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Abstract 

Enthalpies of dilution of ternary aqueous solutions containing biuret or urea and 
alkan-1-ols, alkan-1,Zdiols and alkan-1,2,3-triols have been determined at 298.15 K by 
means of a flow microcalorimeter. The cross pairwise coefficients of the virial expansion of 
the excess enthalpies were determined. These coefficients are positive and depend in a 
complex manner on the length of the alkyl chain of the alkanols. The behaviour of these 
systems was interpreted in terms of preferential interactions between hydrophilic groups 
and of repulsive interactions between hydrophobic and hydrophilic groups. 

INTRODUCTION 

Weak, non-bonding interactions are important in many biological pro- 
cesses: their change or disruption, for instance, may lead to the collapse of 
the native form of a protein. Among the weak, non-bonding interactions 
occurring in aqueous solutions, the hydrophobic interaction has been 
widely studied, especially with regard to protein stability. Until recently, it 
was widespread opinion that hydrophobic interactions are the most impor- 
tant driving force for many biochemical processes. However, some doubts 
have been raised about the major im-portance of this interaction {l-4]. 
Most probably, hydrophilic interactions, which are highly dependent on 
orientation and on the properties of the solvent, are as important as 
hydrophobic ones in highly specific processes, such as protein folding and 
molecular recognition. 

Studies from this laboratory, concerning thermodynamic and spectro- 
scopic properties of alkan-m,n-diols [5-81, alkan-m-ols [9] and a-amino- 
acids [lo-121, have shown the importance of hydrophilic-hydrophilic inter- 
actions. A model has been proposed, through which it was possible to 
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explain differences in the interactions between positional isomers or 
stereoisomers that cannot be explained using usual statistical approachs 
[13]. This interaction model, in fact, demonstrates that two hydrated 
molecules of an alkanol interact through a preferential orientation stabi- 
lized by the interaction between hydrophilic groups [5]. This makes the 
juxtaposition and the interaction between hydrophobic groups more effec- 
tive: the cooperativity shown for a homologous series is higher than that 
predicted by a purely statistical model. A very important, successful result 
of our model lies in the possibility of explaining “chiral recognition”. In 
fact, on these bases, two hydrated molecules of a-aminoacids in their 
zwitterionic forms interact preferentially via electrostatic interactions, sug- 
gesting the existence of two “sociated” molecules. These are very different 
for the interaction between the side chains, depending on whether the two 
molecules have the same or different chirality [lo-121. 

Pairwise enthalpic coefficients of the virial expansion of the excess 
enthalpies are particularly useful for obtaining info~ation about the 
interaction mechanism. It should be remembered that the physical meaning 
of the pair interaction coefficient of an excess property is linked to the 
variation of the thermodynamic property when two hydrated molecules are 
brought from an infinite distance, where solute-solvent interactions pre- 
vail, to a finite distance where solute-solute, water-mediated interactions 
are operating, The success obtained in correlating the enthalpic coeffi- 
cients with the --OH position on the molecule, with the a&y1 chain length 
and with chiral recognition, suggested that we should extend these studies 
to molecules.having different effects on the structure of water. On the basis 
of the signs and values of the enthalpic, entropic and free energy coeffi- 
cients, non-electrolytes have been classified as [14,15] (1) hydrophobic 
structure-makers: g,, < 0 and Ts,, > h,, > 0; (2) hydrophilic structure- 
breakers: g,, < 0 and h,, < Ts,, < 0; (3) hydrophilic structure-makers: 
g,, > 0 and h,, > Ts,, > 0, 

In the present paper, a study is presented of the interaction between 
solutes belonging to the first two classes. Enthalpies of dilution of ternary 
aqueous solutions of &an-l-ols, alkan-1,2-diols and alkan-1,2,3-triols in 
the presence of biuret, urea, or glycine were measured and enthalpic 
cross-interaction coefficients are evaluated. The aim of this work is to 
verify that the hypothesis of a preferential orientation also holds for the 
solutes studied here, by examining the various types of interactions be- 
tween the chaotropic [16] agent and the hydro~lated substances. 

EXPERIMENIAL 

Biuret, urea and glycine were Carlo Erba (Milano) and Serva products, 
and the alkanols were purchased from a different source (Sigma or Aldrich). 
They were of the highest purity commercially available. 
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Solutions were prepared by weight and solutes were dried in vacua 
above P,O,. 

Measurements of the heats of dilution were carried out in the usual way 
by means of an LKB flow ~cr~o~meter. Experimental details are 
reported in the literature [5,13,17-201. 

THERMODYNAMIC RELATIONS 

Virial coefficients of the power series of the excess enthalpies as a 
function of the molalities can be easily derived from the enthalpies of 
dilution of solutions containing n solutes and from the enthalpies of 
dilution of the respective binary solutions. The enthalpy change that occurs 
upon a dilution process 

En, moles of x +A kg of solvent + [S kg of solvent] 
x 1 
= Cn,molesofx+(A+B)kgofsolvent 

[ X 1 

is related to the corresponding excess enthalpy 

A&(J kg-r) =HE(TIZf) - [&‘(A +B)]H”(=‘) 

(1) 

= HE(rnf) - (mp?z;)HE(2) (2) 
where Ti;if and Fi’ are the osmolalities of solutions after and before the 
dilution process, respectively, E = Cxmr and A/CA + B) = mf/mi = 
naf,/m;= . . . * Substituting relations between excess enthalpies and virial 
coefficients into eqn. (21 gives 

AH,,(J kg-‘) = C Ch ,,mf,m; - (m;/m;) c ~h,,m$2; + . . . 

[ I 

(3) 
x Y x Y 

Knowing the self coefficient h,, for each solute, it is possible to determine 
the cross coefficients h,, by means of the auxiliary function AH”* [12] 

AH”*=A~~i,(~‘jT?Zf)- t=AH,il(ml-,m~~ (4) 
x 

which depends only on the cross coefficients. 
In the case of ternary solutions, eqn. (4) reduces to 

= 2h,,m~( rn: - ml) I- higher terms 

=2hxym’y( . rn: - m:) + higher terms (5) 

A least-squares procedure was used to determine the h,, coefficients. Only 
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TABLE 1 

Enthalpic cross-interaction coefficients (J kg mol-‘) for binary and ternary aqueous 
solutions containing alkan-1-01s and urea W, glycine (G) or biuret (BU) at 298.15 K 

Alkan-1-01s h 

;;5” 

h,,(U) h,,(G) h,,(BU) 

Methane-l-01 201+ 5 3775 13 419 * 15 
Ethane-l-01 243&10 b 3195 9 d 553k 12 e 652k 7” 
Propane-l-01 559f14b 425f 5d 654* 6f 858fll e 
Butane-l-01 1003*15 b 476f gd 799+10 f 1048+ 17 = 
Pentane-l-01 1766f 68 ’ 500*50 810f71 1055f34 

a Ref. 21. b Ref. 18. ’ Ref. 9. d Ref. 22. e Ref. 23. f Ref. 24. The self-interaction 
coefficients of the chaotropic agents are -350 1131, -447 [251 and -2120 [26] J Kg molV2 
for urea, glycine and biuret, respectively. 

pairwise coefficients were found to be necessary for the best-fitting of the 
experimental data, owing to the limited range of concentration explored. 

RESULTS 

Table 1 gives the cross coefficients for ternary solutions containing 
biuret (BU), urea (U), or glycine (G), and alkan-1-01s. These coefficients 

__-__. BU 

-_--_ u 

I I I 
I, c 4 B 

% 
Fig. 1. Plots of enthalpic cross-interaction coefficients h,, vs. the number of carbon atoms 
of alkan-1-ols n, for the ternary alkan-1-ols-urea (U), alkan-1-ols-glycine (G) and alkan-l- 
ols-biuret (BU) systems. 
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TABLE 2 

47 

Enthalpic cross-interaction coefficients (J kg mol-‘) for binary and ternary aqueous 
solutions containing alkan-1,Zdiols and urea (U) or biuret (BU) at 298.15 

Alkan-1,Zdiols 

Ethane-1,Zdiol 
Propane-1,2-diol 
Butane-1,Zdiol 
Pentane-1,Zdiol 
Hexane-1,Zdiol 

h xx 

415f30 = 
.589& lb 
9235 5’ 

1777*30 d 
2955k55 d 

h&U) h,,SBU) 

46* 2= 63+12 
195 f 28 252 f 24 
380 f 20 536 + 22 
3.50 f 26 512&43 
438 f 36 617k37 

a Ref. 27. b Ref. 17. ’ Ref. 28. d Ref. 5. e Ref. 13. 

are positive and depend either on the chaotropic action of the destructur- 
ing agent (BU, U, or G), or on the alkyl chain length. As can be seen from 
Fig. 1, for all systems, a maximum, invariant value of the enthalpic 
coefficients was ,reached at ~tc = 4, n, being the number of carbon atoms 
of the alkand. The cross coefficients for the ternary solutions containing 
BU are higherthan those for solutions containing G or U. 

N 
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c, / / 
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Fig. 2. Plots of enthalpic cross-interaction coefficients h,, vs. the number of carbon atoms 
of alkan-1,Zdiols ~zc for the ternary alkan-1,2-diols-urea (U) and alkan-1,2-diols-biuret 
(BU) systems. 
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TABLE 3 
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Enthalpic cross-interaction coefficients CJ kg moi-*I for binary and ternary aqueous 
solutions containing alkan-1,2,3-triols and urea WI or biuret (BU) at 298.15 K 

Alkan-1,2,3-triols h 

Propane-1,23-trio1 ;;1a 
Hexane-1,2,Itriol 1678 f 66 
Heptane-1,2,3-tool 2879*54 

a Ref. 13. b Ref. 38. ’ Ref. 14. 

h,,(U) h,,(BW 

29f 18 b -126klO c 
364&61 512fS3 
448*50 507&51 

Table 2 lists the cross coefficients for ternary solutions containing biuret 
or urea as dest~cturing agent and a~kan-1,2-dials. As with the alkan-l-ols, 
the cross coefficients for solutions containing biuret are higher than those 
of urea-containing systems, although there is a decrease in the difference 
between their values. As shown in Fig. 2, for these systems the maximum, 
invariant value was attained at n, 2 5. 

0 2 4 6 

% 

Fig. 3. Plots of the enthalpic cross-interaction coefficients hxy vs. the number of carbon 
atoms of alkan-1,2,3-triols nc for the ternary alkan-1,2,3-triols-urea (U) and alkan-1,2,3-tri- 
ols-biuret (BU) systems. 
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Table 3 reports the enthalpic self-interaction coefficients for the binary 
aqueous solutions containing propane-, hexane- and heptane-1,2,3-triols. 
The h,, values are positive, and they increase with increasing alkyl chain 
length. The table also shows the cross-interaction coefficients for the 
ternary systems containing the same triols and urea or biuret. The trends 
are the same as for the homologous series of alkan-1,2-diols (see Fig. 3). 
However, because of the limited number of triols available, it was impossi- 
ble to determine at which number of carbon atoms the plateau begins. As 
with the two preceding cases, the increase in the cross coefficients for the 
urea-containing systems is much smoother, from which it can be inferred 
that the plateau begins at II, 2 6. 

DISCUSSION 

In recent years, a clear, though qualitative, understanding of the non- 
bonding interactions in aqueous solutions of non-electrolytes has been 
reached from the analysis of the excess thermodynamic properties using 
the Savage and Wood group-additivity approach (SWAG) [13]. As is often 
stressed, however, this approach does not account for the large differences 
in the thermodynamic parameters concerning positional isomers or 
stereoisomers, or for the enhanced cooperativity of hydrophobic interac- 
tions of polyhydroxylated compounds. However, according to this ap- 
proach, interactions between groups can be characterized as 

(i) Favourable interactions between hydrophilic groups 
(G hydrophilic- hydrophilic < 0) 

(ii) Favourable interactions between hydrophobic groups 
(G hydrophobic-hydrophobic < 0) 

(iii) Unfavourable interactions between hydrophilic and hydrophobic 
groups 
(G hydrophilic-hydrophobic > 0) 

where G is the group contribution to the pair-wise coefficient of the virial 
expansion of the excess free energy [29]. Then, the interactions between 
like groups are favoured, while mixed interactions are prevented by a 
positive contribution to the free energy. Making use of these results, and 
attempting to overcome the rigid, statistical SWAG approach, the occur- 
rence can be hypothesized of some more probable orientations in solution 
between two hydrated molecules (model of preferential orientation) [5,7,8]. 
These orientations are made possible by the juxtaposition of similar groups, 
while groups having a different action on the structure of water tend to stay 
far away. 

The first application of this model rationalized successfully the experi- 
mental data concerning the interactions in aqueous solutions of cu-amino- 
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Fig. 4. Schematic representation of the interaction between two molecules of an a-amino- 
acid. In the upper part, the two molecules have the same chirality: the two side chains lie in 
the same half-space. In the lower part, the two molecules have different chirality: the two 
alkyl groups lie in two different half-spaces. This is, of course, an extreme situation and 
many other cases must necessarily exist. 

acids [lo-121. Among the various favourable configurations of two “soci- 
ated” molecules of the same or different chirality, the interaction between 
the charged groups of the zwitterion is supposed to prevail. In this case, the 
cooperativity of the hydrophobic interaction was very low, the enthalpic 
coefficients showing a linear dependence on the number of carbon atoms. 
The two “sociated” molecules show large differences toward the interac- 
tion between the hydrophobic groups of the side chains, depending on their 
chirality. In fact, when the chirality of the two interacting aminoacids is the 
same, the side chains are in the same half-space determined by the 
interactions between the charged groups. In contrast, for molecules of 
different chirality, the alkyl groups lie in two different half-spaces (see Fig. 
4). Thus, these two different orientations, enhancing the steric differences 
of the two interacting solutes, lead to rather large differences in the 
interactions between side chains, thus making chiral recognition possible. 
The homotactic enthalpic interaction coefficient then becomes more posi- 
tive than the heterotactic interaction because of the stronger interactions 
between the hydrophobic domains of the side chains of the a-aminoacids 

WX-I,-CH* > 0). Accordingly, chiral recognition is not possible when the 
cause of this preferential orientation disappears [ll], i.e. the presence of 
the zwitterion. In 1 M HCl, a new preferential orientation prevails: the 
“side on” [30], determined by the simultaneous juxtaposition of the alkyl 
and carboxyl groups, making the steric differences between two “sociated” 
molecules very small. However, the cooperativity of the hydrophobic inter- 
action is higher, the enthalpic coefficients showing a quadratic dependence 
on the number of carbon atoms [12]. 

In the case of the self-interaction between polyol molecules, as the 
number of OH groups increases, their configurational sequence determines 



the values of the pairwise coefficients. For sorbitol, dulcitol and perseitol, 
whose hydrophilic and hydrophobic domains are well separated [31], the 
h,, values change sign, passing from positive to negative. When the OH 
groups, for their configurational sequence, are bound on the same side with 
respect to a trans-planar conformation, a competition may exist between 
the two possible preferential configurations. The one stabilized by hy- 
drophilic-hydrophilic interactions seems to prevail, as indicated by the 
negative sign of h,,. For more complex sequences of hydrophilic and 
hydrophobic domains, intermediate h,, values appear. In the extreme case 
of myo-inosytol, a cyclic hexanol with five equatorial OH groups, the 
highest negative value of h,, (-800 J kg molP21 is obtained [32]. For 
monosaccharides, however, small, positive values of the enthalpic and free 
energy pair coefficients denote more complex systems [33], probably be- 
cause the steric hindrance of the OH groups distances the carbon skeleton 
and because of their particularly stable hydration cage [34]. When the 
molecules of the solute have well-separated hydrophilic and hydrophobic 
domains (mixed solutes such as alcohols), the simultaneous j~aposition of 
domains having the same action on the structure of water results in an 
enhanced cooperativity of the hydrophobic interaction, the enthalpic coeffi- 
cients showing a dependence on the third power of the number of carbon 
atoms [5]. 

The model of preferential configuration has allowed even the complex 
behaviour of positional isomers of polyhydroxylated substances to be ratio- 
nalized. Using other approaches reported in the literature, the difference 
in the pair enthalpic coefficients of positional isomers of alkan-m-ols [9] 
and alkan-~,~-diols [5,7] remained unexplained. The starting hypothesis 
implies a preferential orientation, according to which two “sociated” 
molecules juxtapose the maximum number of hydrophilic and hydrophobic 
groups, minimizing interactions between hydrophilic and hydrophobic do- 
mains. On these bases, a linear correlation was found between the pair 
enthalpic coefficients and a complex abscissa function. This abscissa takes 
into account the total number of equivalent CH, groups and the number of 
carbon atoms which, in a “side on” configuration, occupy remote positions. 
For the alkan-1,2,3-triols examined here, namely propane-, hexane- and 
heptane-1,2,3-triol, the enthalpic self-interaction coefficients are equal to 
or less than the self-coefficients of the respective 1,2-diols having a carbon 
atom less (ethane-1,2-, pentane-1,2- and hexane-1,Zdiol). The equality of 
the coefficients could indicate that one of the three -OH functional groups 
is inactive in a “side on”, preferential orientation, probably because it is in 
a remote position with respect to the juxtaposition. The same happens for 
the CH, groups in the cw-position to the carbon atoms bearing the two 
interacting OH groups. The values of the enthalpic coefficients of the three 
triols examined, reported as a unction of the complex abscissa 



52 G. Castronuovo et al. / Thermochim. Acta 206 (1992) 43 - 54 

fall on the same line obtained for alkan-m,n-diols [7]. This also confirms 
the hypothesis of a “side on” orientation for these triols. 

The reliability of the model in predicting the enthalpic pair coefficient 
also held for the cross interaction of alkan-1-01s and alkan-1,2-diols of 
different alkyl chain length [7]. For these systems, a linear correlation 
between the enthalpic cross coefficients and the complex abscissa function 
was only found if the number of equivalent CH, groups was taken as the 
half-sum of the overall CH, groups on the two molecules. The need to use 
the half-sum could be justified by the involvement of the whole alkyl-chain 
through a partial folding of the longer alkyl-chain on the shorter one. 

The success of the model of preferential interaction in rationalizing the 
experimental values of the enthalpic pair coefficients for the systems 
involving like substances, has led us to extend it to the cross interactions 
between solutes having a different action on the structure of water. In 
earlier papers from this laboratory, data have been reported concerning 
ternary aqueous solutions of urea, thirourea or biuret and linear polyols, 
CH,OH(CHOH),CH,OH (0 5 IZ I 5) [14,35], or monosaccharides [22,23, 
36,371. The negative values of the cross coefficients were interpreted as 
owing to the preferential interaction between the hydrophilic domains of 
the polyhydroxylated compounds with the hydrophilic groups of the struc- 
ture-breaking solute. The consequent, prevailing release of destructured 
water to the bulk determines the sign of the coefficient. This agrees well 
with the present point of view on these types of interactions, in that the 
role of the favourable (hydrophilic-hydrophilic) interactions are prevalent 
in determining the overall value of the pair coefficient. In the case of the 
cross interaction between structure-breaking and structure-making solutes 
belonging to the first class (alcohols), a prevailing release of structured 
water from the hydrophobic cospheres occurs, yielding positive values for 
the h,, coefficients. Thus, the values of the cross coefficients are expected 
to increase with increasing chaotropic action of the structure breaker and 
with increasing alkyl chain length of the hydrophobic solute. Unfortunately, 
the literature data concern solutes whose alkyl chains are too short (up to 
butan-1-01) to enable clear information on the role played by the latter 
parameter to be obtained. Therefore, we were forced to study cross 
interactions between structure-breaking solutes and the higher alkan-1-ols, 
the complete series of alkan-1,2-diols and some alkan-1,2,3-triols. For all 
series, whatever the structure breaker used, a common trend is found. The 
cross coefficients increase linearly with increasing number of carbon atoms 
in the alkanols, until a plateau is reached. For alkan-1-ols, the values of the 
cross coefficients depend greatly on the structure-breaking capability of the 
chaotropic agent. The plateau is reached at n, 2 4 for all three series (Fig. 
1). For alkan-1,2-diols, the h,, values depend slightly on the nature of the 
hydrophilic solute, the plateau being reached at n, 2 5. For alkan-1,2,3-tri- 
ols, the limited data do not permit a conclusive discussion on the critical 
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value of the number of carbon atoms. The two h,, values for the systems 
containing biuret are the same for hexane- and heptane-1,2,3-triols, whereas 
for systems with urea, they are still increasing: the plateau could be at 
n, 2 6. The unique trend of h,, versus the number of carbon atoms of the 
alkanols interacting with different structure-breaking solutes, can be ratio- 
nalized using the model of preferential orientation. Favourable, hy- 
drophilic-hydrophilic interactions between the hydroxyl groups of the 
alkanol and one of the hydrophilic groups of biuret, urea or glycine, 
determine a more probable orientation of the two interacting hydrated 
molecules. Tbis is to be expected because the preferential orientation 
depends prevailingly on the juxtaposition of the hydrophilic groups, the 
hydrophobic ones pointing away from the hydropyhilic solute. In this 
preferential orientation, the maximum number of carbon atoms that can 
interact is determined neither by the length of the chaotropic agent, nor by 
the length of the alkyl chain of the alkanol. A critical length of the alkyl 
chain of the hydrophobic solute must be operating: above that, the hy- 
drophilic domain of the structure breaker cannot extend its disruptive 
action. Thus, it seems that the hydrophilic head of the alkanols behaves as 
a whole, independently of the number of hydroxyl groups. The structure- 
breaking solute interacts with this hydrophilic head, probably extending its 
action over three CH, groups. This could be the reason why the plateau 
for alkan-1-01s is reached at n, 2 4, for alkan-1,Zdiols at n, z 5, and for 
alkan-1,2,3-triols at II, 2 6. The smoother trend of the coefficients for those 
systems involving urea could be an indication of a minor stability of the 
pair of “sociated” molecules. The major stability for the systems containing 
biuret could be attributed to the presence of more hydrophilic groups on 
the molecule of the destructuring agent and, then, to the increased proba- 
bility of favourable interactions. 

In conclusion, information concerning pair molecular processes have 
indicated the fundamental role of hydrophilic-hydrophilic interactions. In 
earlier papers, we have demonstrated an enhanced cooperativity of hy- 
drophobic interactions as a result of a preferential orientation stabilized by 
hydrophilic interaction. Here, one of the contributions is missing, in that 
the structure-breaking solute has only hydrophilic groups. This implies only 
a partial involvement of the alkyl chain of the alkanols, which is followed 
by a plateau. As a consequence, contributions from the various interactions 
to the interaction coefficients are different in binary and ternary solutions: 
therefore, correlations between self- and cross-interaction coefficients must 
be used with care, unless the same mechanism is known to operate in 
binary and ternary solutions. 
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