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bstract

The enthalpies of solution of l-histidine in water at 288.15–318.15 K and 0.003–0.15 mol kg−1 were measured. The enthalpies of solution were
−1
ound to be independent of the solute molality up to ∼0.1 mol kg . Standard enthalpies and heat capacities of solution were computed. Free

nergies and entropies of solution have been estimated in the temperature range studied using literature solubility data and the results of the present
tudy. The temperature increase was found to result in a pronounced rise of the l-histidine solubility due to the significant increase of the T�S
alues. The characteristic temperatures for the thermodynamic properties of histidine aqueous solutions were estimated.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many investigations of thermodynamic properties of amino
cids in aqueous solutions have been done [1–9]. However, most
f these works deal with highly soluble non-polar or aliphatic
mino acids, the measurements being performed at 298.15 K.
hermodynamics of aqueous solutions of slightly soluble aro-
atic amino acids is scarce [1,4,5]. The present work is one

f our continuing studies on thermodynamic properties of aro-
atic amino acid aqueous solutions [10–12]. This paper reports

xperimental enthalpies of solution of l-histidine in water at
ifferent temperatures and concentrations. Standard enthalpies,
eat capacities, free energies and entropies of l-histidine in water
n the 273–373 K temperature range are reported.

. Experimental

l-Histidine (C3H3N2CH2CH(NH2)COOH, M = 155.16 g/
ol, MP Biomedicals Inc., Germany, >99%) was dried under

educed pressure at 343 K and used without further purification.
he calorimetric measurements were carried out with a new
soperibol ampoule calorimeter fitted with a 70-cm3 vessel [12].
he vessel is equipped with a calibration heater, a titanium stirrer
nd a thermistor. A glass ampoule containing solute is attached
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o the stirrer and crushed against the vessel bottom to initiate
he dissolution process. Thermistor resistance is measured by
he Standard Temperature Measuring Instrument constructed by
nter Higher Educational Institute Centre of Belarus. The sig-
al is converted to the degrees of The International Temperature
cale of 1990. The detection limit of the apparatus is of 10 �K.
he temperature stability in the bath is less than 1 mK. An elec-

rical calibration is carried out before and after each experiment.
he calorimeter was tested by measuring the enthalpies of solu-

ion of potassium chloride (KCl) and 1-propanol (1-PrOH) in
ater at 298.15 K according to [13]. The agreement between
ur (�solHm (m = 0.111 mol kg−1) = 17.61 ± 0.02 kJ mol−1 for
Cl and �solH◦ = −10.18 ± 0.03 kJ mol−1 for 1-PrOH) and

ecommended literature values (17.58 ± 0.02 and −10.16 ±
.02 kJ mol−1 for KCl and 1-PrOH, respectively) was found to
e excellent [12].

. Results and discussion

The experimental enthalpies of solution are given in Table 1.
he �solHm values do not depend on the solute concentra-

ion below∼0.1 mol kg−1. Above∼0.1 mol kg−1 the dissolution
rocess becomes less endothermic. This observation indicates

nthalpically unfavourable histidine–histidine pair interaction.
hus, we calculate the standard enthalpies of l-histidine solution
�solH◦) as average values in the range of the solute molalities
f 0.003–0.06 mol kg−1.
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Table 1
Experimental (�solHm, kJ mol−1) and standard enthalpies of solution (�solH◦,
kJ mol−1) of l-histidine at 288.15, 293.15, 306.15 and 318.15 K

ma �solHm m �solHm

288.15 K 293.15 K
0.005560 13.80 0.008882 13.90
0.01275 13.78 0.01765 13.97
0.01792 13.76 0.01801 14.02
0.01847 13.83 0.02017 13.95
0.01904 13.76 0.02245 13.93
0.02165 13.65 0.1121 13.67
�solH◦ = 13.76 ± 0.05b �solH◦ = 13.95 ± 0.04

306.15 K 318.15 K
0.003302 14.66 0.009980 15.71
0.006683 14.69 0.01765 15.79
0.01133 14.73 0.01956 15.79
0.02783 14.78 0.02103 15.76
0.02928 14.73 0.1018 15.57
0.02944 14.84 �solH◦ = 15.76 ± 0.04
0.05805 14.72
0.1184 14.47
� ◦
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Table 2
Coefficients of Eq. (1) (�solH◦(Θ), kJ mol−1; �solC

◦
p(Θ), J mol−1 K−1;

∂�solC
◦
p/∂T , J mol−1 K−2) and solubility X2 (mol fractions) of l-histidine in

water at different temperatures

Θ �solH◦(Θ) �solC
◦
p(Θ) ∂�solC

◦
p/∂T X2

273.15 13.42(0.08)a 7(6) 2.0(0.2) 0.00302
283.15 13.59(0.03) 27(4) 2.0(0.2) 0.00372
293.15 13.96 (0.01) 47(2) 2.0(0.2) 0.00454
303.15 14.54 (0.01) 68(1) 2.0(0.2) 0.00550
313.15 15.31 (0.01) 88(2) 2.0(0.2) 0.00665
323.15 16.29(0.03) 108(4) 2.0(0.2) 0.00802
333.15 17.47(0.08) 128(6) 2.0(0.2) 0.00968
343.15 18.86(0.15) 149(8) 2.0(0.2) 0.0117
353.15 20.45(0.24) 169(10) 2.0(0.2) 0.0142
363.15 22.24(0.35) 189(12) 2.0(0.2) 0.0174
3

T

f

�

l

Thus, using the temperature dependence of the enthalpies of
solution and the experimental solubility in water at 298.15 K [1],
we are able to calculate solubility, standard free energies and
entropies of l-histidine solution in a wide temperature range.
solH = 14.74 ± 0.05

a Moles of the solute per 1 kg of water.
b Errors represent twice standard deviation from the mean value.

Analysis of the temperature dependence of the �solH◦ values
iven in Table 1 were performed with the second-order polyno-
ial equation:

solH
◦(T ) = �solH

◦(Θ) + �solC
o
p(Θ)(T − Θ)

+ 0.5

(
∂�solC

◦
p

∂T

)
[(T − Θ)2] (1)

here �solH◦(T) and T (current temperature, K) are vari-
bles, �solH◦(Θ) and �solC

◦
p(Θ) are the enthalpy and heat

apacity parameters desired at a reference temperature Θ

K), respectively. The equation parameters thus have a clear
hysical meaning. The �solH◦ values of 14.22 ± 0.06 and
5.34 ± 0.07 kJ mol−1 at 298.15 and 313.15 K, respectively
11], have also been included in the calculation. The �solC

◦
p

alues obtained are positive and increase as the temperature
ncreases (see Table 2). The heat capacity of l-histidine solution
t 298.15 K is small (57 ± 2 J mol−1 K−1) but larger than that for
ore hydrophilic alanine (19 ± 4 J mol−1 K−1) [4], and notice-

bly smaller than the heat capacity of solution of hydrophobic
-phenylalanine (189 J mol−1 K−1) [10]. In the previous study
11] we estimated the heat capacity of l-histidine solution near
06 K to be about 75 ± 7. The data given in Table 2 confirm this
stimation.

Nozaki and Tanford [1] reported the solubility of many amino
cids in water. Since l-histidine is slightly soluble in water at
98.15 K (4.33 g per 100 g of water or X2 = 0.00500 mol fraction
f the amino acid) [1], we can represent the limiting activity
oefficient of the solute as:

1
∞ ≈
X2

(2)

hen the standard free energy of solution and temperature
hanges of the limiting activity coefficients are defined by the

F
i

73.15 24.23(0.48) 210(14) 2.0(0.2) 0.0214

a Values in brackets represent the standard deviation of coefficients obtained.
he standard deviation of the fit is 0.02 kJ mol−1.

ollowing equations:

solG
◦ = RT ln γ∞ ≈ RT ln

(
1

X2

)
(3)

n γ∞(T2) − ln γ∞(T1) ≈ ln
X2(T1)

X2(T2)
= − 1

R

∫ T2

T1

�solH
◦

T 2 dT

(4)
ig. 1. Enthalpic �solH◦ (dotted line) and entropic terms (−T�solS◦) (dash line)
n the free energies �solG◦ (solid line) of solution of l-histidine in water.
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able 2 shows that the temperature increase causes a rise of
olubility, as it is usually observed for solids. Fig. 1 compares
he enthalpic �solH◦ and entropic (−T�solS◦) terms to the free
nergy of solution. The first term is seen to be positive, but the
econd one is negative. Both of them rise in absolute value as
he temperature is increased, however the entropic term shows
stronger temperature dependence, which results in enhancing

olubility (see Table 2). Fig. 1 clearly indicates that the entropic
erm is close to zero near the freezing point of liquid water and,
herefore, �solH◦ ≈ �solG◦. An interesting situation is observed
ear the boiling point of water, where �solG◦ = T�solS◦ and,
herefore, �solH◦ = 2T�solS◦. A simple analysis of the temper-
ture dependence of the enthalpic and entropic terms indicates
hat both functions have minima near 270 K. Thus, the standard
eat capacity of l-histidine solution should be close to zero near
he freezing point of pure water, i.e. the partial molar heat capac-
ty of l-histidine at infinite dilution equals the heat capacity of
he solid.
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[4] C.H. Spink, I. Wadsö, J. Chem. Thermodyn. 7 (1975) 561.
[5] M. Abu-Hamdlyyah, A. Shehabuddln, J. Chem. Eng. Data 27 (1982)

74.
[6] T.H. Lilley, Chemistry and Biochemistry of the Amino Acids, Chapman

and Hall, 1985.
[7] F. Rodante, Thermochim. Acta 149 (1989) 157.
[8] G. Castronuovo, V. Elia, F. Velleca, J. Solution Chem. 25 (1996) 51.
[9] G. Castronuovo, V. Ellia, C. Postiglione, F. Velleca, Thermochim. Acta

339 (1999) 11.
10] A.V. Bekeneva, A.V. Kustov, V.P. Korolev, Russ. J. Phys. Chem. 78

(2004) 1697.
12] A.V. Kustov, A.A. Emel’yanov, A.F. Syschenko, M.A. Krest’yaninov,
N.I. Zheleznyak, V.P. Korolev, Russ. J. Phys. Chem. 80 (2006), in
press.
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