
Introduction

Thermodynamic properties of aqueous solutions of

polar solutes are important as they provide elements

to understand the interactions involved in aqueous so-

lutions and in the elucidation of the nature of the in-

teractions between polar and non-polar groups and

water. In particular, activity coefficient data of binary

non-electrolyte solutions are required to describe

their thermodynamic behavior and are useful to

predict thermodynamic properties.

The study of small model compounds such as

amino acids, alcohols and amides are of special in-

terest due to the information that can be obtained

about the factors affecting protein stability in aque-

ous solutions.

Amides are important as model compounds be-

cause they have some of the elements of polypeptide

chains as they contain amidic and apolar groups

within the molecule. However, studies with amides

in aqueous solution at temperatures different from

298.15 K are very scarce [1–13]. Other studies have

been developed to obtain group additivity parame-

ters from experimental data of pure amides [14] and

information for interactions between amides and non

aqueous solvents [15]. No activity coefficients from

experimental data for aliphatic amides have been

found in literature. Lilley reports osmotic coeffi-

cients for acetamide and propionamide obtained

from freezing temperatures [12].

In this work we present a study of the effect of the

increase in chain length in the osmotic and activity co-

efficients of acetamide, propionamide and butyramide

in aqueous solutions at 293.15, 298.15 and 308.15 K.

The amides were chosen to examine the effect of in-

crease in the number of CH2 groups. The osmotic coef-

ficients were measured using the isopiestic method

[16–18]. Free energy interaction coefficients are evalu-

ated and the results are discussed in terms of sol-

ute–solute interactions.

Experimental

The materials used in this work were acetamide

Merck>99%, propionamide Aldrich>97% butyramide

Fluka�98%, NaCl and KCl RPE Carlo Erba. The

amides were kept in desiccators before use; NaCl was

dried at 383.15 K for 72 h and stored in dry atmosphere.

Water was doubly distilled, degassed and treated ac-

cording to literature [19]. All solutions were prepared by

mass using a Precisa balance XR 205SM-DR with sen-

sitivity of �5�10
–5

g.

The isopiestic method is based in the transfer-

ence of solvent between solutions of different solutes

until thermodynamic equilibrium is reached. The iso-

piestic apparatus used in this work has been described

in previous works [16–18]. The cell was held in a

constant temperature bath for the necessary time to

achieve equilibrium with temperature control

of �0.01 K. Most of the samples reached equilibrium

between 8 and 16 days being longer the equilibrium

times for the lowest molalities. NaCl aqueous solu-

tions were used as reference standard solutions and

the osmotic coefficients of aqueous KCl solutions

were determined at each temperature to check the ac-

curacy of the method used. Measurements were made

at 293.15, 298.15 and 308.15�0.01 K.
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The osmotic coefficient � is calculated from the

equilibrium isopiestic molalities by means of the gen-

eral equation:
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where mi and mr are the molalities of the solution and

the reference solution, � and �r, are the osmotic coeffi-

cients for the solution and the reference aqueous solu-

tion and �i and �r are the stoichiometric number of ions

in solute and the reference electrolyte, respectively.

Activity of water by a1 is calculated from the os-

motic coefficient data using the expression:
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where M1 is the solvent molecular mass.

The osmotic coefficient of NaCl was determined

as a function of molality and temperature from the ex-

tended Bradley–Pitzer correlation [20–22] and the os-

motic coefficient of KCl was determined using Eq. (1).

Uncertainty in osmotic coefficient was calculated us-

ing Eq. (3):
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Activity coefficients of solute denoted by sub-

script 2 in water were calculated using Eq. (4):
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where �
2

*
is the solute activity coefficient in the asym-

metric reference system using the molality scale.

The excess partial molar Gibbs energy g
i

E
was

calculated according to Eq. (5):

g RT
i

E

i
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where R is the gas constant (J mol
–1

K
–1

) and T is the

absolute temperature (K).

Results and discussion

Osmotic and activity coefficients of aqueous KCl

solutions were obtained using NaCl aqueous

solutions as reference. The isopiestic molalities m are

accurate to �0.0002 m. Calculated uncertainty in

osmotic coefficient is between �0.0001 for lower con-

centrations and �0.0005 for higher concentrations.

Average relative uncertainty was evaluated from the

determined water activities of the checking KCl

solutions and in all cases was less than 0.005% [18].

Tables 1–3 show the isopiestic molalities, the ex-

perimental osmotic coefficients and the calculated ac-

tivity coefficients of acetamide, propionamide and

butyramide in water measured at 293.15, 298.15

and 308.15 K in aqueous solutions using NaCl aque-

ous solutions as reference. For all the solutes the os-

motic coefficients decrease with molality. A similar

behavior is observed for activity coefficients.

Figure 1 shows the curves for the solute activity

coefficients as a function of amide molality at the

three temperatures considered. For all the amides, the

activity coefficients decrease with molality, being the

decrease higher as temperature increases. Figure 2

shows at each temperature the behavior of solute ac-
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Table 1 Isopiestic molalities, osmotic and activity coefficients for aqueous solutions of aliphatic amides at 293.15 K

Acetamide Propionamide Butyramide

m/mol kg
–1

� � m/mol kg
–1

� � m/mol kg
–1

� �

0.0000 1.0000 1.0000 0.0000 1.0000 1.0000 0.0000 1.0000 1.0000

0.1831 0.9824 0.9850 0.1826 0.9852 0.9691 0.1864 0.9652 0.9541

0.3994 0.9788 0.9646 0.4030 0.9678 0.9360 0.4116 0.9475 0.9007

0.5871 0.9751 0.9499 0.5989 0.9561 0.9098 0.6149 0.9312 0.8596

0.7242 0.9687 0.9406 0.7430 0.9442 0.8921 0.7712 0.9065 0.8314

0.9808 0.9641 0.9254 1.0173 0.9295 0.8619 1.0693 0.8842 0.7846

1.1809 0.9599 0.9153 1.2315 0.9205 0.8411 1.3081 0.8666 0.7521

1.3732 0.9573 0.9065 1.4402 0.9128 0.8226 1.5395 0.8539 0.7242

1.5284 0.9542 0.9000 1.6066 0.9077 0.8090 1.7261 0.8449 0.7036

1.7031 0.9494 0.8930 1.8070 0.8948 0.7938 1.9503 0.8291 0.6806

1.8992 0.9479 0.8855 2.0239 0.8895 0.7785 2.2273 0.8082 0.6543

2.1244 0.9437 0.8770 2.2226 0.8842 0.7653 2.5108 0.7985 0.6290

2.2759 0.9413 0.8711 2.4452 0.8759 0.7512 2.7342 0.7833 0.6097

2.3547 0.9410 0.8679 2.5376 0.8732 0.7456 2.8552 0.7760 0.5993

2.5665 0.9354 0.8591 2.7675 0.8666 0.7318



tivity coefficients. Comparing the data at low solute

concentration, it can be observed that the largest de-

crease is for butyramide, followed by propionamide

and acetamide. In all cases, the lowering of activity

coefficients is higher as amide chain length increases.

Excess partial molar Gibbs energy was calcu-

lated using Eq. (5). Figure 3 shows the excess partial

molar Gibbs energy as a function of molality and tem-

perature. As expected, the trend of the curves resem-

bles the behaviour of the activity coefficients.

Osmotic coefficients can be expressed as a virial

expansion of solute molalities using Eq. (6):

(�–1)RT=gxxm+gxxxm
2
+... (6)

Interaction coefficients gxx, gxxx of higher order

represent the contribution of solute–solute interac-

tions between pairs, triplets and higher order interac-

tions of solvated molecules in a binary solution to ex-

cess Gibbs energy [23–26].

These coefficients were obtained fitting the ex-

perimental data by least squares to the polynomial ex-

J. Therm. Anal. Cal., 92, 2008 707

BEHAVIOR OF OSMOTIC AND ACTIVITY COEFFICIENTS OF AMIDES IN AQUEOUS SOLUTIONS

Table 2 Isopiestic molalities, osmotic and activity coefficients for aqueous solutions of aliphatic amides at 298.15 K

Acetamide Propionamide Butyramide

m/mol kg
–1

� � m/mol kg
–1

� � m/mol kg
–1

� �

0.0000 1.0000 1.0000 0.0000 1.0000 1.0000 0.0000 1.0000 1.0000

0.2015 0.9776 0.9766 0.2038 0.9667 0.9582 0.2064 0.9547 0.9432

0.4014 0.9731 0.9529 0.4073 0.9543 0.9177 0.4139 0.9390 0.8877

0.5998 0.9664 0.9340 0.6167 0.9399 0.8831 0.6363 0.9119 0.8375

0.7741 0.9609 0.9202 0.7980 0.9269 0.8576 0.8329 0.8942 0.7993

0.9907 0.9568 0.9060 1.0373 0.9138 0.8289 1.0943 0.8662 0.7553

1.1436 0.9525 0.8975 1.2028 0.9056 0.8118 1.2854 0.8475 0.7272

1.3560 0.9502 0.8873 1.4341 0.8972 0.7909 1.5372 0.8371 0.6945

1.5203 0.9461 0.8803 1.6087 0.8942 0.7770 1.7476 0.8231 0.6701

2.0423 0.9408 0.8610 1.8523 0.8876 0.7596 2.0432 0.8047 0.6394

2.1653 0.9382 0.8564 1.9761 0.8759 0.7515 2.3776 0.7817 0.6082

2.3585 0.9370 0.8490 2.1178 0.8776 0.7426 2.4762 0.7759 0.5995

2.5593 0.9318 0.8404 2.1968 0.8746 0.7377 2.9766 0.7513 0.5576

2.5793 0.8670 0.7150

2.7777 0.8585 0.7031

Table 3 Isopiestic molalities, osmotic and activity coefficients for aqueous solutions of aliphatic amides at 308.15 K

Acetamide Propionamide Butyramide

m/mol kg
–1

� � m/mol kg
–1

� � m/mol kg
–1

� �

0.0000 1.0000 1.0000 0.0000 1.0000 1.0000 0.0000 1.0000 1.0000

0.2247 0.9719 0.9685 0.2301 0.9493 0.9489 0.2296 0.9436 0.9371

0.4528 0.9640 0.9379 0.3845 0.9440 0.9126 0.3886 0.9341 0.8915

0.8231 0.9547 0.9021 0.6114 0.9246 0.8696 0.6136 0.9053 0.8362

0.9839 0.9468 0.8903 0.8622 0.9114 0.8317 0.8947 0.8783 0.7779

1.1788 0.9449 0.8783 0.9877 0.9111 0.8157 1.0490 0.8579 0.7498

1.3644 0.9432 0.8686 1.2510 0.8904 0.7870 1.0479 0.8588 0.7500

1.5117 0.9379 0.8618 1.4485 0.8885 0.7687 1.3300 0.8375 0.7043

1.7035 0.9390 0.8538 1.6592 0.8821 0.7514 1.5847 0.8146 0.6681

1.9495 0.9323 0.8441 1.8352 0.8718 0.7382 1.8463 0.7924 0.6349

2.1075 0.9308 0.8380 2.1134 0.8618 0.7186 2.0635 0.7754 0.6098

2.3010 0.9279 0.8300 2.2981 0.8554 0.7059 2.4488 0.7422 0.5690

2.5762 0.9237 0.8172 2.5252 0.8455 0.6898 2.6900 0.7224 0.5454

2.8469 0.8359 0.6652 2.9994 0.7105 0.5164



pression [16–18, 23–27]. Three parameters were used

to obtain the best fitting of the experimental data. The

interaction coefficients obtained in this work, the con-

centration range and literature data are presented in

Table 4. Due to the large uncertainty in the higher or-

der coefficients the analysis is restricted to the pair-

wise coefficients gxx.

The pairwise coefficients describe solute–solute

interactions between solvated molecules and their

values reflect the effect of apolar side-chains and the

number of CH2 groups. Free energy pairwise coeffi-

cients are negative for acetamide, propionamide and

butyramide in water at all temperatures. Their magni-

tude becomes more negative as temperature increases
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Fig. 1 Activity coefficients of acetamide, propionamide and

butyramide in aqueous solutions at 293.15, 298.15 and

308.15 K

Fig. 2 Effect of chain length in the activity coefficients of

acetamide, propionamide and butyramide in aqueous

solutions

Table 4 Free energy interaction coefficients for aliphatic amides in water

Temperature/K Amide gxx/J kg mol
–2

gxxx/J kg
2

mol
–3

gxxxx/J kg
3

mol
–4

Molality range/mol kg
–1

293.15

acetamide

propionamide

butyramide

–132�12

–211�6

–362�16

54�14

51�7

112�17

–10�4

–6�2

–18�4

0.1831–2.5665

0.1826–2.7675

0.1864–2.8552

298.15

acetamide

propionamide

butyramide

–182�14

–311�15

–414�19

91�17

121�16

123�19

–17�5

–20�4

–18�5

0.2015–2.5593

0.2038–2.7777

0.2064–2.9766

308.15

acetamide

propionamide

butyramide

–214�21

–389�30

–460�32

98�24

174�32

132�33

–17�7

–32�8

–21�8

0.2247–2.5762

0.2301–2.8469

0.2296–2.9994



and at constant temperature, the negative values be-

come larger as chain length increases. Lilley reports

pairwise coefficients for acetamide and propionamide

at 298.15 K calculated from osmotic coefficients ob-

tained from freezing temperature data [12]. The val-

ues are also negative and follow the same trend but

the magnitudes do not agree with the results presented

in this work. The difference can be attributed to the

uncertainty in the calculation of the osmotic

coefficients at 298.15 K in Lilley’s work.

The pairwise coefficients between amide mole-

cules can be described in terms of group–group con-

tributions according to the Savage–Wood analy-

sis [11–13, 27]. When similar group interactions are

favored, such as interactions between polar groups

hydrated with water or hydrophobic interactions in-

volving apolar chains, the free energy pairwise coeffi-

cient has a negative value. A positive value results

from interactions between groups having different

effects on water structure [13, 27].

The negative values of free energy coefficients

obtained for acetamide, propionamide and butyramide

can be attributed to dominant apolar group interactions

mediated by water. The increase of the negative value

of the coefficients as chain length increases shows

clearly the negative contribution of CH2 groups to the

free energy pairwise coefficients. According to the

preferential configuration model interactions between

apolar groups are favourable and hydrophobic inter-

actions are enhanced. The hydrophobic behavior

shown by aliphatic amides follows the same trend

shown by aliphatic alcohols [13, 26, 27].
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