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16In the Kirkwood–Buff theory, the center of each solvent molecule can be arbitrarily chosen. However, this
17arbitrariness is not obvious in the calculation of the Kirkwood–Buff integral for a single ion. Actually, the
18Kirkwood–Buff integral depends on the choice of the center of a solvent molecule, if each solvent molecule has
19a dipole moment and the solute has a net charge Q3. A few examples based on molecular dynamics simulations
20are shown. A surrogate definition for the center of a water molecule is also shown. A good agreement between
21the calculated and experimental values of partial molar volumes for single ions is observed.

22 © 2014 Published by Elsevier B.V.
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27 1. Introduction

28 Hydration is a fundamental process in various chemical processes in
29 aqueous solutions, such as electron-transfer reactions, optical spectra,
30 stabilization of colloidal particles, and conformational changes of bio-
31 molecules [1–19]. Partial molar volume is one of the most important
32 thermodynamic quantities related to hydration [20–35]. This quantity
33 is directly correlated to the pressure dependence of system behaviors.
34 For example, the application of pressure to a solution induces associa-
35 tion of the solutes if the partial molar volume decreases because of
36 the association process. This type of phenomenon is related to the
37 pressure denaturation of proteins, the pressure dependence of
38 solubility, etc.
39 The partialmolar volume of a single solute inwater has been studied
40 using various methods, such as density measurement [36,37], because
41 the partial molar volume is thought to reflect the hydration structure.
42 The partial molar volume of a single ion has been measured by the
43 UVP method [38,39]. In the case of a single ion, the hydration water is
44 compressed byQ4 ionwater interactions, andnegative volumes are observed
45 for small ions. These phenomena are referred to as electrostriction.
46 There are some theoretical studies for the partial molar volume of
47 a single ion in water. Kusalik and Patey determined the volumes on
48 the basis of the RHNC theory [33]. Hirata and coworkers calculated
49 the volumes using the RISM–HNCtheory [23,34]. The RISM–HNC
50 theory gives the total correlation functions and the direct correlation

51functions between solute and solvent molecules. The partial molar
52volumes are calculated by using the direct correlation functions
53[20,21,23]. Then, the value for the partial molar volume does not de-
54pend on the definition of molecular center, although the value does
55not become unique when the value is calculated using the total
56correlation function, as we mention later. On the other hand, the in-
57tegral equation theories are based on approximations. Actually,
58Fedorov and co-workers are studying the correction for the RISM
59theory [29]. So, it is important to discuss the validity of the results
60obtained from integral equation theories by molecular simulations.
61Patel et al. calculated the partial molar volumes of a few single ions
62using molecular dynamics simulation, and showed that their results
63are in good agreement with experimental values [35]. However, they
64did not discuss the influence of the choice of the solvent molecular
65center. In this study, to address the problem of the choice of the
66molecular center, we attempted to evaluate the partial molar volume
67of a single ion in water using a combination of molecular dynamics
68simulations and Kirkwood–Buff-like theory.
69In the Kirkwood–Buff theory [40], partial molar volume is related to
70the integral of the radial distribution function. According to literature,
71this theory does not depend on the choice of molecular center
72[41–43]. Here, we briefly discuss the partial molar volume of a neutral
73solute in water. The shape of the radial distribution function depends
74on the choice of molecular center. For example, the radial distribution
75function between a solute and a hydrogen atom of a water molecule
76differs from that between a solute and the oxygen atom of a water
77molecule. However, despite this difference, the integrals of the radial
78distribution functions are independent of the choice ofmolecular center
79for neutral solutes, and consequently, partial molar volumes are also
80independent.
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81 However, we found that this arbitrariness didn't hold for the system
82 that contained solutes with nonzero net charge and solvent molecules
83 that are polar molecules expressed as an interaction site model such
84 as TIP3P water. In this case, the partial molar volume of these solutes
85 depends on the definition of the solvent molecular center.
86 In this paper, we indicate this problemwith the results for the cases
87 of simple ions and subsequently discuss two questions related to the
88 Kirkwood–Buff theory: (1) Why do partial molar volumes of charged
89 solutes depend on the choice of the water molecule center? (2) How
90 can we calculate the partial molar volumes of charged solutes?
91 In Section 2, we explain the methods used to calculate the partial
92 molar volume using a molecular simulation with a Kirkwood–Buff-like
93 theory. In Section 3, we present the results and discuss the two
94 previously stated questions.

95 2. Methods

96 The Kirkwood–Buff theory [40] is widely used for theoretical
97 calculations of the partial molar volume of a solute under an infinite
98 dilution condition [32,34,35,41,42,44]. According to this theory, the
99 partial molar volume can be expressed by the following equations:

Vp ¼ κTkBT−G; ð1Þ
101101

102

G ¼
Z ∞

0
4πr2 g rð Þ−1½ �dr ð2Þ

104104Q5 where Vp is the partial molar volume of the solute, κT is the isothermal
compressibility of pure solvent, kB is the Boltzmann constant, T is the

105 temperature, and G is the Kirkwood–Buff integral, which is defined in
106 Eq. (2) as the integral of g(r) − 1, where g(r) is a radial distribution
107 function between the solute and solvent. The first term in the right-
108 hand side of Eq. (1) is an ideal term and does not depend on the solute;
109 it depends only on the solvent properties. Therefore, we define the
110 quantity ΔV as follows:

ΔV ¼ Vp−κTkBT ¼ −G: ð3Þ
112112

ΔV is the quantity we are interested in. g(r) in Eq. (2) is defined in a
113 grand canonical ensemble in the Kirkwood–Buff theory. Therefore, g(r)
114 obtained from the NVT ensemble, or the NPT ensemble cannot be used
115 to calculate G [45]. Molecular simulation is usually performed under
116 the NPT condition or the NVT condition, which makes the use of these
117 equations inconvenient.
118 In this study, we used the following equation instead of the
119 Kirkwood–Buff equation [41,42]:

ΔV ¼

Z
rbλ

4πr2 1−ρ rð Þ=ρ0½ �dr

1−N−1
Z

rbλ
4πr2ρ rð Þdr;

ð4Þ

121121 where ρ(r) is the distribution of solvent density at a distance r from the
solute and ρ0 is the bulk solvent density, which is equal toN/V, where N

122 is the number of solvent molecules and V is the volume of the system,
123 and λ is the integral cutoff distance, which is determined so that the ob-
124 tained ΔV value converges well. Using this equation, we can calculate
125 the value of the partial molar volume from the distribution of solvent
126 molecules' density around a solute molecule. The density distribution
127 is related to g(r) as ρ(r) = ρ0g(r). So, using Eq. (4), we can calculate
128 the partial molar volume from radial distribution functions like the
129 Kirkwood–Buff theory, although this radial distribution function is
130 defined in a canonical ensemble unlike the Kirkwood–Buff theory. We
131 performed molecular dynamics simulations to obtain the g(r) between
132 the solute and the solvent.

133Molecular dynamics simulations were performed with the
134GROMACS software, version 4.5.5 [46]. We chose five ions (Na+, K+,
135Cl−, Br−, and Ca2+) as solutes, and the solvent was water. Water was
136modeled using the TIP3P potential, which consists of the Lennard–
137Jones potential, a negative charge on an oxygen atom, and a positive
138charge on a hydrogen atom; we used the OPLSAA force field [47] for
139ions. We also prepared a neutral solute labeled as Na0 that has the
140same Lennard–Jones potential as Na+ (OPLSAA), but has no charge.
141Table 1 shows the force-field parameters used in the simulations. Each
142simulation box had 1500 water molecules and one solute ion. The tem-
143peraturewas 298 K, and the pressure was 1 atm.We adopted the Nose–
144Hoover thermostat [48,49] for temperature control and the Q6Parrinello–
145Raman balostat [50] for pressure control. ρ0 in Eq. (4) was calculated
146as N〈V〉P Q7, where 〈V〉P means the average value of the system volume V.
147Although electroneutrality conditions do not hold for systems that con-
148tain a single ion, we used the particlemesh Ewaldmethod [51] to calcu-
149late the coulombic interaction. After a 200 ps equilibration time, 100 ns
150simulations were performed. These simulations provided a trajectory
151from which we obtained g(r) using a program included in the
152GROMACS package, and evaluated the partial molar volume of ions
153using Eq. (4). We defined the centers of water molecules two ways:
154one method was based on oxygen atoms; and the other was based on
155hydrogen atoms. Although each water molecule has two hydrogen
156atoms, only one of them was used to calculate the g(r). Because of the
157symmetric structure of water molecules, the results do not depend on
158the choice of hydrogen atom.

1593. Results and discussion

160Fig. 1 shows the dependence of the partialmolar volumes offive ions
161and one neutral solute on the integral cutoff distance λ obtained using
162Eq. (4). In each solute's case, two lines are generated that correspond
163to definitions of the water molecular centers: the oxygen atom and
164one of the hydrogen atoms. All values of partial molar volumes in
165Fig. 1 converged well at 15 Å. Two converged values did not agree, ex-
166cept for the values for the neutral solute. These results suggest that
167the partial molar volume of a single ion depends on the definition of
168the solvent molecular center. In the case of cations, the partial molar
169volumes obtained from distributions of hydrogen atoms are larger
170than those obtained from distributions of oxygen atoms. In contrast, in
171the case of anions, these relationships are opposite. The absolute values
172of the differences between the two partial molar volumes are almost
173same for monovalent ions (~36 Å3), whereas for Ca2+ ions, this value
174(~72 Å3) is twice of that of the monovalent case. Thus, unlike the case
175of a neutral solute, the values of the partial molar volumes depend on
176the definition of the molecular center when the solutes have a nonzero
177net charge.
178To facilitate understanding of these differences in the partial molar
179volumes, Eq. (4) is rewritten in a more intuitive form as

ΔV ¼ V−N
V−Vsphere λð Þ
N−Nsphere λð Þ ; ð5Þ

181181

t1:1Table 1
t1:2Force-field parameters for water molecule and solutes.

Site σ (Å) ϵ (kJ mol−1) Charge t1:3

O 3.15061e+00 6.36386e−01 −0.834 t1:4

H 0.00000e+00 0.00000e+00 0.417 t1:5

Na+ 3.33045e+00 1.15980e−02 1.000 t1:6

K+ 4.93463e+00 1.37235e−03 1.000 t1:7

Cl− 4.41724e+00 4.92833e−01 −1.000 t1:8

Br− 4.62376e+00 3.76560e−01 −1.000 t1:9

Ca2+ 2.41203e+00 1.88136e+00 2.000 t1:10

Na0 3.33045e+00 1.15980e−02 0.000 t1:11
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