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Abstract

In this work the activity coefficients of zwitterions of aliphatic branched amino acids:b-alanine and valine, and of a charged
one: glutamic acid have been determined by EMF method in the region of biochemical concentrations(0.1–0.5 molykg under
ionic strengths 0.001–0.3 molykg) and(0.004–0.04 molykg under ionic strengths 0.001–0.02 molykg), respectively, atTs298.15
K. Dependence of activity coefficients of amino acid zwitterionic form from concentration of amino acid and ionic strength has
been approximated by two-parametric Pitzer equation, the contribution of parameters of interparticle interactions has been
analysed. The experimental data covering the broad concentration interval can be used for the testing and elaboration of chemical
models of amino acids solutions.
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The representation of thermodynamic properties of
solutions from experimental data in middle and high
concentration range and the calculation of these prop-
erties from the knowledge of structure and dynamics of
solutions taking into consideration different kinds of
interaction is the main problem of modern theory of
solutions w1x. The basis for the selectivity of protein
channels study and testing of corresponding theoretical
assumptions are the thermodynamic data. In recent years
the number of data banks of thermodynamic properties
of amino acid solutions that may be useful for the
interpretation of the physically well-founded models of
the processes in vivow2x is greatly increased. For its
elaboration it is necessary to dispose of the experimental
set of reliable data on activity coefficients of the high
polar zwitterionic form of an amino acid.
In our early works the thermodynamics of dissocia-

tion, solvation and complex formation of glycine, alpha-
alanine, beta-alanine and valine in mixtures of aliphatic
alcohols with water have been investigated in dilute
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solutionsw3–7x. To elucidate the short-range interaction
contribution in solvation of amino acids, in our work
w8x the activity coefficients of glycine and alpha-alanine
have been investigated in the region of biochemical
amino acid concentrations(0.05–0.8 molykg) and ionic
strengths(0.001–0.2 molykg).
There are not sufficient data on activity coefficients

of amino acids in the wide range of ionic strength in
the literature. The theory of interactions between ions
and dipolar ions at middle ionic strength is developed
by Scatchard and Kirkwood, and later extended by
Kirkwood w9x. In Ref. w9x the reliable values of activity
coefficients of amino acids(glycine, dl-alanine, dl-
serine, dl-valine, etc.) in water as a function of amino
acid concentration from different experimental methods
(EMF, vapour pressure, osmotic pressure) are tabulated
and compaired as well as the activity coefficients of
cystein, asparagin, and alanin in the presence of dipolar
ions (a-alanin, d,l-a-aminobutyric acid). The review by
T.H. Lilley in one of the recent monographs on amino
acids propertiesw10x presents the revised data on some
amino acid and peptide solution properties concerning
solvation of these solutes: partial molar volumes, heat
capacities and data on activity coefficients from experi-
mental values of reliable sources fitted as amino acid
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molality function by polynomial least squares. The main
modern measurements on amino acid(glycine, L-ala-
nine, L-valine, L-serine) activity coefficients in water
are provided by Kuramochi et al.w11x by differential
pressure statistic method.
The influence of electrolyte ions on amino acid

activity coefficients is observed mainly only in mixtures
with NaCl and KCl. Exactly the systems of amino acids
with electrolytes(acids, salts) are model systems of
physiological media. In the literature the activity coef-
ficients of glycine at different ionic strengths have been
obtained by Esteso et al. from potentiometric dataw12x,
but indirectly through the activity coefficients of other
electrolytes that were investigated in the mixture with
amino acids. In this work the direct potentiometric
determination of activity coefficients of amino acids in
a mixture of the charged and zwitterionic form of amino
acids(buffer system) has been done.
The activity coefficients in aqueous solutions of the

aliphatic amino acids:b-alanine and valine and of the
basic one: glutamic acid have been determined with the
aim of further approximation of their concentration
dependence with the use of chemical models.

2. Experimental

The direct determination of activity coefficients of
amino acids has been realized by EMF method with the
use of pH-Combination Schott electrodes with high
stability and reproducibility. The concentration depend-
ence of the ratio of activity coefficients of cationic and
zwitterionic forms of beta-alanine and valine in the
range of biologically meaningful amino acid concentra-
tions and ionic strengths:ms0.2–0.5 molykg, Is
0.001–0.25 molykg and ms0.1–0.25 molykg, Is
0.002–0.2 molykg for beta-alanine and valine
accordingly has been determined atTs298.15 K. For
this purpose the concentration dependence of EMF of
the galvanic cell of the type:

q "gl.el.(H )yHZ (m ), HCl(m )yyA,i B,1

KCl (sat.)yAgCl, Ag (I)

has been investigated.
The ratio of activity coefficients of zwitterionic and

anionic forms of glutamic acid in the range of concen-
trations of m s0.004–0.04 molykg, Is0.001–0.02A,i

molykg has been determined atTs298.15 K from the
EMF of the galvanic cell:

q "gl.el. (H )yHZ (m ), NaOH(m )yyA,i B,1

KCl(sat.)yAgCl, Ag (II)

During the experiment the solution of an amino acid

in presence of HCl or NaOH(with constant concentra-
tion m ) is added to the 25 ml of HCl or NaOHB,1

solution of the same concentrationm . The addition ofB,1

solutions and EMF registration have been provided with
the accuracy of 0.01 ml with the use of an automatic
potentiometric titrator ‘Titroline Alpha 96’(Schott). The
mixing of solution is provided with a magnetic stirrer.
A liquid thermostat kept the temperature to within 0.05
K. To determine the standard potential of the cell the
EMF of the cell has been determined:

qgl.el. (H )yHCl(m )yyKCl(sat.)yAgCl, Ag (III )j

for the series of HCl solutions or using the standard
buffer solutions(pH 1.68–12.45). Each determination
has been measured 2–3 times parallel with two glass
electrodes.

2.1. Chemicals

b-Alanine (‘chemically pure’, Reanal, Budapest, 370
812 83), valine (‘chemically pure’) are dried at 1008C.
Glutamic acid(initial reagent ‘pure’) is recrystallized
from methanol and dried at 1008C according to Ref.
w13,14x. The solutions of a hydrochloric acid are pre-
pared from 0.1 HCl standard solution(‘chemically
pure’). The concentration of acid is established by
titration with NaOH solution of exact known concentra-
tion. The alkaline solutions are protected from the action
of CO access.2

The EMF of the cell(I) for beta-alanine and valine
equals to:

fE sE ykØlg a (1)q1 H

The activity of hydrogen ions can be expressed in the
case of aliphatic amino acids through the constant of
the process(for example, in the case of beta-alanine):

q qNH CH CH COOH H Z °Ž .3 2 2 2

m ym qB,1 H

q y " qNH CH CH COO HZ qH ,KŽ .3 2 2 d,1

m ym qm mq qA,i B,1 H H

Then:

m gq qHZ HZfE sE ykØlog ykØlog yKØlogK (2)1 d,1m g" "Z Z

EMF of the galvanic cell(III ) in solution of HCl of
concentrationm :B,1

f mB,1E sE ykØloga (3)q1,0 H
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Table 1
Equilibrium concentrations of glutamic acid solutions

m sm ,"
A H2Z m sb,NaOH asm yb,A wH Z xq

3 wH Z x"
2 wHZ xy wZ x2y pH

molykg molykg molykg

0.003 0.001 0.002 3.28=10y5 0.0019 0.001 9=10y10 3.97
0.01 0.001 0.009 6.67=10y4 0.0885 0.001 1=10y9 3.32
0.006 0.005 0.001 1.55=10y6 8.89=10y4 0.005 5=10y8 4.95
0.025 0.005 0.02 6.87=10y4 0.0198 0.005 2=10y9 3.65
0.014 0.01 0.004 1.38=10y5 0.0039 0.01 4=10y8 4.65
0.025 0.01 0.015 1.94=10y4 0.0149 0.01 1.19=10y8 4.08
0.025 0.02 0.005 1.08=10y5 0.005 0.02 8=10y8 4.85
0.045 0.02 0.025 2.7=10y4 0.0249 0.02 6=10y11 4.15

where m , , molykg is the constant concentration ofB 1

hydrochloric acid in the cell(I) andm molykg is theA,i

concentration of the amino acid in solution;ks
ln(10)RTyF; H Z is the protonated form of aminoq

2

acid and HZ the zwitterionic form of amino acid. The"

difference of EMF of the cell(I) with addition of amino
acid, E , and without addition of amino acid,E ,1 1,0

permits to evaluate the ratio of activity coefficientsF:

g qH Z2Fs (4)mB,0g Øg" qHZ H

m ym qŽ .B,1 HE yE1 1,0logFspK y ylogd,1 k m ym qm mqŽ .A,i B,1 H B,1

(5)

where is the activity coefficient of the hydrogenmB,0g qH

ion in the HCl solution without amino acid. The equi-
librium hydrogen ion concentration is:

w zB Ef yA mE yEŽ . B,l1C Fm sexp 2.3026 q (6)x |qH k yD G1qBa my ~B,l

The E values have been obtained from the calibra-f

tion data by extrapolation of the auxiliary functionE0

to zero ionic strength:

yA I
fE0sE qkØlog m yk sE qbØI (7)3 HCl

y1qBa I

where

0.53 3e 2=10 N rŽ .0 A
1y2 3y2 y1y2As ; kg K mol ,1.58p ´´ kTŽ .0

0.53e 2=10 N rŽ .0 A
y11y2 1y2 y1y2Bs ; kg m K mol0.5´´ kTŽ .0

b-empirical parameter in the Debye–Huckel equation;¨

a, m – the distance parameter;I, molykg – ionic
strength of solution. The dispersion ofE0 extrapolation
was 0.1–0.2 mV.
Interpolation of F as an amino acid concentration

function to the round values ofm has been providedA

by a polynomial of the type:

2 1y2log Fsb Øm qC Øm qA m qB expm (8)Ž . Ž .0 A f A A 1 A

The dispersion of approximation equals 1=10 –y4

1=10 . The approximation by polynomial Eq.(8) isy5

better than with the use of the following ones:

2log Fsa Øm qa Øm (9)1 A 2 A

2 1y2log Fsa Øm qa Øm qa m (10)Ž .1 A 2 A 3 A

The values of have been obtained with
g qH Z2F s1
g "HZ

the use of the literature dataw15x on mB,0g sqH
mB,0g HClŽ ."

The EMF measurements in solutions of glutamic acid
have been provided in pH region, in which only zwit-
terionic and anionic forms of amino acid prevail(Table
1).
The pH-value change for each seria reachf0.6 pH

unit, that decreases the error in the values obtained.
For the glutamic acid:

" y qH Z ° HZ q H ; K2 d,2

m ym qm m ym my - qA,i B,1 OH B,1 OH H

The ratio of activity coefficients has been obtained
from the EMF of the cell(II), E :2

fg E yE"H Z 22log F slog spK y2 d,2
g kyHZ

m ym qm yŽ .A,i B,1 OH
ylog (11)

m ym yŽ .B,l OH
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Fig. 1. Dependence of the activity coefficient of the zwitterionic form
of b-alanine on amino acid concentration.

Fig. 2. Dependence of the activity coefficient of the zwitterionic form
of valine on amino acid concentration.

Fig. 3. Dependence of the activity coefficient of the zwitterionic form
of glutamic acid on amino acid concentration.

where . Equilibrium concentration ofKwm s yy qOH mH

hydrogen has been calculated with formula:

w zB Ef yA mE yEŽ . B,12C Fm sexp 2.3026 q (12)x |qH k yD G1qBa my ~B,1

The E evaluation has been done in the cell(III )f

with the use of the standard buffer solutions(pH 1.68–
12.45). Interpolation of the logF has been provided by2

polynomial of the type Eq.(8).
All calculations have been provided in molal scale,

the calculation of solution concentrations has been done
taking into account the densities of solutions:

tm Ør ØVA A im s (13)A,i t tr ØVqr ØVA HCl 1,0

whereV , ml – volume of amino acid with HCl(NaOH)i

addition;V , ml – volume of HCl(NaOH) aliquot in1,0

the cell (I); and – densities of stock amino acidt tr rA 0

solution with HCl (NaOH) and HCl (NaOH) solution
in the cell (I) at room temperaturew16–18x. The
densities ofb-alanine-HCl, valine-HCl solutions have
been assumed to be equal to the densities of amino acid
solutions of definite concentrations, the density of glu-
tamic acid solutions has been assumed as 1.000 gyml.
The pK values for beta-alanine and valine wered,1

used fromw19x, pK one for glutamic acid is assumedd,2

to be 4.246( the mean value of the values presented in
Refs.w19–21x).

3. Results

The activity coefficients of individual forms of amino
acids have been evaluated taking into account the change
of dielectric permeability in amino acid solutions(Figs.
1–3). The activity coefficients of the zwitterionic form
of an amino acid are obtained with the help of the

extended Debye–Huckel equation for the charged(cat-¨
ionic or anionic) form of amino acid H Z (HZ ):q y

2

yA J
log g sy qbØI (14)qH Z2

y1qBa J

To calculate the parameterasa qa the followingq y

values are used:a(H Z )(a(HZ )s0.271 nm andq "
2

0.303 nm for beta-alanine and valine accordinglyw22x,
a(Cl )s0.181 nm,asa qa s0.45 nm for glu-y

Naq HZy

tamic acid, bs0.1, Ism . Change of the mediumB

dielectric constant with amino acid concentration takes
into account the calculation ofA andB coefficients with
the use of the literature data forb-alanine w23x, for
valine and glutamic acid solutions the dielectric con-
stants at different concentrations have been assumed to
be equal to that of glycine solutionsw23x. The temper-
ature coefficient of the dielectric constant of amino acid
solutions is assumed to be equal to its value in pure
water. The activity coefficients of the zwitterionic form
of amino acids are presented in Tables 2–4.
The activity coefficients of cationic(or anionic) forms

of amino acid increase slightly with the amino acid
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Table 2
Activity coefficients of the zwitterionic form ofb-alanine

m , molykgA I, molykg

0.001 0.005 0.01 0.0499 0.1159 0.1735 0.2542

0.21 0.5488 0.8070
0.22 0.3074 0.4807 0.4805 0.5522 0.8409
0.23 0.4818 0.4836 0.5561 0.8282
0.24 0.3058 0.4832 0.4863 0.5604 0.8185
0.25 0.4847 0.4886 0.5651 0.8115 1.2886
0.26 0.3058 0.4864 0.4907 0.5702 0.8066 1.2484
0.27 0.4882 0.4925 0.5755 0.8037 1.2417
0.28 0.3072 0.4901 0.4940 0.5812 0.8022 1.1922
0.29 0.4921 0.4954 0.5871 0.8022 1.1737
0.3 0.3097 0.4942 0.4965 0.5932 0.8032 1.1599
0.31 0.4963 0.4975 0.5996 0.8052 1.1504
0.32 0.3129 0.4984 0.4984 0.6060 0.8079 1.1443
0.33 0.5005 0.4991 0.6126 0.8112 1.1409
0.34 0.3169 0.5025 0.4998 0.6193 0.8149 1.1399
0.35 0.5046 0.5003 0.6261 0.8189 1.1408 1.2601
0.36 0.3215 0.5066 0.5008 0.6330 0.8230 1.1431 1.2439
0.37 0.5085 0.5013 0.6399 0.8273 1.1463 1.2286
0.38 0.3264 0.5103 0.5017 0.6468 0.8312 1.1503 1.2142
0.39 0.5121 0.5021 0.6537 0.8350 1.1546 1.2008
0.4 0.3317 0.5137 0.5025 0.6607 0.8385 1.1589 1.1884
0.41 0.5153 0.5029 0.6675 0.8416 1.1631 1.1770
0.42 0.3372 0.5167 0.5034 0.6743 0.8441 1.1666 1.1667
0.43 0.5179 0.5038 0.6811 0.8461 1.1694 1.1573
0.44 0.3428 0.5191 0.5043 0.6877 0.8473 1.1711 1.1490
0.45 0.5201 0.5048 0.6942 0.8478 1.1716 1.1418
0.46 0.3484 0.5209 0.5054 0.7006 0.8474 1.1705 1.1356
0.47 0.5216 0.5061 0.7068 0.8460 1.1679 1.1305
0.48 0.3529 0.5221 0.5068 0.7128 0.8437 1.1633 1.1265
0.49 0.5224 0.5076 0.7337 0.8404 1.1568 1.1237
0.5 0.3593 0.5225 0.5084 0.7243 0.8361 1.1483 1.1219
0.51 1.1213
0.52 1.1219

concentration increase. The ionic strength is constant,
that is the change of activity coefficients is connected
mainly with the change of non-electrostatic contribution.
The dependence of ofb-alanine from aminog "HZ

acid concentration has different character. At low ionic
strengths(Is0.001–0.01 molykg) monotonouslyg "HZ

increases for glycine anda-alaninew8x. This fact is in
accordance with the Debye–MacAuley equationw24x
assuming that the dielectric constant increases with
amino acid concentration increase. At high ionic
strengths(Is0.2; 0.3 molykg) the dependence ofg "HZ

decreases which is connected with the enhancing of
non-electrostatic contribution at high ionic strengths.
The absolute values of are less than 1(negativeg "HZ

deviations from ideality) at low I and greater than 1
(positive deviations from ideality) at high I. The mech-
anism of the interaction electrolyte-non-electrolyte is
different at low and high ionic strength and it is
necessary to take into account different kinds of
interaction.
The activity coefficients of the zwitterionic form of

valine increase with amino acid concentration and

decrease with ionic strength. This change is in agreement
with the Debye–MacAuley equation and Kirkwoodw9x
equation for the activity coefficient of dipolar ion:

3B E2 2 b a rŽ .2pNe 3 mC Flog gsy Ø y ØI (15)
D G2303DkT 2 DakT a

where anda(r) are tabulated correction functions,
b

rs
a

m – dipole moment of dipolar ion.
The system demonstrates negative deviations from

ideality in the case of valine.
Glutamic acid has different character of varia-g "HZ

tion from amino acid concentration: increasing byIs
0.0011,Is0.0213 molykg; decreasing byIs0.0052,Is
0.0106 molykg.
The activity coefficient of beta-alanine increases with

ionic strength from 0.5 to 1.3 disregarding in the first
approach the amino acid–amino acid interaction, accord-
ing to the Long–MacDevit equationw25x or the Sech-
enov law:
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Table 3
Activity coefficients of the zwitterionic form of valine

m , molykgA I, molykg
0.0021 0.0047 0.0095 0.0935

0.1 0.6719 0.7057
0.105 0.6739 0.7396 0.7536 0.6266
0.11 0.6760 0.7395 0.7559 0.6421
0.115 0.6799 0.7405 0.7559 0.6567
0.12 0.6846 0.7413 0.7581 0.6703
0.125 0.6899 0.7429 0.7608 0.6831
0.13 0.6959 0.7452 0.7639 0.6949
0.135 0.7022 0.7478 0.7675 0.7059
0.14 0.7089 0.7508 0.7714 0.7160
0.145 0.7159 0.7539 0.7756 0.7254
0.15 0.7230 0.7575 0.7800 0.7340
0.155 0.7303 0.7611 0.7846 0.7418
0.16 0.7377 0.7649 0.7893 0.7490
0.165 0.7450 0.7688 0.7941 0.7554
0.17 0.7523 0.7728 0.7989 0.7612
0.175 0.7593 0.7769 0.8023 0.7665
0.18 0.7662 0.7809 0.8086 0.7711
0.185 0.7728 0.7849 0.8134 0.7752
0.19 0.7789 0.7889 0.8180 0.7787
0.195 0.7847 0.7982 0.8226 0.7817
0.2 0.7900 0.7966 0.8269 0.7844
0.205 0.7948 0.8003 0.8311 0.7865
0.21 0.7989 0.8038 0.8351 0.7882
0.215 0.8024 0.8071 0.8389 0.7895
0.22 0.8051 0.8102 0.8423 0.7905
0.225 0.8071 0.8131 0.8455 0.7910
0.23 0.8083 0.8156 0.8484 0.7913
0.235 0.8086 0.8182 0.8509 0.7913
0.24 0.8203 0.8631 0.7910
0.245 0.8221 0.8549 0.7904
0.25 0.8354 0.8563 0.7895

Table 4
Activity coefficients of the zwitterionic form of glutamic acid

m , molykgA I, molykg

0.0011 0.0052 0.0106 0.0213

0.004 1.1143
0.00425 1.0894
0.0045 1.0668
0.00475 1.0461
0.005 1.0269
0.00525 1.0091
0.0055 0.9062
0.006 0.8899
0.0065 0.8733
0.007 0.8563
0.0075 0.8386
0.0085 0.8013
0.009 0.7816
0.0095 0.7613
0.011 1.3084
0.012 1.3018
0.013 1.2917
0.014 1.2788 1.4117
0.015 1.2636 1.3674
0.0155 1.3211
0.016 1.2468 1.2822
0.0165 1.2494
0.017 1.2287 1.2218
0.0175 1.1986
0.018 1.2099 1.1789
0.0185 1.1625
0.019 1.1905 1.1486
0.0195 1.1364
0.02 1.1708 1.1264
0.0205 1.1184
0.021 1.1512 1.1111
0.0215 1.1046
0.022 1.1317 1.0986
0.0225 1.0929
0.023 1.1125 1.0875
0.0235 1.0819
0.024 1.0937 1.0761
0.0245 1.0698
0.025 1.0755
0.026 0.8315
0.027 0.9055
0.028 0.9422
0.029 0.9738
0.03 1.0006
0.031 1.0228
0.032 1.0408
0.033 1.0551
0.034 1.0661
0.035 1.0745
0.036 1.0806
0.037 1.0850
0.038 1.0883
0.039 1.0907
0.04 1.0928
0.041 1.0950
0.042 1.0978
0.043 1.1014
0.044 1.1062

ln g sB ØI (16)"HZ 0

B )0 in the case of beta-alanine and can be interpreted0

as the salting-out coefficient, for valineB -0 and0

indicates salting-in effect(Figs. 4 and 5). The salt-in
effect has been observed for glycine and alpha-alanine
w8x in agreement with classical ideas regarding the
dielectric constant increase with amino acid increase in
these solutions. The peculiarities observed for beta-
amino acids are connected with different solute-solvent
interaction mechanisms for beta-amino acids.
The activity coefficients of the zwitterionic form of

amino acid as a function of amino acid concentration
(m ) and ionic strength(m ) have been approximatedA B

with the two-parametric equationw26,27x Figs. 6 and 7:

2ln g s2x Øm qj Øm Øm q4v Øm Øm (17)" AB B ABB A B AAB A B

The physical meaning ofx , j , v coefficientsAB ABB AAB

is connected with parameters of binary and triple inter-
particle interactions:x sl ql is the interactionAB HA ClA

of cation and anion of HCl(NaOH) with amino acids,
j s3(m qm q2m ) the interactionABB HHA ClClA HClA
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Fig. 4. Dependence of the activity coefficient of the zwitterionic form
of b-alanine on ionic strength.

Fig. 5. Dependence of the activity coefficient of the zwitterionic form
of valine on ionic strength.

Fig. 6. Dependence of the activity coefficient of the zwitterionic form
of glycine on ionic strength.

Fig. 7. Dependence of the activity coefficient of the zwitterionic form
of a-alanine on ionic strength.

Table 5
Parameters of the two-parametric Pitzer equation for the zwitterionic
form of amino acids

Amino acid xAB jABB vAAB dS

Glycine w8x 1.1121 y1.336 y1.891 0.008
a-Alanine w8x 1.806 y3.442 y3.728 0.04
b-Alanine 1.686 y5.243 15.677 0.02
Valine 3.893 y18.645 y12.366 0.008

between ions, andv s1.5 (m qm ) the inter-AAB HAA ClAA

action amino acid–amino acid.
The Pitzer equation describes well the activity coef-

ficient of the zwitterionic form of amino acids(Table
5). The parameters of binary(x ) as well as tripleAB

(j , v ) interaction increase with the hydrocarbonABB AAB

chain of the amino acids.

The interaction of cations and anions with amino
acids and ion–ion, dipole–dipole interactions into devi-
ations of the system from ideality are opposite. The
coefficients of the Pitzer equation correlate with the
molecular weight of amino acids with exception of beta-
alanine. The interaction amino acid–amino acid for beta-
alanine has features that can be connected with
NH -group isomerism.2
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