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The concentration dependent static dielectric constant, high frequency limit dielectric constant (square of refractive 
index), excess dielectric constant, and the effective Kirkwood correlation factor of the binary mixtures of water with 
formamide, N,N-dimethylformamide, N,N-dimethylacetamide, ethanolamine and N,N-dimethylaminoethanol, over the 
entire mixing range have been determined at 30 

o
C. The values of these functions emphasize on the hydrogen bond 

interactions between the unlike molecules in water−amides and water−amines mixtures, the nature of which depends on 
the extent of substitution of the amides/amines. The concentration dependent values of excess dielectric constant were 
used to analyze the hydrogen bonding complexes formed between unlike molecules, the stoichiometric ratio of a stable 
adduct, and the strength of molecular connectivities in the binary mixtures. 
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Introduction 

The characterization of dielectric constant of the mixed 
solvents gives significant information about the 
hydrogen bonding (H-bonding) molecular interactions 
and dipolar ordering among the unlike molecules in 
the liquid binary mixtures [1-14]. The concentration 
and composition dependent dielectric properties are 
related to the aggregated complex structures in the 
mixture, which have a wide range of chemical, 
biological, pharmaceutical, industrial, and laboratory 
applications [7, 15-18].  

 Recently [19-24], we have investigated the effect 
of H-bonding on the dielectric properties of the various 
mixtures of the associating-associating and 
associating-non-associating liquids over the entire 
concentration range. In continuation of it, in the 
present paper, we have reported the static and high-
frequency limit dielectric constant, excess dielectric 
properties, and the Kirkwood correlation factor of the 
water mixed with amides and amines over the entire 
concentration range at 30 oC. The current study aims at 
a better 2 comprehension of solvent−cosolvent 
interactions, the formation of a stable adduct in the 
mixtures, and the variation in dipolar ordering due to 
H−bonding interactions in water−amides and 
water−amines mixtures, which needs for modeling of 
biological systems owing to the fact that they contain 
peptide linkages. 

Experimental Section 

Materials 

Grade reagent formamide (FA), N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMA), 
ethanolamine (AE) and N,N-dimethylaminoethanol 
(DMAE), listed in Table 1 alongwith their molecular 
structure, were purchased from E. Merck, and Loba 
Chemie Pvt. Ltd. of India. Binary mixtures of these 
solvents with double distilled deionised water (W) 
were prepared at 16 volume concentration over the 
entire mixing range at room temperature and 
simultaneously by weight measurements, the mole 
fractions of the mixture constituents were determined. 

Apparatus and Procedure 
The values of static dielectric constant ε0 of pure 
solvents and ε0m of the water-amides and water-amines 
binary mixtures were determined by using ‘capacitive 
measurement method’ with a short compensation at 1 
MHz. Agilent 4284A precision LCR meter and Agilent 
16542A four terminal Liquid Dielectric Test Fixture 
were used for the capacitance measurement of the cell 
without and with sample. The static dielectric constant 
measurement accuracy of the system is +0.3 %, which 
is estimated by the calibration of the cell with the 
standard liquids by using their accurate dielectric 
constant values from the literature. The high frequency 
limit dielectric constant ε∞ was taken as the square of 
the refractive index nD, which was measured with an 
Abbe refractometer at wavelength of sodium-D light. 
The maximum measurement error in ε∞ values is 
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+0.02%. All measurements were made at 30 oC and the 
temperature was controlled thermostatically using the 
microprocessor based Thermo-Haake DC10 controller. 
The evaluated ε0 values of pure liquids alongwith its 
literature values  [3, 11, 19, 25, 27] and their dipole 
moment μ values [25, 28-30] are recorded in Table 1. 
The ε0m and ε∞m values of the binary mixtures against 
water mole fraction XW are recorded in Table 2 and 
are plotted in Figures 1a & b, respectively. 

Data Analysis and Results 

The excess static dielectric constant for binary 
mixture, is defined as [1, 4, 13, 14, 19- 24, 27, 31, 32] 
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where X is the mole fraction and subscripts m, 1 and 2 
represent the binary mixture and components 1 and 2 
of the binary mixture, respectively. The evaluated  
values of the aqueous binary mixtures of amides and 
 

amines, with water mole fraction XW, are plotted in 
Figure 1c.  

 The Kirkwood correlation factor g of the pure 
liquid is determined by the expression [33] 
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where μ is the dipole moment, d is the density of liquid 
at temperature T, M is the molecular weight, k is the 
Boltzmann constant, and N is the Avogadro’s number. 
The choice of ε∞ value, i.e., ε∞ = or ε∞ = 1.1 , 
and the μ values in gas phase or in different non-polar 
solvents usually posses a problem, which is the major 
reason for g values to differ from various sources. 
Nevertheless, the comparative magnitude of the 
evaluated g values of the homologous series molecules 
is necessary and vital to understand the range of 
dipolar ordering and the strength of H-bond formation

Table 1: Experimental values of static dielectric constant ε0, literature value of ε0, dipole moment μ in debye, evaluated 
Kirkwood correlation factor g of the polar solvents, and water mole fraction XW corresponding to ε0

E (max) of the water-
amides and water-amines mixtures at 30 oC 
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In the present study, we have used ε∞ = , and the μ 
values of the dipolar solvents listed in Table 1, for the 
evaluation of pure polar solvent g values. 

 In binary mixtures of polar solvents, the effective 
averaged angular Kirkwood correlation factor, geff of 
unlike molecules, is evaluated from the modified 
Kirkwood equation [4, 19-22, 27, 31, 32] based on 
volume fraction mixture law 
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where φ1 and φ2 are the volume fractions of liquids 1 
and 2, respectively, and ε0m and ε∞m are the measured 
respective values of static dielectric constant and high 
frequency limiting dielectric constant of the binary 
mixture. For φ1 = 1 and φ2 = 0, equation (3) reduces to 
equation (2) of the g value of pure liquid 1, and vice-
versa. The evaluated geff values of the water-amides 
and water-amines binary mixtures are plotted against 
the volume fraction of water, φW in Figure 2a.  
 If it is possible to assume that the Kirkwood 
correlation factor for the molecules of liquids 1 and 2 
are g1 and g2 in the mixture, which contributed to geff 
values proportional to their pure liquid g values, then 
(under this assumption) the Kirkwood correlation 
factor equation (2), for the binary mixture on the basis 
of simple volume mixture law, can be written as [19-
22, 32, 34] 
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where gf is the corrective Kirkwood correlation factor 
for a binary mixture. The evaluated gf values of the 
studied binary mixtures, at different volume fractions 
of water φW, are plotted in Figure 2b.  

Discussion 
The measured ε0 values of pure polar solvents are in 
good agreement with the literature [3, 11, 19, 24-27] 
values reported vis-à-vis in the Table 1. The plots of 
ε0m and ε∞m values against water mole fraction 
concentration XW (Figures 1a & b) of water-amides 
and water-amines mixtures have significant deviation 
from ideality, which confirms the formation of H-
bonded complexes in the mixtures over the entire 
mixing concentration range. Further, the non-linear 
behaviour of the ε∞m values also confirms the 
significant variation in the electronic polarization 
caused by unlike molecular interactions [21, 28] in 
these mixed solvents. 
 The non-zero  values over the entire 
concentration range of these mixtures (Figure 1c) is 
the experimental evidence of the formation of H-
bonding complexes and the strength of H-bond 
connectivity among the unlike molecules in these 
mixed solvents, which is confirmed earlier [1, 4, 13, 

 

Figure 1: Plots of ε0m, ε∞m and 
E
0ε  against mole fraction of Water, 

XW for water−amines and water−amides binary mixtures at 30 oC. In 
Figures a and b lines are smooth joining through the data points, 
whereas in Figure c lines are non-linear fits. For clarity, error bars are 
not indicated. Error bars are smaller than the size of the symbols. 

 

 
Figure 2: Plots of geff and gf against volume fraction concentration of 
Water, φW for water−amines and water−amides binary mixtures at  
30 oC. The lines are smooth joining through the data points. For clarity, 
error bars are not indicated. Error bars are smaller than the size of the 
symbols. 

14, 19−24, 27, 31, 32] in various kind of liquid 
mixtures. The values ranges from very positive for 
W-FA mixture to very negative for the W−DMAE 
mixture, which is owing to the resultant dipolar 
alignments of the H−bonded complexes [35]. In case 
of W-FA mixture, the positive  values are 
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qualitatively attributed to the FA molecules built-in via 
H-bonding into the water structure and vice-versa, 
which results into the strengthening of H-bonds and 
leads to a long range parallel dipolar ordering in FA-W 
system as concluded from the computational structural 
study of this system [36, 37]. The negative values of 
water-amides and water-amines (except W-FA 
mixtures) suggest that the amides/amines molecules 
are apt to coalesce into the water, which breaks the 
tetrahedral structure of water and thus results in 
decrease of effective number of dipoles contributed in 
the mixture dielectric polarization. Further, the 
magnitude of the negative values of these mixtures 
increases with increase of the amide/amine molecular 
size, and also with the decrease of the ε0 values of the 
amine molecules, which also confirms the enhance in 
breaking of water structures with increase of cosolvent 
molecular size in these aqueous mixtures. From the 
comparative values, it also seems that the 
amide/amine molecules which have low ε0 values as 
compared to the ε0 values of water shows negative 

values in their aqueous mixtures, and vice-versa.  

 The molar concentration of water XW corresponds 
to pronounced maximum positive or negative 

values of the water-amides and water-amines 
mixtures are evaluated by fitting the (XW) data to 
the polynomial equation using Origin® non-linear 
curve fitting tool and the considered values of XW and 

(max) are recorded in Table 1. In case of 
water−amides mixtures, these values are in good 
agreement with the literature values [35]. The 
stoichiometric ratio for complex moiety formation in 
polar liquids mixtures are determined from the 
concentration of largest deviation of , positive or 
negative from ideality [14, 21, 26]. The XW values 
(Table 1) show that the 1:1 complexations are more 
stable in W-FA and W-DMF mixtures, whereas in case 
of W-DMA, W-AE and W-DMAE mixtures, the 
complex units at stoichiometric ratio 2:1 of water to 
DMA or AE or DMAE form the stable adduct.  

 Table 1 shows that the g values of W, FA, DMA, 
AE, and DMAE, which are much higher than unity, 
confirms the existence of H−bonded molecular 
multimers with parallel dipolar alignments [38] in their 
pure liquid state. The evaluated g values of the water 
[21] and amides [25] solvents are in good agreement 
with the earlier reported g values of these solvents. 
Further, the g value of FA is slightly higher than the g 
value of the AE, but DMA and DMAE g values are 
equal, although there is large difference in their ε0 
values. The unity g value of DMF confirms that it is 
unable to engage in N−H···O=C bonding with dialkyl 
substitution at the nitrogen, but DMF form the 
C−H···O and C=O···H hydrogen bonding [39, 40].  

Figure 2a shows that the geff values of the water-amides 
mixed solvents vary from the g value of one solvent to 
the g value of another pure solvent with the entire 
range 6 concentration variation. In case of W-FA, W-
DMA, W-AE and W-DMAE mixtures, where the geff 

values have positive deviation from ideality, confirms 
the net increase in dipolar ordering due to H-bond 
complexation. In case of W-DMF mixture, the almost 
linear behaviour of geff values with concentration 
variation suggest that the complexes formed between 
water and DMF molecules are in dynamic equilibrium, 
which may be due to continuous breaking and 
reforming of hydrogen bonds between DMF and water 
molecules in their complex networks. 

 From the comparison of the ε0m and geff values of 
the same mixtures, it is difficult to reach at a non-
controversial result because the geff values show the 
dipolar ordering, whereas ε0m values at a constant 
temperature mainly depends on the dipole moment, the 
number of molecules per unit volume, and the value of 
Kirkwood correlation factor. In polar liquids mixtures, 
it is not possible to evaluate the structural variation of 
individual mixture constituent, due to H-bond 
interactions. But the deviation of gf values from unity 
(Figure 2b) confirms that the H-bonded structures of 
the mixture constituents changes significantly. The 
water-amides mixtures show gf values higher than 
unity and these values are comparatively large for W-
FA mixture, which confirms the larger structural 
variation of water and FA molecules in their mixture. 
In case of water-amines mixtures, the gf values are 
lower than unity in amine-rich solution whereas these 
are higher than unity in water-rich mixture. From the gf 
values of water−amine mixtures it can be concluded 
that the mixture constituents structural variation also 
changes with the constituents concentration.  

Conclusions 

The precisely measured concentration dependent 
values of ε0m, ε∞m and geff, show that the use of 

approximated values of the dielectric parameters by 
simple molar additive equations will lead to erroneous 
results in the dielectric constant dependent applications 
of the amides and amines aqueous mixtures. This 
dielectric study was successful in revealing the 
structuring effects at molecular level due to unlike 
molecular hydrogen bond interactions and the 
stoichiometric ratio corresponding to a stable adduct in 
the water-amides and water-amines mixed solvents. 
Further, the experimental values of static dielectric 
constant and the Kirkwood correlation factor of the 
binary mixtures over the entire concentration range can 
be applied to the Luzar model [6, 7] to estimate the 
number of the hydrogen-bonded homogeneous and 
heterogeneous molecular pairs in the investigated 
mixtures. 
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Table 2: Experimental static dielectric constant ε0m, high frequency limit dielectric constant ε∞m = nD

2 of water-amides and water-amines 

mixtures at various mole fraction of water, XW at 30 oC  
 
XW ε0m ε∞m XW ε0m ε∞ m XW ε0m ε∞m 

Water−Amides binary mixtures 
 W−FA   W−DMF   W−DMA 
0.000 106.14 2.0635 0.000 36.55 2.0167 0.000 37.72 2.0403 
0.137 109.01 2.0475 0.235 40.59 2.0118 0.270 42.44 2.0366 
0.254 108.99 2.0266 0.399 44.55 2.0048 0.444 46.28 2.0306 
0.356 108.97 2.0053 0.519 48.57 1.9937 0.564 49.76 2.0212 
0.446 107.60 1.9875 0.611 52.43 1.9799 0.653 53.22 2.0065 
0.525 106.31 1.9715 0.683 55.83 1.9653 0.722 56.89 1.9884 
0.596 104.48 1.9474 0.742 59.14 1.9485 0.775 59.67 1.9690 
0.660 102.18 1.9274 0.790 61.46 1.9321 0.819 62.50 1.9477 
0.717 99.51 1.9077 0.831 64.53 1.9102 0.855 65.02 1.9251 
0.769 96.62 1.8881 0.866 67.00 1.8892 0.886 67.30 1.9016 
0.816 93.46 1.8670 0.896 68.92 1.8689 0.912 69.39 1.8772 
0.859 88.95 1.8469 0.922 70.80 1.8493 0.934 71.02 1.8548 
0.899 85.60 1.8271 0.945 72.50 1.8279 0.954 72.72 1.8311 
0.935 83.04 1.8066 0.965 72.62 1.8066 0.971 74.24 1.8087 
0.969 78.31 1.7849 0.984 75.12 1.7905 0.986 75.41 1.7886 
1.000 76.53 1.7633 1.000 76.53 1.7633 1.000 76.53 1.7633 
 
 Water−Amines binary  mixtures 
 W−AE   W−DMAE 
0.000 31.46 2.0903 0.000 17.18 2.0195 
0.194 34.54 2.0762 0.287 21.37 2.0161 
0.341 38.14 2.0607 0.464 25.90 2.0082 
0.457 42.06 2.0412 0.585 30.71 1.9980 
0.550 45.53 2.0224 0.672 35.52 1.9850 
0.627 48.86 2.0019 0.738 40.19 1.9690 
0.692 52.35 1.9782 0.790 44.66 1.9519 
0.746 55.54 1.9572 0.831 49.28 1.9326 
0.794 58.35 1.9265 0.866 53.54 1.9152 
0.835 61.23 1.9083 0.894 57.69 1.8945 
0.871 64.10 1.8846 0.918 61.77 1.8714 
0.902 67.23 1.8605 0.939 65.25 1.8499 
0.931 70.28 1.8360 0.957 68.94 1.8301 
0.956 73.42 1.8131 0.973 72.23 1.8066 
0.979 76.12 1.7905 0.987 74.68 1.7897 
1.000 76.53 1.7633 1.000 76.53 1.7633 
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