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 Density (ρ), viscosity (η), and refractive index (nD) for ternary systems include 
dimethylacetamide, dimethylbenzylamine, and dichloromethane, as well as 
the related binaries such as dimethylacetamide + dimethylbenzylamine, 
dimethylacetamide + dichloromethane, and dimethylbenzylamine + 
dichloromethane, were obtained at ambient pressure. Excess volumes, VmE, 
viscosity deviations Δη, and refractive index deviations nD of the mixtures 
were obtained using the Redlich-Kister and the Cibulka relations for binary 
and ternary systems, respectively. Adopted values for coefficient and standard 
deviations were reported. The experimental data for ternary system were also 
fitted to Tsao-Smith, Radjkovic, and Kohler models. The intermolecular 
interactions were analyzed based on the experimental findings. 

K E Y W O R D S 

Excess molar volumes 
Tsao-Smith 
Radjkovic 
Kohler 
Redlich–Kister 
Cibulka 

 

 

G R A P H I C A L   A B S T R A C T 

 

  

Advanced Journal of Chemistry-Section A, 2023, 6(3), 324-333 

 

mailto:Iloukhani@basu.ac.ir
file:///C:/Users/User/AppData/Local/Temp/Temp1_archive.zip/www.ajchem-a.com
https://orcid.org/0000-0002-9097-7485
http://www.ajchem-a.com/article_167687.html


H. Iloukhani et al. / Adv. J. Chem. A 2023, 6(3), 324-333 

 

325 
 

Introduction  

This research aims to test theories of the liquid 

state, understand intermolecular interactions, 

and predict solvent behavior. However, physico-

chemical properties such as excess functions 

depend upon various factors between like and 

unlike molecules. Here, we focus on measuring 

density, viscosity, and refractive index for 

selected systems [1-3]. The binary and ternary 

mixtures have been analyzed using Redlich-

Kister and Cibulka relations, respectively [4,5]. 

Additionally, the experimental results for the 

ternary system fit the Tsao-Smith, Radjkovic, and 

Kohler models. These findings aim to contribute 

to the knowledge of thermodynamic properties 

in mixtures, which can ultimately aid in 

engineering design and operations. 

Experimental 

Chemicals 

Dimethylcetamide (99.5), dimethyl-

benzylamine (99) and dichloromethane 

(99.5) were purchased from Merck. The 

purity was confirmed through GC, and their 

density and refractive index were compared to 

the literature data presented in Table 1 [6,7]. 

The chemicals were stored in opaque containers 

and were purified through fractional distillation 

before use. 

Apparatus and Procedure 

Density was taken using an Anton Parr DMA 

4500 densimeter in static mode, with an 

estimated uncertainty of ±1 × 10-5 g.cm-3. 

Refractive indices were measured using an Abbe 

refractometer with an uncertainty of ±4 × 10-5. 

Dynamic viscosities at 298.15 K were measured 

using an Ubbelohde viscometer, with an 

uncertainty of ±10-3 mPa.s, and viscosity was 

expressed as [8]: 

                                                   (1) 

where k and c are viscometer parameters, and t 

is the time for flow. 

 

 

 

Table 1. Comparison of Measured DensitiesViscosities and Refractive Indices of the pure 
Components with Literature Values at 298.15 K 
   (g.cm-3)  (mPa.s ) nD 

Component Exp Lita Exp Lita Exp Lita 

dimethylacetamide 636.0.0 0.6.00 0.  649  0.64. b 1.  4.90  1.  4.94  

dimethylbenzylamine 0.  3696.  0.3646 1.  366  1.  460  1.  4639  1.  4664  

dichloromethane 1..4006  1.  .4046  0.  42.  0.  466  1.  4242  1.  4226  

a Ref [6] b Ref [7] 
Standard uncertainties u are: u (T) = 0.01 K, u (P) = 0.05 MPa, and expanded uncertainties U are: U ( ) = 3 10 -4 

g·cm-3, U () = 0.02  (mPa.s)   and U (nD) = 3 10 -5 with 0.95 level of confidence 

Results and discussion 

The 
E

mV , calculated as follows: 

                                   (2)  

where  and Mi are density and molar mass, 

respectively. The resulting values of 
E

mV  for 

dimethylacetamide and dimethylbenzylamine 

demonstrated negative values throughout the 
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range of mole fractions, while for 

dimethylacetamide + dichloromethane and 

dimethylbenzylamine + dichloromethane 

showed a sign inversion in 
E

mV  over part of the 

concentration range (x 0.65). Figure 1 displays 

E

mV  and density and 
E

mV  values have been 

presented (Table 2). The occurrence of favorable 

bipolar-bipolar intermolecular potential between 

unlike molecules due to their polarity is 

suggested to explain this observation. 

Additionally, the presence of alkyl groups with a 

positive inductive effect causes further 

intensification of this polarity since the negative 

charge congregates on the electronegative atoms. 

Consequently, there is a significant reduction in 

volume in this system. For the dimethyl 

acetamide + dichloromethane and 

dimethylbenzylamine + dichloromethane 

systems, a sign change from positive to negative 

in the zones (x 0.65) occurred. This is because at 

higher concentrations of amide and amine, the 

molecules form cages, and dichloromethane 

molecules occupy the spaces between these 

molecules, leading to a contraction in volume. 

However, at high concentrations of 

dichloromethane, undesirable interactions 

between dissimilar molecules lead to a positive 

deviation from the ideal state.  

The viscosity deviations,  was calculated 

using equation (3) [9]: 

                                            (3) 

where   and i are the viscosity of the mixture 

and pure components, respectively. Table 2 lists 

 and ∆ in binary systems and graphically 

showed in Figure 2. The results indicate that all 

systems exhibit negative ∆ values, with 

parabolic curves and the highest value observed 

within the x 0.5 zone. Negative ∆ values suggest 

that factors such as molecular size, shape, and 

spatial formation are also effective in addition to 

force and specific interactions among molecules. 

For instance, in the dimethylacetamide + 

dimethylbenzylamine system, the alkyl group 

and benzenoid loop's difference in shape and size 

leads to spatial inhibition, rendering the 

molecules unable to approach each other closely. 

As a result, the solution has a lower viscosity 

than each pure ingredient, resulting in negative 

viscosity deviation. 

 

 

Figure 1. Variation of excess molar volume 
E

mV  with mole fraction x1 for the binary systems at T = 

298.15K: dimethylacetamide + dimethylbenzylamine;  dimethyl acetamide + dichloromethane ;  

dimethylbenzylamine + dichloromethane. Solid curves were calculated from the Redlich–Kister 

equation 
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Figure 2. Variation of deviation in the viscosity  with mole fraction x1 for the binary systems at T = 

298.15K:  dimethylacetamide + dimethylbenzylamine;  -dimethylacetamide + dichloromethane ;  

dimethylbenzylamine + dichloromethane. Solid curves were calculated from the Redlich–Kister 

equation 

Table 2. Experimental Densities , Viscosities  ,Refractive Indices nD , Excess Molar Volumes VmE, 
Deviation in the Viscosity , and Deviation in the Refractive Index nD for the Binary Systems at 

298.15 K 

nD  (mPa.s) 
VmE 

 (cm3mol-1) 
nD  (mPa.s)  (g.cm-3) x 

(x) dimethylacetamide + (1 – x) dimethylbenzylamine 

   434664 1.795 633696. 636666 

.6 0026 0.021- 0.122- 1.4938 .4 664 6336646 0.1238 

.6 0044 636.2-  63434-  1.4885 1.558 0.90290 632.44 

0.0049 -0.035 63262-  1.4867 1.524 0.90413 632420 

0.0054 0.037- 0.217- 1.4848 1.490 0.90546 0.3099 

63660. 6364.-  632.4-  434464 43464 0.90894 0.4059 

636609 63644-  632.3-  434446 43.40 636464. 634.4. 

0.0069 63649-  63246-  434424 43.66 6364.0. 639206 

636646 63644-  0.227- 1.4692 1.255 0.91586 0.5816 

636609 636.6-  63264-  434022 4344. 63626.6 630344 

636693 636..-  63403-  434906 43444 6362.04 63490. 

636643 6362.-  4634.-  434944 43644 6362066 6332.4 

6366.9 63649-  63660-  434404 43620 636.646 633393 

   434.94 63649 636.0.0 436666 
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Table 2. Continued… 

nD  (mPa.s) 
Vm

E 

 (cm3mol-1) 
nD  (mPa.s)  (g.cm-3) x 

(x) dimethylacetamide + (1 – x) dichloromethane 

   434226 6342. 43.4006 636666 

.6 0009 0.011- 0.056 434244 63493 4320309 636366 

.6 0010 0.013- 0.03. 434249 63403 4329049 634444 

.6 0011 0.015- 0.109 434246 63443 4324946 634..3 

.6 0014 0.024- 0.436 434209 63940 4326226 6322.2 

.6 0018 0.032- 0.260 434234 43639  4344.24 63.943 

.6 0019 0.033- 0.202 434264 63933 434.46. 63.360 

.6 0018 0.035- 0.230 434.60 63040 4366443 6346.3 

.6 0017 0.034- 0.4.4 434.44 63064 4360666 639346 

.6 0014 0.030- -0.017 434..6 63493 4362469 630630 

.6 0009 0.021- -0.165 434.44 63323 6636662  633444 

.6 0007 0.015- -0.436 434.49 63394 6364030 633064 

.6 0004 0.008- -0.161 434.94 63664 6369063 636263 

.6 0064 6366.-  -0.066 434.99 636.6 6364.96 636400 

   434.94 63649 636.0.0 436666 

(x) dimethylbenzylamine + (1 – x) dichloromethan 

   434226 .6342  43.4006 636666 

.6 0029 63640-  0.06. 434244 63494 4323400 636.46 

.6 0055 0.035- 0.49. 434.20 63443 4329496 636099 

.6 0094 0.061- 0.202 434469 6392. 4324269 634443 

.6 0104 0.069- 0.246 434423 639.6 4326643 634.43 

.6 0131 0.095- 0.239 434466 63964 43402.4 346226  

.6 0149 0.115- 0.294 434904 6309. 4342446 632920 

.6 0159 0.133- 0.223 434024 63424 4366446 63.446 

.6 0161 0.150- 0.406 434064 633.. 4369.33 634660 

.6 0150 0.157- -0.090 434404 63604 4364046 639446 

.6 0429 63440-  -0.6.6 4343.6 434.6 6363443 6302.9 

.6 046. 0.132- -0.632 434344 43206 6369062 634492 

.6 0081 0.115- -0.126 43466. 43.40 6364669 634344 

.6 0029 63692-  -0.044 434606 430.. 6364664 636220 

   434664 43469 633696. 436666 
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Equation (4) defines the deviation in refractive 

index,   [10]: 

                                       (4) 

where  and  are the refractive index of 

mixtures and pure components, respectively. 

Across all composition ranges studied   was 

positive. Figure 3 displays   vs. mole 

fractions, and results are given in Table 2. In the 

case of the dimethylacetamide + 

dimethylbenzylamine system, the positive 

deviation in refractive index can be attributed to 

stronger bipolar-bipolar interactions between 

molecules, given the strong polarity of both 

molecules. These interactions result in increased 

electron density in the mixture, causing a 

decrease in the speed of light passing through 

and increasing the refractive index.  

The increase in light speed in solutions with 

lower viscosity results in the positive deviation 

observed in the refractive index. 

The   and   calculated using the 

Redlich-Kister polynomial function to correlate 

data.  

 


m

k

k

ijjiij xxAxxQ
0 k )(                           (5) 

where Qij shows to ,  or    is an 

parameter and   as standard deviation 

calculated as: 

                                (6) 

where Qiexp and  Qical refer to the 

experimental and calculated value. n and p are 

the numbers of experimental points and several 

adjustable coefficients. Table 3 presents the 

values of the parameters  together with the 

standard deviation .  

Densities, viscosities, refractive indices, excess 

molar volumes, deviations in viscosity, and 

refractive index for ternary mixtures of system 

dimethylacetamide + dimethylbenzylamine + 

dichloromethane are presented in Table 4. The 

  and   for the ternary system were 

correlated using the Cibulka equation (7): 

                                   (7) 

and  

 =                                               (8) 

where  refers to   and   for 

ternary mixtures.  in equation (8) is the 

binary contribution of each i-j pair to the   

and   given by Equation 5 with the 

parameters shown in Table 3. The ternary 

contribution term was correlated as: 

22110123 xBxBB                                         (9) 

The ternary parameters B0 B1 and B2 were 

extracted, and their values with standard 

deviations were given in Table 3.  

The experimental results for , of ternary 

system fitted to models such as Radjkovic [11], 

TSAO–Smith [12], and Kohler [13]. 

The Radjkovic model is defined as: 

                                (10) 

                    (11) 

A12, A13 and  values are the adjustable 

parameters in binary systems. 

The Tsao–Smith model is defined as: 

             (12) 

The Kohler model is given by: 

                                                                                       (13) 
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Figure 3. Variation of deviation in the refractive index   with mole fraction x1 for the binary 

systems at T = 298.15K:  dimethylacetamide + dimethylbenzylamine;  dimethylacetamide + 

dichloromethane ;  dimethylbenzylamine + dichloromethane. Solid curves were calculated from the 

Redlich–Kister equation 

Table 3. Binary Coefficients of the Redlich–Kister Equation at 298.15K and Ternary Coefficients of the 
Cibulka Equation for , , and nD at 298.15 K 

 A3 A2 A1 A0 ΔQij 

(x) dimethylacetamide + (1 – x) dimethylbenzylamine 

 .3446-3 6940.6  6- .4.49 63..6  6- .69.  (cm.ˑmol-1) 

0..46-4 6669.6  644.6  6- .6243 6- .4342  (mPaˑs) 

.46-9 6664.6  662..6  6604.6  6244.6  nD 

(x) dimethylacetamide + (1 – x) dichloromethane 

63446-2 4- ..40 2- .024 4- .699 699.6   (cm.ˑmol-1) 

2..46-4 629.6  624.6  6- .663 6- .442  (mPaˑs) 

6.446-9 6- .662 664.6  6- .664 664.6  nD 

(x) dimethylbenzylamine + (1 – x) dichloromethan 

33446-2 6- .992 940.6  4- .049 20.6   (cm.ˑmol-1) 

03446-3 6- .4.6 6- .624 66..6  6- .029   (mPaˑs) 

63446-4 6.664 6.660 6- .6.4 602.6  nD 

  B2 B1 B0 ΔQ123 

246-2  6.406663 0.462.4 4- .34399  (cm.ˑmol-1) 

446-.  -0.94666 -0.34964 6..6624  (mPaˑs) 

..346-4   623466.6  6.624423 6.62424. nD 



H. Iloukhani et al. / Adv. J. Chem. A 2023, 6(3), 324-333 

 

331 
 

Table 4. Experimental Densities , Viscosities  ,Refractive Indices nD , Excess Molar Volumes Vm
E, 

Deviation in the Viscosity , and Deviation in the Refractive Index nD for the Ternary System of 
Dimethylacetamide Dimethylbenzylamine and Dichloromethane at 298.15 K 

nD 
 

(mPa.s) 
VmE 

(cm3.mol-1) 
nD 

 
(mPa.s) 

  
(g.cm-3) 

x2 x1 

6366.6 63624-  6342. 434264 63436 432946. 636464 636969 

636644 63644-  63434 434.0. 6394. 4324349 636346 636942 

6364.3 63464-  6322. 434920 630.0 434..63 632664 6369.6 

636440 63444-  63240 434906 63034 4346346 6329.4 6369.3 

636490 63444-  63442 434034 63340 4364966 63.6.6 636994 

499636  63496-  63642 434424 63664 43624.6 634446 636993 

636424 6344.-  63696-  434344 43424 6364406 639694 636944 

636442 634.0-  63634-  434346 43264 6360299 630439 63696. 

636606 63644-  63446-  434646 43460 6362446 633440 636044 

636644 63699-  634.6-  4346.4 64394  6364644 633940 636340 

6366.3 63643-  63449-  434642 43064 6366643 633494 636044 

636644 636.4-  63440 434.60 63464 4322406 636464 634644 

6364.4 63669-  63246 434924 63006 4344439 632666 634699 

636494 634.9-  63636 434036 63334 436.442 63.6.. 634469 

636440 63423-  6363.-  434346 43406 6360946 639643 634406 

636646 636.0-  63463 434.46 63943 4343404 636462 632629 

636639 63643-  63226 434423 63024 4342069 634220 63260. 

636440 63462-  63463 434920 63444 4364636 632664 632463 

636426 63444 -  63424 434066 63324 .363436  632662 632494 

636423 63424-  63642 434040 6364. 4366466 63.399 6322.4 

636444 63429-  63693-  434444 43633 636446. 634646 632206 

636664 63666-  6344.-  434363 43296 6364439 639694 632.44 

636600 63696-  6346.-  434304 43446 6364943 6346.9 632.42 

636649 644.6-  6324. 434..3 63962 434.649 636464 63.6.2 

636469 63664-  63434 4349.6 63434 4364464 632662 63.409 

63644. 63463-  63624-  434034 43629 6364094 63.620 63..40 

636644 6360.-  63269-  434369 43.94 6364606 639694 63.442 

6366.6 63646-  63202 434.49 63044 3434663  636462 634649 

636644 63644-  63246 434446 634.. 436994. 6342.. 634423 

636666 63634-  634.2 4349.3 63344 4364036 632636 634224 

63646. 63636-  63649-  434042 63603 636329. 632634 634.44 

6366.6 63630-  63460-  434034 43469 6369404 63.6.. 634444 

636634 6360.-  63266-  434449 43203 6362466 634643 63494. 

6366.6 636.4-  63243 434.96 63463 436093. 636462 639692 
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Table 4. Continued… 

nD 
 

(mPa.s) 

VmE 

 (cm3.mol-

1) 

nD 
 

(mPa.s) 

  

(g.cm-3) 
x2 x1 

636630 63640-  636.6-  434946 63663 6363364 632662 639242 

63663. 63696-  63463-  434032 43466 63623.4 63.6.4 639943 

6366.9 63644-  63444 434.06 63496 436..43 636462 630606 

636644 46369-  63666-  434942 63632 6360.66 632662 630.24 

636643 63693-  63436-  434044 43444 636..69 632634 630449 

6366.4 636.4-  636.0-  434.46 63346 4366449 636462 63464. 

636604 6364.-  63444-  434940 43694 636.462 63266. 634.40 

636646 63649-  63434-  434.33 63644 4463602  636464 63393. 

6366.2 63626-  63496-  4344.. 63604 6364944 636366 633044 

636646 63644-  6349.-  434.69 636.3 6364396 63646. 636636 

 

Conclusion 

Density, viscosity, and refractive index 

measurements were experimentally conducted 

for systems of dimethylacetamide, 

dimethylbenzylamine, and dichloromethane. 

Results showed that some solutions exhibited 

positive values for 
E

mV , while others showed 

negative values. The strong bipolar-bipolar 

interactions between the molecules of 

dimethylacetamide + dimethylbenzylamine 

system resulted in a negative deviation, whereas 

undesirable interactions between dissimilar 

molecules in the dimethylacetamide + 

dichloromethane and dimethylbenzylamined + 

dichloromethane systems led to a positive 

deviation. The behavior of the solution was the 

result of these mutual effects. Negative values for 

viscosity deviation   indicated that factors such 

as molecular size, the shape of the ingredients, 

and spatial formation of molecules, in addition to 

the existence of forces and specific interactions 

among the mixture's ingredients, were also 

important. Shape and size of the ingredients of 

the alkyl group and benzenoid loop caused 

spatial inhibition, preventing the molecules from 

becoming closer to each other. As a result, the 

solution had a lower viscosity than each of the 

pure ingredients, leading to a negative viscosity 

deviation. Furthermore, the deviation values for 

the refractive index in all mole fractions were 

positive, with negative Δη values confirming this 

observation. 
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