
INTRODUCTION !
!

Ion hydration is biologically important as a reference environment for ion transport across cellular 
membrane. Cells like those in the brain, heart and muscle exert exquisite control over ion concentration 
gradients across their membranes for electrical signaling. Cellular mechanisms of ion transport may be 
useful for designing better membranes for power generation and water purification. Here, we combine 
ab-initio simulations, electronic structure calculations and statistical mechanical theory to interrogate 
the hydration structures and free energies of divalent cations. The predicted hydration free energies are 
compared with experimental values. We also address a long-standing puzzle about whether or not ion 
channel binding sites mimic the hydration structure of specific ions to promote their transport. Our 
studies focus on Mg2+, Ca2+, Sr2+ and Ba2+ ions. 
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CONCLUSIONS!
•  QCT predicts hydration free energy that is comparable to 

experimental values provided complete inner shell environment 
is specified 

•  Ion channels (Calcium, Magnesium and Potassium) mimic 
hydration structure at the binding sites allowing selective 
transport through membranes.  

•  K-channel blockers Ba and Sr shown 8-fold coordination 
structure as most stable structure in water (similar to binding site 
configuration). 

•  Calcium and Magnesium channels are huge and allow hydrated 
ions to go through based on size of ion-water clusters.  

Hydration mimicry of Mg2+, Ca2+, Sr2+ and Ba2+ ions in the ion-channel 
Mangesh I. Chaudhari, Juan M. Vanegas and Susan B. Rempe 
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METHOD!
•  VASP ab-initio molecular dynamics simulation package  

•  System: Single ion in 64 water molecules, NVT, T= 330 K, p=1 atm 

•  Gaussian 09 was used for electronic structure calculations 

•  TPSS basis set, PCM model, pseudo-potentials for core electrons. 

•  Graphics are produced using VMD and Chimera 

Our study focused on hydration structure and evaluation of hydration free 
energy using quasi-chemical theory. Near neighbor distribution yields 
structural insights which are relevant to deduce local coordination structure. 

This is the first time such an extensive study was carried out on divalent ions 
using quasi-chemical theory.  
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FIG. 5: Mg2+ clusters with 6 and 7 watergaus.log
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FIG. 6: Ca2+ clusters with 7 and 8 water
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FIG. 7: Sr2+ clusters with 7 and 8 water
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FIG. 8: Ba2+ clusters with 8 and 9 water
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FIG. 9: Hydration free energy results for various � values.
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FIG. 3: Rdf from ion to water-O. Radial distribution function between ion and water-O is shown along with the running
coordination number hn(r)i = 4⇡⇢O

R
r

0
gXO(r)r

2dr (red dashed line). Near neighbor distribution allows us to understand how
the solvent is distributed around the ion. As the size of ions increases from Mg2+ <Ca2+ <Sr2+ <Ba2+ the rdf shifts towards
right and number of water molecules inside the first shell increases indicated by n(r). The number of water molecules required
to define a first-inner shell are shown as labels (black) and it increases from 6 for Mg2+ to 8 for Ba2+. Last 10 ps trajectory
was used for these calculations. Smaller ions have clearly defined inner shell characterized by flat n(r) curve and almost zero
rdf. For all these ions, first six water molecules are su�cient to define first peak. (blue dotted line and label)
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FIG. 10: QCT components at various � values. Two more
graphs will be added soon.
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FIG. 11: Comparison between experimental and QCT values.
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HYDRATION MIMICRY!
[Mg(H2O)6+1]2+

 cluster in Mg-ion 
channel (PDB:4U9L) 

[Ca(H2O)8]2+
 cluster in Ca-ion 

channel (PDB:4MS2) 
[Ba(-O)8]2+

 ion at binding site in K-
ion channel (PDB:4PDR) 

Mg 

Ba 

Mg Mg Ca Mg 
Ba Ba 

Optimized clusters of ion and water in the dielectric continuum of water are comparable to ion structures 
inside the ion channels. 

Ba Sr 

Radial distribution function and running coordination number Effect of QCT parameter selection on ΔGHyd Decomposition of QCT terms 

QUASI-CHEMICAL THEORY (QCT)!
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II. QUASI-CHEMICAL THEORY

Potential distribution theorem provides a partition
function to separate inner and outer-shell contributions

involved in the calculation of µ(ex)
X

38,59.

�µ

(ex)
X = �lnhhe���U ii0 (1)

The brackets hh. . .ii0 indicate ensemble average with in-
teractions between solute and solvent are absent. This
can be re-written for standard thermal average with so-
lute and solvent interactions fully defined as,

�µ

(ex)
X = lnhe��U i (2)

These basics are used to formulate quasi-chemical equa-
tion for the ions. Quasi-chemical theory (QCT) is use-
ful for calculating excess chemical potential of small
molecules/ions in solutions.36,40,42,47,49,58,60–63 This ex-
cess chemical potential is related to hydration free energy

by µ

(ex)
X = (@G/@nX)T,p,n� 6=X. Where, T is the temper-

ature, p the pressure, and n

�

is the number of species �.
Physical picture of QCT is explained in FIG.2. This the-
ory isolates di↵erent contributions towards excess chemi-
cal potential based on Van der Waal’s interactions. Prob-
ability of forming a spontaneous cavity of radius � in the
simulation cell is called packing contribution. Free en-
ergy required to place an ion/solute inside this cavity is
called as outer�shell contribution. Finally contribution
of energy when these constraints are released and every-
thing interacts with each other is referred as chemical

contribution towards µ(ex)
X .

One can calculate all these contributions by analyz-
ing simulation trajectories for a given definition of �

to get excess chemical potential.58 However, for ions we
isolate inner-shell ion-cluster from outer-shell neighbor-
hood and rely on detailed painstaking treatment of clus-
ter with full molecular resolution. Detail derivations is
given elsewhere.38 Outer-shell neighborhood is not ne-
glected but represented with coarse models such as di-
electric continuum. An important physical observation
is that an appropriate inclusion of an inner shell only
can capture most of the e↵ects of the solvent on the so-
lute of interest.64–66 The QCT is the theory of inclusions
of that sort. Standard simulations codes are available
to calculate these free energy changes. For ions, QCT
equation can be written as,

µ

(ex)
X = �kT lnK(0)

n

⇢

n

H2O + kT lnpX(n)

+ (µ(ex)

X(H2O)2+n
� nµ

(ex)
H2O

). (3)

Equilibrium ratio (K(0)
n

) in Eq.3 is calculated for
ideal gas phase reaction (Eq.4), and the density term,
⇢H2O = 1 gm/cm3 is the density of water at T=298
K and p=1 atm. The actual density for cluster is
(⇢H2O/⇢0) and the energy penalty of ligand replacement

is �nkT ln(⇢H2O/⇢0) ⇡ �nkT ln(1354) at standard state

�µ
(ex)
X =

�n�µ
(ex)
H2O

�ln[K(0)
(C

n

)⇢nH2O]+�µ
(ex)
X.(H2O)

n

+ lnpX(n)

FIG. 2: Excess chemical potential (µ(ex)
X ) for solvation of so-

lute X (red dot) can be calculated using this QCT construc-
tion. Solvent molecules are removed from the environment,
ideal gas phase ion binding to form X.(H2O)

n

, followed by
solvation of cluster, and constraint release. These steps are
depicted in the picture for n=4.

for cluster of ion with n solvent molecules and ⇢0 =
p/RT .37,38,67

X2+ + nH2O ⌦ X(H2O)2+
n

. (4)

K

(0)
n

=
⇢X(H2O)2+n

⇢X2+
⇢

n

H2O

(5)

Second term calculates energy required for solvation
of ion-water cluster by analyzing probability of finding
them in the simulation trajectory (kT lnpX(n)). The free
energy change due to this reaction is given by this term.
If the inner-shell is defined by single coordination number
this term becomes zero. This approximation is valid for
n=n̄. Evaluation of this term can be obtained from sim-
ple analysis on AIMD results. Apart from this term, right
side of eq.3 is independent of n and inner-shell definition
(�). Nevertheless, some choices of n and � are more
convenient that others. Goal of this study is to under-
stand how di↵erent choices of n and � a↵ect free energy
predictions. Free energy contribution of cluster in dielec-

tric continuum evaluates µ(ex)

X(H2O)2+n
�nµ

(ex)
H2O

term.68 This

term balances the free energy for the ion-water associa-
tion reaction.

III. METHODS

The principle challenge in predicting local hydration
structure and association free energies for ions is to rep-
resent the broad range of molecular interactions involved
in ion complexation reactions. Previous studies suggest
that treatment of multi-body interactions is important
for those predictions.69–71 Accordingly, we chose to model
the hydrated ions using density functional theory (DFT)
since that approach naturally accounts for interactions
between pairs and larger groups of atoms.
Ab initio molecular dynamics (AIMD) simulations on

a single ion solvated by 64 waters were performed using
the VASP AIMD simulation package.72 A cubic box of
12.417 Å was used with periodic boundary conditions to
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