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• Where does Ba stick? 
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• Packing 

• Outer-shell 

• Chemical

Quasi-chemical theory
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identifies the osmotic second virial coe�cient B2 = v̄wM
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�
, and then the factor

M in Eq. (5.1). The subtracted (1� ')
�
1� 1

M

�
of Eq. (5.3) describes excluded

volume (packing) e↵ects when the volume fraction is chosen as the concentration

variable, and ideal mixing volumes are assumed. That term linear in (1� ') is thus

necessary for ideal behavior of the osmotic pressure at low solute concentration when

the volume fraction variable is used. The intent of the original physical theory is that

a concentration-independent �wp should describe the e↵ects of attractive interactions

as in Eq. (5.2).

These theoretical considerations acquire practical significance from recent de-

velopment of molecular quasi-chemical theory (Fig. 5.1) for the excess chemical po-

tential of the water in aqueous solutions. [144–150] The central result

�µ(ex)
w (', p, T ) = � ln p(0)(n� = 0) + lnhe�" | n� = 0i+ ln p(n� = 0) (5.9)

provides physical and systematically improvable approximations in terms of packing,

outer-shell and chemical contributions, from left-to-right. The packing contribution

is obtained from the observed probability p(0)(n� = 0) for successful random insertion

of a spherical cavity of radius � into the simulation cell. Similarly, the chemical

contribution is defined with the probability p(n� = 0) that a water molecule actually
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Abstract

Hydration structure of Ba2+ ion is important for understanding blocking mechanism in potassium ion channels. This paper
combines statistical mechanical theory, molecular simulations and electronic structure calculations to calculate hydration free
energy of Ba2+ ion. Molecular dynamics simulation results were used to separate inner shell and outer shell interactions.
Electronic structure calculations on ion-water complexes [Ba(H2O)n]2+ for n = 8 predicted hydration free energies (305.32
kcal/mol) comparable to available experimental value (302.56 kcal/mol). These energy predictions were independent of sep-
aration radius between inner and outer shell interactions. Selection of separation radius (�) and coordination number (n) for
quasi-chemical approach are discussed.
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Potassium (K+) ion channels selectively filter K+ ions
over Na+ ions across cell membranes. Tremendous efforts
have been devoted to understand selection mechanism, bind-
ing sites of these channels. These membranes transport crit-
ical component; K+ ion; that activates cells for transmem-
brane signal transduction in the immune system. Further-
more, there is a broad enthusiasm for incorporating ion chan-
nel function into synthetic membranes for the purpose of
engineering new devices, such as efficient water desalination
membranes and artificial cells. One critical issue for under-
standing and harnessing ion channel function is their suscep-
tible to long time-scale block by a large variety of ions and
small molecules. Ba2+ blocks K+ channels by electrostatic
stabilization and sometimes used as an method to understand
K+ channel permeation.(1, 2) Although, blocking site has
been identified, blocking mechanism and complete structural
analysis of blocking site is open for debate.

Free energy calculations performed on some blockers
suggest energetics dominate over dynamics at the binding
sites.(3) Solvation properties of ions in water are similar to
at the binding site inside ion channels hence, to understand
blocking by Ba2+ we first determined its solvation prop-
erties in water because water is the reference environment
for channel block. Next we determined the thermodynamic
properties of Ba2+ hydration. Quasi-chemical theory is used
to isolate inner-shell from outer-shell interactions and to
calculate hydration free energy.

Theory

Quasi-chemical theory is well known for calculating excess
chemical potential of small molecules(4). We used this the-
ory to calculate excess hydration free energy of Ba2+(aq)
ion. Previously, similar efforts have successfully calculated
hydration free energies of Na+(5), Li+(6), K+(5), Rb+(7)
and Be2+(8) ions. Recently extensive review on these meth-
ods is published.(9) The free energy of ion can be written
as,

µ

(ex)
Ba2+

= �kT lnK(0)
n ⇢

n
H2O + kT lnpBa2+(n)

+ µ

(ex)

Ba(H2O)2+n
� nµ

(ex)
H2O

(1)

The first term represents equillibrium ratio K

(0)
n for the asso-

ciation reaction (Eq. 2) treated as in an ideal gas phase; hence
the superscript (0);

Ba2+ + nH2O *

)

Ba(H2O)2+n (2)

Further, the combination µ

(ex)

Ba(H2O)2+n
�nµ

(ex)
H2O

balances free
energy for the association reaction. pBa2+(n) is the proba-
bility of observing n water molecules in the inner shell of
radius �. Contribution of this term will be zero if inner shell
is strictly defined by a single coordination number. This con-
tribution is easy to calculate using AIMD simulation data
and detail results for several � values are provided as a
supplimentary information.

© 2013 The Authors

0006-3495/08/09/2624/12 $2.00 doi: 10.1529/biophysj.106.090944

Biophysical Journal Volume: 00 Month Year 1–6 1

Hydration free energy of Ba2+ using quasi-chemical theory

Mangesh I. Chaudhari, Marielle Soniat, Susan B. Rempe*

Department of Chemistry, University of New Orleans, LA; and Sandia National Laboratories, Center
for Biological and Materials Sciences, Albuquerque, NM, 87123

Abstract

Hydration structure of Ba2+ ion is important for understanding blocking mechanism in potassium ion channels. This paper
combines statistical mechanical theory, molecular simulations and electronic structure calculations to calculate hydration free
energy of Ba2+ ion. Molecular dynamics simulation results were used to separate inner shell and outer shell interactions.
Electronic structure calculations on ion-water complexes [Ba(H2O)n]2+ for n = 8 predicted hydration free energies (305.32
kcal/mol) comparable to available experimental value (302.56 kcal/mol). These energy predictions were independent of sep-
aration radius between inner and outer shell interactions. Selection of separation radius (�) and coordination number (n) for
quasi-chemical approach are discussed.

Insert Received for publication Date and in final form Date.
*Correspondance:slrempe@sandia.gov

Potassium (K+) ion channels selectively filter K+ ions
over Na+ ions across cell membranes. Tremendous efforts
have been devoted to understand selection mechanism, bind-
ing sites of these channels. These membranes transport crit-
ical component; K+ ion; that activates cells for transmem-
brane signal transduction in the immune system. Further-
more, there is a broad enthusiasm for incorporating ion chan-
nel function into synthetic membranes for the purpose of
engineering new devices, such as efficient water desalination
membranes and artificial cells. One critical issue for under-
standing and harnessing ion channel function is their suscep-
tible to long time-scale block by a large variety of ions and
small molecules. Ba2+ blocks K+ channels by electrostatic
stabilization and sometimes used as an method to understand
K+ channel permeation.(1, 2) Although, blocking site has
been identified, blocking mechanism and complete structural
analysis of blocking site is open for debate.

Free energy calculations performed on some blockers
suggest energetics dominate over dynamics at the binding
sites.(3) Solvation properties of ions in water are similar to
at the binding site inside ion channels hence, to understand
blocking by Ba2+ we first determined its solvation prop-
erties in water because water is the reference environment
for channel block. Next we determined the thermodynamic
properties of Ba2+ hydration. Quasi-chemical theory is used
to isolate inner-shell from outer-shell interactions and to
calculate hydration free energy.

Theory

Quasi-chemical theory is well known for calculating excess
chemical potential of small molecules(4). We used this the-
ory to calculate excess hydration free energy of Ba2+(aq)
ion. Previously, similar efforts have successfully calculated
hydration free energies of Na+(5), Li+(6), K+(5), Rb+(7)
and Be2+(8) ions. Recently extensive review on these meth-
ods is published.(9) The free energy of ion can be written
as,

µ

(ex)
Ba2+

= �kT lnK(0)
n ⇢

n
H2O + kT lnpBa2+(n)

+ µ

(ex)

Ba(H2O)2+n
� nµ

(ex)
H2O

(1)

The first term represents equillibrium ratio K

(0)
n for the asso-

ciation reaction (Eq. 2) treated as in an ideal gas phase; hence
the superscript (0);

Ba2+ + nH2O *

)

Ba(H2O)2+n (2)

Further, the combination µ

(ex)

Ba(H2O)2+n
�nµ

(ex)
H2O

balances free
energy for the association reaction. pBa2+(n) is the proba-
bility of observing n water molecules in the inner shell of
radius �. Contribution of this term will be zero if inner shell
is strictly defined by a single coordination number. This con-
tribution is easy to calculate using AIMD simulation data
and detail results for several � values are provided as a
supplimentary information.

© 2013 The Authors

0006-3495/08/09/2624/12 $2.00 doi: 10.1529/biophysj.106.090944

Quasi-chemical study of Be2þ(aq) speciation

D. Asthagiri, Lawrence R. Pratt *

Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Received 10 January 2003; in final form 10 January 2003

Abstract

Be2þðaqÞ hydrolysis can to lead to the formation of multi-beryllium clusters, but the thermodynamics of this process
has not been resolved theoretically. We study the hydration state of an isolated Be2þ ion using both the quasi-chemical
theory of solutions and ab initio molecular dynamics. These studies confirm that Be2þðaqÞ is tetra-hydrated. The quasi-
chemical approach is then applied to then the deprotonation of BeðH2OÞ2þ4 to give BeOHðH2OÞþ3 . The calculated pKa of
3.8 is in good agreement with the experimentally suggested value around 3.5. The calculated energetics for the for-
mation of [Be $OH $ Be%3þ are then obtained in fair agreement with experiments.
! 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Beryllium metal has properties that make it
technologically very attractive [1], but these ad-
vantages are severely counterbalanced by the high
toxicity of inhaled beryllium dust, which causes
chronic beryllium disease in a subset of exposed
individuals [2]. The etiology of this autoimmune
disease [3] is poorly understood, but the final dis-
ease state is characterized by lung failure.

Aqueous beryllium chemistry is also incom-
pletely understood. Experiments suggest that be-
ryllium mediated hydrolysis of water leads to the
formation of multi-beryllium clusters [1,4]. This
same mechanism is likely involved in the dissolu-
tion of Be2þðaqÞ and of importance in environ-
mental clean-up strategies. Such mechanisms likely

underlie deposition of beryllium in biomaterials,
and thus perhaps in the development of chronic
beryllium disease. Thus a molecular understanding
of Be2þðaqÞ and formation of multi-beryllium
species would provide a foundation for addressing
these issues of wide importance. This Letter takes
an initial theoretical step in understanding the
aggregation/disaggregation of beryllium clusters in
water.

Early electronic structure calculations on beryl-
lium hydration were performed on small clusters
[5,6] and some attempted to include the second hy-
dration shell in terms of the reaction field approach
[7] or explicitly [8]. Molecular dynamics simulation
[9] showed that assuming pair-wise intermolecular
interactions lead a hydration number was six (6)
whereas including three-body effects brought the
hydration number down to four (4) consistent with
solution X-ray diffraction experiments.

Be2þ hydration has also been considered within
the Car–Parrinello approach [10–12]. There a

Chemical Physics Letters 371 (2003) 613–619
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Case study of Rb+(aq), quasi-chemical theory
of ion hydration, and the no split
occupancies rule
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Quasi-chemical theory applied to ion hydration combines statistical mechanical theory,
electronic structure calculations, andmolecular simulation, disciplines which are individually
subjects for specialized professional attention. Because it combines activities which are
themselves non-trivial, quasi-chemical theory is typically viewed with surprise. Nevertheless,
it provides a fully-considered framework for analysis of ion hydration. Furthermore, the
initial calculations are indeed simple, successful, and provide new information to long-
standing experimental activities such as neutron diffraction by hydrated ions. Here we
review quasi-chemical theory in the context of a challenging application, Rb+(aq).

1 Introduction

Water is a chemically active liquid. Probably the most primitive aspect of that
chemical activity is dissolution of electrolytes, and the chemical processes based
on availability of dissolved ions. One example is salt as a trigger of autoimmune
disease.1–4 Another example, presumably related to the first,5,6 is the selective
transport of dissolved ions across membranes.7–9 Rubidium (Rb+) is interesting in
this respect because it serves as an analog of potassium (K+) that conducts current
through potassium ion channels, even though Rb+ is slightly larger (by 0.2 Å).10,11

In addition to this chemical activity, water has long been a serious challenge for
statistical mechanical theory of liquids, which itself is properly almost entirely classical
mechanical theory.12 The challenge presented by liquid water is the variety of
intermolecular interactions that must be considered with a wide range of interaction
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Potassium (K+) ion channels selectively filter K+ ions
over Na+ ions across cell membranes. Tremendous efforts
have been devoted to understand selection mechanism, bind-
ing sites of these channels. These membranes transport crit-
ical component; K+ ion; that activates cells for transmem-
brane signal transduction in the immune system. Further-
more, there is a broad enthusiasm for incorporating ion chan-
nel function into synthetic membranes for the purpose of
engineering new devices, such as efficient water desalination
membranes and artificial cells. One critical issue for under-
standing and harnessing ion channel function is their suscep-
tible to long time-scale block by a large variety of ions and
small molecules. Ba2+ blocks K+ channels by electrostatic
stabilization and sometimes used as an method to understand
K+ channel permeation.(1, 2) Although, blocking site has
been identified, blocking mechanism and complete structural
analysis of blocking site is open for debate.

Free energy calculations performed on some blockers
suggest energetics dominate over dynamics at the binding
sites.(3) Solvation properties of ions in water are similar to
at the binding site inside ion channels hence, to understand
blocking by Ba2+ we first determined its solvation prop-
erties in water because water is the reference environment
for channel block. Next we determined the thermodynamic
properties of Ba2+ hydration. Quasi-chemical theory is used
to isolate inner-shell from outer-shell interactions and to
calculate hydration free energy.

Theory

Quasi-chemical theory is well known for calculating excess
chemical potential of small molecules(4). We used this the-
ory to calculate excess hydration free energy of Ba2+(aq)
ion. Previously, similar efforts have successfully calculated
hydration free energies of Na+(5), Li+(6), K+(5), Rb+(7)
and Be2+(8) ions. Recently extensive review on these meth-
ods is published.(9) The free energy of ion can be written
as,
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balances free
energy for the association reaction. pBa2+(n) is the proba-
bility of observing n water molecules in the inner shell of
radius �. Contribution of this term will be zero if inner shell
is strictly defined by a single coordination number. This con-
tribution is easy to calculate using AIMD simulation data
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• Ab-initio MD (1 Ba2+/64 H2O) 

• Electronic structure calculations  

• Cluster approach 

• Lambda selection 

Barium

12.41 Å
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Structure of first inner shell
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Ba2+(H2O)n clusters
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Selection of Functionals
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Hydration free energy 
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Hydration free energy
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Occupancies of various inner shell definitions
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Different parts of hydration free energy
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Strontium
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Hydration free energy
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Sequential gas phase hydration free energy Strontium ion
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Fluoride
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Summary
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