) a.u.  -0.00209 -0.00209
Potential energy density V(r) a.u. -0.01846 -0.01845
Eigen value 11 -0.01846 -0.01845
Eigen value A2 -0.03252 -0.03252
Eigen value 13 0.15679 0.15680
H-Bond energy (kcal/mol) 5.79825 5.78869
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To depict thedistribution ofelectron
densities, electron localised field (ELF) graph
has been constructed, as shown in Fig. 4. The
overlapping of the blue zone in Fig. 4 depicts
interaction with the oxygen atom of DMA molecules
and the H atoms of water molecules in the binary
mixture. The figure provides sufficient theoretical
support for such intermolecular bonds between
DMA and water.

Fig. 4. Electron localized field of DMA+water
HOMO and LUMO (Fig. 5) plots have been
drawn using the optimized structure. HOMO has
been distributed over water and DMA molecules,
while LUMO is confined to DMA molecules.

Fig. 5. HOMO, LUMO of DMA+water
The total density of states (TDOS) and
partial density of states (PDOS) plots seen in Fig. 6
were plotted using the Gauss-Sum 2.2 Program*.
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Although the PDOS plot shows a group's relative
contributions towards each molecular orbital, the
TDOS plot showing population assessment per
orbital provides the allocation of molecular orbitals
under a certain spectral region.

Fig. 6. TDOS and PDOS plotsof DMA+water
CONCLUSION

The excess parameters were calculated
from experimentally measured u, p, n and n at
varying temperatures. The presence of strong
interactions in DMA+water systems is indicated
by the observed negative values of LF, V F,
AR_and positive values of Au, ZF, Anand AG™.
The applicability of semi-empirical relations
and theories is demonstrated by comparing
the average percentage deviation of estimated
and experimental values of ultrasonic velocity.
Excellent agreement between experimental
and theoretical values can be seen in the root
mean square deviations for density prediction
derived from the density models. The DFT/
B3LYP method’s computed data was used to
confirm all of the experimental results.
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