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SUMMARY 
Values of the enthalpy changes for the transfer of some aliphatic primary, 

secondary, and tertiary amines from gas state to dilute solutions in octan-l-01 
have been obtained as a difference between the enthalpies of solution, determi- 
ned by calorimetry, and the enthalpies of vaporization of the pure liquid 
amines. 

A comparison is made between these data and the corresponding enthalpies of 
hydration; the values of the enthaloies of oartitionina of the amines between 
pure water and pure octan-l-01 phases have been also calculated. 

Lastly, some observations are made with respect to the relations between the 
molecular structure of the amines and their enthalpies of solvation in octanol, 
in water, and in their pure liquid state. 

INTRODUCTION 

As a part of a systematic study on the ther~dynamics of solvation of 

organic compounds in octan-l-01, we recently reported (ref. 1) data concerning 

the free energy, enthatpy, and entropy of transfer of some open-chain and 

cyclic alkanes, ethers, and ketones from gas state to dilute solution in 

octan-l-01. The enthalpy data related to this process for primary, secondary, 

and tertiary aliphatic amines of sywetric type Rj+lNH2_j (j-0,1,2; R = ethyl, 

n-propyl, n-butyl, and n-pentyl radical) are considered in this paper. 

To the best of our knowledge, investigation of amine solutions in octan-l-01 

has so far been limited to dete~ination of the values of the enthalpies of 

solution and solvation of triethylamine (ref. Z), and to the values of the 

molar excess enthalpy at 298.15 K for binary di-n-propylamine/octanol mixtures 

over the whole composition range (ref. 3). In addition, fourteen octan-l-ol/wa- 

ter partition coefficient values for primary, secondary, and tertiary amines 

have been collected by Leo, Hansch, and Elkins (ref. 4). 
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EXPERIMENTAL PART 

Materials 

All amines were best-grade commercial products. Some (n-propylamine, n-bu- 

tylamine, n-pentylamine, diethylamine, di-n-propylamine, and triethylamine) 

were dried over CaH2. All compounds were fractionally distilled under nitrogen 

at atmospheric or reduced pressure. The used fractions were collected at 

constant boiling point and their purity, checked by glc, was always better than 

99.8%. The water used in the experiments was first deionized and then distilled 

from alkaline KMn04. The solvent, octan-l-01, was a Fluka product of purissimum 

grade (> 99.5%). It was refluxed over metallic sodium and then distilled under 

nitrogen at reduced pressure. The samples used showed a glc purity better than 

99.9% and a water content < O.Ol%, determined by Karl Fischer titration. 

Apparatus 

The calorimetric measurements of the heat of solution in pure and in water- 

saturated octan-l-01 were performed with an isoperibol calorimeter. Successive 

additions of solute were made to the cell containing ca. 100 cm3 of solvent, 

with a programmable precision hand-pipette (Microlab-P, Hamilton AG). Further 

details of the apparatus and the measurement procedure are reported in ref. 1. 

About 20 experiments were usually carried out with the mo 11 

amines, X2, ranging from 0.001 to 0.03. 

TABLE 1 

Limiting enthalpies of solution, AsolnHo(oct), in octan-l-o 1 

e fraction of the 

at 298.15 K.a 

Solute n.exp. xP A solnHo(oct)/' bl 
pts. range kJ mol-’ kJ mol-' 

--- 
n-propylamine 0.006-0.038 -8.75rtO.07 13.5i1.7- 
n-butylamine :: 0.001-0.033 -9.42kO.08 17.2tI.7 
pentylamine 0.003-0.033 -9.95+0.07 19.3i1.8 
diethylamine is 0.003-0.039 -11.38t0.07 22.3f1.4 
di-n-propylamine 0.003-0.034 -IO.78~0.08 22.5c2.0 
di-n-butylamine :x 0.002-0*024 -10.62'0.05 
triethylamine 0.002-0.027 -8.64tO.07 

f?.&;.; 

tri-n-propylamine 22: 0.001-0.025 -3.24kO.08 24:7:2*4 
tri-n-butylamine 19 0.001-0.021 -2.98tO.03 29.5+1:2 

n-butylamineb 
di-n-propylamineb :: 

0.001-0.034 -11.92+0.04 28.6+1.4 

triethylamineb 
0.001-0.021 -11.93’0.08 32.li3.0 

25 0.001-0.026 -11.51tio.08 41.2~2.4 
_--- _- 

a '2' 'soln H'(oct), and b refer to eqn. (1). 

b Measurements carried out using water-saturated octan-l-01 as solvent (mole 
fraction of water = 0.28, ref. 5). 
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RESULTS AND DISCUSSION 

The experimental heat of solution, Asoln H(oct), showed always a linear de- 

pendence on mole fraction of solute according to the equation: 

A solnH(oct) = Aso,,,H”(oct) + bx2 (1) 

The values of AsolnHO(oct), 

and the slope b, obtained by 

Table 1. The uncertainity on 

the limiting enthalpy of solution in octan-l-01, 

a simple least-squares method, are reported in 

A solnHO(oct) did not exceed 0.10 kJ mol-'. The 

only corresponding reference in the literature comparable with ours regards 

triethylamine. A very good agreement exists with the value of ASO,,,Ho(oct) = 

-8.70 kJ mol-' reported by Stephenson and Fuchs (ref. 2). 

Table 2 lists the enthalpies of solvation in octan-l-01, Aso,,,Ho(oct), the 

enthalpies of hydration, Asolv H"(w), and the enthalpies of solvation of the 

amine in itself, - A 
vap 

Ho. 

TABLE 2 

Enthalpies of vaporization, A 
vap 

HO, of solvation in octan-l-01, AsolvHo(oct), 

and of hydration, A so,vHo(~), at 298.15 K.a 

Solute A 
vap 

H” A so,vHo(oct)b AsO,VH”(w)C 
_-__-_-_---~ 

n-propylamine 31.34d -40.09 -55.75 
n-butylamine 35.6ge -45.11 -59.04 
n-pentylamine 40.08e 
diethylamine 31.14e 

-50.03 -62.12 

40.04e 
-42.52 -65.12 

di-n-propylamine 
di-n-butylamine 49.45e 

-50.82 -72.30 

34.94e 
-60.07 -75.99 

triethylamine 
46.11e 

-43.58 -69.68 
tri-n-propylamine -49.35 = 

tri-n-butylamine 61.04f -64.02 = 

i All data are in kJ mol-I. 

__--_-- 

El 
e 
f 

A so,vHO(oct) = AsolnHo(oct) - AVaDHo. 

Taken from ref. 6. 
Ref. 7. 
Ref. 8. 
Estimated by method of Ducros (ref. 9). 

For a better discussion of these data, a frame of the enthalpy values of 

solvation in octanol and in water is given in Fig. 1 for the amines and other 

compounds. The enthalpy changes, AtrfHo(w-act), associated with the transfer 

from pure water to pure octan-l-01 are also reported as evaluated by : 

AtrfHo(w-act) = ASo,vHo(oct) - AsolvHo(w) (2) 
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Fig. 1. Enthalpies of solvation in octan-l-01, AsolvHo(oct), in water, 

A solvHo(~), and of transfer from water to octanol, AtrfHO(w-act) (eqn. (2)). 

H,E: hydrocarbons and ethers (1, n-hexane; 2, n-heptane; 3, n-octane; 4, CYClO- 

hexane; 5, ethyl ether; 6, THF); K: ketones (I, propanone; 2, butan-2-one; 3, 

pentan-2-one; 4, hexan-2-one; 5, pentan-3-one; 6, heptan-4-one; 7, cyclopenta- 

none); A: amines (1, n-propylamine; 2, n-butylamine; 3, n-pentylamine; 4, die- 

thylamine; 5, di-n-propylamine; 6, di-n-butylamine; 7, triethylamine; 8, tri- 

n-propylamine; 9, tri-n-butylamine). A solvHo(oct) data of amines are taken 

from this work; the others from ref. 1 (H,E: compds. no. 1,4,5,6; K: compds. 

no. 1,5,7) and from ref. 10 (H,E: compds. no. 2,3; K: compds. no. 2,3,4,6). 

A solvHo(~) values are taken from ref. 6. 

a) 

b) 

cl 

Some facts emerge from Fig. 1: 

The enthalpies of solvation in water are always larger in magnitude than 

those in octan-l-01. 

The enthalpies of solvation in octanol and in water of the amines are noti- 

ceably more negative than the ASolvHO(oct) and AsolvHo(~) values of 

alkanes, ethers, and ketones. 

Except for n-heptane and n-octane, the AtrfHO(w-act) values are always 

positive. 



Solvation in different thermodynamic media is affected, among others, by the 

structural features of the solute molecule. In the case of amines, the number 

of hydrogen atoms bonded to nitrogen and the extension of the alkyl radicals 

are relevant. To provide an inmediate picture of these features, the 

A solvHo(oct), AsolvH"(w), and AvapH” data vs. nG*, the number of carbon atoms 

per single alkyl chain present in the Rj+INH2_j amine (j = O,l,Z), are reported 

in 

a) 

- - Fig. 2. The figure shows that: 

For primary amines, all the enthalpies of transfer from gas to condensed 

liquid state are linear functions of nG*, the slopes changing from -3.1 kJ 

mol -' for water to -4.4 kJ mol-' for pure liquids, to -5.0 kJ mol-' for 

octan-l-01. 

b) For the secondary amines, the linearity between the enthalpy of transfer and 

nC* is preserved only for solvation in the pure liquid and in octanol, the 

slopes being now -9.2 and -8.8 kJ mal-‘, respectively. The AsolvHo(w) vs. 

nC* plot of secondary amines, on the other hand, displays a slight concave 

downward slope. 

c) 

d) 

For tertiary amines, the linearity vs. nC* is lost and the AsolvH"(oct) 

curve is concave upwards. 

Going from primary to secondary to tertiary amines, the AVapHO and 

A solvHo(~) values lie in very well distinguished ranges, whereas the 

A solvHo(oct) curves for secondary and tertiary amines cross each other 

twice. 

e) For all amines, the order A vapH” < AsolvHo(oct) < AsolvHO(~) is always 

respected in magnitude. 
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d) When the AtrfHo(w-act) values are considered, only hydrocarbons (compds. 

1-4) distinguish themselves sharply from the other classes of solutes, the 

amines being comparable with ethers and ketones. 

As a consequence of points.(c) and (d), an increase of temperature produces 

an enrichment of the alcoholic phase in compounds containing a polar group, 

while the temperature is almost without influence on the water/octanol parti- 

tioning of alkanes. This statement, however. must be accepted with some reserve 

owing to the reduced number of compounds examined to,date. Furthermore, our 

AtrfH"(w-act) values refer to pure solvents, while actual experiments of parti- 

tioning deal with mutually saturated octan-l-01 and water phases. A survey of 

the data (Table 1) brings out the effect of the water content of the alcoholic 

phase on the enthalpy of transfer of amines from water to octanol. 

It is not easy to explain such a complex trend of the enthalpies of tran- 

sfer. The distinguishing features showed by the thermodynamic media receiving 

the gaseous molecule of amine partially justify the additive behaviour exhi- 

bited in some cases, but not in others. 
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Fig. 2. Enthalpies of solvation in octan-l-01, ASo,vHo(oct) (-), in water, 

A solvHo(w) (----I, and in itself, - AvapHo (-.--=.-.), of Rj+INH2_j (j=O,l,Z) of 

aliphatic amines against the number n C* of carbon atoms of the single R n-alky? 

group: 0, primary anines; l ,secondary amines; A, tertiary amines. Source of 

data: Table 2. 

As far as the pure liquids are concerned, the molecule of solute is surroun- 

ded by molecules of the same species. So, an increase of the total number of 

carbon atoms, n 
C = n,*(j+l), produces a proportional increase in the hydrocar- 

bon-hydrocarbon contacts. These do not seen to be particular-y dependent on the 

nuder of alkyl groups bonded to the nitrogen atom. The slopes of the plot 

h vapHe vs. nC change in the order -4.4, -4.6, and -4.35 kJ mol- for primary, 

secondary, and tertiary amines, respectively. Comparison between isomer amines 

with a different number of hydrogen atoms bonded to nitrogen enables a diffe- 

rence of about 5 kJ mol-' to be evaluated in the enthalpy of vaporization (see 

Table 3). This value may be bounded to the different NH2_j**'NH2_j interactions 

which occour when j changes by a unity. 

When the solvent is water, despite its complexity, a rather simple condition 

may be met for monofunctjonal molecules, Here two distinctive interactions are 

operative between water and the host molecule, i.e. water*+*hydrophilic center 



TABLE 3 

Comparison between enthalpies of solvation of isomeric amines in different 

thermodynamic media." 

Solute 
--- --___ 

-A Ho 
vap 

A solvH“joct) AsolvH“(w) A,,,~H"(~)(NH~_~)~ -- 

--__- - -__--- 
n-butylamine -35.69 -45.11 -59.04 -33.21 
diethylamine -31.14 -42.52 -65.12 -39.46 

________ ________ ________ ________ 
4.55 2.59 -6.08 -6.25 

di-n-propylamine -40.04 -50.82 -72.30 -39.46 
triethylamine -34.94 -43.58 -69.68 -38.92 

__--__-- ________ ________ ________ 
5.10 7.24 2.62 0.54 

__-_-____ --____- 
a All data in kJ rn01-~. Vap, vaporization; act, solvation in octan-l-01; w, 

solvation in water. 

b A solvH"(w)(NH2_j) refers to the contribution of the NH2_j group to the 

function A solvHO(w) (ref. 6). 

and water hydrocarbon backbone interactions. The latter, for hydrophobic 

regions of the same nature, are proportional to the area exposed to the sol- 

vent. This produces a proportionality between the enthalpy of hydration and the 

number of carbon atoms of the alkyl chain. For large molecules, which are not 

able to expose to the solvent a surface strictly proportional to the total 

number of carbon atoms, it is logical to find a concave downward curvature. As 

far as the contribution of the nitrogen center to AsolVHo(~) is concerned, by 

following the same comparison between isomer amines applied above for pure 

liquids, it is found that in the passage from primary to secondary amines 

A solvHo(~) changes by about -6.0 kJ mol-', but on going from secondary to 

tertiary amines the change in Aso,,,H“(w) is about 2.6 kJ mol-I. This emphasi- 

zes the very different enthalpic effects due to the interactions NH 2-j':' H20 

when j changes by one unity. Owing to the different overall contribution of 

alkyl chains of the same length bonded to primary, secondary, and tertiary 

nitrogens, these estimates concerning the NH2_j l **H20 interaction are very 

coarse, but close to the values found in a more detailed analysis (ref. 6) of 

group contributions to thermodynamic properties of organic compounds in the 

dilute aqueous solution: A,~,~H~(w)(NH) 

A solvHo(w)(h) - 
- jsolv H"(w)(NH2) = -6.2 kJ mol-I; 

ASo,,,H"(w)(NH) = 0.54 kJ mol (see Table 3). 

Finally, in the case of octan-l-01, a local organization due to OH**.OH and 

hydrocarbon ***hydrocarbon interactions is present. When a molecule of primary 

amine is introduced, an interaction OH**. OH is substituted by an interaction 

NH **-OH, while the hydrocarbon chain of the amine interacts with those of the 2 
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solvent. The contribution of a CH2 group to the property AsolvHo(oct) is 

greater than its contribution to the property AvapH”. This effect can be 

explained in terms of a stronger NH2 ***OH bond in respect to OH***OH, which 

promotes hydrocarbon*** hydrocarbon interactions between the backbones of the 

solute and the solvent. In the case of secondary amines, the NH**dH interac- 

tions are still strong. This is clear from the fact that the differences 

40,vHo(oct) - AvapHo are near to -10 kJ mol" for primary and secondary 

amines, with a very weak dependence on the ler,gth and number of alkyl groups. 

Instead, for tertiary amines the difference between AsolvHo(oct) and AvapHo 

is near to -10 kJ mol-' only in the case of triethylamine, but decreases 

strongly as nC* increases. The differences between the values of AsolvHO(oct) 

of isomer amines (2.59 and 7.24 kJ mol-I, see Table 3) may be interpreted in 

terms of NH2_j ***OH interactions in octan-l-01, with decrease as j increases. 

The enthalpic effects connected with this type of interactions in octanol are 

moreover less than those due to the NH 2 j***H20 interactions (see Table 2). 

The loss of linearity between AsolvHo(oct) and nC* for tertiary amines may 

be understood as a result of two opposite effects. In low molecular weight 

amines, the nitrogen center is not buried by hydrocarbon chains and acts 

noticeably in determining the value of Aso,,HO(oct); for higher terms of the 

series, the molecule presents only its alkyl groicps to the solvent and only the 

hydrocarbon ***hydrocarbon interactions are to be consider&. A slight diffe- 

rence is in effect found in the enthalpies of transfer from pure liquid amine 

to infinitely dilute solution in octanol for tripropylamine and tributylamine. 
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