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The enthalpies of solution of DL-a-Alanyl-DL-a-Valine in aqueous solution of formamide, N-
methylformamide, N,N-dimethylformamide, N,N-diethylformamide and N,N-dimethylacetamide were
determined by calorimetry at 298.15 K over the concentration range x, = 0-0.4 mole fractions. Standard
enthalpies of solution A, Hpy° and transfer AiHp° from water to mixed solvents were computed. The

enthalpy coefficients of pairwise DL-a-Alanyl-DL-a-Valine-amide interactions were calculated. The inter-

Keywords:

Peptides

Enthalpies of solution and transfer
Aqueous solution of amides

revealed.

relation between the enthalpy characteristics of solution (transfer) of DL-a-Alanyl-DL-a-Valine and the
structure and physicochemical characteristics of solvents, as well as the composition of mixtures were

Published by Elsevier B.V.

1. Introduction

This work continues our studies of the thermodynamic char-
acteristics of dissolution and solvation of amino acids [1-4]
and peptides [5-9] in mixed aqueous-organic solvents. Interest
in DL-a-Alanyl-DL-a-Valine (hereinafter, Ala-Valine) stems from
peculiarities of its hydration as well as solvation in the aqueous
alcohols [8]. Previously [8], it was ascertained that hydrophobic
effects associated with the specifics of molecular structure of the
Ala-Valine play the important role in intermolecular interactions
with components of aqueous—organic mixtures. As regards of the
medium for studying the processes of Ala-Valine dissolution, we
used the concentrated aqueous solutions of some amides. With
point of view of the solution thermodynamics, the aqueous amide is
an important solvent due to the hydrophobic-hydrophilic character
of intermolecular interactions. Besides the amide molecule can be
served as a model to study the peptide-peptide interactions [11].
The peptide-urea interactions are of great interest for biophysical
chemistry, too, since they concern the denaturation processes of
proteins. Therefore, in a number of works, the results on studying
the interactions in aqueous amino acids were extended to some
(water +amide) solutions. The important place in disclosing the
mechanism of denaturation of proteins and biopolymers occupy
the works devoted to interactions between the amino acid and
urea [12-18], amino acid and amide [13-15], amino acid and alco-
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hol [16-18] molecules. However, the high-concentrated mixtures
have been used in a few works only. Up to now, as far as we know,
virtually no data on the thermodynamic characteristics of disso-
lution (solvation) of Ala-Valine in water solutions of formamide
(FA), N-methylformamide (NMF), N,N-dimethylformamide (DMF),
N,N-diethylformamide (DEF) and N,N-dimethylacetamide (DMA) at
298.15K are available. In the present paper, we report the stan-
dard enthalpies of dissolution of Ala-Valine in aqueous solution of
amides (FA), NMF, DMF and DMA at 298.15K.

2. Experimental

Chromatographically, homogeneous Ala-Valine (Reanal Co.,
Hungary) were recrystallized twice from water-ethanol mix-
ture, dried in a vacuum chamber at 333K for 48h, and kept
over P05 under vacuum in desiccator. The molal concentra-
tion (m) of the peptide solutions was varied in the range of
0.005<m<0.015 mol/kg in mixed solvent. FA, NMF, DMF and DEF
were distilled twice under reduced pressure from NaOH accord-
ing to [19]. DMA was dried over molecular sieves 4A (which had
been dried in vacuum above 473 K for more than 15h) for 2 days
and fractionally distilled at reduced pressure. Water content deter-
mined by Karl Fisher titration [20] did not exceed 0.03 wt% for all
amides. Water was purified by deionization and double distillation
until a specific conductivity of ca. 1.0 x 10~ Sm~!. Mixtures were
prepared by weight.

The enthalpies of solution A, H™ for Ala-Valine were measured
at 298.15+0.005K with an isoperibol (ampoule-type) calorime-
ter fitted with a 60 cm3 reaction vessels and electrical calibration.
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Table 1

Standard enthalpies (k]/mol) of dissolution (A, H°) of DL-a-Alanyl-DL-a-Valine in aqueous solution of amides at 298.15K.

my? FA my? MFA my? DMF my? DEF my? DMA
1.242 —5.05 + 0.02 0.814 —-4.94 + 0.02 0.717 —4.71 + 0.02 0.805 —4.25 + 0.02 0.507 —3.97 £+ 0.02
2.345 —4.79 + 0.02 1.646 -4.16 £+ 0.02 1.193 —4.55 + 0.02 1.396 —2.73 £ 0.02 0.978 -3.52 £ 0.01
3.748 —4.09 + 0.02 2411 —3.26 + 0.02 2.102 —3.56 + 0.02 1.772 —1.16 + 0.02 1.085 -2.12 £ 0.01
5.079 —3.42 £ 0.01 3.869 —2.45 + 0.01 2.598 -2.42 +0.01 2.468 —0.56 + 0.01 1.763 -0.78 + 0.01
7.521 —2.83 £ 0.02 4.701 -1.53 £ 0.02 3.528 —2.07 + 0.02 2.952 0.58 + 0.02 2.181 0.90 + 0.01
8.477 -2.21 £ 0.01 5.829 —-0.68 + 0.01 4.372 —1.08 £ 0.01 3.724 0.99 £ 0.01 3.619 2.99 £ 0.01

10.867 —1.96 £ 0.01 8.681 0.53 £ 0.01 5.586 -0.32 £ 0.01 4.464 1.94 £ 0.01 4.685 5.07 + 0.02

12.756 -1.66 + 0.01 9.909 1.34 £+ 0.01 6.503 0.84 + 0.01 5.513 2.96 + 0.01 6.654 7.96 + 0.02

17.652 —1.03 £ 0.01 12.404 1.73 £ 0.01 9.282 2.11 £ 0.01 6.710 3.87 £ 0.01 7.739 9.78 + 0.02

25.445 -0.61 £+ 0.01 17.463 3.27 £ 0.01 12.996 4.03 + 0.02 8.889 5.53 £ 0.02 10.811 11.60 £ 0.03

35.557 —0.56 + 0.01 24.523 3.51 &+ 0.01 18.183 6.38 + 0.02 12.412 6.11 & 0.02 15.173 11.30 + 0.03

50.858 —0.11 £ 0.01 34.557 3.91 + 0.02 25.926 9.41 + 0.02 17.797 7.98 £+ 0.03 21.625 11.03 £+ 0.03

2 The molal concentration of amides, mol/kg.

The calorimeter setup and experimental procedure were described
in detail previously [10,21]. The relative random error of mea-
surements was less than 0.5%. The calorimeter was tested by
measuring (10 experiments) the enthalpy of solution of potas-
sium chloride (KCI) in water at 298.15K according to [22,23]. Our
values of (A H™ (m=0.111molkg1)=17.60+0.04 k] mol~! and
Ao H° =17.23 £0.07 kj mol~1) agree with of recommended litera-
ture values 17.58 +0.02 k] mol~1! [22] and 17.22 + 0.04 k] mol~1[23],
respectively).

3. Results

The standard enthalpies of solution Ay H°(=A,H*) were cal-
culated by averaging the results of five measurements of A, H™ for
each composition of the aqueous amide; on dependence of Ay, H™
on m was observed in the mixed solvents studied. The experimental
data on Ay He (together with the average deviations) obtained for
Ala-Valine in aqueous solution amides under study are summarized
in Table 1. The enthalpies of transfer of Ala-Valine from water to
aqueous amide, (AH°), graphically presented in Fig. 1 were calcu-
lated from the experimental enthalpies for Ala-Valine dissolution in
the pure water, (A, H°(w)), and in the amide-containing aqueous
solution, (AgoHo(W + y)):

AgH® = AgolH(W 4+ y) — AgolH? (W) (1)

Enthalpy of dissolution of Ala-Valine in water (A H°(w) =
—5.68 4+ 0.04) was taken from [9].

» kJ/mol

aH’

r

Fig. 1. Enthalpies of transfer A¢H° of DL-a-Alanyl-DL-«-Valine from water into the
H,O0+FA (1), H,0+MFA (2), H,O+DMF (3), H,0 +DEF (4), H,0+DMA (5) mixed
solvent as functions of amide mole fraction x, at 298.15K.

4. Discussion

From Fig. 1 follows that the features of change of A H® vs. x;
function depend on both amide concentration and nature of N-
alkyl-substitution in the co solvent molecule. In the concentration
region 0<x;<0.15, the endothermicity of Ala-Valine dissolu-
tion increases monotonically. Here water undergoes destructuring
under the action of both Ala-Valine and amide molecules. Simul-
taneously, Ala-Valine solvation shells are formed, largely of water
molecules. In this concentration range, interparticle interactions in
the ternary aqueous systems can be characterized in terms of the
McMillan-Mayer theory [24] adapted by Kauzmann [25], Friedman
[26], and Desnoyers [27] for calculating the enthalpy coefficients of
pairwise interactions, hyy.

For this purpose, the Ay, H° (m;) functions were approximated
by a third-degree polynomial of the form

AsolH® = ag + aymy + aym3 + azm3, (2)

where m; is the molal concentration of the amide, and g; are coef-
ficients calculated by a method of least squares. The correlation
coefficient R and the Student criterion (S.D.) value varied from 0.992
to 0.997 and from 0.151 to 0.495, respectively. The hy, value was
calculated from the a; coefficient related to the coefficient of pair-
wise interactions as hyy =a;/2 [28]. The hyy values for all systems
in question are listed in Table 2. The positive sign at hyy values for
aqueous solution of FA and alkylated amides show that the solutes
are strongly hydrated by H,0 molecules, where as the interaction
between hydrated Ala-Valine and amide molecules is weak. The
replacement of an N-sited hydrogen atom in FA by an alkyl radical
increases the enthalpy coefficients of pairwise interactions. This is
evidence that Ala-Valine-alkyl-substituted amide interactions are
weaken, increasing the endothermic effect of solution.

All components of the ternary systems studied are capable of
forming H-bonds with each other. Here with, H,0, FA, MFA form
networks of H-bonds [29,30]. The Ay, H° value for Ala-Valine in
such systems is determined by the ratio between the energy con-
sumed for the dissociation of H-bonds in self-associates, energy of
dehydration of the Ala-Valine (amide) and the energy released in
the formation of heterocomponent H-bonds.

The curves in Fig. 1 show that the AgH° (x2) depen-
dence for Ala-Valine in (H,O+FA) is substantially different from
similar dependences for Ala-Valine in water-N- and water-N,N-
substituted amide systems. In our opinion, the least positive

Table 2
Enthalpic coefficients of pairwise interactions (hyy, ] kg mol—2) between DL-a-Alanil-
DL-o-Valine and amides in aqueous solutions at 298.15K.

Substance FA MFA DMF DEF DMA

Ala-Valine 245+24 514+48 607 + 88 1230+216 1598 + 194
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(by sign) hyy value for (H,O+FA) mixture points to follow-
ing. The energies of H,0-H,0, H,O-FA, and FA-FA H-bonds
are comparable [31] that results in low positive enthalpies of
(H,O0+FA) mixing over the whole range of compositions [32].
Therefore, the endothermic contribution from dehydration of
FA molecules will be the least among the chosen amides.
Note that the enthalpic coefficients of pairwise interaction
between a zwitterion of glycine and a molecule of formamide
(hyy =—224]kgmol~2) or urea (hyy = —390] kg mol~2) are negative
in sign [13]. It is result of a predominant high-exothermic effect of
the direct interaction between a zwitterion of glycine (urea) and
a molecule of amide, as compared to the endothermic effect of
dehydration of glycine (urea) and amide in aqueous medium. The
H-by-CH3 substitution in a glycine molecule results in an increase
of positive (in sign) value of hy, = 10] kg mol~2 [4] which is caused
by the decrease in exothermic contributions from electrostatic
interactions between a zwitterion of alanine and a polar molecule
of FA under the influence of the hydrophobic hydration of an
amino-acid alkyl group. The similar tendency to increasing the
positive hy, (in magnitude) for alkyl-substituted amino acids and
peptides in the same mixed solvents (in particular, in aqueous
amides) was observed by authors of some other works [12-14].
Processing from changes in A¢H®, an increase in the concentra-
tion of FA above 0.15 mole fractions in the aqueous solution weakly
strengthens Ala-Valine solvation because the endothermic pro-
cesses of continued decomposition of H,O balance the energy of
newly formed heterocomponent H-bonds and FA self-associates.
The replacement of N-sites hydrogen atom in a molecule of FA
to form MFA induces an increase of the endothermic effect of
solution with increasing the concentration of the specified for-
mamide derivative. The similar effect is induced by strengthening of
hydrophobic properties of MFA. In addition, the energy of H bonds
in NMF is slightly lower than that in FA because of the greater
flexibility of the N-site-methylated chain structure of the former
[33,34]. Therefore the contribution in A¢H° from the destruction
of MFA self-associates will be visible less, and itself MFA hydrated
is stronger. Unlike FA and MFA, N,N-alkylated amides do not form
intermolecular H-bonds and are typical aprotic polyfunctional sol-
vents. An increase in the endothermic effect of solution (transfer) in
the series of (H,0+DMF)<(H,0 +DEF) <(H,0 + DMA) mixtures is
likely caused by the strengthening of their hydrophobic properties
[35]. According to findings [14,18], the hydrogen-bonding between
water molecules around the peptide alkyl groups is stronger than
those in bulk water. This effect transferred to water molecules in the
hydration shells of both zwitterion and peptide group strengthens
their hydration. That is, the endothermic effect of partial dehydra-
tion of the reinforced hydration layers of both peptide zwitterion
and peptide group becomes the more pronounced. Besides, an
increase in the size of hydrocarbon groups in the N(C)-substituted
amides results in the greater degrees of destruction of a tetra-
hedral grid of H-bonds between water molecules. Thus, the total
effect of interactions studied becomes more endothermic. We will
mark, that an appreciable decrease in A-He at transfer of Ala-Valine
from (H,O+DMF) to (H,O +DEF) is most likely due to the pres-
ence of the steric hindrances for the solute-solvent interactions
(through van der Waals contacts) and the energy expenditure at
creating of the hydration cavities. Intensifying endothermic effects
on going from DMF to DMA is due to weakening of the inter-
action between the peptide zwitterion and the alkyl-derivative
amide. Thereby, it adds to the prevalence of endothermic processes
of dehydration of molecules in aqueous solutions. It is probably
bound by that “formyl” CHs, interfacing with a carbonyl group, has
strong inductive influence on electronic frame of a carbonyl group
[36].

From data of Table 1 follows that the endothermicity of dis-
solution of Ala-Valine increases in the (H,0+FA)<(H,0+MFA)<
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Fig.2. Dependence enthalpic coefficients of pairwise interactions (hy, ) DL-a-Alanyl-
DL-a-Valine and formamides (Table 2) from enthalpic coefficients of pairwise
interactions (ha+w) of the formamides and water [36]. (1) Glycine [3], (2) DL-a-
Alanine [4,38], and (3) DL-a-Alanyl-DL-a-Valine.

(H,0+DMF)<(H,0 +DEF)<(H,0+DMA) series. The specified
sequence of intensifying the endothermic process of dissolution
of Ala-Valine in the aqueous amides studied is caused by the
following.

(a) It can be connected with the energy of intermolecular inter-
actions which are strengthened in the above sequence. This is
confirmed by the enthalpies of mixing of water with amide
[36,37]. The similar change in the energy of intermolecu-
lar interactions in the specified mixtures is characteristic for
glycine [3,13] and alanine [4], too. It should be also noted that
the dependence of Ay, H°® against x, for glycine in aqueous
alcohols (0 <x, <0.3 mole fraction of alcohol) repeats a trend of
AnixH® against x, for aqueous amide in the same of concen-
tration interval with an inversion in sign and with a maximum
(minimum) at x; ~ 0.2 [3]. In other words, in the case of disso-
lution of Ala-Valine, the energy expenditures for destroying the
structure of mixed solvent grow in the same row.

(b) It can be connected also with the energy of pairwise inter-
molecular Ala-Valine-amide interaction that is related linearly
with energy of pairwise water-amide interactions (see Fig. 2).
The increase of a number of CHz-groups in an amide molecule
causes the weakening of pairwise Ala-Valine-amide as well as
glycine—amide and alanine-amide interactions. One can see in
Fig. 2 that the substitution of hydrogen atom by an alkyl rad-
ical in a glycine molecule loosens the pairwise interactions
between amino acid and amide, too. A presence in the Ala-
Valine molecule of three alkyl groups results in weakening its
pairwise intermolecular interactions with molecules of amides
to a larger extent. It is induced by the effect of hydrophobic
alkyl groups, causing the charge redistribution in a peptide
(amide) molecule [7] and intensifying the hydration of zwitteri-
ons. Herewith the electrostatic peptide-amide interactions are
weakened. Besides they can preclude the formation of H-bonds
between the peptide and amide molecules, creating additional
steric hindrances. An increase of amide concentration (x; > 0.25)
resultinrise of a number of amide molecules in the solvent shell
that induces the strengthening the enthalpy contributions from
the van der Waals forces, bipolar-bipolar, induction, and dis-
persive interactions and hydrogen bonding. It is accompanied
by increasing the exothermic enthalpy effect of dissolution of
Ala-Valine as a concentration of amides rises.
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