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Abstract

The apparent molar volumes V have been determined for glycine, DL-a-alanine, DL-a-amino-n-butyric acid,2,f
DL-valine and DL-leucine in aqueous solutions of 0.5, 1.0, 1.5 and 2.0 mol kgy1 sodium acetate by density
measurements at 308.15 K. These data have been used to derive the infinite dilution apparent molar volumes V 0 for2,f
the amino acids in aqueous sodium acetate solutions and the standard volumes of transfer, D V 0, of the amino acidst
from water to aqueous sodium acetate solutions. It has been observed that both V 0 and D V 0 vary linearly with2,f t
increasing number of carbon atoms in the alkyl chain of the amino acids. These linear correlations have been utilized

Ž q y.to estimate the contributions of the charged end groups NH ,COO , CH group and other alkyl chains of the3 2
0 0 0 Ž q y.amino acids to V and D V . The results show that V values for NH ,COO groups increase with sodium2,f t 2,f 3

acetate concentration, and those for CH are almost constant over the studied sodium acetate concentration range.2
The transfer volume increases and the hydration number of the amino acids decreased with increasing electrolyte
concentrations. These facts indicate that strong interactions occur between the ions of sodium acetate and the
charged centers of the amino acids. The volumetric interaction parameters of the amino acids with sodium acetate
were calculated in water. The pair interaction parameters are found to be positive and decreased with increasing
alkyl chain length of the amino acids, suggesting that sodium acetate has a stronger dehydration effect on amino
acids which have longer hydrophobic alkyl chains. These phenomena are discussed by means of the cosphere overlap
model. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Salt solutions have large effects on the struc-
ture and properties of proteins including their
solubility, denaturation, dissociation into subu-

w xnits, and the activity of enzymes 1]3 . The com-
plex conformational and configurational factors
affecting the structures of proteins in various
solvents, make the direct interpretation from
studies on proteins very difficult. Therefore, in-
vestigations of the behavior of model compounds
of proteins like amino acids and peptides are of
importance.

There have been many studies on the amino
acid]water]salt systems. As far as the volumetric
properties are concerned, the infinite dilution ap-
parent molar volumes for some amino acids have

w xbeen determined in aqueous calcium chloride 4 ,
Žalkali metal halide LiCl, NaCl, KCl, CsCl, KBr,

. w x w xKI 5]8 , potassium thiocyanate 9,10 , am-
w xmonium chloride 11 and guanidine hydrochlo-

w x Ž qride 12,13 solutions. Sodium acetate Na ,
y.CH COO is known to influence the dissocia-3

w xtion of proteins in solution 14 and cause a
w xsalting-out of polar non-electrolytes 15 . Acetate

ion has a hydrophobic methyl group and a car-
boxylate ion residue, its effect on amino acids
should be different from the simple anions.
Therefore, it is interesting to investigate the be-
havior of model compounds of proteins in aque-
ous sodium acetate solutions. As a part of the
continuing studies on the thermodynamic and
transport properties of amino acids in aqueous

w xsolutions of denaturing agents 13,16,17 , we re-
ported here the apparent molar volumes, infinite
dilution apparent molar volumes and the stan-

Ž .dard transfer volumes for glycine Gly , DL-a-
Ž . Ž .alanine Ala , DL-a-amino-n-butyric acid Abu ,
Ž . Ž .DL-valine Val and DL-leucine Leu in aqueous

sodium acetate solutions at 308.15 K. In addition,
the infinite dilution apparent molar volumes for

Ž q y.the zwitterionic group NH ,COO , CH group3 2
and the other alkyl chains of the amino acids as
well as the volumetric interaction parameters of
the amino acids with sodium acetate have also
been reported.

2. Experimental

Ž .Glycine Shanghai Chem. Co., PR China , DL-
Ž .a-alanine Shanghai Chem. Co., PR China , DL-

Ž . Ž .a-amino-n-butyric acid Sigma , DL-valine Fluka
Ž .and DL-leucine Baker were purified by two re-

crystallizations from aqueous ethanol solutions
and dried under vacuum at 328 K for more than 6
h. Then they were stored over P O in a desicca-2 5
tor before use. Analytical reagent grade anhy-

Ždrous sodium acetate Tianjin Nankai Chem. Co.,
.PR China was used as such after drying under

vacuum at 383 K. Conductivity water with a con-
ductivity of 1.2 mVy1 cmy1 obtained by distilling
the deionized water from alkaline KMnO was4
used thoughout. All solutions were prepared
freshly by weighing on the molality scale.

Solution densities were determined to "3=
10y6 g cmy3 with an Anton Paar DMA 60r602
Vibrating-tube digital densimeter. The tempera-
ture of the thermostated bath was controlled to
308.15"0.005 K using a CT-1450 temperature
controller and a CK-100 ultracryostat. The den-
simeter was calibrated with the known densities

w x w xof water 18 and dry air 19 every day. The other
w xdetails have been described previously 13,16 .

3. Results and discussion

The apparent molar volumes V of the amino2,f
acids were calculated from the solution densities

Ž .by Eq. 1 :

3Ž . Ž .V sMrry10 ryr rm rr 12,f 0 a

where M and m are, respectively, the molara
mass and molality of the amino acid, and r and r0
are the densities of amino acid]water]sodium
acetate ternary solutions and of aqueous sodium
acetate solutions, respectively. The solution den-
sities and the calculated apparent molar volumes
for the amino acids are listed in Table 1 as

Ž .functions of molalities of amino acid m and ofa
Ž .sodium acetate m .s

It was found that V values varied linearly2,f
with amino acid molalities and could be least-

Ž .square, fitted to Eq. 2
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0 Ž .V sV qS m 22,f 2,f V a

where V 0 is the infinite dilution apparent molar2,f
volume that equals the standard partial molar
volume and S is the corresponding experimentalV
slopes of the V vs. m plots. In the cases where2,f a
there was no dependence with m , V 0 werea 2,f
calculated by taking an average of all the data

Ž .points. The regression coefficients of Eq. 2 for
the a-amino acids in aqueous solutions of 0.5, 1.0,
1.5 and 2.0 mol kgy1 sodium acetate are repre-
sented in Table 2 along with their standard devia-
tions. The standard volumes of transfer, D V 0, fort
the amino acids from water to aqueous sodium
acetate solutions are listed in Table 3. They were

Ž .calculated from Eq. 3 :

0 0 Ž .D V sV in aqueous CH COONat 2,f 3

0 Ž . Ž .yV in water 32,f

0 Ž .where V in water is the infinite dilution ap-2,f
parent molar volume for the amino acids in water
w x20 .

3.1. Contributions of the zwitterionic end group,
CH group and the other alkyl chains of the a-amino2
acids to V 0

2,f

It is interesting to note that variations of V 0
2,f

with the number of carbon atoms in the alkyl
Žchain of the amino acids are linear average cor-

.relation coefficients RG0.9998 . A similar linear
correlation has been reported for the homologous
series of v-amino acids in aqueous potassium

w xthiocyanate solutions 10 and of a-amino acids in
w xaqueous guanidine hydrochloride solutions 13 .

This linear relation could be reasonably repre-
Ž .sented by Eq. 4 :

0 0 Ž q y. 0 Ž . Ž .V sV NH ,COO qn V CH 42,f 2,f 3 c 2,f 2

where n is the number of carbon atoms inc
the alkyl chain of the a-amino acids,

0 ŽŽ q y. 0 Ž .V NH ,COO and V CH are, respec-2,f 3 2,f 2
tively, zwitterionic end groups and the methylene
group contributions to V 0 Values of2,f .

0 ŽŽ q y. 0 Ž .V NH ,COO and V CH calculated by a2,f 3 2,f 2
least-square regression analysis are listed in Table
4. Since the alkyl chains of the homologous series
of a-amino acids investigated in this work are

Ž . Ž .as follows: CH ] gly , CH CH ] ala ,2 3
Ž . Ž .CH CH CH] abu , CH CH CHCH] val and3 2 3 3

Ž . 0 Ž .CH CH CHCH CH5] leu , the V CH value3 3 2 2,f 2
obtained in this way characterize the mean con-
tribution of CH and CH groups to V 0 of the3 2,f
a-amino acids. Based on the assumptions:

0 Ž . 0 Ž . Ž .V CH s1.5 V CH 52,f 3 2,f 2

0 Ž . 0 Ž . Ž .V CH s0.5 V CH 62,f 2,f 2

w xsuggested by Hakin and co-workers 21,22 , the
contribution of the other alkyl chains of the a-
amino acids can be calculated. The results are
also given in Table 4.

0 Ž .It can be seen from Table 4 that V CH2,f 2
values for the amino acids are not sensitive to the
concentration of sodium acetate. The same trend

w xhas been observed by Wadi and Goyal 10 in

Table 3
aStandard volumes of transfer for amino acids from water to aqueous sodium acetate solutions at 308.15 K

0 3 y1Amino acids D V rcm molt

m s0.5 m s1.0 m s1.5 m s2.0s s s s

Ž . Ž . Ž . Ž .Glycine 0.70 6 1.71 6 2.25 8 3.16 7
Ž . Ž . Ž . Ž .Alanine 0.51 6 1.35 4 1.89 4 2.52 10
Ž . Ž . Ž . Ž .Aminobutyric acid 0.45 8 1.29 7 1.59 8 1.97 10
Ž . Ž . Ž . Ž .Valine 0.34 7 0.77 8 1.08 10 1.65 8
Ž . Ž . Ž . Ž .Leucine 0.19 14 0.43 15 0.57 15 1.13 14

a Values in parentheses are S.D.=100.
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Table 4
q yŽ .Contributions of zwitterionic group NH ,COO , CH group and other alkyl chains to the infinite dilution apparent molar3 2

avolume in aqueous sodium acetate solutions at 308.15 K

0 3 y1Group V rcm mol2,f

m s0.5 m s1.0 m s1.5 m s2.0s s s s

q yŽ . Ž . Ž . Ž . Ž .NH ,COO 29.6 0.7 30.8 0.7 31.5 0.7 32.3 0.63
Ž . Ž . Ž . Ž .CH ] 15.7 0.2 15.5 0.2 15.4 0.2 15.4 0.22
Ž . Ž . Ž . Ž .CH CH] 31.4 0.3 31.0 0.3 30.8 0.3 30.8 0.33
Ž . Ž . Ž . Ž .CH CH CH] 47.1 0.4 46.5 0.3 46.2 0.4 46.2 0.33 2

Ž . Ž . Ž . Ž . Ž .CH CHCH] 62.8 0.4 62.0 0.4 61.6 0.4 61.6 0.43 2
Ž . Ž . Ž . Ž . Ž .CH CHCH CH] 78.5 0.5 77.5 0.4 77.0 0.5 77.0 0.43 2 2

a Values in paretheses are S.D. values.

aqueous KSCN solutions. The average value of
15.5"0.2 cm3 moly1 derived from this work is
very close to the values of 15.3 and 15.6 reported
at 308.15 K for the amino acids in aqueous and

w xaqueous KSCN solutions 10 . Values of
0 Ž q y.V NH ,COO are larger than those of2,f 3
0 Ž .V CH and increase with increasing sodium2,f 2

acetate concentration. These results indicate that
Ž q y.the interactions of ions Na and CH COO3

with zwitterionic groups of the amino acids are
much stronger than those with hydrophobic CH2
groups.

3.2. Standard transfer ¨olumes of the a-amino acids

It is evident from Fig. 1 that D V 0 values aret
positive and increase linearly with increasing con-
centration of sodium acetate. In the amino
acid]sodium acetate]water ternary system, the

Ž .following interactions may be occurring: a ion-
charged group interactions between Naq and the
COOy group of the amino acids and between
CH COOy and the NHq group of the amino3 3

Ž .acids; b ion-non-polar group interactions
between Naq, CH COOy and the non-polar3
groups of the amino acids. According to the co-

w xsphere overlap model 23 , the ion-charged group
interactions would lead to a positive D V 0,t
whereas ion-non-polar group interactions will re-
sult in a negative D V 0. The overall D V 0 valuest t
obtained experimentally consist of these two op-
posite contributions. Since positive D V 0 valuest
were observed for all the amino acids studied, we
concluded that the contribution of ion-charged

group interactions to D V 0 dominates that oft
ion-non-polar group interactions. This also ex-
plains the higher D V 0 values observed at highert
molalities of sodium acetate for the amino acids.

In Fig. 2, we have plotted D V 0 values for thet
homologous series of a-amino acids against the
number of carbon atoms in their alkyl chains.
Good linear relations have been observed. Com-

Ž .pared with Eq. 4 , it is expected that the inter-
cepts and slopes of these straight lines represent
the contributions of zwitterionic end group and
CH group to D V 0, respectively. Obviously, the2 t
contribution of CH group to D V 0 is negative2 t
and that of the zwitterionic group is positive. This
experimental result supports the above molecular
interpretation from the cosphere overlap model.

Fig. 1. Plot of the standard volumes of transfer of amino acids
vs. molality of sodium acetate. l glycine, B alanine, '
aminobutyric acid, =valine, ) leucine.
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Fig. 2. Variation of the standard volumes of transfer of amino
acids as a function of number of carbon atoms, n , in the alkylc
chain of the amino acids at 308.15 K l m s0.5, B m s1.0s s
' m s1.5, =m s2.0.s s

3.3. The number of water molecule hydrated to the
amino acid

The standard partial molar volumes of the
amino acids can be expressed by a simple model
w x24 :

0 Ž . 0 Ž . 0 Ž . Ž .V amino acid sV int qV elect 72,f 2,f 2,f

0 Ž .where V int is the intrinsic partial molar2,f
0 Ž .volume of the amino acid, and V elect is the2,f

electrostriction partial molar volume due to the
0 Ž .hydration of the amino acid. The V int is made2,f

up of two terms, the van der waals volume and
the volume due to packing effects. According to

w xthe suggestion of Millero et al. 25 , the values of
0 Ž .V int for the amino acids can be estimated2,f

from crystal molar volumes:

0 Ž . Ž . 0 Ž . Ž .V int s 0.7r0.634 V cryst 82,f 2,f

where 0.7 is the packing density for molecules in
organic crystals, and 0.634 is the packing density
for random packing spheres. The crystal molar

Ž .volume can be calculated by Eq. 9 :

0 Ž . Ž . Ž .V cryst sMrr cryst 92,f

Ž .where, r cryst is the crystal density of the amino
acids. Since crystal density has a very small change

Ž .with temperature, we assume that r cryst data at
w x298.15 K from Berlin and Pallansh 26 can be

Žapproximately used in the present case 308.15
. 0 Ž .K . The V elect can be estimated from the2,f

0 Ž .experimentally measured V values by Eq. 10 :2,f

0 Ž . 0 Ž . 0 Ž . Ž .V elect sV amino acid yV int 102,f 2,f 2,f

The decrease in volume due to electrostriction
can be related to the number of water molecules
Ž . w x Ž .n hydrated to the amino acids 27 by Eq. 11 :H

0 Ž . Ž 0 0 . Ž .n sV elect r V yV 11H 2,f E B

where V 0 is the molar volume of electrostrictedE
water and V 0 is the molar volume of bulk waterB
at 308.15 K. Following the procedure described by

w xMillero et al. 25 , we found that at 308.15 K:

0 0 3 y1 Ž .V yV sy4.0 cm mol 12E B

Therefore, as an approximation, the hydration
number of water molecules can be obtained by

Ž .Eq. 13 :

0 Ž . Ž . Ž .n sV elect r y4.0 13H 2,f

0 Ž .Thus, obtained V elect and n values are in-2,f H
cluded in Table 5 except for aminobutyric acid

Table 5
0 Ž .Values of V elect and hydration number, n , for amino acids in aqueous sodium acetate solutions at 308.15 K2,f ; H

Amino acids m s0.5 m s1.0 m s1.5 m s2.0s s s s
0 0 0 0Ž . Ž . Ž . Ž .V elect n V elect n V elect n V elect n2, H 2,f H 2,f H 2,f H

Glycine y6.97 1.7 y5.96 1.5 y5.42 1.4 y4.51 1.1
Alanine y9.91 2.5 y9.07 2.3 y8.53 2.1 y7.90 2.0
Valine y11.26 2.8 y10.25 2.6 y9.71 2.4 y8.80 2.2
Leucine y15.53 3.9 y15.28 3.8 y15.14 3.8 y14.58 3.6
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Table 6
Volumetric interaction parameters in amino acids-sodium acetate-H O solutions at 308.15 K2

3 y2 3 y2 2 3 y2 3Amino acid V rcm mol kg V rcm mol kg V rcm mol kgas ass as s s

Glycine 0.405 y0.012 0.0030
Alanine 0.232 0.084 y0.0213
Aminobutyric acid 0.223 0.081 y0.0277
Valine 0.208 y0.037 0.0134
Leucine 0.166 y0.088 0.0300

whose crystal molar volume datum is not avail-
able. It can be seen that n for a given aminoH
acid decreases with increasing concentration of
sodium acetate. This shows that sodium acetate
has a dehydration effect on the amino acids. This
is consistent with the observed increase in V 0

2,f
with increasing sodium acetate concentrations.

3.4. Volumetric interaction parameters

The standard transfer volumes of the amino
acids can be expressed by the following equation
w x28 :

0 2 3 Ž .D V s2 V ?m q3 V ?m q4 V ?m 14t ¨ as s ¨ ass s ¨ asss s

where, ¨ is the number of moles of ions into
which the electrolyte dissociates. V , V andas ass
V are, respectively, the pair, triplet and tetradasss
volumetric interaction parameters, m is thes

Ž .molality of electrolyte. Using Eq. 14 , various
volumetric interaction parameters were calcu-
lated and are given in Table 6. It can be seen
from Table 6 that all pair volumetric interaction
parameters V are positive and are larger thanas
V and V values. This shows that the interac-ass asss
tions between amino acids and sodium acetate
are mainly pair interactions. In addition, V de-as
creases from glycine to leucine. Because the in-

Ž .teraction contribution of type a expressed above
are the same for different amino acids, the de-
creasing V comes from the difference in interac-as

Ž .tion contribution of type b , that is to say, the
interactions of the alkyl groups of the amino acids
with sodium acetate. Among the amino acids
studied, leucine with the longest alkyl chain is
expected to lose the maximum amount of its
hydrophobically hydrated water molecules due to

Ž ythe overlap of hydration cospheres of CH COO ,3
q.Na and hydrophobic chain of the amino acids,

which lead to a smaller transfer volume and ac-
cordingly a smaller V . The loss of hydrophobi-as
cally hydrated water molecules decreases gradu-
ally with decreasing length of the alkyl chain of
the amino acids. Glycine has a larger V valueas
owing to its shorter alkyl chain. These results
show that more hydrophobic amino acids undergo
more dehydration effect of sodium acetate.
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