
INTRODUCTION

Molecular interaction studies in liquid mixtures have

significant relevance in many field of applied and theoretical

research. Such studies have shown the structure and bonding

of associated molecular complex in the binary and ternary

mixtures1-5. Ultrasonic velocity in a liquid mixture is funda-

mentally related with the binding forces acting between the

atoms or molecules present in the liquid system. It is one of

the sensitive techniques to elucidate the intermolecular inter-

action between the liquid systems6,7. Methyl formate is used

in the lacquer industry as a solvent for cellulose nitrate. It is

also used as a fumigant and larvacide for tobacco. The

molecular interaction studies of liquid mixtures with alcohols

as one of the components is of particular interest, since alcohols

are highly polar and self associated through hydrogen bonding

in pure state8,9. Excess molar volumes and viscosities for binary

mixtures of butyrolactone with methyl formate, ethyl formate,

methyl acetate, ethyl acetate and acetonitrile at 298.15 K have

reported by Lu et al.10. Excess molar enthalpies of ethyl formate

and 1-propanol, 2-propanol, 1-butanol and 2-butanol and

1-pentanol at 308.15 K have reported by Dong et al.11. The

survey of literature indicate that there are no reports on

molecular interaction studies of the methyl formate with

methanol in the present study.

The present work is an attempt to elucidate the molecular

interaction between methyl formate and methanol at 303 K,

308 K and 313 K by using ultrasonic technique.
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 Density (ρ), viscosity (η) and ultrasonic velocity (U) have been measured for a binary mixture composed of methyl formate and methanol

at 303, 308 and 313 K. The adiabatic compressibility (β), acoustic impedance (Z), free length (Lf), free volume (Vf), internal pressure (πi),

viscous relaxation time (τ) and Gibbs free energy (∆G) have been calculated from the experimental data. The excess values of these

parameters (βE, ZE, Lf
E, Vf

E, πi
E, τE and ∆GE) have also been calculated by using the determined data and interpreted in terms of molecular

interactions. The deviations in the sign and values of these excess parameters from the ideal mixing reveal that intermolecular interactions

obtaining in the liquid mixture.

Keywords: Methyl formate, Methanol, Ultrasonic velocity, Hydrogen bonding.

Using the experimental data, the following acoustical

parameters have been calculated.

Ultrasonic wavelength (λ) 
n

d2
= (1)

where d is the distance moved by the reflector and n is the

number of oscillation produced by the ultrasonic interferometer.

Ultrasonic velocity (U) = fλ (2)

where, f is the frequency of ultrasonic wave.

Adiabatic compressibility (β) 
ρ

=
2

U

1
(3)

where, ρ represents density of the liquid mixture.

Acoustic impedance (Z) = Uρ (4)

Inter molecular free length (Lf) β= TK (5)

where KT is a temperature dependent constant12 and is given

as, KT = (93.875 + 0.375 T ) × 10-8 kelvin  (6)

Suryanarayana et al.13. have related the free volume in

terms of ultrasonic velocity (U) and co efficient of viscosity

(η) as given below,

Free volume(Vf) = 

2
3

ef
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(7)

       Here Meff is the effective molecular weight; K is a tempe-

rature independent constant which is equal to 4.281 × 109 in

S.I units for all liquid systems.
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Where b is a cubical packing fraction and is equal to 2 for

all liquids. R is the universal gas constant, T is the experi-

mental temperature and K is the temperature independent

constant.

The viscous relaxation time (τ) = βη
3

4
(9)

Gibbs free energy (∆G) = kT ln 






 τ

h

kT
(10)

where k is Boltzmann constant; T is absolute temperature and

h is Planck's constant.

Excess parameters have been calculated using the following

relation

AE = Aexp-Aid (11)

Here Aid = ΣAixi (12)

Ai represents any  acoustical parameter and xi is the

corresponding mole fraction.

In all the mixtures x1 and x2 are represented the mole

fraction of methyl formate and methanol, respectively.

EXPERIMENTAL

Binary mixtures are prepared by mixing appropriate

volume of the liquid components in the standard flasks with

air tight caps. The masses are recorded on digital electronic

balance (ACM-78094L,ACMAS Ltd, India) to an uncertainty

of ± 1 mg. The density and viscosity are measured by using

specific gravity bottle and Ostwald's viscometer with accuracy

± 0.01 kg m-3 and ± 0.001 Ns m-2, respectively. The ultrasonic

velocities in the liquid mixtures are measured by using a single

crystal ultrasonic interferometer (Mittal Enterprises, New Delhi

Model: f81) operated at 2MHz, which is calibrated with water.

The accuracy in the ultrasonic velocity measurement is in the

order of ± 1 m s-1. All measurements are made using a constant

temperature bath [INSREF model IRI-016C, India] by circula-

ting water from the thermostat with accuracy ± 0.01 K. In the

present study the chemicals used are of Analytical Grade (AR)

purchased from Sd fine Chemicals, India. All the liquids are

used without further purification. The purity of the chemicals

is checked by comparing the density (ρ), viscosity (η) and

ultrasonic velocity (U) with available literature data14,15 and

listed in Table-1.

RESULTS AND DISCUSSION

The experimentally measured values of density (ρ), viscosity

(η), ultrasonic velocity (U) and computed values of adiabatic

compressibility (β), acoustic impedance (Z), free length (Lf),

free volume (Vf), internal pressure (πi), viscous relaxation time

(τ) , Gibbs free energy (∆G) for a binary mixture of methyl

formate and methanol at 303 K, 308 K and 313 K are listed in

Table-2.

Table-2 shows that the density of the binary mixtures

decreases with increasing mole fraction of the methyl formate.

This trend may suggest that the increasing concentration of

the methyl formate leads to decrease the number of particles

in a given region16. The decreasing trend of viscosity with

increasing mole fraction of methyl formate is due to that the

intermolecular interaction between the methyl formate and

methanol is weakend. The decrease in density and viscosity

with increase in temperature indicating loosening of intermo-

lecular forces due to thermal agitation of molecules in the

mixture. In this present study, ultrasonic velocity decreased

with increasing concentration of methyl formate (Fig. 1).

Moreover acoustic impedance shows the same trend of ultra-

sonic velocity. It may be due to the structural changes occur-

ring in the mixtures resulting in weakening of intermolecular

forces.
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Fig. 1. Plots of ultrasonic velocity variation versus mole fraction of methyl

formate at various temperatures

TABLE-1 

COMPARISON OF EXPERIMENTAL DENSITY (ρ), VISCOSITY (η) AND ULTRASONIC VELOCITY (U)  

OF PURE COMPONENTS WITH AVAILABLE LITERATURE VALUES AT 303, 308 AND 313 K 

Density (ρ) (kg m-3) Viscosity (η) × 0-3 (Ns m-2) Ultrasonic velocity (U) (m s-1) 
Liquid 

Temperature (T) 
(K) Expt. Lit. Expt. Lit. Expt. Lit. 

Ref. 

303 781.9 782.4 0.4958 0.5040 1087 1088 [14] 

308 776.5 777.2 0.4695 0.4747 1109 1108 [14] Methanol 

313 771.2 771.9 0.3901 0.3892 1137 1137 [14] 

303 958.9 958.1 0.3210 0.3230 1068 - [15] 

308 953.6 - 0.3147 - 1050 -  
Methyl 
formate 

313 947.8 - 0.3075 - 1028 -  
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The increasing trend in adiabatic compressibility with

increasing concentration of methanol show that the medium

is more and more easily compressed. The increasing trend of

free volume indicates the carbonyl group of methyl formate

and hydroxyl group present in the methanol can mutually form

dipoles and this dipolar interaction also supports the existence

of more space between the components. The intermolecular

free length supports the same trend17. Obviously reverse trend

is obtained in the internal pressure as listed in Table-2. The

viscous relaxation time decreases with increase in mole fraction

of methyl formate. Moreover the reduction of Gibbs free

energy in the liquid mixture indicates that the need less time

for the rearrangement of the molecules in the liquid mixture

decreases the energy that leads to dissociation18.

In order to elucidate the nature of molecular interactions

between the components of the liquid mixtures, it is of consi-

derable interest to study the excess parameters rather than

actual values19. Non-ideal liquid mixtures show the significant

deviation from linearity in their physical behavior with respect

to the concentration and temperature is interoperated the

presence of strong or weak interactions.

The excess values of βE, Lf
E, Vf

E, τE and ∆GE are listed in

Table-3. The positive excess values represent the dispersion

forces, while the negative values interpreted that the dipole-

dipole, charge transfer interaction and hydrogen bonding

between the unlike molecules20.

Fort et al.20 suggested that the values of excess compressi-

bility become increasingly negative with increase in the

strength of molecular interaction of binary liquid mixtures.

The perusal of Table-3 signifies that the excess compressibi-

lity βE values are negative over the entire range of composition

at 303, 308 and 313 K. Moreover those values are increased

in the lower concentrations and decreased in the higher

concentrations of methyl formate. The negative values may

be attributed to the existence of the dispersion and dipolar

interaction between the unlike molecules.

In this present study excess free length Lf
E support the

same trend of excess adiabatic compressibility (Table-3). The

increasing negative values signify that the strength of molecular

interaction increased with increasing temperature and the

concentration of methyl formate.

The variation in the negative excess free volume against

the mole fraction of methyl formate is plotted (Fig. 2). It shows

that the negative excess free volume increases up to a critical

mole fraction of methyl formate (x1 = 0.3954)  then decreased

in the higher concentration. Thus, the observed negative values

of excess free volume can be accounted for only by considering

the predominance of an energetically favoured hydrogen bonding

TABLE-2 
PHYSICAL AND ACOUSTICAL PARAMETERS OF METHYL FORMATE + METHANOL AT 303, 308 AND 313 K 

x1 
ρ 

(kg m-3) 

η × 10-3 

(Ns m-2) 
U (m s-1) 

β × 10-10 
(m2 N-1) 

Z × 106 

(kg m-2 s-1) 

Lf × 10-10 

(m) 

Vf × 10-7 

(m3 mol-1) 

πI × 109 

(Nm-2) 

τ × 10-12 

(s) 

∆G × 10-20 

(kJmol-1) 

303 K 

0.0000 781.9 0.4958 1087 10.8241 0.8499 0.6827 0.6647 1.8634 0.7155 0.6304 
0.0677 799.6 0.4783 1085 10.6240 0.8676 0.6763 0.7626 1.7555 0.6775 0.6076 
0.1405 817.3 0.4608 1083 10.4327 0.8851 0.6702 0.8777 1.6509 0.6410 0.5844 
0.2189 835.0 0.4434 1081 10.2490 0.9026 0.6643 1.0135 1.5496 0.6059 0.5609 
0.3036 852.7 0.4259 1079 10.0732 0.9201 0.6586 1.1753 1.4513 0.5720 0.5368 
0.3954 870.4 0.4084 1078 9.8865 0.9383 0.6524 1.3707 1.3555 0.5383 0.5114 
0.4952 888.1 0.3909 1076 9.7255 0.9556 0.6471 1.6039 1.2634 0.5069 0.4863 
0.6041 905.8 0.3734 1074 9.5710 0.9728 0.6419 1.8867 1.1743 0.4765 0.4604 
0.7234 923.5 0.3560 1072 9.4227 0.9900 0.6370 2.2314 1.0883 0.4473 0.4339 
0.8548 941.2 0.3385 1070 9.2801 1.0078 0.6321 2.6577 1.0050 0.4188 0.4065 
1.0000 958.9 0.3210 1068 9.1429 1.0240 0.6274 3.1882 0.9247 0.3913 0.3780 

308 K 

0.0000 776.5 0.4695 1069 11.2695 0.8301 0.7029 0.7035 1.0384 0.7055 0.6248 
0.0677 794.2 0.4540 1067 11.0596 0.8474 0.6963 0.8042 0.9702 0.6695 0.6028 
0.1405 811.9 0.4385 1065 10.8592 0.8647 0.6900 0.9221 0.9048 0.6349 0.5807 
0.2189 829.6 0.4231 1063 10.6676 0.8819 0.6838 1.0603 0.8422 0.6018 0.5583 
0.3036 847.3 0.4076 1061 10.4841 0.8990 0.6779 1.2240 0.7821 0.5698 0.5354 
0.3954 865.1 0.3921 1060 10.2878 0.9170 0.6716 1.4207 0.7243 0.5378 0.5112 
0.4952 882.8 0.3766 1058 10.1197 0.9340 0.6661 1.6537 0.6693 0.5081 0.4875 
0.6041 900.5 0.3611 1056 9.9583 0.9509 0.6607 1.9342 0.6167 0.4794 0.4631 
0.7234 918.2 0.3457 1054 9.8035 0.9678 0.6556 2.2734 0.5665 0.4519 0.4384 
0.8548 935.9 0.3302 1052 9.6547 0.9846 0.6506 2.6892 0.5185 0.4251 0.4129 
1.0000 953.6 0.3147 1050 9.5116 1.0013 0.6457 3.2018 0.4727 0.3991 0.3865 

313 K 

0.0000 771.2 0.3901 1052 11.7166 0.8113 0.7231 0.9067 0.9652 0.6094 0.5959 
0.0677 788.9 0.3818 1050 11.4974 0.8283 0.7163 1.0179 0.9074 0.5853 0.5784 
0.1405 806.5 0.3736 1047 11.3110 0.8444 0.7105 1.1429 0.8522 0.5634 0.5620 
0.2189 824.2 0.3653 1045 11.1105 0.8613 0.7041 1.2882 0.7986 0.5411 0.5446 
0.3036 841.8 0.3571 1042 10.9410 0.8772 0.6988 1.4527 0.7475 0.5209 0.5281 
0.3954 859.5 0.3488 1040 10.7569 0.8939 0.6929 1.6456 0.6979 0.5003 0.5106 
0.4952 877.2 0.3405 1038 10.5805 0.9105 0.6871 1.8693 0.6502 0.4803 0.4931 
0.6041 894.8 0.3323 1035 10.4326 0.9261 0.6823 2.1260 0.6047 0.4622 0.4765 
0.7234 912.5 0.3240 1033 10.2699 0.9426 0.6770 2.4311 0.5606 0.4436 0.4588 
0.8548 930.1 0.3158 1030 10.1344 0.9580 0.6725 2.7855 0.5186 0.4267 0.4420 
1.0000 947.8 0.3075 1028 9.9838 0.9743 0.6675 3.2113 0.4779 0.4093 0.4240 
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Fig.  2. Plots of excess free volume versus mole fraction of methyl formate

at different temperatures

(-OH---O=C) formed in the liquid system. The higher concen-

tration (x1 > 0.3954) of methyl formate rupture of hydrogen

bonding associate with methanol. The similar result has

obtained and reported by Rathore et al.21.

Table-3 reveals that the negative values of excess relax-

ation time τE and excess Gibbs free energy ∆GE increased with

the increasing at the lower concentrations of methyl formate.

It is suggested that the molecules get rearranged due to coope-

rative process. Similar results have been reported by Pradhan

et al.22. This trend may suggested the thermal agitation of the

liquid system in the higher temperatures.

Conclusion

From the experimental observation, the physical and

acoustical parameters were determined in the binary mixture

of methyl formate and methanol at 303, 308 and 313 K. The

calculated excess values and their sign show the specific

hydrogen bonding interaction obtained in the carbonyl group

of the methyl formate and hydroxyl group present in the

methanol. Moreover sound velocity is in the order of 303 >

308 > 313 K. The decrease in ultrasonic velocity with increase

in temperature at any concentration signifies that decrease in

intermolecular forces due to increase in thermal energy of the

liquid system.

TABLE-3 
EXCESS PARAMETERS OF THE BINARY MIXTURE OF METHYL FORMATE + METHANOL AT 303, 308 AND 313 K  

x1 
βE × 10-10  

(m2 N-1) 

ZE × 107 

(kg m-2 s-1) 

Lf
E × 10-12  

(m) 

Vf 
E × 10-7 

(m3 mol-1) 

πi
E × 108 

(N m-2) 

τE × 10-13 

(s) 

∆GE × 10-21 

(kJ mol-1) 

303 K 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0677 -0.0863 0.0591 -0.2656 -0.0729 -0.4435 -0.1605 -0.0571 

0.1405 -0.1552 0.1074 -0.4730 -0.1416 -0.8061 -0.2895 -0.1054 

0.2189 -0.2071 0.1459 -0.6295 -0.2036 -1.0832 -0.3863 -0.1425 

0.3036 -0.2405 0.1734 -0.7311 -0.2555 -1.2711 -0.4507 -0.1697 

0.3954 -0.2729 0.1956 -0.8434 -0.2918 -1.3674 -0.4901 -0.1920 

0.4952 -0.2661 0.1949 -0.8215 -0.3104 -1.3516 -0.4806 -0.1911 

0.6041 -0.2375 0.1773 -0.7393 -0.3024 -1.2203 -0.4315 -0.1753 

0.7234 -0.1852 0.1416 -0.5696 -0.2588 -0.9604 -0.3367 -0.1391 

0.8548 -0.1069 0.0908 -0.3330 -0.1641 -0.5600 -0.1957 -0.0815 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

308 K 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0677 -0.0909 0.0571 -0.2728 -0.0684 -0.2990 -0.1526 -0.0587 

0.1405 -0.1633 0.1055 -0.4863 -0.1324 -0.5412 -0.2755 -0.1062 

0.2189 -0.2171 0.1432 -0.6579 -0.1901 -0.7237 -0.3663 -0.1434 

0.3036 -0.2517 0.1692 -0.7634 -0.2380 -0.8455 -0.4268 -0.1705 

0.3954 -0.2866 0.1921 -0.8683 -0.2706 -0.9042 -0.4655 -0.1938 

0.4952 -0.2793 0.1912 -0.8475 -0.2870 -0.8897 -0.4567 -0.1929 

0.6041 -0.2493 0.1738 -0.7645 -0.2785 -0.7996 -0.4100 -0.1774 

0.7234 -0.1943 0.1385 -0.5922 -0.2374 -0.6267 -0.3195 -0.1401 

0.8548 -0.1121 0.0816 -0.3405 -0.1498 -0.3634 -0.1849 -0.0820 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

313 K 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0677 -0.1019 0.0596 -0.3036 -0.0448 -0.2481 -0.1055 -0.0586 

0.1405 -0.1621 0.1020 -0.4788 -0.0876 -0.4453 -0.1789 -0.0975 

0.2189 -0.2268 0.1432 -0.6829 -0.1230 -0.5993 -0.2450 -0.1367 

0.3036 -0.2495 0.1641 -0.7420 -0.1537 -0.6976 -0.2775 -0.1561 

0.3954 -0.2746 0.1815 -0.8216 -0.1723 -0.7462 -0.2998 -0.1733 

0.4952 -0.2780 0.1848 -0.8467 -0.1786 -0.7369 -0.3001 -0.1768 

0.6041 -0.2372 0.1633 -0.7212 -0.1729 -0.6612 -0.2632 -0.1556 

0.7234 -0.1932 0.1339 -0.5879 -0.1427 -0.5209 -0.2105 -0.1275 

0.8548 -0.1010 0.0737 -0.3073 -0.0912 -0.3006 -0.1165 -0.0696 

1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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