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Abstract

Enthalpies of dilution of ternary aqueous solutions containing glucose and alkan-1-ols, alkan-
1,2-diols and alkan-m,n-diols were determined at 298.15 K by flow microcalorimetry. The pair-
wise cross interaction coefficients of the virial expansion of the excess enthalpies were evaluated:
they are positive and depend in a complex manner on the length of the alkyl chain of the alkanols.
The behaviour of these systems is interpreted in terms of preferential interactions between the hy-
drophilic groups of the alkanols and the destructured domain present on glucose.

Keywords: excess properties, glucose, preferential configuration

Introduction

Weak, non bonding interactions are important in macromolecular assembly
processes, and their change or disruption may lead to the disruption of the na-
tive form of a protein. The native structure of a globular protein, in fact, is de-
termined by a balance of the interactions between the amino acid residues with
each other and with the aqueous environment. Among these weak interactions
in aqueous solutions, the hydrophobic interaction has been the most widely
studied, especially in relation to protein stability [1]. Correlation of the thermo-
dynamic properties of protein folding with data on hydrophobic model com-
pounds has allowed a better analysis of the role of non-polar interactions.
Recently some authors have begun showing that intramolecular hydrophilic in-
teractions are strong and highly dependent on orientation and on the properties
of the solvent [2-5]. Thus, they are probably just as important as hydrophobic
interactions in highly specific processes such as protein folding and molecular
recognition,
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Non-bonding interactions can be studied through the virial coefficients of
the power series of the excess thermodynamic properties expressed as a func-
tion of the molalities. These coefficients give information on the changes of the
state of the solvent released upon interaction between hydrated molecules. The
interaction is supposed to occur by the overlap of their hydration cospheres,
with the consequent release of water molecules from these cospheres to the
bulk. The sign of the thermodynamic quantity is determined by the different
properties of water in the cosphere and in the bulk. A phenomenological clas-
sification of nonelectrolytes has been proposed on the basis of the signs and val-
ues of the enthalpic, entropic and Gibbs free energy coefficients as follows:
[6, 7]

i) Hydrophobic structure makers: g<0; T5x>hu>0.
ii) Hydrophilic structure makers: g>0; Ax>T5>0.
i) Hydrophilic structure breakers: g.<0; hux<T5xx<0.

The analysis of the magnitudes and signs of the enthalpic interaction coefti-
cients for a variety of polyhydroxylated compounds has shown that these coef-
ficients depend on the number, position and stereochemistry of the functional
groups [8-14]. However, the group additivity approach proposed by Savage and
Wood [15] has failed in distinguishing positional isomers and in reproducing
self-consistent values of the contribution of groups to the pair enthalpic coeffi-
cients of homologous series. This has led to the proposal of an alternative ap-
proach for modelling the hydrophobic interactions between solutes bearing
hydrophilic and hydrophobic groups on the same molecule. According to this
approach, the juxtaposition of groups having the same effect on water structure
determines the more probable configuration of the hydrated molecules (‘side
on’ model) [8]. This configuration is responsible for the failure of the cited sta-
tistical approach and for the increased cooperativity found for polyhydroxylated
compounds compared to that commonly expected for hydrophobic interactions.

The study of interactions involving hydrophobic structure makers and hydro-
philic structure breakers has already led to very interesting results and has
yielded evidence for the occurrence of a preferential configuration stabilized by
the juxtaposition of hydrophilic domains [12]. In the present paper we report
calorimetric results for the interaction between glucose, a hydrophilic structure
maker, and alkan-1-ols, alkan-1,2-diols and alkan-m,n-diols, typical hydropho-
bic structure maker solutes. Monosaccharides are hydrophilic structuring sol-
utes, according to the classification reported above and on the basis of
spectroscopic evidences [16]. They show a complex behaviour when interacting
with hydrophilic structure breaking solutes such as urea [17] and biuret [18].
The negative sign and the invariance of the enthalpic cross coefficients suggest
the presence, in their hydration shells, of distorted domains, whose geometry is
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not compatible with the tetrahedal arrangement of water. The aim of the present
paper is just to go further into the investigation of these substances and to ex-
plore how they behave in the presence of typical hydrophobic solutes such as al-
kanols.

Experimental

Glucose was a Sigma product. Alkanols were purchased from different
sources (Sigma or Aldrich): they were of the highest commercially available pu-
rity. Solutions were prepared by weight and solutes were dried in vacuo over
P,0s. Heats of dilution were measured with an LKB flow microcalorimeter, ac-
cording to the experimental details reported in the literature [8, 14, 17-22].

Results

Virial coefficients of the power series of the excess enthalpies as a function
of 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 in a dilution process, AHy;, is re-
lated to the corresponding excess enthalpy, H”, as follows:

AHg = H(m&, mf,.....) +

— (m / mi)HE(mi, mj.....) (D
where m' and m' are the molalities of each solute after and before the dilution
process, respectively. Substituting relations between excess enthalpies and
virial coefficients into Eq. (1), the following relation is obtained:

AHgy = ZZphemimb — (ml / mi) [ZZhgmim] + ... 2)
Knowing the values of the self coefficients for each solute, the cross coeffi-
cients, Ky, are evaluated by means of an auxiliary function AH , which de-
pends on the cross interaction coefficients as follows [23]:
AH™ = AHdu(mi, mi, e m,f(, m§) - AHdﬂ(mL g m§
- AHdﬂ(miy - m§) =

= 2hymi(mb — mb) + higher terms =

= 2hymi(mk — mi) + higher terms 3)
ytity
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To determine the coefficients 4.y, a least squares procedure was used. Owing to
the limited range of concentration explored, only pairwise coefficients were
found to be necessary for the best fitting of experimental data.

Table 1 Enthalpic self and cross-interaction coefficients (J-kg:mol™) for binary and ternary
aqueous solutions containing alkan-1-ols and glucose at 298.15 K

Alkan-1-ol By ® Py
Methane-1-ol 215° 536432
Ethane-1-ol 243+10° 7506
Propane-1-ol 559+14° 93419°
Butane-1-ol 1003+15° 1083+13f
Pentane-1-ol 1766168 1292447

“Errors reported are the 95% confidence limits; ®The self interaction coefficient for D-glucose is
343110 Jkg-mol 2, Ref. [15]; “Ref. [24]; PRef.[20]; “Ref. [11]; PRef. [25]

In Table 1 the enthalpic cross coefficients are listed for the interaction be-
tween alkan-1-ols and glucose. In Table 2 the cross coefficients are given for
the interaction between alkan-1,2-diols and glucose. The same data relative to
alkan-m,n-diols, different from alkan-1,2-diols, are presented in Table 3. All
the coefficients are positive and they increase, in a complex manner, with in-
creasing number of carbon atoms. The complexity of these systems is better
shown in the Figure, where the cross coefficients for alkan-1-ols, alkan-1,2-di-
ols and alkan-o,w-diols interacting with glucose are reported as a function of
the number of carbon atoms in the alkanols. In the same Figure, literature co-
efficients are listed for systems involving the same alkanols and triglycine [28]
or biuret [12, 18, 29]. Because of their low solubility, alkan-1-ols beyond pen-
tan-1-ol cannot be studied. The coefficients increase linearly, and they are
markedly larger than those relative to diols. The trends characterizing the inter-
actions of alkan-1,2- and alkan-o,-diols with glucose, biuret and triglycine are
similar. However, for a,w-diol/glucose systems the curve rises with a modula-

Table 2 Enthalpic self and cross-interaction coefficients (J-kg-mol™) for binary and ternary
aqueous solutions containing alkan-1,2-diols and glucose at 298.15 K

Alkan-1,2-diol B By *°
Ethane-1,2-dio} 415430° 391220
Propane-1,2-diol 589+1° 606131
Butane-1,2-diol 923+5° 88046
Pentane-1,2-diol 1777430° 1003+14
Hexane-1,2-diol 2955455° 1491113

“Errors reported are the 95% confidence limits; PRef. [26]; © Ref. [19]; "Ref. [27]; “Ref. [8]
DRef.[15]
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Table 3 Enthalpic self and cross-interaction coefficients (J-kg-mol™) for binary and ternary
aqueous solutions containing alkan-m, n-diols and glucose (G) or alkan-a, w-diols and
xylose (X) at 298.15 K

Alkan-m,n-diol A ey (G ey (X)°
Propane-1,3-diol 52349° 720124 597+13
Butane-1,3-diol 75046" 983424
Butane-2,3-diol 837+10° 828437
Butane-1,4-diol 78742° 866146 852+49
Pentane-1,4-diol 1187+10° 972420
Pentane-2,4-diol 932:+15° 1059142
Pentane-1,5-diol 1335425° 1089126 897430
Hexane-1,5-diol 1939+68° 1707461
Hexane-2,5-diol 1796461° 1346167
Hexane-1,6-diol 2402435° 1460163 1222441
Heptane-1,7-diol 4017+84° 1460451 1367452

® Errors reported are the 95% confidence limits; “Ref. [19]; “Ref. [8]; “Ref. [10]

tion at nc=4, and reaches an invariant value at nc=6. This plateau cannot be
observed for 1,2-diols, because the seven carbon atom unit is not available. In
the same Figure, the data for o,0-diol/xylose systems are also shown. The val-
ues of the coefficients are smaller, but their trend is very similar to that involv-
ing glucose.

Discussion

Saccharides are solutes whose behaviour in water is characterized by the re-
lation hy>g«>0; other hydrophilic solutes, such as urea-like compounds, have
an opposite behaviour: h<gwx<0 [16]. The McMillan-Mayer theory of solu-
tions applied a formal separation of the excess Gibbs free energy into contribu-
tions arising from the interactions of pairs, triplets, etc. of solute particles [30].
These contributions are expressed by the second, third, etc. virial coefficients
of the excess free energy as a function of the molality: these coefficients ac-
count also for the solute-solvent and solvent-solvent changes. For saccharides
8xx 18 positive, suggesting that the excess contributions to the free energy of
sugar-sugar interactions are unfavourable. Probably the solute-solute interac-
tions are screened by the more favourable sugar—water interactions. In a pre-
vious paper we have suggested that the signs and values of the second
coefficients must be attributed mainly to a reversal of the hydration [16]. This
process will involve little changes in the energy and degree of freedom for the
water released from the more structured hydration cospheres of the saccharides
to the bulk, at increasing concentration.
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The interaction of monosaccharides with hydrophilic, destructuring solutes
as urea [17] and biuret [18], is characterized by negative enthalpic coefficients.
The little variability of the values of the cross coefficients at increasing destruc-
turing power of urea-like solutes was rather puzzling, and led to a more com-
plex model for the hydration of saccharides. A working hypothesis was
proposed, relying on the existence of a distorted domain in the hydration co-
sphere of monosaccharides, besides the cage hydration stabilized by the hy-
droxyl groups. This domain could be due to the geometry of the hemiacetalic
oxygen, which orients the water molecules in a manner not compatible with the
tetrahedral arrangement. The presence of other conformations (e.g. 'C4) can be
another potential source of perturbation of the ordered hydration cage. In this
case, the interaction of pyranoses with water can be thought of as a complex in-
teraction in which the ordered arrangement of water molecules promoted by the
hydroxyl groups is disturbed by the hydration of the other polar group. Hence,
part of the cosphere fluctuates between an ordered and a distorted arrangement.
The release of water from the distorted domain of the sugar cosphere should be
the main factor determining the signs and values of the enthalpic cross coeffi-
cients in the presence of hydrophilic, destructuring solutes. The extension of
this distorted domain should be almost the same for all the monosaccharides,
given the small variability of the i, values passing from one sugar to another,
and only a minor contribution would originate from the release of water from
the distorted cosphere of urea-like solutes.

The interaction of D-glucose with ethanol, propanol and butanol has been
found to be characterized by positive and very high cross interaction coeffi-
cients {25]. These coefficients are the highest among those characterizing the
interaction of alkanols with hydrophilic structure breakers. Namely, D-glucose
appears to behave not differently from these destructuring substances, and it is
even more powerful than biuret. The interaction between these two classes of
solutes is explained in terms of a mechanism not different from the one pro-
posed for the urea-alkanol interaction in water. There is a prevailing release of
water from the more labile hydrophobic cosphere of the alkanol, which is par-
tially destroyed in this interaction. The same mechanism has been invoked to
explain the interaction of the same alkanols with glycine and its oligomers.

A great deal of work done in our laboratory in the last few years has been
interpreted by the hypothesis that a preferential configuration exists in solution
between hydrated molecules bearing hydrophilic groups through which favour-
able interactions can be established. This interaction model permitted interpre-
tation of the complex behaviour of positional isomers of polyhydroxylated
substances, which could not be explained by a statistical group additivity ap-
proach [15]. The starting hypothesis for building this mechanism relied on the
fact that interactions between domains can be characterized as follows [31]:
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i) Favourable interactions between like domains:

Gii<0.
where i is a hydrophilic structure maker, a hydrophilic structure breaker or a hy-
drophobic structure maker domain.

ii) Unfavourable interactions between unlike domains:
G,‘j>0.

Here G is the group contribution to the pairwise coefficient of the virial expan-
sion of the excess Gibbs energy. Then, mixed interactions occur only to a small
extent because of a positive contribution to the Gibbs energy. Making use of
these results, the occurrence of some more probable configurations can be hy-
pothesized in solution between two hydrated molecules (model of preferential
configuration). According to this model, two interacting molecules juxtapose si-
multaneously the maximum number of hydrophilic and hydrophobic groups,
minimizing mixed interactions [8].

The preferential configuration model permitted interpretation of the experi-
mental values of the pair enthalpic coefficients for the systems involving like
substances. It has encouraged us to explore whether this model also holds for
the cross interactions between substances having a different action on water
structure. The study of the cross interactions between structure breaking sol-
utes, such as biuret and triglycine, and alkan-1-ols, alkan-1,2-diols or alkan-
1,2,3-triols has shown an unusual, common trend [12]. The cross coefficients
increase linearly with increasing number of carbon atoms in the alkanols until
a plateau is reached. This plateau is attained at nc>4 for alkan-1-ols, at nc25 for
alkan-1,2-diols, and at nc=6 for alkan-1,2,3-triols. This trend has been ex-
plained in terms of the presence of a preferential configuration stabilized by hy-
drophilic-hydrophilic interactions between the hydroxyl groups of the alkanols
and the hydrophilic groups of the destructuring agent. A critical length of the
alkyl chain of the hydrophobic solute must be operating beyond which the struc-
ture breaker cannot exert its disruptive action. The behaviour of alkan-o,w-di-
ols is more complex: the coefficients first increase, pass through a maximum
and then at nc=7 increase again [29]. This increase could be due to a partial
folding of heptane-1,7-diol which has an alkyl chain long enough to juxtapose
both hydrophilic ends to the destructuring agent. In this configuration there is a
forced interaction between the structure breaker and the hydrophobic domain of
the alkanol, with the consequent release of structured water to the bulk.

In the present study the interaction of D-glucose with alkan-1-ols, alkan-1,2-
diols and alkan-m,n-diols is investigated. The data reported in the Figure,
where a comparison is shown between the interaction with glucose and that
with triglycine and biuret, allow some interesting considerations. Despite the
great difference in the pair enthalpic coefficients characterizing the three hydro-
philic agents, the behaviour of the various classes of alkanols is surprisingly
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similar. Glucose behaves qualitatively and also quantitatively, as one of the most
effective chaotropic agents. The coefficients relative to alkan-1-ols are more
positive than those for diols, probably due to the presence of only one hydroxyl
group reacting with the destructured domain of the monosaccharide. The coef-
ficients characterizing the interaction with 1,2- and a,@-diols are very similar,
thus indicating that glucose does not discriminate between the two classes of
substances. Its action is independent of the position of the hydroxyl groups in
the diols. The small variability of the coefficients relative to the interaction of
the various isomers of butane-, pentane-, and hexanediols with the monosaccha-
ride further confirms this finding (Table 3). The two curves for 1,2- and o, 0-
diols show an increase of the coefficients with a modulation at nc=4. Beyond,
for o, w-diols this increase stops at nc =6, the coefficients for hexane-1,6-diol
and heptane-1,7-diol showing the same value. This plateau is an indication of
the presence of a preferential configuration stabilized by the interaction of the
destructured domain of glucose with the hydrophilic domain of the alkanol. In
this configuration, a critical length of the alkyl chain of the alkanol must oper-
ate, above which the disruptive action of the destructuring domain of glucose
has no effect. This effect is observed only for the o, 0-diols for which the seven-
membered unit is available, but it is not found for the alkan-1-ol and alkan-1,2-
diol series. We believe that this effect could also be observed for these series, if
the higher units were available. v

The complexity of the interactions occurring in these systems probably ac-
counts for the modulations in the increase of the Ay, coefficients with increasing
number of carbon atoms in the alkanols. It must be stressed that these modula-
tion are present also in the curve describing the interaction of xylose with a,-
diols (see the Figure). Beyond the interaction between the hydrophilic domain
of the alkanol and the destructured domain of the monosaccharide, also the in-
teraction between the structured domains of the saccharide and alkanol must be
considered. These two structured domains are different, and a variety of mixed
interactions could occur, which could be excluded for the systems previously
studied. The sum of these effects can lead to a balance, and then to the presence
of modulations. Moreover, it is probably their presence that makes the interac-
tion less specific: as a consequence, the hyy, values for 1,2- and o,0-diols are
very similar. The coefficients characterizing the interaction with xylose are
constantly smaller than those involving glucose, probably due to the absence of
the CH,OH group, namely to the absence of a hydrophobic contribution.

The h,y values relative to the interaction with biuret are less positive than
those referring to glucose. It can be a consequence of the larger negative con-
tribution of the interaction between the two hydroxyl group and biuret compared
with the less negative contribution of the ‘soft’ (destructured) domain of glu-
cose reacting with the two OH groups. As can be seen from the Figure, for in-
creasing number of hydroxyl groups the intercepts of the curves lower, reaching
negative values, as for the interaction between propan-1,2,3-triol and biuret
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(hy= —-1261] -kg-mol 2, Ref. [12]). The negative intercept, which represents the
hypothetical interaction between the functional groups of diols and triols and
the chaotropic agent, also underlines that glucose interacts through its destruc-
tured domain. As a conclusion, the preferential configuration model, based on
the juxtaposition of domains having the same action on the structure of water,
may account for the different and unexpected results.
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