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Ternary systems comprising water (I), glycine (diglycine) (2) and alkylurea (3) have been investigated using vapor pressure 
osmometry. Equations were obtained in temts of the mblalities of the solutes for the activity coefficients of glycine and diglycine in 
these systems. The alkylureas used were methyl-, ethyl- and N, N’dimethylurea. Using the activity coefficients the Gibbs free energy 
of transfer at infinite dilution of component 2 from water to nlkylurea solutions was determined: Since the enthalpies of transfer are 
known, the corresponding entropies could also be obtained. Calculation of the Gibbs free energy of’ transfer at infinite dilution of 
component 2 rests on the assumption that it can be divided into two parts: the difference between the Gibbs free energy of cavity 
formation and that of interaction in the alkylurea solution and water, respectively. The first part was calculated by scaled particle 
theory using experimental density and surface tension data. The second part was taken to be due mainly to the change in 
dipole-dipole interactions. 

1. Introduction 

Alkylureas are interesting to compare with urea 
in order to help understand its denaturant action 
which is by no means clear. It is thought that urea 
interacts with both peptide groups and apolar side 
chains through direct or indirect interactions [l]. 
There is thermodynamic evidence, however, that 
urea interacts directly with peptide groups, com- 
peting with water [2,3]; its favorable interaction 
with apolar side chains probably reflects a de- 
crease in the hydrophobic interaction between the 
latter [3-81. In contrast, for alkylureas, as alkyl 
substitution increases, the interaction with peptide 

groups is less favorable [l], but they may interact 
strongly with hydrophobic side chains [6]. 

In this study ternary systems consisting of water 
(l), (di)glycine (2), and alkylurea (3) were investi- 
gated using vapor pressure osmometry. Thermo- 
dynamic analysis of the data yields AG* tr, the 
Gibbs free energy of transfer at infinite dilution of 
solute 2 in ternary systems. The complication of 
self-association is therefore avoided, the interac- 
tion being only of the solute-solvent type. 

AG * lr was also calculated. In the calculation a 
general scheme of dividing the Gibbs free energy 
into cavity and interaction terms was adopted 
[7-91. The Gibbs free energy of cavity formation 
in solution is directly proportional to the surface 
tension of the solvent and the surface area of the 
solute. Sinanoglu [lo] introduced a correction for 
cavities of microscopic dimensions. As this correc- 
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tion factor for calculation of the Gibbs free energy 
is not available for binary solvents, however, we 
used instead the scaled particle theory (SPT). SPT 
was originally developed for hard-sphere solutes 
[11,12]. It is a semi-empirical theory b,ased on 
geometry. Later, it was successfully applied to 
nonpolar solutes in nonaqueous and aqueous solu- 
tions [13,14] as well as to polar (ionic) solutes [15]. 
For aqueous solutions a modification of SPT was 
developed by Stillinger [16]. Density and surface 
tension introduce the concept of solvent ‘struc- 
ture’ into the theory. In our case the measured 
surface tension [17] was used to obtain an estimate 
of the average diameter of the binary solvent unit 
at a given density. For the Gibbs free energy of 
cavity formation in water alone, both methods 
gave the same result. 

Osmotic coefficients were determined by vapor 
pressure osmometry which is an alternative method 
to isopiestic measurements, It has the advantage 
of speed but the disadvantage of lower accuracy. 

The Knauer (Berlin) vapor pressure osmometer 
was used. The principles of its operation have 
been described (181. All measurements were made 
at 25°C. 

3. Theoretical interpretation 

3.1. Coefficients aij and Gibbs free energy of trans- 

f er 

A dipolar solute like glycine undergoes numer- 
ous interactions with water and (alkyl)urea mole- 
cules. There are strong hydrogen bonds in the first 
solvation shell and dipole-dipole interactions are 
probably quite important. Further out, solute may 
be taken to interact with bulk solvent, not dis- 
tinguishing between different molecules. As for 
nonpolar solutes, when another molecule’ ap 
proaches very closely, there are repulsive and dis- 
persive forces. The Gibbs free energy of transfer 
from water to alkylurea solution involves dif- 
ferences in various interactions between ternary 
and binary systems, and where no change on 
transfer occurs the contribution of that interaction 
is zero. The number and energy of hydrogen bonds 
in the first solvation shell are assumed to remain 
unchanged. The calculation has shown that the 
competitive interaction of the dipoles of water and 
alkylurea molecules with that of glycine or dig- 
lycine can account for the (positive) change in the 
Gibbs free energy of interaction. 

The activity of the solvent, i.e., water, is by 
definition 

In a, = - M,m+ (1) 

where m is the molality of the solute, M, the 
molecular weight of water, and cp the molal osmotic 
coefficient. 

Also, from vapor pressure osmometry [IS], 

In a,=K’AR; AR/K=m4 (2) 

where AR is the resistance change on the Wheat- 
stone bridge whose two arms are thermistor beads; 
on one of them is the solvent drop, on the other 
the solution drop. K is an instrument calibration 
constant which is determined from measurements 
of AR for standard solutions of known $. 

The usual way of analyzing data in ternary 
systems (1, water; 2, glycine or diglycine; 3, al- 
kylurea), is in terms of a function A [19-211, 
where 

2. Experimental 

A=AR/K-m,0~,-m30+3 (3) 

where “& is the osmotic coefficient in the binary 
system (m3 + 0) and “$I~ that in the binary system 
(m2 + 0). 

Glycine, diglycine and urea were supplied by Osmotic coefficients in the binary systems 
Sigma (St. Louis, MO). The alkylureas were glycine-water and diglycine-water were taken from 
purchased from Fluka (Buchs, Switzerland). Be- the literature [22]. Also, “& is available [23], but 
fore use, they were recrystallized from hot we preferred the values we measured. First, the 
methanol. binary solvent was studied (AR”), followed by the 
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ternary solution (AR). For this case, the function 
A can be written 

A = AR/K- AR’/K’ - m2”& (4) 

The function A/m,m, was analyzed as a power 
series in coefficients aij and molalities 

A/m,m, = c c a,,m\-‘mJ3-’ 

by a multiple regression program. No restrictions 
on possible coefficients were applied. The crite- 
rion for decision between alternative, compatible 
polynomials was that the standard deviation and 
the number of coefficients should .be minimal. 

The activity coefficients of components 2 and 3 
in ternary solutions, y2 and y3, are related to 
A/m,m, by the following equations [19] 

A/m2m3= [2]_= [%lm3 (6) 

Integration of eq. 6 then leads to polynomials 
representing the dependence of In yz and In y3 on 
m2 and m3, respectively. 

The coefficients from analysis of the function 
A/m,m, are given in table 1. The significance of 
individual coefficients a,j is diminished because 

of the relatively large experimental error of vapor 
pressure osmometry. The error of function A was 
estimated to be around 15%. From the coefficients 
aij, AG” can be obtained. For the transfer at 
infinite dilution of component 2, the following 
relation applies 

AGO” = RT ln’y,, (L= I) (7) 

where “yzU is the activity coefficient of component 
2 at infinite dilution in a ternary system and “y2,,, 
in a binary system. In terms of coefficients aij 

AGoV = RT c a&km: (8) 
k=l 

The difference between the molal fraction and 
molality basis at infinite dilution, AG+“, is con- 
stant 

AG+ tT _ AGo” _ RT ln(1 + m,M,) (9) 

The difference from the molarity basis is similarly 
constant 

AG*” - AG”I = RT ln(1 + m,u,p,) (10) 

where m3 is the molality and u) the apparent 
specific volume of alkylurea, and Mi and pi the 

Table 2 

Gibbs free energy of transfer at infinite dilution (AG *u, in J/mol) of glycine, diglycine and the peptide group from water to aqueous 
urea and alkylurea solutions at 25 o C 

Solvent 

Urea-water 

Methylurea-water 

Ethylurea-water 

N, N’-Dimethylurea-water 

Concentration AG * ” s (J/mol) 

(W Glycine 

2 40 (230) b 
4 120 
6 225 (790) 
8 350 (1160) 
2 1280 
4 1970 (1715) 
6 2910 
8 2530 (3795) 
2 1850 
4 2 750 (2 350) 
6 3 180 (3 850) 
2 2 980 
4 4960 (3105) 
6 6830 

Diglycine Peptide group 

-220 (310) b - 260 (80) b 
-300 - 420 
-280 (570) - 505 (- 220) 
-290 (730) -640 (-430) 

840 -440 
1740 (I 660) -230 (-50) 
2450 -460 
2850 (3900) 320 (105) 
1580 - 270 
2600 (2440) -150 (110) 
3340 (4100) 160 (250) 
2430 - 550 
4700 (3 420) -260 (315) 
5 850 980 

’ Estimated relative errors are about 15%. 
b Values in parentheses were obtained from solubility studies and the activity coefficient data from the literature (ref. 1). 



E. hrovnik S. Lupanje/ Gibbs free energy of transfer of glycine and diglycine 201 

’ 0 

6- GLVCINE 

a- 

,/ 
.’ 

/ 
z- ,’ 

,’ 

,/ 

,’ 
I , 
6 6 

\ 
\ 

‘\ 

-2- ‘\\ 
‘\ 

‘\ 

‘\\ 

-a- 

-0 

1 

-2 

t 

DIGLYCINE 
1,’ 

<I’ 
1,’ 

/’ 
1’ 

/! 

‘1 \ \ 
\ 

I 

-II- 

-6- 

t 

.I DIGLYCINE 

-2 

t 

b 

GLYClNE 

,’ ,/ ,/” 
,’ 

/ 
,/ 

1’ 2 ,/ 

/’ 

:-:_ 

,i’ ,/ 

/ ,/ 
I’ H 
-_ 4 6 a --__ y,,z . 6 8 

m3tmol/*gl --___ = , ‘, mQ(md/kgl 

\ 
‘_ 

t 

-. 
-* - .__ 

d 

GLVCINE 

/ 

B- 

4- 

b 

L- 

o - 

t 

DlGLVClNE 

Fig 1. Plots of thcnnodynarnic functions of transfe:\of glycine and diglycine at infinite dilution from water to aqueous solutions of 
alkylureas vs. alkylurea molality, m3. (------) - TAS”, (- ) AG”, (------) AH”. (a) Urea, (b) methylurea, (c) ethylurca, (d) 

N, N ‘dhnethylurea. 

molecular weight and density of water, respec- 
tively. Molality and molarity in the above expres- 
sions are l/1000 of the nominal values. 

We were interested mainly in AG* tr, the Gibbs 
free energy of transfer at infinite tiuti&n of com- 
ponent 2 on a molarity basis, as recommended by 

Ben-Naim [24]. The Gibbs free energies of transfer 
AG * ” are given in table 2. 

Entropies of transfer were calculated from val- 
ues of AG” and published results of the enthalpy 
of transfer [ 11. From the curve of AH” vs molal- 
ity the AH” values at required molalities were 
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Table 3 
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Gibbs free energy of cavity formation, AG,,, in alkylurea solutions, calculated by scaled particle theory (SPT), and the difference for 
the transfer from water to alkylmea solutions, AG&, in J/mol at 25 o C a 

Component 3 m3 a Y K2 Kl Ko Component 2 

Glyciue Diglycine 

AC& AG& A%, AC& 

Urea 

Methyl- 
urea 

Ethyl- 
urea 

N, N’-Dime- 
thylurea 

0.5 

2.0 
3.0 
6.0 
8.0 

12.0 

2.971 0.4318 5 477 
3.160 0.4531 5 532 
3.344 0.4731 5604 
3.479 0.4872 5 660 
3.591 0.5008 5 693 
3.728 0.5108 5733 

0.5 3.016 0.4334 5 368 
1.0 3.122 0.4421 5 292 
2.0 3.282 0.4531 5148 
4.0 3.542 0.4708 4922 
8.0 3.842 0.4883 4675 

12.0 4.021 0.4986 4556 

0.5 3.053 0.4291 5 099 
1.0 3.186 0.4335 4816 
2.0 3.400 0.4411 4433 
4.0 3.700 0.4522 4013 
6.0 3.889 0.4550 3 697 

0.5 3.074 0.4314 5 298 
1.0 3.223 0.4481 5155 
2.0 3.461 0.4645 4954 
4.0 3.788 0.4845 4693 
6.0 4.007 0.4971 4543 
8.0 4.160 0.5039 4404 

- 12470 17838 
-13586 9 149 
-14748 10612 
-15633 11720 
-16650 12940 
- 17 209 13929 

- 12419 7929 
- 12748 8 450 
-13133 9187 
-13698 10400 
- 14268 11817 
-14644 12736 

-11908 7685 
- 11771 7940 
-11621 8 386 
- 11531 9090 
- 11186 9276 

- 12526 8 162 
- 12 869 8825 
-13419 9935 
- 14088 11490 
- 14537 12593 
- 14689 13 239 

51594 
52354 
52322 
53883 
55164 
54809 

594 
1350 
2300 
2880 
4160 

50717 
50216 
49181 
47536 
45712 
44852 

- 283 
-800 

-1820 
-3500 
-5300 

48441 
46157 
43075 
39702 
37072 

-7930 
- 11300 
-13930 

50195 -805 
49166 -1830 
47719 -2380 
45811 -5200 
44721 -6300 
43239 -7360 

81801 801 
82 915 1920 
84 374 3 370 
85 207 4200 
87 220 6220 
86 576 5 570 

80 357 -643 
79485 -1510 
77 723 -3300 
74933 -6100 
71854 -9150 
70 392 

76660 
72900 -8100 
67 823 -13180 
62 260 -18740 
57962 -23040 

79478 -1520 
77732 -3300 
75 269 -5730 
72039 -8960 
70 188 -10810 
68 384 - 12620 

* The value of AG,,, in water is 51000 J/mol for glycine and 81000 J/mol for diglycine. K,, K,, K, and Y are parameters of the 
SFT; a is the diameter of the solvent sphere. 

interpolated and - TAS” calculated. The three 
thermodynamic functions for the systems in ques- 
tion are shown in figs. la-d. 

3.2. Calculation of Gibbs free energy of cavity 
formation by SPT [25J 

According to SPT, AG& is 

AC,,, = K, + K,r + Kg2 + Kg3 (11) 

K, = RT[ -w -Y) + 9/2(y/(l -y)12] 

- aPu3/6 @a) 

K, = -RT/+y/(l -y) +lg(y/(l -y))‘] 

+aPa2 (lib) 

K2 = ~V42~/(~ -Y) + lg(y/O -y))‘] 

-2frPa WC) 

K, = 4/3aP (114 

r = (a, + a)/2, where a, is the diameter of the 
solute and a that of the solvent spheres, y = 
a/6a3p the volume fraction of the solvent, p the 
number density of the pure solvent and P the 
pressure in the system. The terms containing P 
are negligible for small cavities and atmospheric 
pressure. 

The mean diameter of the binary solvent al- 
kylurea-water was estimated from the measured 
surface tension at various molalities as follows. 
The macroscopic surface tension ym is related to 
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the K2 parameter of SPT by the relation [25] 

K, = y,rlsN, 02) 

where NA is Avogadro’s number. From eq. 12 an 
estimate of K, was obtained and then using eq. 
llc (I was determined. The parameters of SPT 
and resultant AG,, and AG& are listed in table 3. 

3.3. Calculation of the Gibbs free energy of interac- 
tion upon transfer 

The total value of AGi, on dissolving glycine 
or diglycine in the binary solvent alkylurea-water 
is composed of AGb,,,, AGint,hb, AG,,,d and 
AGi,kbl- np denotes the nonpolar repulsive and 
dispersive interactions at short distances, hb the 
hydrogen bonds, dd the interaction between di- 
poles (both glycine and urea possess high dipole 
moments in solution) and bl the interaction with 
bulk solvent beyond the third solvation shell. 

As already mentioned, we were interested only 
in the change of these contributions to~AGint upon 
transfer from water to alkylurea-water solution, 

Calculation of the nonspecific part of the elec- 
trostatic interactions AGint,bl was performed using 

the theory of Kirkwood [26]. The very slight in- 
crease of the static dielectric constant of alkylurea 
solutions [17] as compared to water makes the 
nonspecific part of the electrostatic interactions 
not significantly different from zero. (AG$_,i = 0). 

Calculation of the hydrogen bonding in these 
complicated systems was not attempted and the 
number and energy of the strong hydrogen bonds 
between glycine and water in the first solvation 
shell were assumed not to change on transfer 
( AGgtshb = 0). 

After an approximate calculation of the Gibbs 
free energy of the nonpolar interactions (20 
kJ/mol) and its change upon transfer amounting 
to 10% of that value [27], only the interactions 
between permanent dipoles were left for consider- 
ation. These were calculated using a potential of 
the form [28] 

U(r) = - 2/3piW& 03) 

where p1 and pcla are the dipole moments of com- 
ponents 1 and 2, and r12 the distance between the 
two dipoles. In the following equation, uniformly 

Table 4 

Gibbs free energy of dipole-dipole interactions in ternary solutions (AGd.,, in kJ/mol) and the difference for the transfer from water 
to alkylurea solutions (AC,&, in J/mol) at 25 o C a 

Urea Glycine Diglycine Methylurea Glycine Diglycine 

(m3) (AC,,) (At%) (A%, ) (At%) (m3) 
(A%-d (A’% ) (A%4 (AGiL) 

1.0 - 225.4 -630 - 363.5 -1010 1.0 - 223.1 1680 359.8 2710 
2.0 - 226.0 -1170 - 364.4 -1890 2.0 - 221.6 3187 - 357.3, 5140 

4.0 - 226.9 -2065 - 365.8 -3330 4.0 - 219.1 5 675 - 353.3 9150 
6.0 - 227.5 -2720 - 366.9 -4390 6.0 - 217.0 7750 - 349.9 12500 
8.0 - 228.0 -3200 - 367.6 -5170 8.0 - 215.3 9510 - 347.1 15340 

12.0 - 212.5 12310 - 342.6 19850 
Ethylurea N, N’-Dimethyhuea 

1.0 - 221.3 3480 - 356.9 5610 1.0 -221.9 2890 - 357.8 4660 
2.0 - 218.2 6550 - 351.9 10560 2.0 - 219.4 5 370 - 353.8 8665 

4.0 - 213.1 11690 - 343.6 18855 4.0 - 215.3 9450 - 347.2 15245 
6.0 - 209.0 15 175 - 337.0 25440 6.0 - 212.1 12660 - 342.0 20415 
8.0 - 205.6 19196 -331.5 30950 8.0 - 209.5 15 250 - 337.9 24590 

12.0 - 201.7 23 110 - 325.2 37260 12.0 - 205.6 19170 -331.6 30910 

a Dipole moments (in debye): urea, 6.55; methylurea, 7.5; ethylurea, 8.5; N,N’-dimethyl- 9.0; water, 2.5; glycine, 15.7; diglycine, 
27.8. The diameters of glycine and diglycine molecules were taken as 5.4 and 7.0 .&, respectively. The values of AG,, for glycine 
and diglycine in water are - 224.8 and - 362.5 kJ/mol, respectively. 
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distributed solvent molecules are assumed [29] 

AGinc = N,/U( r)4nr2pg( r) dr (14) 

where p is the number density and g(r) the radial 
distribution function. The resultant equation is 

AGint,dd = -%8a/3C12 C Pjcl, h(r”/rin) (15) 
j=l,3 

For transfer from water (W) to alkylurea (AU): 

AG. mt,dd = +Pv’~P~[(P?“- P?‘)P~ 

+ pdh] 14 robin) 06) 

Boundaries were taken as the second (r in = r + 
3rw) and third (r’ = r + 5r,) solvation shell 
around glycine or diglycine. Interactions were 
calculated between solute and both components of 
the binary solvent, assuming infinite dilution of 
the solute. The values of the parameters used in 
the calculation were taken from the literature. The 
Gibbs free energies of dipole-dipole interactions 
and their changes on transfer are collected in table 
4. In figs. 2a-d the comparison between calcu- 
lated (i.e., AG;,&_, ) and estimated AGi~t is shown. 
Estimated values of AGE, are obtained by sub- 
tracting AG& from AG * tr. 

We will start the discussion with the transfer to 
urea solutions. AG*” for glycine is slightly nega- 
tive and for diglycine slightly positive (cf. fig. la). 
Data were obtained from the literature [30,31]. 
The small values reflect almost complete com- 
pensation between positive (- TAS”) and nega- 
tive AH” (fig. la) or between positive AG& and 
negative AG%, (fig. 2a). It should be noted though 
that the compensation in the case of the latter two 
quantities was’achieved using pu = 6.55 debye for 
urea in the caloulation of AG%, and not the experi- 
mental value 6.93 debye. This discrepancy could 
reflect neglected interactions, e.g., hydrogen bond- 
ing. 

The comparison with the previously published 
results from solubility measurements [l] (cf. table 
2) reveals that the values of AG*” of glycine and 
diglycine from water to urea solutions ascertained 
by osmometry are quite different from those ob- 
tained by solubility measurements. For glycine, 

the values of AG * tr from osmometry are distinctly 
lower, although all are positive. For diglycine, on 
the other hand, the values from osmometry are 
negative whereas those from solubility measure- 
ments are positive. The error involved is estimated 
at about 15% so that the differences are generally 
larger than the experimental error. This finding is 
somewhat surprising since the values of AG** 
obtained from solubility measurements contain 
the activity coefficient contribution [l]. The values 
of activity coefficients were ascertained by apply- 
ing the experimental equations based on isopiestic 
measurements [30-321. They are actually estimates 
obtained by extrapolation to high urea concentra- 
tions where no isopiestic, and osmometric for that 
matter, measurements can be performed. A previ- 
ous judgement on the quality of extrapolated data 
must therefore be considered too optimistic [l]. 

From the difference of AG*” between dig- 
lycine and glycine, assuming the additivity of con- 
stituent contributions the values of AG* tl‘ of the 
peptide group to urea solutions can be calculated 
(cf. table 2). All the values are negative and range 
from - 260 (2 M urea) to - 640 (8 M urea) J/mol 
and reflect the dominant dipole-dipole interaction 
(cf. table 4). The values of AG * tr for the peptide 
group obtained from solubility studies are 80 (2 M 
urea), - 220 (6 M urea), and -430 (8 M urea) 
J/mol (cf. table 2). The differences with the osmo- 
metric values could be due to inadequate activity 
coefficient values. The values of AG* tr of the 
pcptide group to 8 M urea obtained by solubility 
studies of acetyltetraglycine ethyl ester (ATGEE) 
[5], assuming the additivity of constituent contri- 
butions, are around - 2000 J/mol which is com- 
parable with the value - 1445 J/mol determined 
from the difference between triglycine and dig- 
lycine in solubility studies [l]. The situation ap- 
pears more complicated with *the carbobenzo- 
xyglycine peptides [5]. The values of AG * tr to 8 M 
urea from solubility studies of CBZ-glycine, -dig- 
lycine and -triglycine amides are - 3630, -4000 
and - 4000 J/mol. The AG* tr value for the 
peptide group is thus small, approx. -400 J/mol, 
or zero. In this case the additivity principle does 
not appear to apply. 

The trend in the Gibbs free energy of interac- 
tion in the case of alkylureas is to become more 
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and more positive in the order methylurea, N, N ‘- 
dimethylurea, ethylurea (cf. table 4). For ethylurea 
solutions AG&, is more negative than for N,N’- 
dimethylurea solutions. As AGE, is more positive 
for ethylurea solutions, there is little difference in 
AG” between the two alkylureas. What this behav- 
ior is due to could not even by speculated upon. 
However, owing to the existing trend the en- 
thalpy-entropy compensation is less and less ex- 
pressed. Thus, e.g., the total (positive) AC” for 
ethylurea solutions is nearly equal to the positive 
(- TAY) contribution (cf. fig. lc). In accord with 
this AGzt is larger by -AC& than AC” (cf. fig. 
2c and tables 2 and 3). Inspection of table 3 also 
reveals that generally cavity formation in al- 
kylurea solutions is thermodynamically more 
favorable than in water or urea solutions. Namely, 
AG,, in alkylurea solutions is less positive. There- 
fore, AC& to these solutions from water is nega- 
tive as expected for solvents that have lower surface 
tension than water. 

Considering the behavior of urea and alkylurea 
solutions the main difference between them as 
regards the thermodynamic functions of transfer is 
the enthalpy term, (cf. figs. la-d). Its change from 
negative (urea) to positive (N, N’-dimethylurea) 
values is accompanied by loss of the enthalpy-ent- 
ropy compensation attributed to diminished inter- 
actions between charged groups and allcyhueas as 
well as to the hydrophobic interaction [l]. The 
same interactions also produce more positive val- 
ues of TASe [31]. However, there is another effect 
which must not be overlooked, i.e., that of al- 
kylureas on the structure of water. It is possible 
that solvation changes occur which are accompa- 
nied by negative entropy changes. They should 
reflect increased order in the alkylurea solutions 
involving very likely the charged groups of 
(di)glycine. Unfortunately, no experimental data 
on the structure of these ternary systems, e.g., 
hydrogen bonding, are available. 

The comparison with the results obtained from 
solubility measurements [l] (cf. table 2) reveals 
that the values ascertained by osmometry are com- 
parable. However, since the values of AG*ti from 
solubility studies do not contain the activity coef- 
ficient contribution, a detailed discussion is not 
feasible. It is interesting though that AC*” from 

water to 3 M urea, ethylurea and N, N’dimethyl- 
urea are -770, -650 and - 430 J/mol, respec- 
tively [5]. Only further studies could elucidate this 
behavior. If one now compares the peptide group 
contribution to AC* v from water to alkylurea 
solutions ascertained by osmometry and solubility 
studies, one observes relatively poor agreement, 
e.g., for 8 M methylurea 320 and 105 J/mol, for 4 
M N, N’-dimethylurea - 260 and 315 J/mol, etc. 
This is not surprising considering the fact that the 
values from solubility do not contain the activity 
coefficient correction. 

In summary, it is justified to claim that the 
application of SPT and classical expressions for 
calculation of the Gibbs free energy of transfer of 
glycine and diglycine at infinite dilution from 
water to aqueous alkylurea solutions has yielded 
reasonable results, many simplifications notwiths- 
tanding. By separating the transfer into two inde- 
pendent processes, i.e., cavity formation and so- 
lute-solvent interaction, the contributions of the 
two processes could be calculated. Comparison 
with experimental data obtained by vapor pres- 
sure osmometry revealed satisfactory agreement. 
Possible refinement of the calculated quantittcs 
will be feasible when details become known about 
interactions in the system studied. 

Acknowledgements 

We thank Dr. V. Vlachy for his comments on 
the manuscript. This study was supported by the 
Slovene Research Community. 

References 

1 E. &rovnik and S. Lapanje, Int. J. Peptide Protein Rea. 30 
(1987) 1. 

2 C. Tanford, Adv. Protein Chem. 24 (1970) 1. 
3 S. Lapanje, J. gkerjanc, S. Glavnik and S. abret, J. Chem. 

Thermodyn. 10 (1978) 425. 
4 D.B. Wetlaufer, S.K. Ma& L. Staller, and R.L. Coffin, J. 

Am. Chem. Sot. 86 (1964) 508. 
5 D.R. Robinson and W.P. Jencks, J. Am. Chem. Sac. 87 

(1965) 2462. 
6 T.T. Herskovits, H. Jaillet and B. Gadekbeku, J. Biol. 

Chem. 245 (1970) 4544. 
7 M. Roseman and W.P. Jencks, J. Am. Chem. See. 97 (1975) 

631. 



E. &v-ounik, S. Lopanje/ Gibbs free energy of transfer of glycine and diglycine 207 

8 P.K. Nandi and D.R. Robinson, Biochemistry 23 (1984) 
6661. 

9 B. Lee, Biopolymers 24 (1985) 813. 
10 0. Smanoglu, J. Chem. Phys. 75 (1981) 463. 
11 H. Reiss, H.L. Frisch and J.L. Lebowitz, J. Chem. Phys. 31 

(1959) 369. 
12 H. Reiss, Adv. Chem. Phys. IX (1965) 1. 
13 SK. Schoor and K.E. Gubbins, J. Phys. Chem. 73 (1969) 

498. 
14 W.L. Masterton and T.P. Lee, J. Phys. Chem. 73 (1969) 

1776. 
15 U. Sen, Can. J. Chem. 59 (1984) 2518. 
16 F.H. Stillinger, J. Solution Chem. 2 (1973) 141. 
17 E. Lrovnik and S. Lapanje, Vestn. Slav. Kern. Drua. 34 

(1987) 465. 
18 D.E. Burge, J. Phys. Chem. 67 (1963) 2590. 
19 R.A. Robinson and R.H. Stokes, J. Phys. Chem_ 65 (1961) 

1954. 
20 E.E. Schrier and RA. Robinson, J. Biol. Chem. 246 (1971) 

2870. 

21 

22 

23 

24 
25 

26 
21 

28 
29 
30 

31 

32 
33 

S. Lapanje, A. Ju?&, V. Vlachy and G. Vesnaver, Croat. 
Chem. Acta 54 (1981) 141. 
D.H. Ellerton, G. Reinfelds, D.H. Mulcahy and P. Dunlop, 
J. Phys. Chem. 68 (1964) 398. 
G. Barone, E. Rizzo and V. Volpe, J. Chem. Eng. Data 21 
(1976) 56. 
A. Ben-Naim, J. Phys. Chem. 82 (1978) 792. 
J.P.M. Postma, H.J.C. Berendsen and J.R. Haak, Faraday 
Symp. Chem. Sot. 17 (1982) 55. 
J.K. Kirkwood, J. Chem. Phys. 2 (1934) 351. 
E. Aerovnik, Ph.D. Thesis, University of Ljubljana (1987). 
W.H. Keesom, Phys. Z. 22 (1921) 129. 
R.A. Pierotti, Chem. Rev. 76 (1975) 717. 
D.H. Ellerton and P.J. Dunlop, J. Phys. Chem. 70 (1966) 
1831. 
I. Rafflenbeul, W.-M. Pang, H. SchZinert and K. Haberle, 
Z. Naturforsch. 28c (1973) 533. 
H. Uedaira, Bull. Chem. Sot. Jap. 48 (1975) 2006. 
J.J. Savage and R.H. Wood, J. Solution Chem. 5 (1976) 
733. 


