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Abstract
In the present study, intermolecular interactions for binary liquid mixtures of 1-propoxy-
2-propanol with amines namely diisopropylamine, dibutylamine and tributylamine have 
been examined through experimentally measured values of density ( � ), speed of sound 
(u) and viscosity ( � ). Measurements were carried out over entire the composition range 
and temperature range from 298.15 to 308.15  K. Various excess and deviation parame-
ters have been calculated using measured data. These excess and deviation properties have 
been discussed in terms of intermolecular interactions in the mixtures. The presence of 
strong intermolecular interactions among unlike molecules in binary mixtures of 1-pro-
poxy-2-propanol with diisopropylamine and dibutylamine while weak interactions in case 
of tributylamine have been revealed by these properties. Excess and deviation properties 
have been correlated with composition using Redlich–Kister polynomial. The Jouyban–
Acree model was used to correlate the measured data with composition. Further, studies on 
Fourier-transform infrared spectroscopy were also carried out at room temperature.

Keywords  1-Propoxy-2-propanol · Amines · Excess properties · Intermolecular 
interactions

1  Introduction

Research on thermodynamic properties of binary liquid mixtures has attained frequent rec-
ognition due to their application in various chemical and biochemical industries. Nature 
and extent of intermolecular interactions among unlike components is also revealed by 
these properties. Knowledge of thermodynamic properties of non-aqueous mixtures also 
helps in developing theories or models related to solvent media as well as to test the exist-
ing theories or models. Complex natural and chemical phenomena can be understood in 
simpler way by studying the thermodynamics of binary liquid mixtures. Binary systems of 
glycol ether, 1-propoxy-2-propanol (1P2P) with amines namely diisopropylamine (DIPA), 
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dibutylamine (DBA) and tributylamine (TBA) have been studied in the present discussion 
in continuation to our previous study [1–4]. Glycol ethers are important class of industrial 
solvents. Because of low vapour pressure, low toxicity, low melting point and high chemi-
cal stability, these are used as scrubbing liquids for absorbing gases from industrial pro-
duction plants for cleaning exhaust air and gas streams [5]. Further, glycol ethers are also 
used in anionic polymerization, automotive brake fluid, printing ink and paint industries 
[6]. Amines are self-associated solvents used to study the hydrophobic effects. Amines are 
also important class of organic solvents because of their applications in many fields such 
as pharmaceutical industries, gas treatment, in metal ion separations, as corrosion inhibitor 
etc.

2 � Experimental

2.1 � Materials Used

Provenance and purity of chemicals used is given in Table  1. 1P2P was used as such 
because of its high purity content while DIPA, DBA and TBA were doubly distilled prior 
to measurements. Chemicals were stored with extra care to prevent any further contami-
nation. To ascertain the purity of chemicals, experimentally measured density, speed of 
sound and viscosity of pure components has been compared with the corresponding lit-
erature values in Table 2. Binary mixtures were prepared in culture tubes having Teflon-
coated rubber caps. Samples were prepared on the day of measurement.

2.2 � Apparatus and Procedure

Electronic balance Afcoset-ER-120A was used for weighing the appropriate amount of liq-
uid to prepare the binary mixtures. Uncertainty in measurements of electronic balance was 
found to be 0.05 mg. Density of sample liquids has been measured using single capillary 
pycnometer with bulb capacity of approximately 8  ml. Pycnometer was hung vertically 
in an electronic thermostat for temperature maintenance of liquid samples having preci-
sion of 0.05 K. Speed of sound (u) of liquid samples was measured using single frequency 
Ultrasonic interferometer (Model F-81, Mittal Enterprises) operating at 4 MHz. Temper-
ature maintenance of liquid samples was carried out by circulating water from thermo-
stat through water jacketed cell. Pycnometer and interferometer were calibrated at stud-
ied temperatures using triply distilled water prior to measurements. Combined uncertainty 
in density and speed of sound measurement was found to be 0.8 kg⋅m−3 and 0.52 m⋅s−1, 
respectively.

Viscosities of liquid samples were measured using an Ubbelohde suspended level vis-
cometer. Pure solvents, doubly distilled water, hexane and heptane were used to calibrate 
the viscometer. Flow times of sample liquids were measured using an electronic stop watch 
of accuracy 0.01 s. Combined uncertainty in viscosity measurement was 0.12 mPa⋅s.

Fourier-transform infrared (FTIR) spectra of pure components and their binary mixtures 
at mole fractions; x1 = 0.2, 0.5 and 0.8 were recorded at room temperature using an ABB 
Horizon (MB 3000) spectrometer. The spectrometer has resolution of the order of 4 cm−1 
and maximum signal to noise ratio (root-mean-square, 60  s, 4  cm−1, at peak response) 
50,000:1.
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3 � Results

Experimentally measured � , u and � for the studied binary mixtures have been used to 
calculate various thermodynamic parameters with the help of different relations. Fol-
lowing expression was used to calculate excess molar volume ( VE

m
 ) using the density 

values for pure components and their mixtures:

where xi, Mi and �∗
i
 in this expression are used for mole fraction, molar mass and density of 

ith component respectively. � represents the density of the mixture. Values of � and VE
m
 for 

studied binary mixtures as a function of mole fraction of 1P2P ( x1 ) are reported in Table 3. 
Values of VE

m
 for studied binary mixtures have been plotted against mole fraction of 1P2P 

( x1 ) in Fig. 1 at 298.15 K.
Acoustic behavior of binary mixtures have been studied by calculating excess molar 

isentropic compressibility ( KE
S,m

 ) and excess speed of sound ( uE ) with the help of experi-
mentally measured data. KE

S,m
 has been calculated using the following relation:

where symbols KS and Kid
S,m

 are used for real value of molar isentropic compressibility and 
value of molar isentropic compressibility if the liquid mixtures behave ideally.

(1)V
E

m
=

2
∑

i=1

x
i
M

i

(

�
−1 − (�∗

i
)−1

)

(2)KE
S,m

= KS − Kid
S,m

Table 2   Comparison of experimental values of density (ρ), speed of sound (u) and viscosity ( � ) for pure 
liquids with the corresponding literature values at different temperatures and at pressure, P = 0.10 MPa

Standard uncertainties are: u(ρ) = 0.8  kg⋅m−3, u(u) = 0.52  m⋅s−1, u(�) = 0.12  mPa⋅s, u(T) = 0.05  K and 
u(P) = 0.0002 MPa

Chemical T (K) ρ × 10–3 (Kg⋅m−3) u (m⋅s−1) � (mPa⋅s)

Experimen-
tal

Literature Experimen-
tal

Literature Experimen-
tal

Literature

Diisopro-
pylamine

298.15 0.7129 0.7148 [13] 1088.0 1096 [13] 0.382 0.357 [28]

303.15 0.7077 0.70998 [13] 1070.4 1071 [13] 0.364 –
308.15 0.7026 0.70518 [13] 1046.4 1046 [13] 0.347 –

Dibutyl-
amine

298.15 0.7559 0.75595 [13] 1238.4 1248 [13] 0.819 0.759 [28]

303.15 0.7514 0.75194 [13] 1222.4 1227 [13] 0.749 0.758 [29]
308.15 0.7475 0.74791 [13] 1202.0 1206 [13] 0.711 0.793 [30]

Tributyl-
amine

298.15 0.7736 0.77391 [13] 1243.0 1252 [13] 1.265 1.167 [28]

303.15 0.7692 0.77046 [13] 1227.3 1230 [13] 1.138 1.221 [31]
308.15 0.7654 0.76695 [13] 1208.0 1208 [13] 1.089 1.104 [30]

1-Propoxy-
2-propanol

298.15 0.8813 0.88218 [32] 1251.2 1247.8 [32] 2.451 2.389 [33]
303.15 0.8768 0.87758 [32] 1228.1 1229.4 [32] 2.094 –
308.15 0.8718 0.87294 [32] 1211.9 1211.1 [32] 1.885 1.822 [33]
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Table 3   Density ( � ) and excess molar volume ( VE

m
 ) for binary liquid mixtures of 1-propoxy-2-propanol ( x

1
 ) 

with studied amines at different temperatures and at pressure, P = 0.10 MPa

x
1

�×10–3 (kg⋅m−3) V
E

m
 × 106 (m3⋅mol−1)

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K

1-propoxy-2-propanol + diisopropylamine
0.0000 0.7129 0.7077 0.7026 0.0000 0.0000 0.0000
0.0502 0.7225 0.7172 0.7119 − 0.3037 − 0.2830 − 0.2628
0.1005 0.7325 0.7272 0.7220 0.6764 − 0.6520 − 0.6447
0.1501 0.7429 0.7374 0.7321 − 1.1201 − 1.0622 − 1.0418
0.2006 0.7529 0.7476 0.7423 − 1.4398 − 1.4233 − 1.4047
0.3020 0.7718 0.7665 0.7612 − 1.8151 − 1.8018 − 1.7947
0.4000 0.7896 0.7843 0.7789 − 2.0431 − 2.0143 − 1.9889
0.5000 0.8070 0.8016 0.7963 − 2.0962 − 2.0485 − 2.0369
0.6000 0.8238 0.8184 0.8132 − 2.0225 − 1.9710 − 1.9684
0.6999 0.8395 0.8345 0.8292 − 1.7518 − 1.7335 − 1.7265
0.7999 0.8544 0.8495 0.8442 − 1.3304 − 1.3116 − 1.2943
0.8998 0.8679 0.8632 0.8581 − 0.6770 − 0.6695 − 0.6623
0.9500 0.8749 0.8702 0.8650 − 0.3860 − 0.3667 − 0.3366
1.0000 0.8813 0.8768 0.8718 0.0000 0.0000 0.0000

1-propoxy-2-propanol + dibutylamine
0.0000 0.7559 0.7514 0.7475 0.0000 0.0000 0.0000
0.0511 0.7621 0.7570 0.7530 − 0.2389 − 0.1000 − 0.1001
0.1004 0.7676 0.7630 0.7587 − 0.3547 − 0.3179 − 0.2643
0.1497 0.7732 0.7685 0.7642 − 0.4479 − 0.4107 − 0.3698
0.2003 0.7791 0.7745 0.7701 − 0.5499 − 0.5370 − 0.4795
0.3000 0.7916 0.7867 0.7822 − 0.8349 − 0.7660 − 0.7270
0.3999 0.8037 0.7985 0.7940 − 0.9187 − 0.8076 − 0.7740
0.5001 0.8160 0.8109 0.8062 − 0.9268 − 0.8353 − 0.7778
0.6001 0.8288 0.8238 0.8188 − 0.9085 − 0.8483 − 0.7497
0.6999 0.8417 0.8368 0.8317 − 0.8211 − 0.7541 − 0.6734
0.7997 0.8544 0.8496 0.8448 − 0.5792 − 0.5405 − 0.5186
0.8998 0.8678 0.8630 0.8583 − 0.3448 − 0.2854 − 0.3114
0.9499 0.8747 0.8699 0.8650 − 0.2106 − 0.1651 − 0.1488
1.0000 0.8813 0.8768 0.8718 0.0000 0.0000 0.0000

1-propoxy-2-propanol + tributylamine
0.0000 0.7736 0.7692 0.7654 0.0000 0.0000 0.0000
0.0516 0.7766 0.7721 0.7682 0.0745 0.0855 0.0903
0.1004 0.7795 0.7751 0.7712 0.1320 0.1384 0.1473
0.1499 0.7827 0.7783 0.7743 0.1747 0.1801 0.1766
0.2013 0.7862 0.7818 0.7778 0.2003 0.1983 0.2208
0.2999 0.7936 0.7892 0.7851 0.2257 0.2099 0.2437
0.4002 0.8020 0.7975 0.7932 0.2176 0.2496 0.2767
0.5008 0.8115 0.8066 0.8022 0.1906 0.2929 0.3430
0.6000 0.8220 0.8170 0.8125 0.1710 0.2910 0.3241
0.6998 0.8338 0.8289 0.8242 0.1562 0.2346 0.2852
0.8000 0.8474 0.8427 0.8380 0.1209 0.1581 0.1720
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Molar isentropic compressibility ( KS ) for homogeneous non-dissipative fluid is cal-
culated using density and speed of sound data with the help of following relation:

where term (�V∕�P)S is change in molar volume with pressure at constant entropy. Sym-
bols V and �S represent molar volume and isentropic compressibility respectively.

Kiyohara and Benson [7–11] suggested the following equation to calculate Kid
S,m

:

where A∗
P,i
(= V∗ × �

∗
P,i
) is the product of molar volume (V*) and isobaric expansion coef-

ficient ( �∗
P,i

 ), T is the temperature and C∗
P,i

 is isobaric molar heat capacity of ith component. 
The C∗

P,i
 value used for 1P2P, DIPA, DBA and TBA at 298.15 K are 283.6 [12], 266 [13], 

302 [13] and 392 [13] J⋅mol−1⋅K−1 respectively. Further, �∗
P,i

 has been calculated with the 
help of following relation:

(3)KS = −
(

�V

�P

)

s
=

V

� ⋅ u2
= V ⋅ �S

(4)Kid
S,m

=
∑

xi

[

K∗
S,i

− TA∗
P,i

{(

∑

xiA
∗
P,i

/

∑

xiC
∗
P,i

)

−
(

A∗
P,i

/

C∗
P,i

)}]

Table 3   (continued)

x
1

�×10–3 (kg⋅m−3) V
E

m
 × 106 (m3⋅mol−1)

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K

0.9000 0.8634 0.8588 0.8537 − 0.0017 0.0336 0.0877
0.9500 0.8720 0.8675 0.8624 − 0.0015 0.0007 0.0414
1.0000 0.8813 0.8768 0.8718 0.0000 0.0000 0.0000

Fig. 1   Excess molar volume 
( VE

m
 ) against mole fraction x1 

1-propoxy-2-propanol + x2 
diisopropylamine (▲); x2 dibuty-
lamine (●) and x2 tributylamine 
(■) at 298.15 K
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Here, (��∗∕�T)P is the change in density with temperature at constant pressure.
Excess speed of sound ( uE ) for the studied binary liquid mixtures has been calculated 

using the following relation:

where uid , speed of sound for the ideal liquid mixture, was calculated using the equation:

The values of KE

S,m
 and uE for the studied binary mixtures are reported as a function 

of mole fraction of 1P2P ( x1 ) in Table 4 over the entire composition range. Values of 
KE
S,m

 and uE for the binary mixtures at 298.15 K are represented graphically against mole 
fraction of 1P2P in Figs. 2 and 3, respectively.

To study the transport behaviour of binary liquid mixtures, the deviation in viscosity 
( Δ� ) and excess Gibbs free energy of activation for viscous flow ( ΔG∗E ) [14] have been 
computed using the following relations:

Experimental values of viscosity ( � ) along with calculated values of deviation in 
viscosity ( Δ� ) for studied mixtures are recorded in Table  5. Δ� values are presented 
graphically against mole fraction of 1P2P at 298.15 K in Fig. 4. Calculated values of 
Gibbs-free energy ( ΔG∗E ) are enlisted in Supplementary Table S1 and plotted against 
mole fraction of 1P2P at 298.15 K in Fig. 5.

Various excess and deviation properties calculated have been correlated with the 
composition of mixtures using Redlich–Kister polynomial [15] with the help of rela-
tion 10. Density and speed of sound data has also been correlated to composition with 
the help of Jouyban–Acree model [16, 17] using Eq.  11. For this purpose, data was 
fitted to corresponding relation using least square method and binary coefficients were 
computed.

Y(x), Ym,T , p and Ai are used for the excess or deviation property, measured property at 
temperature T, number of parameters and binary coefficients respectively. Correlation abil-
ity of polynomials was tested by calculating the standard deviation ( � ) using the following 
relation:

(5)�
∗
P,i

= −(�∗)−1 ⋅ (��∗∕�T)P

(6)uE = u − uid

(7)uid = ((
∑

�i�i)�
id
s
)−1∕2

(8)Δ� = � − (x1�
∗
1
+ x2�

∗
2
)

(9)ΔG∗E = RT

[

ln(�Vm) −

2
∑

i=1

xi ⋅ ln(�
∗
i
V∗
i
)

]

(10)Y(x) = x1x2

p
∑

i=1

Ai(x1 − x2)
i−1

(11)lnYm,T = x1 ln Y1,T + x2 ln Y2,T + x1x2

2
∑

i=0

[

Ai

(

x1 − x2
)i
/

T
]
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Table 4   Speed of sound (u), excess molar isentropic compressibility ( KE

S,m
 ) and excess speed of sound ( uE ) 

of the binary liquid mixtures of 1-propoxy-2-propanol with studied amines at different temperatures and at 
pressure, P = 0.10 MPa

x
1

u (m⋅s−1) K
E

S,m
 (mm3⋅mol−1⋅MPa−1) u

E (m⋅s−1)

298.15 K 303.15 K 308.15 K 298.15 K 298.15 K

1-propoxy-2-propanol + diisopropylamine
0.0000 1088.0 1070.4 1046.4 0.000 0.000
0.0502 1105.1 1084.5 1059.0 − 4.200 13.382
0.1005 1120.6 1100.2 1072.2 − 7.557 24.738
0.1501 1135.7 1113.4 1086.7 − 10.546 35.489
0.2006 1152.0 1126.1 1099.1 − 13.334 46.985
0.3020 1177.2 1146.9 1120.1 − 16.050 61.302
0.4000 1195.8 1165.5 1138.2 − 16.604 67.693
0.5000 1210.2 1181.9 1155.0 − 15.665 67.841
0.6000 1220.9 1193.9 1169.1 − 13.626 62.240
0.6999 1229.4 1203.4 1182.2 − 10.816 52.060
0.7999 1237.0 1212.6 1192.2 − 7.568 38.389
0.8998 1244.3 1221.1 1202.3 − 3.916 21.251
0.9500 1247.8 1224.0 1206.5 − 2.022 11.174
1.0000 1251.2 1228.1 1211.9 0.000 0.000

1-propoxy-2-propanol + dibutylamine
0.0000 1238.4 1222.4 1202.0 0.000 0.000
0.0511 1240.0 1223.3 1203.0 − 0.607 2.804
0.1004 1242.5 1225.2 1205.0 − 1.277 6.291
0.1497 1245.8 1228.0 1207.7 − 2.084 10.504
0.2003 1248.0 1229.7 1210.4 − 2.591 13.374
0.3000 1252.1 1231.8 1212.3 − 3.518 18.342
0.3999 1256.0 1233.0 1213.7 − 4.123 22.439
0.5001 1255.5 1232.7 1214.2 − 3.727 21.366
0.6001 1253.8 1231.8 1213.1 − 3.031 18.186
0.6999 1251.9 1230.2 1212.2 − 2.239 14.030
0.7997 1251.6 1229.4 1212.1 − 1.552 10.383
0.8998 1251.0 1228.6 1211.8 − 0.788 5.457
0.9499 1251.4 1228.3 1211.9 − 0.468 3.132
1.0000 1251.2 1228.1 1211.9 0.000 0.000

1-propoxy-2-propanol + tributylamine
0.0000 1243.0 1227.3 1208.0 0.0000 0.0000
0.0516 1240.9 1225.4 1207.0 0.7009 − 0.1348
0.1004 1239.1 1224.2 1206.2 1.2656 − 0.2062
0.1499 1237.4 1222.7 1205.1 1.7633 − 0.2974
0.2013 1235.9 1220.6 1203.4 2.1779 − 0.3441
0.2999 1233.4 1216.3 1199.4 2.7626 − 0.4585
0.4002 1231.8 1214.0 1197.5 3.0571 − 0.5282
0.5008 1231.2 1212.8 1196.8 3.0756 − 0.5495
0.6000 1231.8 1213.1 1197.6 2.8578 − 0.5089
0.6998 1233.8 1215.0 1200.6 2.4216 − 0.4091
0.8000 1237.3 1219.0 1203.8 1.7841 − 0.3285
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Table 4   (continued)

x
1

u (m⋅s−1) K
E

S,m
 (mm3⋅mol−1⋅MPa−1) u

E (m⋅s−1)

298.15 K 303.15 K 308.15 K 298.15 K 298.15 K

0.9000 1242.9 1222.0 1206.6 0.9229 − 0.2564
0.9500 1246.6 1224.8 1209.4 0.4829 − 0.1785
1.0000 1251.2 1228.1 1211.9 0.0000 0.0000

Fig. 2   Excess molar isentropic 
compressibility ( KE

S,m
 ) against 

mole fraction x1 1-propoxy-
2-propanol + x2 diisopropylamine 
(▲); x2 dibutylamine (●) and x2 
tributylamine (■) at 298.15 K

Fig. 3   Excess speed of sound 
( uE ) against mole fraction x1 
1-propoxy-2-propanol + x2 
diisopropylamine (▲); x2 dibuty-
lamine (●) and x2 tributylamine 
(■) at 298.15 K
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Table 5   Experimental viscosity ( � ) and deviation in viscosity ( Δ� ) as a function of mole fraction, x
1
 , 

of 1-propoxy-2-propanol for binary mixtures with amines at different temperatures and at pressure, 
P = 0.10 MPa

x
1

� (mPa⋅s) Δ� (mPa⋅s)

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K

1-propoxy-2-propanol + diisopropylamine
0.0000 0.382 0.364 0.347 0.0000 0.0000 0.0000
0.0502 0.413 0.397 0.375 − 0.0727 − 0.0532 − 0.0490
0.1005 0.457 0.431 0.406 − 0.1331 − 0.1067 − 0.0955
0.1501 0.518 0.483 0.454 − 0.1744 − 0.1401 − 0.1240
0.2006 0.576 0.537 0.502 − 0.2208 − 0.1739 − 0.1539
0.3020 0.713 0.646 0.616 − 0.2939 − 0.2396 − 0.1952
0.4000 0.893 0.804 0.746 − 0.3163 − 0.2515 − 0.2161
0.5000 1.118 0.985 0.906 − 0.2982 − 0.2433 − 0.2098
0.6000 1.365 1.198 1.094 − 0.2581 − 0.2035 − 0.1756
0.6999 1.655 1.439 1.304 − 0.1749 − 0.1352 − 0.1188
0.7999 1.949 1.677 1.531 − 0.0879 − 0.0709 − 0.0455
0.8998 2.226 1.892 1.721 − 0.0178 − 0.0277 − 0.0096
0.9500 2.345 1.989 1.809 − 0.0026 − 0.0179 0.0016
1.0000 2.451 2.094 1.885 0.0000 0.0000 0.0000

1-propoxy-2-propanol + dibutylamine
0.0000 0.819 0.749 0.711 0.0000 0.0000 0.0000
0.0511 0.874 0.797 0.753 − 0.0289 − 0.0206 − 0.0177
0.1004 0.943 0.853 0.799 − 0.0405 − 0.0311 − 0.0296
0.1497 1.018 0.909 0.854 − 0.0461 − 0.0417 − 0.0327
0.2003 1.099 0.972 0.911 − 0.0471 − 0.0463 − 0.0347
0.3000 1.265 1.115 1.023 − 0.0441 − 0.0373 − 0.0395
0.3999 1.444 1.284 1.149 − 0.0277 − 0.0031 − 0.0308
0.5001 1.656 1.452 1.294 0.0203 0.0299 − 0.0038
0.6001 1.907 1.625 1.468 0.1078 0.0689 0.0534
0.6999 2.108 1.795 1.602 0.1461 0.1049 0.0698
0.7997 2.289 1.945 1.722 0.1648 0.1205 0.0725
0.8998 2.420 2.061 1.824 0.1323 0.1015 0.0567
0.9499 2.436 2.076 1.859 0.0661 0.0500 0.0336
1.0000 2.451 2.094 1.885 0.0000 0.0000 0.0000

1-propoxy-2-propanol + tributylamine
0.0000 1.265 1.138 1.089 0.0000 0.0000 0.0000
0.0516 1.287 1.147 1.090 − 0.0395 − 0.0402 − 0.0407
0.1004 1.317 1.166 1.091 − 0.0677 − 0.0676 − 0.0789
0.1499 1.342 1.190 1.113 − 0.1009 − 0.0909 − 0.0958
0.2013 1.378 1.217 1.136 − 0.1263 − 0.1132 − 0.1138
0.2999 1.452 1.280 1.183 − 0.1692 − 0.1446 − 0.1451
0.4002 1.539 1.352 1.233 − 0.2011 − 0.1680 − 0.1748
0.5008 1.636 1.433 1.305 − 0.2232 − 0.1832 − 0.1829
0.6000 1.752 1.528 1.398 − 0.2245 − 0.1835 − 0.1689
0.6998 1.888 1.640 1.491 − 0.2071 − 0.1670 − 0.1551
0.8000 2.061 1.761 1.607 − 0.1538 − 0.1416 − 0.1190
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Table 5   (continued)

x
1

� (mPa⋅s) Δ� (mPa⋅s)

298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K

0.9000 2.275 1.924 1.748 − 0.0580 − 0.0739 − 0.0575
0.9500 2.364 2.008 1.813 − 0.0284 − 0.0380 − 0.0319
1.0000 2.451 2.094 1.885 0.0000 0.0000 0.0000

Fig. 4   Deviation in viscos-
ity ( Δ� ) against mole fraction 
x1 1-propoxy-2-propanol + x2 
diisopropylamine (▲); x2 dibuty-
lamine (●) and x2 tributylamine 
(■) at 298.15 K

Fig. 5   Excess Gibbs free energy 
of activation of viscous flow 
( ΔG*E ) against mole fraction 
x1 1-propoxy-2-propanol + x2 
diisopropylamine (▲); x2 dibuty-
lamine (●) and x2 tributylamine 
(■) at 298.15 K
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where Y(x)exp and Y(x)cal are used for values of experimental and calculated property 
respectively. Symbols n and p are used for number of experimental data points and number 
of estimated parameters respectively. Binary coefficients (Ai) and standard deviation values 
( � ) for Redlich–Kister polynomial and Jouyban–Acree model are recorded in Supplemen-
tary Tables S2 and S3, respectively.

In addition to this, the apparent molar volume ( V
�,i ) and partial molar volume ( Vm,1 ) 

have been calculated using the following relations:

Using the Eqs. 10 and 14, partial molar volume for both the components has been cal-
culated as:

Calculated values of V
�,i and Vm,i for binary mixtures at different temperatures are listed 

in Supplementary Tables S4 and S5 respectively. Values of V
�,i are presented graphically 

in Fig. 6. Excess partial molar volume ( V
E

m,i
 ) was calculated using the general equation for 

(12)� =

[

n
∑

i

{

Y(x)exp − Y(x)cal
}2
∕(n − p)

]
1

2

(13)V
�,1 =

M2(1 − x1)(�2 − �)

x1��2
+

M1

�

(14)Vm,1 = Vm,1 +

(

VE
m

x1

)

+ x1(1 − x1)

[

�

(

VE
m
∕x1

)

�x1

]

P,T

(15)Vm,1 = Vm,1 + x2
2

∑

Ak(1 − 2x2)
k−1 − 2x1(1 − x1)

2
∑

Ak(k − 1)(1 − 2x1)
k−2

(16)Vm,2 = Vm,2 + x2
1

∑

Ak(1 − 2x2)
k−1 + 2x2

1
(1 − x1)

∑

Ak(k − 1)(1 − 2x1)
k−2

Fig. 6   Apparent molar volume 
( V

�,i
 ) against mole fraction 

x1 1-propoxy-2-propanol + x2 
diisopropylamine (▲); x2 dibuty-
lamine (●) and x2 tributylamine 
(■) at 298.15 K
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calculating the excess properties and corresponding values are recorded in Supplementary 
Table S6. Values of excess molar volume at x1 = 0 and x1 = 1 are the excess partial volume 
at infinite dilution ( V

E,∞

m,i
 ) for the component 2 and 1, respectively. Values of V

E

m,i
 are plot-

ted graphically against mole fraction of 1P2P in Fig. 7.
Various proposed semi-empirical relations for viscosity have been tested with the help of 

corresponding relation.
Grunberg and Nissan (GN) proposed the following relation [18] to estimate viscosity of 

liquid mixtures:

The magnitude of model parameter G12 is proportional to the extent of interactions among 
the components of the liquid mixture. This parameter is related to the interchange energy.

Tamura and Kurata (TK) proposed the following relation [19] for the viscosity of binary 
liquid mixtures:

where T12 is an adjustable parameter and �i represents the volume fraction of ith compo-
nent in the liquid mixture.

Katti and Chaudhri (KC) recommended the following relation [20] for estimation of the 
viscosity for binary liquid mixtures from those of the pure components:

where Wvis is an adjustable parameter.

(17)� = exp

[

∑

i

(xi ln �
∗
i
) + G12

∏

i

xi

]

(18)� =
∑

i

(xi�i�
∗
i
) + 2T12

∏

i

(xi�i)
1∕2

(19)ln �Vm =
∑

i

xi ln(�
∗
i
V∗
i
) + x1x2

(

Wvis∕RT
)

Fig. 7   Excess partial molar 
volume ( V

E

m,1
 ) against mole frac-

tion x1 1-propoxy-2-propanol + x2 
diisopropylamine (▲); x2 dibuty-
lamine (●) and x2 tributylamine 
(■) at 298.15 K
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Hind, Mclaughlin and Ubbelohde (HI) derived the following relation [21] for viscosities of 
binary mixtures:

where H12 is adjustable model parameter.
McAllister (Mc2) proposed following two parameter relation [22] for kinematic viscos-

ity ( �):

where Z12 and Z21 are adjustable parameters.
Heric–Brewer (HB) three parameter relation for kinematic viscosity ( � ) [23] is:

where a, b and c represent the model parameters.
McAllister proposed following three parameter relation (Mc3) for kinematic viscosity 

( � ) of binary mixture [22]:

where Z1112, Z1122 and Z1222 are model parameters.
Values of model parameters along with standard deviation ( � ) for studied binary mix-

tures are tabulated in Supplementary Table S7. Standard deviation ( � ) for semi-empirical 
relations has been plotted in Fig. 8 at 298.15 K.

4 � Discussion

Excess molar volume ( VE
m
 ) values for studied binary liquid mixtures are enlisted in Table 3. 

Behavior of VE
m
 is result of contributions from various effects. Disruptions of 1P2P aggre-

gates on addition of amines result in breaking of hydrogen bonds among 1P2P molecules 
and make VE

m
 positive. Molecules of the components with nearly equal molar volumes do 

not fit well with each other, hence, result in positive VE
m
 values. On the other hand, factors 

like strong hydrogen bonding, charge-transfer and dipole–dipole interactions among unlike 
molecules in the mixture result in negative values of VE

m
 . Favorable interstitial accommoda-

tion of unlike molecules among each other also results in negative VE
m
 values.

VE
m
 for the studied binary mixtures against mole fraction of 1P2P is presented graphically 

in Fig. 1. A close perusal of Fig. 1 reveals that values of VE
m
 are negative for binary mix-

tures of 1P2P with DIPA and DBA while positive for binary mixture of 1P2P with TBA. 

(20)� =
∑

i
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i
�
∗
i
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i
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2
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2
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Positive values of VE
m
 for binary mixture of 1P2P with TBA are attributed to breaking of 

hydrogen bond network of 1P2P upon addition of TBA, which is not compensated by weak 
interactions among unlike molecules. Negative values of VE

m
 observed for liquid mixtures 

of 1P2P with DIPA and DBA could be due to hydrogen bond formation between oxygen 
atom of 1P2P molecules and hydrogen atom of amine molecules and dominance of pack-
ing effect rather than dispersive forces between unlike molecules. Dibutylamine molecules 
being bulkier in size in comparison to diisopropylamine molecules face little difficulty in 
approaching towards molecules of 1P2P and hence, interactions in binary mixtures of 1P2P 
with DBA are less in comparison to mixture of 1P2P with DIPA. With increase in the 
temperature, magnitude of VE

m
 for binary mixtures of 1P2P with DIPA and DBA become 

less negative while that of 1P2P with TBA becomes more positive indicating weakening of 
interactions. This could be due to systematic volume expansion in binary mixtures result-
ing from increase in thermal energy with temperature.

A close look of Figs.  2 and 3 reveals that KE
S,m

 and uE vary in negative and positive 
manner respectively for binary mixture of 1P2P with DIPA and DBA. Negative values of 
KE
S,m

 and positive values of uE show that packing of molecules in the mixture is more com-
pact than pure components and hence, specific interactions are present in the mixtures. 
For binary mixture of 1P2P with TBA, KE

S,m
 and uE vary in positive and negative manner 

respectively. Positive values of KE
S,m

 and negative values of uE show that binary mixture is 
more compressible than ideal one and hence, weak interactions are present among unlike 
molecules in mixture. Thus, behaviour of KE

S,m
 and uE for binary mixtures of 1P2P with 

amines, is in accordance with behaviour of VE
m
.

Deviation in viscosity ( Δ� ) and excess Gibbs-free energy of activation for viscous flow 
( ΔG∗E ) have been evaluated to study the transport behaviour of binary mixtures. It can be 
seen from Fig. 4 that Δ� vary in negative manner for binary mixtures of 1P2P with DIPA 
and TBA and sigmoidal manner in case of binary mixture of 1P2P with DBA. In general, 

Fig. 8   Standard deviation for the binary liquid mixtures for different viscosity correlations models at 
298.15 K
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binary mixtures exhibiting negative deviation of VE
m
 show positive deviation for Δ� and 

vice-versa [24]. This general trend is followed by binary mixtures of 1P2P with TBA and 
in amine rich region of 1P2P with DBA mixture. Mixtures of 1P2P with DIPA do not fol-
low this general trend. This difference could be due to dominance of factors like molecular 
size and shape. Calculated values of excess Gibbs free energy of activation for viscous 
flow ( ΔG∗E ) are recorded in Supplementary Table S1 and presented graphically in Fig. 5 
against mole fraction of 1P2P. Positive deviations are obtained for binary mixtures of 1P2P 
with DIPA and DBA which indicate strong interactions among unlike molecules in these 
mixtures. In binary mixture of 1P2P with TBA, negative deviations of ΔG∗E are obtained 
representing weak interactions among components. With increase in the temperature, val-
ues of ΔG∗E become less positive in binary mixtures of 1P2P with DIPA and DBA while 
more negative in mixture of 1P2P with TBA. This could be due to decrease in interactions 
for studied binary mixtures with temperature.

In addition to this, change in enthalpy ( ΔH ) and change in entropy ( ΔS ) of activation 
for viscous flow have also been calculated and reported in Supplementary Table S1 along 
with linear regression (r). Following viscosity equation proposed by Eyring [25, 26] was 
used to study the thermodynamics of viscous flow:

where symbols � , h, N and V are used for viscosity, Planck’s constant, Avogadro’s 
number and molar volume respectively. Equation  24 was combined with the rela-
tion,ΔG = ΔH − TΔS , to calculate thermodynamics parameters like change in enthalpy 
( ΔH ) and change in entropy ( ΔS ) of activation for viscous flow, which give the following 
relation:

Left hand side of Eq. 25 was plotted against 1/T for studied binary mixtures for each 
mole fraction, xi. The plot was found to be linear for each xi. Slope and intercept from the 
plot give the value of ΔH and ΔS respectively, for each xi. The increase in the value of 
ΔH with x1 indicate that formation of an activated species, necessary for viscous flow, is 
easier in amine rich region compared to 1P2P rich region. The values of ΔS are negative 
in amine rich region and with increase in x1 becomes positive. This indicates that there is 
more structuredness in amine rich region during the viscous flow, as a result of the ease in 
which the activated species forms as compared to 1P2P rich region where values are com-
paratively large [27].

Binary coefficients of Redlich–Kister polynomial have been calculated using least 
square method for studied mixtures and are listed in Supplementary Table  S2. Jouy-
ban–Acree model has also been used to correlate the density, speed of sound and viscosity 
with composition and corresponding binary coefficients are presented in Supplementary 
Table S3. Small values of standard deviation for both Redlich–Kister polynomial and Jouy-
ban–Acree model justifies the good correlation ability of these equations.

Computed values of apparent molar volumes ( V
�,i ) and partial molar volume ( Vm,i ) for the 

binary mixtures are reported in Supplementary Tables S4 and S5, respectively. It is clear from 
these tables that values of V

�,i and Vm,i for binary mixtures are less than molar volume of pure 
components for binary mixture of 1P2P with DIPA and DBA. Lower magnitude of V

�,i and 
Vm,i for binary mixture of 1P2P + DIPA compare to 1P2P + DBA indicate stronger interactions 
in former mixture. Strong intermolecular interaction among unlike molecules lead to avail-
ability of less space among molecules and hence, is responsible for lower values of V

�,i and 

(24)� = (hN∕V) exp (ΔG∕RT)

(25)R ln (�V∕hN) = (ΔH∕T) − ΔS
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Vm,i . In case of binary mixtures of 1P2P with TBA, V
�,i and Vm,i values for binary mixtures 

are more compare to molar volume of pure components. Increase in space among molecules 
due to weak interactions among components could be possible reason for this. With tempera-
ture, magnitude of V

�,i and Vm,i for studied binary mixtures is found to increase. This indicates 
weakening of interactions in the studied binary mixtures with temperature.

Excess partial molar volume ( V
E

m,i
 ) values for studied binary mixtures have been evalu-

ated using the values of Vm,i and presented in Supplementary Table S6. Values of V
E

m,i
 are 

plotted against mole fraction of 1P2P in Fig.  7. Values of ( V
E

m,i
 ) are found negative for 

binary mixtures of 1P2P with DIPA and DBA indicating strong interactions among unlike 
molecules in these mixtures. Values for binary mixture of 1P2P + TBA are found to be 
positive indicating weak interactions in this mixture. With increase in the temperature, val-
ues of ( V

E

m,i
 ) for binary mixtures of 1P2P with DIPA and DBA become less negative while 

for mixture of 1P2P with TBA become more positive. These outcomes indicate weakening 
of interaction with temperature in studied binary mixtures.

Standard deviation ( � ) of various viscosity models have been evaluated to test their correlation 
ability. It is clear from Fig. 8 that with increase in the number of adjustable parameters, predict-
ing ability of viscosity model increases. Grunberg–Nissan and Katti–Chaudhri relations are found 
better in predicting the viscosity of binary mixtures among one parameter models. Sign of param-
eter, G12 in Grunberg–Nissan model gives estimation of type of interaction among the unlike 
components in binary mixtures [24]. Mixtures exhibiting strong interactions show positive sign of 
G12 while negative sign of G12 is possessed by mixtures having weak interactions. Negative sign 
obtained for binary mixture of 1P2P with TBA and positive sign for binary mixtures of 1P2P with 
DIPA and DBA confirm the findings obtained from above calculated parameters.

5 � Spectral Studies

FTIR spectra for binary mixtures of 1P2P with DIPA, DBA and TBA have been presented 
in Figs. 9, 10 and 11 respectively at mole fraction x1 = 0.0, 0.2, 0.5, 0.8 and 1.0. Molecules 
having hydrogen bonded –OH group possess characteristic peak around 3400 cm−1. Associa-
tion effects along with hydrogen bonding capability among the molecules with concentration 
result in change in this characteristic peak. A close perusal of Figs. 9, 10 and 11 reveals that 
intensity of peak for hydrogen bond in 1P2P diminishes with increase in the concentration of 
amine. This should lead to expansion in volume of the mixture. In binary mixtures of 1P2P 
with DIPA and DBA, thermodynamic parameters show that molecules in mixture are in close 
proximity compare to pure liquid. Therefore, strong intermolecular interaction or better geo-
metrical accommodation must be present in binary mixtures. In case of binary mixtures of 
1P2P with TBA, thermodynamic parameters show weak interactions among unlike molecules. 
This could be due to poor geometrical accommodation of molecules in the mixture.

6 � Conclusions

Density ( � ), speed of sound (u) and viscosity ( � ) for binary mixtures of 1P2P with DIPA, 
DBA and TBA have been measured for their thermodynamic studies. Interpretation of ther-
modynamic parameters reveals strong interactions among binary mixtures of 1P2P with 
DIPA and DBA while weak interactions in mixture of 1P2P with TBA. Interactions have 
been found to weaken with increase in the temperature. Redlich–Kister polynomial and 
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Jouyban–Acree model were found satisfactory in their correlation ability. Semi-empirical 
relations for viscosity were used for estimation of viscosity for studied binary mixtures. 
Results obtained from FTIR studies were found to compliment the outcomes from thermo-
dynamic parameters.

Fig. 9   FTIR spectra of binary 
mixture of 1-propoxy-2-propanol 
(x1) with diisopropylamine at dif-
ferent mole fraction and at room 
temperature

Fig. 10   FTIR spectra of binary 
mixture of 1-propoxy-2-propanol 
(x1) with dibutylamine at differ-
ent mole fraction and at room 
temperature
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