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Abstract—The entahlpies of solution of formamide, acetamide, and propionamide in aqueous formamide
solutions (formamide concentratian8 mol kg‘l) at 298.15 K were measured. The entahlpies of transfer of
amides from water to the mixed aqueous-organic solvent were calculated and compared with published data
on the enthalpies of transfer of amides into aqueous urea solutions. The opposite trend in variation of the en-
thalpies of transfer of amides in these systems with increasing concentration of the nonaqueous component
is due to different proton-donor power of formamide and urea relative to water. The enthalpy coefficients of
pair interaction of amides with formamide in ternary aqueous solutions were calculated. Their positive values
are due to endothermic interaction with formamide of the alkyl groups of amide molecules. The relative
hydrophobicity of amides with different degrees of substitution of the amide group was estimated.

The thermodynamic properties of binary and tertional organic compounds in aqueous solutions of
nary aqueous solutions containing aliphatic carboxtormamide are poorly studied [5]. The main goal of
amides are being studied for several decades [1, 2his work was to study by the thermochemical experi-
This interest is largely due to the fact that amide molment the features of interaction of polar and nonpolar
ecules contain protein fragments and therefore can kgfoups of carboxamides, differing in the degree of
used as model systems in studies of biomoleculesubstitution of the amide group, with formamide in
This paper is a part of the thermochemical study ofts aqueous solutions. The results were compared with
interparticle interactions and state of these organipublished data for ternary aqueous systems containing
substances in wateiormamide mixtures. Previously amides and urea, i.e., hy_drophilic s_ubstances with the
we studied in the entire composition range the tersame polar groups as in formamide.
nary system wateformamide-dimethylacetamide [3]. The enthalpies of solution at infinite dilution of
Dilute solutions of formamide in water are convenientamides in aqueous formamide solutions (see Ex-
objects for studying solutsolute interactions, since perimental), determined in this work, are listed in
formamide is a typical hydrophilic substance [1] andTables 1 and 2. The enthalpies of solution of amides
its amide groups form hydrogen bonds similar in enin water are listed in Table 3. Our results nicely agree
ergy to waterwater bonds [3, 4]. At the same time, with data of [6-11] but significantly differ from the
features of thermochemical behavior of heterofuncenthalpies of solution measured in [12].

Table 1. Enthalpies of solution at infinite dilution of primary and secondary amides in aqueous formamide solutions
at 298.15 K AHY, kJ mot?)

m, mol kgt | Formamide Acetamide N-Methylformamide| N-Ethylformamide | N-Methylacetamide

0.5 1.84+0.03 9.70£0.01 -6.83+0.08 -8.45+0.05 -12.95+ 0.07
1.0 1.75+0.01 9.73+0.03 -6.77+0.05 -8.25+0.01 -12.62+ 0.01
15 1.67+0.05 9.74+ 0.06 -6.68+ 0.01 -8.08+ 0.09 -12.30+ 0.02
2.0 1.52+0.01 9.77£0.02 -6.62+0.01 -7.85+0.06 -12.08+ 0.03
25 1.48+0.01 9.82+0.03 -6.44+ 0.03 -7.70+£ 0.02 -11.67+£0.01
3.0 1.39+£0.01 9.89+0.04 -6.42+0.01 -7.52+0.06 -11.56+ 0.05
4.0 1.27+£0.01 9.92+0.04 -6.36+ 0.02 -7.22+0.09 -11.28+ 0.01
8.0 0.91+£0.01 - - - -
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Table 2. Enthalpies of solution at infinite dilution of tertiary amides in aqueous formamide solutions at 298.15 K
(AH?, kJ mot?)

m, mol kg™ | Dimethylformamidg Dimethylacetamide Diethylformamide DiethylacetamidehDimethylpropionamide

0.5 -14.93+ 0.02 -20.88+ 0.07 -17.40+ 0.07 -23.34+ 0.06 -21.80+ 0.01
1.0 -14.68+ 0.05 -20.48+ 0.07 -16.87+ 0.06 -22.74+ 0.01 -21.28+0.11
15 -14.45+ 0.04 -20.02+ 0.04 -16.44+ 0.02 -22.19+ 0.08 -20.85+ 0.06
2.0 -14.25+ 0.02 -19.79+ 0.03 -16.14+ 0.05 -21.61+0.02 -20.30+ 0.04
25 -14.13+ 0.03 -19.40+ 0.02 -15.73+ 0.03 -21.294 0.03 -20.02+ 0.04
3.0 -13.91+ 0.05 -19.17+ 0.02 -15.59+ 0.02 -20.91+ 0.06 -19.52+ 0.03
4.0 -13.54+ 0.04 -18.86+ 0.06 -15.08+ 0.02 -20.25+ 0.02 -18.90+ 0.04
8.0 -13.04+ 0.04 -17.94+ 0.01 -13.93+ 0.07 -18.65+ 0.07 -

Table 3. Enthalpies of solution at infinite dilution of amides in water at 298.15 AH$, kJ mot?)

Amide AHY References Amide AHY References
Formamide 1.97+0.05 a Dimethylformamide -15.22+ 0.06 a
2.03+0.01 [6] -15.21+ 0.02 [6]
1.97+0.01 [7] ~15.27+0.01 [7]
2.03+0.01 8] ~15.22+0.13 [11]
Acetamid@ 9.63+ 0.07 a Diethylformamide -17.97+0.04 a
9.64+0.01 [6] ~19.60+ 0.90 [12]
9.73+0.02 [7] Dimethylacetamide -21.42+0.04 a
9.74+ 0.01 [8] -21.46+0.04 [7]
N-Methylformamide -6.98+0.07 a ~21.41+0.01 [11]
~7.14+0.01 [6] ~21.42+0.01 [12]
-7.11+£0.01 [7] Diethylacetamide -24.08+0.11 a
~6.99+0.16 [9] ~24.00+ 0.10 [11]
N-Methylacetamide | -13.36+0.04 a ~25.00+ 0.70 [12]
-13.56+ 0.04 9] Dimethylpropionamide -22.34%+ 0.05 a
-13.30£0.01 [10] -22.40+£0.50 [12]
N-Ethylformamide -8.70+ 0.06 a
~9.70+ 0.40 [11]

a This work. P Solid substance (the other substances are liquids).

Figure 1 shows the concentration dependences given are the enthalpies of transfer of hexamethyl-
the enthalpies of transfer of amides from water tgohosphoramide from water to these mixed solvents
agueous formamide solutions, approximated by quadi4] (the interest in hexamethylphosphoramide is due
ratic dependences (1) [13]: to its particularly strong, as compared to other non-

electrolytes, effect on water).

AHY = AHYA, waterformamide)- AHYA, water)

= am + bnt. 1)

Figure 1 shows that solvation of all the amides
studied in this work is weakened with increasing con-
centration of formamide. An exception is unsubsti-

HereAHg(A, water-formamide) andﬁHg(A, water) tuted formamide whose solvation is enhanced. Let
are the standard enthalpies of solution of amides Ais start discussion with data oN,N-disubstituted
in aqueous formamide and water, respectivelyis amides. The enthalpies of transfer, equal to the differ-
the molal concentration of formamide; aaéndb are  ence between the enthalpies of solvation of amides in
approximation coefficients calculated by the leastwater and the mixed solvent, become more positive
squares method. The lower part of Fig. 1 schematicalvith increase in the size of alkyl substituents and in
ly shows the enthalpies of transfer of some amidethe electron-donor power. With increasing concentra-
from water to agueous urea solutions as functions dfon of formamide the enthalpies of transfer of diethyl-
the molar concentration of urea (data of [10]). Alsoacetamide and hexamethylphosphoramide increase to
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the greatest extent. The enthalpy of solvation is the m, mol kg™l (formamide)

sum of the enthalpies of cavity formation and of non- 0 2 4 6 3
specific and specific interaction between the solute - . . -
and solvent. We have shown previously that the major 21 X6

contribution to the enthalpy of hydration of tertiary a +7

amides is made by interaction with water of their 6L a’ 8

polar groups which form with water stronger hydro- "3 %9

gen bonds than the watavater bonds [15, 16]. This . & J0

is the major cause of appreciable exothermic effects in of x 11

mixing of water with N,N-dialkylamides over the 4 r ME

entire composition range [17]. Formamide, like water,
has two hydrogen atoms capable of hydrogen bond-
ing, but its proton-donor power is lower than that of
water [18]. Therefore, the heteromolecular hydrogen
bonds involving formamide protons are less strong
than the hydrogen bonds formed by water protons
[9, 19]. An increase in the concentration of formamide
in water results in gradual decrease of the proton-
donor power of the mixed solvent relative to pure
water [20]. The greatest loss in the hydrophilic con-
stituent of amide solvation in the watéormamide

AHY, k) mol™!
[\9]
T

system will be observed for substances that are strong 2 [ 1
electron donors and form the strongest hydrogen ' ' : :
bonds with water. Most probably, this factor is largely 0 2 4 6 8
responsible for the most pronounced weakening of ¢, mol dm™ (urea)

solvation of diethylacetamide and hexamethylphos-

phoramide (Fig. 1). Fig. 1. Enthalpy of transfer of amides from water tb-{1,

dark symbolsaqueous formamide and~6, light symbol3

The important constituent of nonspecific interac- aqueous urea solutions at 298.15 K1) (formamide,
tion of nonelectrolytes with water is hydrophobic (2) acetamide, 3 N-methylformamide, 4) dimethyl-

hydration [1]. Repeated attempts were made to esti- formamide, §) dimethylacetamide, 6 hexamethylform-
mate experimentally the contribution of the hydro- amide, ) N-ethylformamide, ) diethylformamide,
phobic effect to the thermodynamic functions of hy- (10 dimethylpropionamide, and1{) diethylacetamide.

dration. Examples are studies [7, 9] in which the

enthalpy of the structure-making effect on water of th
methy%roups of secondary ar?qldes was estimated ive to the enthalpy of the hydrophobic effect in water.

Presumably, the decrease in the hydrophobic hydra-
t_h7all|<oJ|er200rf tmgvé%\éi éﬁewdﬂeerreor}cg. 22?;:’;:2 ;Paem?g tion effect will influence to the greatest extent the
and dlmethylformamlde (DMF) is-6.8 kJ moft in Csolvation of diethylacetamide and hexamethylphos-
[9] and—3.2 kJ mot® in [7], which is due to different phoramlde in which the total volume of alkyl groups

calculation procedures With increasing size of hydroIS the largest.

carbon substituents in amide molecules, the contribu- Also, the breaking effect of formamide molecules on
tion of the hydrophobic effect to the enthalpy of hy-the open-work structure of water increases the energy
dration increases [7]. In terms of the model of strucconsumption for cavity formation in the mixed solvent
ture formation in solutions of hydrophilic honelectro- owing to decreased role of the cavity mechanism of
lytes, the new watenonelectrolyte network of hydro- solvation [2]. The action of all these factors in the
gen bonds in formamide solutions is built on the baS|same direction results in the higher location of the
of the initial water structure [21]. Analysis of the AH(m) curves in Fig. 1 for dialkylacetamides which,
dielectric permittivity data showed that this leads toas compared to the corresponding formamides, have
the structure-breaking effect of formamide moleculeshe higher electron-donor power [18], the higher molar
on water [22]. As the formamide concentration isvolume, and an additional hydrophobic group (FH
increased, the water structure gradually transform$he AHY(m) curve for dimethylpropionamide, which
into the formamide structure [19, 23]. All these factorsexhibits the electron-donor power similar to that of
favor decrease in the absolute values of the effect afimethylacetamide [24] and contains an additional

amide solvophobic solvation in mixed solvents rela-
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methylene group, lies between the curves for diethylmethylphosphoramide to both binary systems (Fig. 1)
acetamide and diethylformamide. In hexamethylphossuggest that the decrease in the structure-making
phoramide exhibiting very high hydrophobic andeffect and increase in the enthalpy of cavity formation
hydrophilic properties [1, 18], the contributions of thewill be more pronounced on adding urea to water, as
hydrophobic and hydrophilic constituents to the encompared to the wateformamide mixture. Qualita-
thalpy of hydration are high and comparable [15, 25]tive consideration of the enthalpies of transfer of
Since the molecular volume of hexamethylphosphoraliphatic amides from water to aqueous urea solutions
amide is also the largest, its solvation in aqueou§Fig. 1), similar to that made above, suggests that the
formamide is weakened to the greatest extent. Theasonable cause of decrease in the negative values of
absence of one alkyl group at the nitrogen atom ifHg of amides with increasing concentration of urea
secondary amides, as compared to the correspondify the stronger electron-withdrawing power of urea
tertiary amides, results in smaller molar volume and¢Ompared to water. This fact is most probably respon-
lower hydrophobic properties [1] and basicity [24]_S|ble for the different concentration dependence of the
Therefore, transfer oN-monosubstituted amides is €nthalpies of transfer of amides from water to aqueous
less endothermic than that of the correspondg)g- solutions of formamide and urea. In this %o_nnectlon,
dialkylamides. The small negative values &2 of the fact that the largest positive valuesAi;, in the
formamide may be due to a slight increase in the elecSyStém watewurea are observed for hexamethylphos-
tron-donor power of the mixed solvent as compared t@oramide seems unexpected. One of the causes of
water [20]. Replacement of the formyl proton by thethis fact is probably a strong effect of hydrophilic urea

methyl group in the acetamide molecule results in th@" hexamethylphosphoramide via water structure in
change of the sign ofAH® for primary amides. solution. The presence_of SIX met_hyl groups in hexa-
“ methylphosphoramide is responsible for fairly large

The urea molecule differs from the formamideeffect of its hydrophobic hydration in water [15, 25].
molecule by the presence of the second,Niloup. Study of the ternary system waterea-hexamethyl-
The physicochemical properties of aqueous solutionghosphoramide by high-frequency dielectrometry
of urea suggest weak interaction in this system; howshowed that urea eliminates the hydrophobic hydra-
ever, their analysis and conclusions about the charatien effects characteristic of the binary system water
ter of urea hydration are rather contradictory. Fohexamethylphosphoramide [32]. The effect of urea on
example, Devyatkovet al [26] suggested that the solvation of aliphatic amides should be similar; ac-
water environment is destabilized in the vicinity of cording to [32], urea should exert a stronger effect on
the NH, groups (negative hydration), whereas in themore hydrophobic nonelectrolytes. Thus, the fact that
vicinity of the C=0 group the structurization is ob- the mutual arrangement of thaH2(c) curves for
served (positive hydration). At the same time, recenamides differing in the degree dfl-substitution in
computer simulation in [27] gave the opposite resultaqueous urea solutions differs from that in agueous
Low values of excess thermodynamic functions oformamide solutions is apparently due to competition
mixing in mixtures of water with additions of urea of several contributions of different sign to the enthal-
or formamide allow these systems to be considered ag/ of transfer of nonelectrolytes from water to aque-
almost ideal systems. The low absolute values of theus urea solutions.
excess enthalpies are primarily due to almost total

: . For ternary aqueous systems in the region of small
compensation Of. heat consumption for cleavage o dditions of nonelectrolytes the concentration depen-
hydrogen bonds in the pure components by the he

) . . rmin h fficien
release in formation of heteroassociates. However, ence ofAH, is mainly dete ed by the coefficients

. - pair interaction of nonaqueous components [1].
minor growth of the positive values of the EXCeSSrhese coefficients bear important quantitative infor-

enthalpies of mixing [2, 28] indirectly supports the ; . . .
viewpoint that urea, similar to formamide, exerts thematIon about the energy of interaction of dissolved

, nonelectrolytes, reflecting the total effect of interac-
overall structure-breaking effect on water [22, 26, 29]Eon of solv)gted moleculgs. The enthalpy coefficients

The different proton-donor power of these substance f interaction of nonagueous components in ternary

should be noted. Comparison of data in [9, 30, 31 . . .
shows that the strength of hydrogen bonds formed byoél;g?n;:g;e [ggl]cﬂzitﬁg E\qter(r;)s [%f4i(-he McMiRan

protons of these substances with the carbonyl grou

of amides decreases in the order Ndrea) > water > 0 _
NH, (formamide). AHglmy = 2h,, + 3hyymy + 3neme (2

This fact, and also practically coinciding concentra- Here AH? are the enthalpies of transfer of amides
tion dependences of the enthalpies of transfer of hexérom water to aqueous formamide solutioms; and
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Table 4. Enthalpy coeffluents of pair interactions of amides with formamide, urea, and amides in aqueous solutions at
298.15 K (J kg moP)

Cosolute
Amide N,
formamide, h,, urea, hy, amide, hy,

Formamide -126(8) -161(6) [35] -115(1) [5] 0.5
Acetamide 59(10) -142(4) [35] 1(14) [35] 15
N-Methylformamide 134(16) -132(2) [35] 272(2) [36] 2.0
N-Ethylformamide 261(13) -2(1) [37] 350(16) [38] 3.0
N-Methylacetamide 418(14) 15(6) [35] 286(8) [39] 3.0
Dimethylformamide 289(10) -155(9) [35] 737(6) [9] 3.5
Dimethylacetamide 551(18) —-70(8) [35] 1081(28) [40] 4.5
Diethylformamide 602(13) 36(11) [35] 1767(19) [35] 55
Diethylacetamide 753(17) 135(10) [35] 2355(30) [35] 6.5
Dimethylpropionamide 556(12) - 1797(9) [40] 5.5
Hexamethylphosphoramide - - 5160(260) [41] 9.0

m, are the molal concentrations of formamide andhat the coefficientsh,, can be subdivided in two
amides; h,,, h,,, and h,, are the enthalpy coeffi- groups corresponding to the tertiary and other (pri-
cients of pair and ternary interactions of amide$ ( mary and secondary) amides. The overall slope of the
with formamide §). The coefficientsh,, and h,,,  straight lines characterizes the contribution to the
were determined by the least-squares method negle@nthalpy coefficientd,, from interaction of the form-
ing the last term of Eq. (2) in view of small concen-amide or urea molecule with the methylene group of
trationsm,. The results of calculations of the coeffi- amides in aqueous solutions. The portions intercepted
cients h,, are listed in Table 4. In parentheses areon the ordinate are averaged contributions from inter-
given the rms errors of approximations (2). The enaction of the amide groups in amide molecules with
thalpy coefficient of pair interaction formamide formamide and urea.

formamlde in water, calculated by us from the depen- Table 4 and Fig. 2 show that the positive values of

denceAH(m), almost coincides with théy, values o peseroiactic coefficients,. in aqueous-formamide
obtained from data on the enthalpies of dilution [S]gqtions are due to endﬂgf%erm% interaction of sol-
(Table 4) and enthalpies of mixingH{) [41]. Our 0 hydrocarbon groups of the molecules with the

values ofh,, of tertiary amides [42], calculated from solvated formamide molecule. This a ; ;

. grees with previ-
the data orH" [17], reasonably agree with published ;,c“c2iculations of the increments of contributions
data onh,, (Table 4). Also given in Table 4 is the

coefficient h,, for hexamethylphosphoramide, calcu-
lated in [41] from the enthalpies of mixing determined
in [43].

All the coefficients of heterotactic pair interactions,
calculated in this work, are positive and increase with
increasing total size of alkyl groups. The coefficients
h,, of interaction of acetamides with formamide are
always more positive than those of interaction of
formamides with formamide. In Table 4 our results
are compared with published data on the enthalpy
coefficients of pair interactions of amides with urea
in water. In Fig. 2 the coefficient,, are plotted vs.
the number of equivalent CHyroups in alkyl substit- HCH,
uents of amides (T.able 4). AQCOI‘dII‘lg to [36], the CH Fig. 2. Enthalpy coefficients of pair interactions vs. the
groups were considered equivalent to 0.5 methylene number of equivalent methylene group$) {ertiary amide
group, and CH groups, to 1.5 methylene groups. formamide, ) tertiary amideurea, @) secondary (pri-
The straight lines approxmatmg our data have a slope mary) amideformamide, 4) secondary (primary) amide
close to that obtained in [35], where it was assumed urea, and %) N-tert-butylformamideurea.
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mic contribution toh,, and also favor stronger slope

T of the function h,(ng)-

g The above-considered version of the method of
- o 1 group additivity of contributions to the coefficients
- . hyy sati_sfactqrily describes agueous splutions of urea
5 70 F a3 containing fairly compact aliphatic amides. For more

. . . complex molecules in the case of steric hindrance or

1000 1500 2000 2500 preferred orientations in interactions, there can be
significant deviations from the additive scheme, as
illustrated in Fig. 2 forN-monosubstitutedert-butyl-
Fig. 3. Correlation between the enthalpies of hydration of formamide. C‘?IC.:UIatlor! by the. additive scheme of the
tertiary amides and the enthalpy coefficients of pair inter- enthal_py quﬁICIQHt of mteraCt'On df-acetylL-phen-
actions amideamide in water: 1) dimethylacetamide, ylalaninamide with formamide in water also led to
(2) dimethylpropionamide, and3) diethylacetamide. inadequate results [48]. The factors disturbing the
correlationh,(n¢y) in formamide solutions are not
to the enthalpy pair coefficients, which showed thabonly different basicities of carbonyl groups in amide
interaction of the CH group in water with any polar molecules but also the possibility of preferred orien-
group is accompanied by an endoeffect [5, 44]. Théation of amide molecules in their interaction with
endothermicity of this process is probably due tdformamide.
desolvatipn_ of the alkyl_ radicals at mutua_l appro_ach In Table 4 the obtained values bf, are compared
of the dissimilar solvation shells of the interactingith the enthalpy coefficients of pair interactions
species in aqueous solutlon_. The expthermlcny Obmide-amide in water. According to a phenomenolog-
interaction of amide groups in the amide moleculesca| approach in [2], for mainly hydrophobic interac-
with formamide in its aqueous solution is due to for-tion of solutes in water the typical relations ayg < 0,
mation of heteromolecular hydrogen bonds. Howeverrs, > h, > 0. In homological series of substances
in waterformamide mixtures this contribution to interacting in aqueous solutions mainly via hydrocar-
h,, is not prevailing. Polar groups of amides interacthon substituents, with increasing length of the alkyl
with formamide less exothermally than with urea,chain the coefficientg,, become more negative, and
which is due to the high proton-donor power of ureathe coefficientsh,,, more positive. The same conclu-
In aqueous solutions of urea, the signﬁgjare deter- sion follows from data in Tabée 4 and data of [40] for
mined by competition of the exo and endo contribuDMF (g, = -129 Jkgmor), dimethylacetamide
tions. The less exothermic interaction with urea oG« = 177 Jkgmot’), and dimethylpropionamide
the polar groups of primary and tertiary amides, a9 —900 Jkg mol) having a branched structure.
compared to tertiary amides, is most probably due treviously we noted [41] that the coefficieritg, of
their different basicity, which regularly increases in@mides correlate with the number of carbon atoms

going from primary to secondary amides [24, 45]. OufNc) in hydrocarbon fragments of their molecules;
data show that this difference is not manifested irpuch correlations are typical of thermodynamic prop-
aqueous solutions of formamide. According to anal:er,;“eS f[).f binary a?ueouhs SOIUEOB.‘Q‘ [&]'d H)t/_drophr(])blc
sis made in [46], urea and formamide can be class ljteractions arise irom hydropnobic fiydration whose
zvith hydrophi[lic ]substances with formamide beingetﬁermogjynamlc parameters reflect the response of the
more hydrophobic than urea,t Rouw and Somsen | ree-dimensional network of hydrogen bonds in water

) . t'@n introduction of hydrophobic groups. The correla-
found that the enthalpy of hydration of formamld_etiOn of the enthalpieg of Eydratio?’l ofpamides witly

has a minor hydrqphoblc constituent. This fact iSya5 revealed in [12]: as follows from [7], the contri-
apparently responsible for the stronger slope of thgtion of the hydrophobic constituent to the enthalpy
dependences,(ncy,) in aqueous solutions of form- of hydration increases with increasing volume of non-
amide as compared to urea solutions. Furthermorgolar substituents. Taking into account close correla-
as suggested by computer simulation [47], in th&jon between the effects of hydrophobic hydration and
vicinity of the formamide CH group there are four hydrophobic interaction, and also data in [12, 41],
hydrophobically hydrating water molecules which co-we should expect parallel variation of their enthalpy
operate with hydrophilic water and ensure additionatharacteristics such as the enthalpy of hydration and
stabilization of the hydration sphere of formamide.the coefficientsh,, suggested even as criteria of hy-
Partial dehydration will make an additional endotherdrophobicity [1]. Figure 3 illustrates this hypothesis

by, Tkg mol~2
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for tertiary amines with a similar basicity of the carbo- 30k

nyl groups. Secondary amines, owing to the presence 7T

of the NH group, are capable of self-association in g

water through homomolecular hydrogen bonds. The o 20 -

positive values oh,, of N-alkylamides (Table 4) and o

data in [36, 40] suggest that the secondary amides, o2

similar to tertiary amides, interact in water primarily 5

via their hydrocarbon substituents. 60 - - -
0 250 500 750

It was noted in [35, 38] that, as hydration of
amides in ternary aqueous systems becomes more
exothermic, the values df,, become more positive.
Therefore, Lilley [49] suggested that the enthalpy
coefficientsh,, become more positive as the enthal-
pies of hydration of amides become more negative.
Figure 4 illustrates the validity of this hypothesis for
aqueous solutions of formamide. The enthalpies of 800
hydration were calculated from the enthalpies of solu-
tion (Table 3) and of vaporization of amides [50]
occurring in the liquid state at 298.15 K. Figures 3 T
and 4 show that the coefficients of interactions amide g
amide and amiddormamide in aqueous solutions o

§

hy, Jkg mol?

Fig. 4. Correlation between the enthalpies of hydration of
amides and the enthalpy coefficients of their pair inter-
actions with formamide in aqueous solutions at 298.15 K.

include significant contributions from desolvation,
increasing as the hydration of aliphatic amides is
enhanced (i.e., with increasing total length of their
alkyl chains). The correlation of the enthalpy coeffi-
cients of pair interactions amidamide and amide _400
nonelectrolyte with the enthalpies of hydration of
amides suggests correlation betwdgpand h,,; this
correlation does exist, as illustrated by Fig. 5. At the
same time, the parallel variation of these coefficients
makes it necessary to considgy, as the parameter of
relative hydrophobicity of the compounds under con-
sideration.

The problem of a criterion for the hydrophobicity should be noted that Fernandez and Lilley [38] and
of heterofunctional Compounds such as, e.g., amidé'%alecz [52] calculated the C.()efﬂCle.ntS of Palr.lntel’ac-
under consideration is still urgent. The best parametdions of the same set of amides with glycine in water
for this purpose is the second derivative with respedfom the enthalpies of dilution and solution. Whereas
to pressure of the second virial coefficienBy/dp); the values of,, for primary and tertiary amides are
[1, 51]. However, its calculation is often complicated'€@sonably consistent, the values fdrmethylacet-
because of the lack of numerous required experiment&fnide andN-ethylformamide obtained in [38, 52]
data or their insufficient accuracy. Therefore, attempt§!ffer by nearly 100%. Therefore, the valuestgj for
are made to use as hydrophobicity criteria more readf1€S€ seécondary amides were excluded from further

ly accessible parameters calculated from thermodyEOnsideration. On the basis of the remaining data, we
namic characteristics [41, 51]. In [1, 13] it was sug-Ca" rank aliphatic carboxamides in the following order

gested to construct the relative hydrophobicity scalg"itht resdpect<t’(3| relatlﬂvE hydropgobifit)g_ fortrﬂal;nide <
using the enthalpy coefficientd,, determined in 2¢Siamide =hememytormamide imethylform-

ternary aqueous systems. Each of the substances ?Jﬂde < dimethylacetamide < diethyliormamide <

the set under consideration can enter into a simila ethylacetamide.

specific interaction with a cosolvent, which is the case This order coincides with that based on the values
for the systems studied in this work. Data in Table 4of the pair coefficientsh,, (Table 4), also suggested
and the results of [38, 52] allow construction of fiveas criteria of relative hydrophobicity. It is significant
series of the relative hydrophobicity of amides. Itthat the values oh,, and h,, for diethylformamide

1 1
0 1000 2000
hyys Jkg mol™?

Fig. 5. Correlation between the enthalpy coefficients of pair
interactions amideamide and coefficients of interactions
(1) amide-formamide and (2) amiderrea in water.
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and dimethylpropionamide (Table 4), not studied inncludes significant contributions from their desolva-
[35, 38, 52], are fairly close. The coefficieht, of tion. The order of the relative hydrophobicity based
hexamethylphosphoramide considerably exceeds those theh,, criterion shows that the hydrophobicity of
of the other amides; furthermore, hexamethylphosaliphatic carboxamides of different degreeNsbubsti-
phoramide exhibits the highest value afBf,/dp); tution increases with increasing total size of their
[1]. Presumably, its relative hydrophobicity as judgedalkyl groups.
from by, will also be stronger _than that of dlethyl- In the subsequent paper we will consider the state
acetamide (the most hydrophobic among the examme(gjf tertiar . 0

. s y amides and hexamethylphosphoramide in
carboxamides). Table 4 shows that the coefficiénys the waterformamide mixed solvent over the entire
and h,, regularly increase with increasing number ofCom osition range
equivalent methylene groups. In [41] it was shown P ge.
that the parameterdB,,/dp); and the coefficienh,,
correlate with the number of carbon atoms in alkyl
groups of alkyl molecules and W|th each other;_ it was Pure grade formamide was purified by freezing,
also suggested that, when there is a correlation W'thacuum-distilled dried over 3 molecular sieves
Nc, the coefficients of pair interactions can be used a§ '

EXPERIMENTAL

; s Aldrich), and distilled again. Dimethylformamide
a measure of relative hydrophobicity of substances; ) : . )
The parallel variation of the coefficients,, and h,, ultrapure grade), diethylformamide (Fluka), dimethyl

. . _ propionamide (Aldrich), dimethylacetamide (Fluka),
(Fig. 5) with respect tasach other and to the pub diethylacetamide (pure gradeN-methylformamide
lished values of dBy,/dp)y of amides suggests that, (Aldrich), and N-ethylformamide (Fluka) were puri-
if it is impossible to calculate more reliable hydro-ﬁeol similarly to [42]. N-Methylacetamide (pure grade)

phobicity parameters, the coefficieh, can be used was purified by double vacuum distillation with dry-

as a criterion of relative hydrophobicity of substance ing of the intermediate product over & molecular

Concluding the discussion of experimental data, weieves (Aldrich) at 323 K and used in the experiment
note once again that the enthalpies of transfer of hexass supercooled liquid. Analytically pure grade acet-
methylphosphoramide from water to aqueous soluamide was recrystallized twice from anhydrous meth-
tions of formamide and urea are fairly close (Fig. 1).anol and dried in a vacuum for 72 h at room tempera-
This fact suggests that the endothermic contributiongre. The moisture content of organic solvents, deter-
from cavity formation and elimination of hydrophobic mined by Fischer titration, did not exceed 0.03%; the
hydration in the wateformamide mixture are lower physicochemical characteristics of the amides (melt-
than in the wateiurea mixture. For compact aliphatic jng points, densities) agreed with the reference data
amides (Fig. 1) the opposite trend of the concentratio[53). water-formamide mixtures were prepared gravi-

dependences afH{ and the opposite signs of the co- metrically using freshly double-distilled water.
efficients h,,, in these binary agueous mixtures are _ _

primarily due to different proton-donor powers of _Ihe enthalpies of solution were measured at
formamide and urea relative to water. The positive?98-15 K in a variable-temperature ampule calorim-
values ofh,, for diethylamides suggest priori that ~€ter with isothermal jacket; the volume of the reaction

their transfer from water to aqueous urea solution¥essel was 50 cin[54]. The temperature was main-
will be endothermic. The positive values of the het{ained to within 0.002 K. The thermal and temperature
erotactic coefficientdn,, in aqueous formamide solu- Sensitivities of the calorimeter were, respectively,
tions are due to interaction with formamide of non-5x 107~ Jmm~ and 5x 10™ deg mm™ of the re-
polar alkyl radicals of amide molecules. We believecorder scale. The enthalpies of solution were meas-
that the larger slope of the dependenbggnc,,) in  ured at solute concentrations less than 0.08 mol kg
these mixtures as compared to the watega system Of solvent. The standard molar enthalpies of solution
is due to the higher hydrophobicity of formamide aswere calculated as average values of two to four runs
compared to urea, owing to the presence of the formyit a given solvent composition. As experimental error
proton. The polar groups of amides interact withis given the standard deviation.

formamide in aqueous solutions less exothermally

than with urea, which is due to weaker electron-with- ACKNOWLEDGMENTS
drawing power of formamide. The correlations be-
tween the enthalpies of hydration, coefficieritg, The study was financially supported by the Russian

and coefficients of pair interactions amidermamide Foundation for Basic Research (project no. 99-03-
suggest that interaction of amides with formamide32414a).
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