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ABSTRACT 

 
An integrated graph-theoretic and geometric approach to the analysis of aqueous 

solvation of atomic ions is presented. This analysis makes use of a novel data-mining 

tool, moleculaRnetworks, to process data from molecular dynamics simulations. The 

workings and structure of this tool are discussed, along with the development and testing 

of its PageRank algorithm-based rapid solvation polyhedra classifier. The ability to 

classify instantaneous solvation polyhedra enables a finely detailed understanding of shell 

structure-behavior relationships, as water molecules simultaneously rearrange about ions, 

exchange with the bulk, and rearrange their hydrogen-bond network. The application of 

the tool to cation systems, including lithium, sodium, potassium, magnesium, calcium, 

and lanthanum, yields new insight into the mechanisms of water exchange about these 

ions. It is shown that in order for exchange events to occur, the solvation shell must 

“preorganize” to admit or expel a molecule of water: this preorganization is reflected in 

the mechanistic preference for each ion. The application of the tool to anion systems, 

including fluoride, chloride, and bromide, reveals that these ions have an extended effect 

on the reorientation ability of water molecules beyond their first solvation shell. Finally, 

when both ions are present, as in the potential of mean force simulation between 

lanthanum and chloride, structural rearrangements can be seen as the ions break through 

the barrier to form the contact ion pair. Taken together, these results show the utility of 

the moleculaRnetworks tool in broadening our understanding of aqueous ion solvation. 
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1. INTRODUCTION 

The aqueous solvation of atomic ions is a topic of fundamental importance in 

chemistry, and insofar as the behavior of ions in solution contribute to and control 

technological, biological, and physical processes, it is a prime example of the relevance 

of the central science to myriad fields.1-5In separations, understanding solvation is key to 

optimizing the extraction of toxic metal ions from waste – both in the choices of solvents 

and ligands, as well as in the behavior of ions and their counterions at the interface.6 In 

biology, the presence of ions in the cellular milieu allows for the complex structures of 

proteins and the elegant spiral of DNA,7 while the electrochemical gradients from sodium 

and potassium ion buildup along membranes allow neural and muscular function.8 In 

medicine, control of the rates of water exchange within gadolinium complexes enables 

the development of contrast agents for magnetic resonance imaging.9 

 Despite broad interest in the aqueous solvation of ions, much work remains to 

understand this fundamental physicochemical process completely. In part because 

solvation is essentially a nanoscale phenomenon, molecular dynamics (MD) simulation is 

a tool that has proven increasingly valuable in recent years.5 This dissertation represents a 

foray into MD simulation in order to uncover which basic structural aspects of atomic ion 

solvation influence the process of water exchange: 

!!!!!!!!
!!!!!!!!!!

!

!!!!!!!!!!!!
! 

Exchange is the simplest chemical reaction a solvated ion may undergo, and is a 

key component of understanding how one might extract an ion from said aqueous 

solution. During this process, water molecules must rearrange themselves about the ion 
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such that their 3D structure, characterized in terms of polyhedra in a natural extension of 

ligand field theory of inorganic chemistry, changes in a classifiable way. Likewise, the 

presence of an ion disrupts the natural arrangement of water molecules, affecting the 

ability of the nearest neighbor waters to form hydrogen bonds; depending upon the 

strength of the interaction, this may produce a “ripple effect” upon the hydrogen bonding 

of their nearest neighbor water molecules, and so on further from the ion center. The 

ability to form new hydrogen bonds is believed to play a role in exchange, just as water 

molecules must break and re-form hydrogen bonds to diffuse in pure H2O.2 

 To be maximally useful, molecular simulation must go beyond reproduction of 

known quantities from experiment. Indeed, MD justifies itself by its predictive power, 

drawn from the knowledge of all particle positions at all times. In this dissertation we 

describe predictions and insights from MD, enabled by an analysis tool of our own 

design. By adopting a multipronged, synergistic approach to the investigation of 

solvation structure, we are able to identify several striking features of solvation for both 

cations and anions, including ion-specific polyhedra distributions, orientational effects 

beyond the first solvent shell, and the effects of each upon water exchange, as presented 

in the four papers given here as appendices. 

This introduction is organized as follows: first, an overview of what is known, 

from experiment and theory, about ions in solution is presented in Section I. The 

descriptors of solvation in common use in the literature are discussed. As this dissertation 

maintains a focus on theory, complementary experimental techniques receive a brief 

mention therein. Next, the method of molecular dynamics is described in Section II. 
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Standard analysis techniques from molecular dynamics data are presented in Section III. 

Graph theory is introduced in Section IV, including the PageRank algorithm used heavily 

in this work. The Introduction concludes in Section V, wherein is contained an outline of 

the remainder of the dissertation. 
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I. Understanding Aqueous Ion Solvation 
 

A. Fundamentals of Solvation 
 

To understand how ions affect water, we must understand water first. By itself, 

water is a complex substance with many anomalous properties: for example, a density 

maximum above the freezing point, which may be attributed to the hydrogen bonding (H-

bonding) structure of water. The filling of all four H-bonding sites on each molecule 

causes frozen water to form tetrahedrally arranged ice crystals, in which the space 

between the water molecules is greater than that found in the liquid phase. Melting 

collapses the tetrahedra; then, as water heats from 0 to 4oC, H-bonds are broken, creating 

van der Waals contacts and densifying the liquid. Beyond 4oC, increases in temperature 

break van der Waals contacts, and the water expands as with “normal” liquids. 

Once ice is melted, however, the so-called “structure” of water becomes difficult 

to define. As discussed in Marcus’s 2009 review,5 the total correlation function, g(r), 

obtained from Fourier transformation of experimental structure factors, is not unlike that 

of the amorphous liquid argon. (For a mathematical formulation of g(r), see Section III 

below.) In spite of this, ion-dependent changes in water’s structure continue to be 

invoked as an explanation for specific ion effects, e.g. ions in the biochemical Hofmeister 

series have been referred to as “structure makers” and “structure breakers”.4 

This apparent contradiction is resolved by consideration of alternative definitions 

of structure. Indeed, what is often meant is not the effect upon g(r), but rather upon the 

H-bond connectivity.4,5,11 Water molecules in the liquid state are hydrogen bonded to 

other water molecules, which in turn H-bond to other water molecules to form what is 
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termed the hydrogen bond network. This network may percolate (connect all to all) or be 

confined to local regions of space, forming H-bonded clusters of water molecules, e.g. 

water molecules inside a lipid bicelle. Characterization of this H-bond network is difficult 

due to the constant, rapid rearrangement of H-bonding partners.11 

 It is clear that, at least locally, ions have an effect on the water that solvates 

them.1-5 The interaction between an ion and its surrounding water molecules defines 

solvation. Ionic systems, comprised of cation(s) and anion(s), are able to dissociate in 

solution due to the stabilizing effects of these solvation interactions. In water, cations are 

solvated by ion-dipole interactions, such that the cation draws electron density toward 

itself. Anions, by contrast, may interact with water through an ion-dipole interaction 

and/or H-bond(s). The result, in either case, is a series of concentric solvation “shells” 

about the ion, extending into the bulk. For small, highly charged ions, these shells may be 

quite compact; for H2O within the first (closest) shell, certainly, their immediate 

environment is quite different from that outside the shell. 

 The solvation shells can be described by several descriptors: their size, which may 

or may not be synonymous with coordination number (CN); their shape, which may have 

a favored polyhedral configuration or be amorphous; their ordering, in terms of 

preferential orientation of dipole or H-bond angles; and their tightness, i.e. exchange rate. 

The “tightness” of the shell is related to the average amount of time an individual water 

molecule spends within it; this is called the mean residence time (MRT),13 and is on the 

order of pico- to nanoseconds for the cations in our list (vide infra). 
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We confine our discussion of cations to those from Group I and II in the periodic 

table, which have filled shells and as such do not have d-orbital interactions with water. 

Specifically, we investigated Li+, Na+, K+, Mg2+, Ca2+, and La3+. The lanthanides, of 

which La3+ is prototypical, are similar in that their f-orbitals are too distant in energy to 

interact with H2O.14 Thus, Group I and II cations serve as excellent model systems for 

comparison of ionic behavior, having a roughly spherical interaction that may be 

reproduced classically through pairwise interaction potentials (see Section II). As for 

their solvation shells, they are highly ordered and tightly held, proportionally to charge 

and inversely to size, and the di- and trivalent ions may have more than one.1-5 

As for anions, the only monatomic anions that are sufficiently weak bases to exist 

in water are the halides of Group VII. In our work, we examine F-, Cl-, and Br-. As with 

the cations studied in the present work, their interaction is roughly spherical, although 

they have a large polarizability and may carry an induced dipole. Their greater ionic 

radius, along with their weaker interaction with H2O, leads their solvation shells to be 

larger than their cation counterparts’, with more highly variable size and shape and more 

rapid exchange, e.g. the MRTs for the anions in the study are on the order of H-bond 

lifetimes.15 

Much work has been devoted to characterizing these ions, and the relevant 

experimental techniques, along with a brief mention of the findings from each, are 

summarized in the next subsection. 
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B. Probes of Structure and Dynamics 

i. Scattering 

A number of experimental methods for probing the structure of water (and other 

liquids) exist. Scattering studies provide a wealth of information pertaining to the 

arrangements of atoms in relationship to the scattering center. This information is, of 

course, averaged over all available scattering centers in the system, although some 

sophisticated modern techniques are surface-sensitive. There exist several types of 

scattering experiments; chief among them are x-ray and neutron scattering, so named for 

the type of radiation or particle impinging upon the system of interest. 

X-ray scattering studies on ion-water systems have been used to establish the size 

of the solvation shell. The 1993 review by Ohtaki and Radnai1 covers many of the early 

experiments, while the review by Marcus5 covers experiments performed after this 

review. Results (pre- and post-1993) may be found in Table 1 at the end of this section. 

Due to the high concentrations of ions required, the interpretation of these studies is 

highly controversial. Techniques including Extended X-ray Absorption Fine Structure 

(EXAFS) and X-ray Absorption Near-Edge Structure (XANES) – which investigate the 

backscattering of emitted photoelectrons – have also been used; 16,17 while these may use 

much more dilute systems, they often involve a synchrotron source. XAS and x-ray 

Raman scattering (XRS) studies have also been done on neat water to show the number 

of H-bonds per water molecule; computer simulation is used to interpret the data.18    

Neutron scattering studies on ion-water systems also have been done to probe the 

size and shape of ionic solvation shells. In contrast to x-ray scattering, hydrogen atoms 
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have a high absorption cross-section for neutrons. Therefore, the signal from neutron 

scattering studies is dominated by water, rather than the ions themselves, and ion-ion 

correlation is difficult to discern. Neutron diffraction with isotopic substitution (NDIS) 

has been used upon fairly dilute solutions to determine coordination numbers of many 

cations and anions, as well as to establish the presence or absence of a second solvation 

shell.19 Again, results for individual ions may be found in Table 1. 

 
ii. Vibrational Spectroscopy  

Infrared spectroscopy is a technique beloved of students of organic chemistry, in 

which light in the infrared region of the electromagnetic spectrum impinges upon a 

substance and is absorbed at characteristic frequencies corresponding to the IR-active 

normal modes of its chemical bonds. Once used in the synthetic laboratory for compound 

identification,20 IR is nowadays more often used for studying dynamics. The IR spectrum 

of water is well known as a broad peak near 3200 cm-1; this broadening is due to the H-

bonds, which perturb the vibration(s) to states of both higher and lower energy. As a 

probe of water structure, IR would seem to be of limited use; however, in recent years 

advanced femtosecond pump-pulse-probe experiments, in conjunction with studies on 

deuterated water, have made IR an indispensible tool for studying (short ranged) effects 

of solutes on water structure and dynamics.11 A 2001 article in Science by Kropman and 

Bakker21 presented their experimental breakthrough: the use of 2D IR spectroscopy of 

HOD in D2O in the investigation of ion effects on the H-bond network of water. Prior 

investigations on these effects were limited in that the solvating water molecules could 

not be distinguished from bulk.  
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Since these experiments, a great deal of research using 2D IR, particularly on the 

reorientational dynamics of water molecules near anions and interfaces, has been 

performed, and has been reviewed by Laage et al.15 This work has led to the development 

of the reorientational jump model, in which water is presumed to exchange H-bond 

partners by means of large-angle reorientational jumps. This is a first-order process with 

a measurable characteristic time, which is altered by the presence of surfaces or solutes, 

including halides. 

Raman spectroscopy22 is another tool that has been used to interrogate solvation; 

for individual ion results, the reader is directed to Table 1 at the end of the section. 

Raman active vibrational modes do not require a change in dipole moment, and as such 

one may detect the symmetric stretching of the ion-water complex. In this way one may 

infer both size and shape of the solvation shell, by comparison with predicted modes 

from particular geometries. Individual interactions are more difficult to probe, which is 

why ten years after Kropman and Bakker, another article in Science23 reported a first look 

at the anion-water hydrogen bond, using pump-probe techniques that exploit an optical 

Kerr effect to generate the Raman spectrum.  

 

iii. Other Methods 

Nuclear magnetic resonance (NMR) is another useful technique in understanding 

slow dynamics in aqueous systems. From NMR one acquires a hydration number, which 

is operationally defined and related to dynamic behavior, as opposed to the static 

coordination number from scattering. The relaxation time in NMR is longer than in other 
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techniques, thus it is suitable for more strongly bound systems such as La3+. Marcus5 

states that few relevant studies have been performed since 1993, suggesting that NMR is 

disfavored at present in studying aqueous ion solvation. 

Dielectric relaxation spectroscopy24 is used to determine the number of 

irrotationally bound waters – i.e. restricted in their ability to reorient themselves with 

respect to the water-ion vector – in the first solvation shell of ions. This is different from 

the coordination number as well as from the hydration number of NMR, and may include 

only a fraction of the nearest neighbor waters; at the other extreme, second-neighbor 

waters may also be irrotable. Therefore, although they are not “bound” in the 

conventional sense to the ion, they are within its sphere of direct influence, and provide a 

measure of the impact of the ion upon the solvating water. The results of dielectric 

relaxation spectroscopy are supplied as a ratio of irrotationally bound to scattering-based 

coordination N, Nib/N. The quantity 1 - Nib/N is treated as a measure of the enhancement 

(positive) or weakening (negative) of the ion’s presence on the H-bond network of water. 

The quantity Nib is given in Table 1 for all ions. 

 

iv. Simulation 

 Computer simulation is of paramount importance not only in interpreting 

experimental data, but more importantly in providing its own new insight into ion 

solvation. A large and growing body of work in this area exists, including the work in this 

dissertation. The work can be divided into two main areas of research: classical MD / 

Monte Carlo simulation, and ab initio MD. In the latter, the method of molecular 
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dynamics is combined with electronic structure calculations; as such, these simulations 

are more computationally demanding, and are performed on smaller scales for shorter 

periods of time than their classical counterparts. A thorough discussion of classical MD is 

included elsewhere in this work; as such, the reader is directed to Table 1 for a summary 

of the findings of prior researchers. 

 

Table 1. Summary of Work-to-Date on Aqueous Ion Solvation: Abbreviated Information 
from Major Review Articles 

 
Abbreviations: Xray = X-ray scattering. Neutron = neutron scattering. MD = molecular 
dynamics. QM/MD = quantum mechanical molecular dynamics. Dielec = dielectric 
relaxation spectroscopy. MC = Monte Carlo simulation. EXAFS = extended x-ray 
absorption fine structure. 
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II. Molecular Dynamics 

A. General Method 

The method of molecular dynamics was pioneered in the late 1950s – early  

1960s, but its tremendous growth became possible by the advent of the computer, which 

allows one to keep track of large arrays of data over hundreds of thousands of iterations.10 

The first liquid water computer simulations were reported by Rahman and Stillinger in 

1971;26 subsequently, many water models have been developed. Classical molecular 

dynamics works by simplifying chemical systems to remove their quantum aspects; 

chemical bonds are neither made nor broken (except in special cases of simulations along 

reaction coordinates).27 This eliminates the need to solve the Schrödinger equation many 

times for a many-body system, greatly reducing the computational load and allowing for 

the investigation of dynamics of larger systems for longer times. 

To remove the electrons while reproducing the chemistry, care must be taken in 

one’s approximations. Briefly, one may represent atoms or molecules as point particles of 

a given mass and charge, which interact with one another by means of a force field. This 

force field may be subdivided into inter- and intramolecular components, the former 

comprised of bonding interactions (e.g. harmonic potentials for chemical bonds, angles, 

and dihedrals) and the latter comprised of non-bonded interactions, including an 

interaction potential such as a hard sphere or the Lennard-Jones (12-6) potential, and an 

electrostatic (Coulomb) potential. For our purposes, we consider here only pairwise 

additive potentials, in which interactions are evaluated between pairs of atomic sites, 

although multibody potentials do exist. 
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The DL_POLY software, developed by Smith and Forester on a grant from the 

Engineering and Physical Sciences Research Council and the property of the Science and 

Technology Facilities Council in the UK, was used for the work described in this 

dissertation. DL_POLY 2, designed for small-to-medium scale simulations (up to 30,000 

atoms), was first released in 1996; we used the more modern version 2.20.28 The potential 

employed by DL_POLY is of the form 

! !!! !!!! ! !!

! !! !!"!" !!! !! !!! ! !!! !
!

!!!

!!!

!!!

!!!!!!!!

! ! !!"#$ !!!"#$ ! !! ! !!!
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Where the first term describes both the coulombic interaction and the short-range 

intermolecular interactions.29 Our simulations used the rigid TIP3P water model,30 whose 

bond lengths and angles are kept fixed via the SHAKE algorithm,31 which applies a 

correction to maintain the rigidity of bonds-to-hydrogen. For this reason, the 

intramolecular potentials in terms 2 and 3 were used with artificially high force constants, 

as the O – H and H – O – H vibrations are “coarse-grained” (that is, integrated out) rather 

than fully reproduced. 

From the potentials, one may obtain the forces on each particle from all others in 

the simulation. Using Newton’s equations of motion, one obtains a set of coupled linear 

second-order differential equations, which are solved iteratively at small timesteps t, on 



 

24 

the order of femtoseconds. In this way the system evolves in time, and the particles 

explore the locally available state space.27 

It is highly unlikely that a randomly generated initial starting configuration of 

molecular coordinates and velocities is physically reasonable. Therefore it is necessary to 

have a procedure to bring the system to an equilibrium state. Statistical mechanical 

ensembles are used in simulation in order to extract meaningful system information from 

small samples. The microcanonical or NVE ensemble – which refers to constant particle 

number, volume, and energy among microstates – is used most commonly as the 

thermodynamic state variables are most easily derived from it. The other ensembles, 

including NVT (constant temperature) and NPT (constant pressure), may be used cleverly 

not for data collection, but rather to bring the system to a fully equilibrated state (both 

mechanically and thermally) suitable for an NVE production run. 

Within the NVT ensemble, also known as the canonical ensemble, the system is 

maintained at constant temperature by means of a thermostat, a “bath” with which the 

system particles exchange kinetic energy at regular intervals !. With a Gaussian 

thermostat, velocities are rescaled by applying a correction from a Boltzmann distribution 

at the desired temperature. The Nose-Hoover thermostat used in our simulations works 

by adding the heat bath into the system Hamiltonian. Thus, the Hamiltonian for the total 

system includes an additional degree of freedom, as well as a transformation of 

coordinates. The interested reader is referred to the original papers by Hoover and Nose. 

After repeated applications of a thermostat, most systems remain at the target temperature 

upon reversion to NVE. 
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Within the NPT (or isothermal-isobaric) ensemble, the system pressure is 

maintained by a barostat. The pressure tensor is calculated and at regular intervals !press, 

the dimensions of the system (including particle positions and velocities) are rescaled to 

bring the diagonal elements of the tensor to the target system pressure. As with 

thermostats, this can be accomplished by the Nose-Hoover method, which incorporates 

the barostat in the Hamiltonian. The utility of NPT simulations is obvious when one 

considers the effect of the introduction of a solute; although one may know from 

experiment the partial molar volumes (and thus have a reasonable estimate for the final 

system volume), the potentials may not have been fit with this quantity in mind and the 

effective value in simulation may therefore differ from what is expected. 

For a system at equilibrium, the energy is a constant of the motion, and the NVE 

ensemble becomes the natural ensemble for molecular dynamics. Among equilibrated 

MD simulations within the NVE ensemble, the ergodic hypothesis holds: one may 

observe the average behavior of a single system over time, and this is equivalent to the 

average from observing many systems at once. Statistical averages and correlations are 

therefore computed over the entire run. Additionally, the equations of MD are 

deterministic: that is, it is possible to calculate the next state of the system from the 

present state. Thus it is necessary from a statistical perspective (wherein it is desirable to 

assume independent observations) to sample every 25 frames or more to eliminate frame-

by-frame dependencies; that is, the sampled frames are uncorrelated.27 
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B. Representation of Ions and Water 

The complex behavior of water makes it challenging to model using simple 

interaction potentials. Efforts to more accurately reproduce the various structural and 

thermodynamic properties of water have resulted in numerous water models, including a 

large number in widespread use: POL3,34 SPC,35 SPC/E,36 TIP3P,30 TIP4P,37 and 

Amoeba,38 among others. Each of these models has its advantages and disadvantages in 

simulation; for example, the Amoeba model is highly complex, and uses 14 parameters. 

Thus, Amoeba is computationally demanding, incompatible with many software 

packages – although limited validation shows that it does reproduce extremely well the 

nanosolvation of the sulfate anion,39 as compared to electronic structure calculations. The 

simpler TIP3P water model, published in 1983,30 is widely used in biomolecular 

simulations, and as such it is one of the best-studied models of water available. 

There is no explicit H-bonding term within the TIP3P water model; indeed, its 

potential terms are spherical, and therefore a range of configurations are possible such 

that artificial criteria must be imposed to establish the presence of an H-bond. A 

summary of the challenges in assigning such criteria is given in the Marcus review5 and 

elsewhere.40 The most commonly used are distance cutoffs and hybrid distance-angle 

cutoffs, although both the chosen distances and angles are subject to variation between 

authors. In our work, we used the distance-angle criteria shown below in Figure 1. While 

this systematically underestimates the number of H-bonds when compared to experiment, 

it preserves trends in H-bonding and limits the number of bifurcated and transient H-

bonds often observed in simulations of this type. 



 

27 

Figure 1. Criteria for the Determination of H-bonding in H2O. 

a. H-bonding angle criteria. b. A water with 5 hydrogen bonds. 

  a.

         b. 

Ions in simulation are represented within the constraints of the interaction 

potential. For a model such as TIP3P, the ion may interact with the water through the 

Coulomb charge and a fitted Lennard-Jones interaction. This yields two adjustable 

parameters, " and #, corresponding to the location and depth of the potential well. The 
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fitting of these parameters is described in detail in the paper by Joung and Cheatham:41 

the parameter source for nearly all of the ions in our study. To summarize, the 

parameterization involves both crystal lattice fitting as well as accurate fitting to the 

experimentally known thermodynamics of solvation. While other parameters for ions 

exist (for example, those of "qvist42 for the cations and of Dang43 for the anions), the 

mixing and matching of these parameters has been reported to lead to systematic error.44 

Furthermore, the potential of mean force (vide infra) has been shown to be especially 

sensitive to the choice of these interaction potentials;6 for these reasons, a single source 

for all the ions in our study was sought. Lanthanum is, of course, exempt as its fitting 

requires special methods.45 
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III. Extracting Meaning from Molecular Simulation 
 

A. Correlation Functions 

In a statistical mechanical simulation, it is not the behavior of a single molecule or 

atom that is important, but rather the relationship between each of these single 

molecules/atoms and their surrounding others.27 The mathematical functions that describe 

relationships between the behavior of particles with respect to one another are termed 

correlation functions. As an example, the Pearson product-moment correlation coefficient 

is given by 

!"## !!! ! !
!! ! ! !! ! ! !! !

!!!!

 

This well-known formula gives the correlation between random variables X and Y 

with means µX and µY and variances !X and !Y, and may be used to check for 

dependencies between properties. As an example, if X were system kinetic energy, and Y 

system total potential energy, then corr(X,Y) would be negative in accordance with the 

virial theorem.46 

Correlation functions have many forms. As such, they may be calculated for all 

molecules/atoms of a given type (e.g. an oxygen-oxygen pair correlation function, 

describing the distribution of distances between oxygen sites), and for types against one 

another (an oxygen-hydrogen pair correlation function). Time correlation functions, 

which look at how a value changes with time for a particular property of a particle (such 

as the velocity), are also important for studying system dynamics. When the correlation 

function compares a quantity with its prior values, this is considered an autocorrelation: 

e.g. the velocity autocorrelation function is related to the viscosity of a fluid. 
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Given that the value of simulation is in its presentation of all coordinates of, and 

forces upon, all particles at all times, correlation functions are the statistical mechanical 

tool by which one transforms this data into quantities directly comparable to experiment. 

The most important of these to this work is presented in the section that follows. 

 
 

B. Radial and Pair Distribution Functions 

The radial or pair distribution function (RDF/PDF) is a special class of correlation 

functions that describes the arrangement of atoms (or molecules) in space relative to 

others of the same or different type.27 

Consider a system of N particles with an interaction potential given by UN. One 

seeks the probability that, given a particle at r1, r2, ... rn there is a particle at rn+1, rn+2, ... 

rN. This may be expressed as an N particle density, "(n)
(r1, ... , rN), given by 

! !
!!! !!!! !! ! !

!!

!!! !
!
! ! !

!!!!!!!!!!!!!!!

! ! !
!!!! !!!!!!!!

!  

where the prefactor accounts for the possible permutations of the N identical particles, 

and the integral in the denominator,  ! ! !
!!!! !!!!!!!! , is called the configuration 

integral, and is over all possible spatial arrangements of particles. 

 Let g(n)
(r1, ... , rN) be a correlation function relating "(n)

(r1, ... , rN) to "(1)
(r1, ... , 

rN) = " = N/V, the single particle density of a homogeneous system. Of interest here is 

the pair correlation (or distribution) function g
(2)

(r1, r2) = g(r), where r refers to the 

interparticle separation. g(r), then, is given by 

! ! ! !
! ! !!!

! 
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At large separations any correlation vanishes and the pair density becomes the 

single particle density, therefore 

!"#
!!!

! ! ! ! 

 In practice, the integral form of g(r) is not used and instead it is produced 

numerically from simulation data, by dividing space into fine bins of width !" from 

which a histogram is constructed. The number of particles found within each bin is 

calculated and summed over the entire simulation and normalized to the expectation 

value of particles within the bin: 

! !! !
!

!
!!! ! ! !"!! ! !! !! 

In a condensed system, the interactions between particles lead to regions of 

enhancement and depletion in g(r). Consider as an example, a sample of pure liquid 

water. An RDF for the water O-O distance is given below in Figure 2. Clearly, as water 

molecules are not point particles, when they become crowded together (as in a condensed 

phase) they will not overlap. Instead, they will instead show a region of zero density 

corresponding to the excluded volume from the mutual repulsion of their electron clouds. 

Just beyond this region of zero density, the closest molecules/atoms to the reference site 

form a peak termed the first shell, from which may be obtained the most probable 

distance (the peak maximum), the least probable distance (first minimum), the tightness 

or looseness of the shell (from the peak breadth and height), and the number of near 

neighbors, N (from the area under the peak to the first minimum). 
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In water, the O-O distance is affected by the orienting effects of H-bonding, 

which tends to place H-atoms between atoms of oxygen. In an ice crystal, a sharp peak 

with an area of 4 oxygen atoms would be observed at 2.75 ";47 the disorder of the liquid 

environment broadens this peak such that, although the maximum is in the same place, 

the first minimum is actually quite shallow, barely below the expectation value of 1. At 

the same time, integrating g(r) to that first minimum gives N = 4.8, showing the 

densification of the liquid relative to the crystal solid. 

From the g(r) one may calculate several other system properties, including the 

structure factor S(q) obtained from diffraction as well as the potential U(r). 

Figure 2. gO-O(r) for Pure TIP3P Water. 
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C. Visualization 

A final method used to extract meaning from molecular simulation is direct 

visualization of simulation data, as with programs such as PyMol48 and VMD.49 These 

programs, whether commercial or non-commercial, utilize the power of computer 

graphics to represent simulation data as pictures or “movies”, with atoms and molecules 

drawn in a visually appealing and easily digestible format for chemists and researchers in 

related disciplines. For biomolecular simulation, the “cartoon” representations of protein 

structure are indispensible, showing clearly where the helical regions and beta sheets are 

located. These representations reduce the visual complexity of the information display. 

While there are challenges – including the display of 3D information on a 2D screen and 

the computing power required to render large systems – none can argue against the 

increasing value of visualization software in molecular simulation. 

Clearly, water systems present a visualization challenge. The jerky, small 

movements and apparent chaotic randomness (noise) of the molecular placement make it 

difficult to extract meaning with one’s eyes, even with training. Indeed, in simulations of 

explicitly solvated biomolecules, water is often “stripped” from the resulting movie to 

focus on the slower, more readily processed protein movements. 

For water molecules about a single atomic ion, visualization tools may be used to 

explore the solvation geometry. At a given instant, the conformation of the water 

molecules about their solute may be observed. Modern programs allow full image 

rotation and zoom capabilities, as well as variable atom representations including the 

familiar ball-and-stick and spacefill models. However, the challenge is in finding the 
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right way to view the data, so that the solvation geometry may be correctly inferred (see 

Figure 3 for an example). 

Figure 3. Examples of Actual Solvation Polyhedra Solvable by the Classifier. 

a. A dodecahedral arrangement of O-atoms about Ca2+. H-atoms have been removed for 

clarity. b. The same O-atoms rearranged subtly to a biaugmented triangular prism. c. The 

O-atoms continue their shift into a stable square antiprism configuration. 

 

This challenge serves as motivation for the development of the graph theory-

based automated classification method presented herein. To aid the reader in 

understanding this method, the next section introduces some basic mathematics of 

graphs. 

 

 

 

 



 

35 

IV. Graph Theory 

A. Fundamentals of Graph Theory 

In mathematics and computer science,50 a graph G is a collection of vertices V 

and their associated edges E. These vertices are abstractions and need not represent 

physical points in space. The edges, E, define a pairwise relation on V x V. In an 

undirected graph, if (0,1) is an element of E, then (1,0) is also an element of E; this is not 

the case for directed graphs. 

As an example, consider V to be made up of a subset of websites on the internet. 

E is the set of hyperlinks between pages in V. One can easily imagine that page p may 

link to q, but q does not link back to p (q is CNN.com, for example; and p is a political 

blog). Thus G in this instance is a directed graph describing this network. 

If instead V is taken to be the set of corners of a three-dimensional polytope, a 

polyhedron such as those formed by water molecules surrounding an ionic solute, then 

one does not imagine that an edge exists between the top and left corner without existing 

between the left corner and the top. The graph G corresponding to the connectivity 

skeleton of a 3D object, then, is undirected by nature. 

As a final example, consider the H-bond network of water. The graph GHbond may 

be formed such that e = (v1,v2) is an element of E if and only if the water molecule v1 

donates a hydrogen bond to v2, the hydrogen bond acceptor. Thus (directed) graphs 

constructed in this fashion carry chemical information in their connectivity structure. The 

set of vertices V in GHbond may be associated with at most 2 “outbound” edges, since each 

water molecule may only donate 2 hydrogen bonds. Relaxing the connectivity condition 
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such that e is an element of E if v1 and v2 are hydrogen bonded, regardless of whether v1 

and v2 are donor or acceptor, GHbond becomes an undirected graph and each v in V(G) 

may have as many as 4 outbound edges. This has implications in the analysis of H-bond 

network structure, as outlined below in part B. 

Before proceeding, some additional concepts need be introduced. The degree of a 

vertex v in V(G) is the number of edges connecting to v. For directed graphs, this is 

separated accordingly into in degree and out degree. 

A path P is a set of edges in E(G) connecting vertices vi to vj. P need not exist for 

all possible vertex pairs in V(G); when it does, the network percolates. When it does not, 

the subset V’(G) for which a path exists between all vertices vi, vj and their associated 

edges E’(G) forms a subgraph of G called a cluster. 

If the shortest path between any two vertices in V(G) is comprised of a single 

edge, the graph G is considered complete. G is a star graph if there exists one vertex in 

V(G) that is connected by a single edge to all other v in V(G). These star graphs are found 

as subgraphs in all polyhedra skeletons in this work. 

It is important to stress that a graph is an abstraction. Although in this work the 

graphs constructed predominantly correspond to points in physical space occupied by 

atoms, some graphs are merely convenient representations of data that allow a ready 

identification of relationships. This is done through the use of graph algorithms, including 

PageRank, as discussed in the next section. 
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B. PageRank 

Network analysis is an outgrowth of graph theory which studies the properties of 

networks: generally, real systems represented by large graphs which may or may not have 

an evolving structure, say V(t) or E(t). Network theory has undergone a renaissance in 

recent years, owing to the growth of the internet in communication and commerce, and 

the need to map and/or manage large, complex systems. Central to this effort is the 

PageRank algorithm developed by Sergey Brin and Larry Page, the founders of Google. 

Its most basic formulation was published in 1998 and is presented here.51 

Consider again the collection of websites in part A of this section, and let it be of 

size N. Let p be a page in V(G), the set of website vertices in the graph describing this 

network. To rank the importance of p, on an heuristic level one might consider: 

1. The number of websites linking to p (the in degree of p). 

2. The number of websites linked to by p (the out degree of p). 

3. The ranked importance of the linking and linked websites. 

The PageRank of p, PR(p), is given by 

!" ! !
!! !

!
! !

!"!!!!

! !!
!!!!"#$ !

 

Where d is an adjustable parameter called the damping factor, which controls the extent 

to which the local (values of d close to 1) or global (smaller values of d) network 

structure determines the PageRank. The sum is over all linking pages in V(G). The PR for 

the entire network is therefore described by a system of linear equations, and solvable 

through matrix algebra. Because 
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!" ! ! !

!!!!!!!

 

an enhancement in PR for page p comes at the expense of all other pages. We also have 

! !" ! !!! !
!

!
 

That is, the expectation value of the page rank is the reciprocal of the number of pages. 

 

V. Outline of Present Study Chapter and Appendices 

The remainder of this dissertation presents a novel hybrid traditional and graph 

analytic tool for analyzing solvation from molecular simulation data, moleculaRnetworks, 

the proof of its PageRank-based polyhedron classifier, and its application to both cation 

and anion systems. The four original papers and their corresponding supplementary 

information are given as appendices, while the chapter Present Study contains an 

introduction and synopsis of these papers, intended to elucidate the contribution of the 

dissertation author to each one, as well as to enlighten the reader as regards i. the 

development of the method and ii. the conceptual understanding gleaned from its use 

within cation and anion systems. 
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2. PRESENT STUDY 

This chapter contains summaries of the most important findings of the papers 

appended to this dissertation. The methods, results, and conclusions of these studies can 

be found within the appended papers. The organization of this chapter is as follows: 

Section I begins with an introduction to and description of the moleculaRnetworks scripts 

described in Appendix A, with supplementary material including one of the algorithms in 

Appendix B. The organization of, and information flow in moleculaRnetworks is 

presented. The development of its polyhedra classifier is described in Section II; the 

paper, written in collaboration with a mathematician, Matthew Hudelson, describing a 

mathematical justification for its use is included in Appendix C. Section III briefly 

describes the results of the application of moleculaRnetworks to six cation-water systems, 

as discussed at length in the paper in Appendix D and its supplementary material, 

Appendix E. Section IV covers the innovations in the paper describing the application of 

moleculaRnetworks to three anion-water systems, found in Appendix F and its 

supplementary material, found in Appendix G. Finally, Section V covers the potential of 

mean force (PMF) simulation of a lanthanum cation and chloride anion, whose results are 

unpublished beyond this dissertation. 
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I. The Code: moleculaRnetworks 

Appendix A presents the moleculaRnetworks scripts, written for use within the R 

software,52 with which all analyses in this dissertation were performed. The paper in 

Appendix A owes much of its existence to the assistance of Prof. Clark, whose assistance 

in the writing was indispensible. The scripts are entirely the work of the present author, 

and include, as of this writing, three major components with several addenda. 

First and foremost, moleculaRnetworks is a data-mining tool, and this is reflected 

in its structure. The preprocessor module reads in the coordinate output of an MD 

simulation; from this it generates arrays of data, which may then be selectively read 

within the analysis module: tabulated, cross-correlated, plotted, and statistically tested, 

the data is available for full dissection. 

Contained within moleculaRnetworks, and unavailable elsewhere, is the 

polyhedron classifier database. This database contains polyhedra and deformed 

“pseudopolyhedra” between 4 and 10 vertices, and its workings are discussed in more 

detail in Section II. This functionality makes moleculaRnetworks unique among the 

analyst’s tools as the immediate solvation environment about an ion may be classified 

frame-by-frame and related to solvation dynamics just as, e.g., coordination number or 

the angle of the molecular dipole. 

The polyhedron classifier works by matching the PageRanks of simulation-

derived skeletal frameworks to a database of PageRanks of preconfigured polyhedra. In 

the current implementation, only the central ion’s PageRank is required to match; this is 

sufficient to ensure uniqueness [vide infra]. All the polyhedra included in the database 
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were generated manually in R, using the contributed R package igraph,53 by inspection of 

3D renderings of various types of solids: prisms, antiprisms, Platonic (e.g. the tetrahedron 

and cube), and Johnson54 (monocapped square antiprism, etc).55 Distances and angles 

were ignored in the construction of the ideal polyhedra; only their connectivity skeleton 

is necessary. The ion was placed “in the center” by connecting one additional vertex to all 

the others in the polyhedra graph. 

Using the page.rank() function in igraph,53 the PR for all vertices is calculated 

and stored, although only the central ion’s value need be used in all examples 

encountered to date. To account for those cases in which minor deformations of the 

solvation polyhedra cause an edge to be missing, a systematic deletion of single edges 

was performed and the unique PRs saved. To illustrate: for a cube, it is obvious from 

symmetry arguments that deleting the edge between the top left and bottom left results in 

the same residual skeleton as deleting any other edge. Double edge deletions were also 

performed; again, symmetry results in degenerate double deletions, and only the unique 

values were retained. 

moleculaRnetworks also contains the option to perform PageRank on the entire 

water network, including the periodic boundary. While limited in application currently, 

the potential exists to expand this PageRank analysis to broaden the understanding of 

how local environments form and evolve within a H-bonded system, and to contrast this 

among different water models, at water surfaces and liquid interfaces, in the presence of 

larger solutes, and in (nano)confinement. Simple adjustments of the array indices in 

moleculaRnetworks allow one to apply the code to other chemical systems, as well, 
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beyond those explored in the present work. An example is presented of the Na+ ion in 

TIP3P water, which is given greater detail in the paper in Appendix D (vide infra).  

 
 

II. The Development and Testing of a Rapid Polyhedron Classifier 
 

The identification of solvation polyhedra is no trivial task. In principle, one may 

infer the polyhedral shape either by visualization (time-consuming and subjective) or 

directly from the set of intermolecular distances and angles; in practice, this process is 

complicated by deviations from ideality, and distributions, derived over entire simulation 

runs, are used instead.56 

Appendix C presents a proof of the rapid, frame-by-frame polyhedron classifier, 

first presented in the paper in Appendix A. This polyhedron classifier is the work of this 

author, although Hudelson contributed the proof of the uniqueness of the PageRank for 

configurations found in molecular systems. In brief, it is shown that two graphs G1 and 

G2 have the same PageRank if and only if they have the same degree sequence, where 

degree is defined as in Section IV of the Introduction. It is seen that, for configurations 

found in molecular simulation, graphs that have the same degree sequence but not the 

same overall connectivity represent pathological cases and are excluded by the 

physicochemical constraints of a condensed-phase system: namely, the large cavitation 

energy, which precludes the formation of a hexagonal planar structure, identical in degree 

sequence to a trigonal prism (without connections between the top and bottom triangles). 

This constitutes a validation of the method as it is applied in practice. 
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III. A Novel Analysis of Aqueous Cation Solvation 

Appendix D presents the first application of the moleculaRnetworks code upon 

aqueous cation systems. The work is entirely that of the present author with portions of 

the writing contributed by Prof. Clark under the supervision of Prof. Corrales. The paper 

has three main contributions: first, the distributions of polyhedra for the six cations Li+, 

Na+, K+, Mg2+, Ca2+, La3+. These are presented in relationship to the ion’s coordination 

number (CN), with consideration given both to periods of stable coordination and periods 

of instability, termed exchange events. Secondly, the mechanisms of exchange as 

described in the literature57 – associative (A), dissociative (D), and interchange (I) – are 

related to a new concept, termed preorganization. This idea presumes that water 

molecules must come into an arrangement that is favorable for an exchange event to 

occur, whether it be to add or release a water molecule. Finally, an analysis of the H-bond 

network of water is performed for each of the ions, and it is seen that water molecules in 

the first shells of the monovalent cations behave in a similar fashion to those in the 

second shells of the di- and trivalent cations. This analysis makes use of the well-known 

Student’s t test58 (borrowed from the analytical chemist’s toolbox) as well as data 

clustering – another application of a graph algorithm – to make arguments of statistical 

significance. 

 

IV. A Novel Analysis of Aqueous Anion Solvation 

Appendix F presents the second application of the moleculaRnetworks code, this 

time upon aqueous anion systems. The work is entirely that of the present author, with 
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assistance in writing from Prof. Clark and helpful comments from Prof. Corrales. The 

two main contributions of this work may be divided into an analysis of the static 

properties of anions in solution, and complimentarily, an analysis of their dynamic 

properties. Among the static properties, a polyhedra analysis was performed for the three 

anions F-, Cl-, and Br-. It was shown that the polyhedral arrangement of the waters about 

anions is dependent upon the choice of shell definition, with the concepts of hydrogenic 

(H-atom position-based) and oxygenic (O-atom position-based) shells introduced. 

As to the dynamic properties, a new concept of H-atom “swapping” was 

introduced and defined. Consider the ability of water to swap orientations in this fashion 

was found to be restricted several " away from the central ion through the calculation of 

a new correlation function, gswap(r). gswap(r) is similar to g(r) in construction (Section III 

B of the Introduction), and may be defined algorithmically as follows: 

• For all H2O in the simulation, label the H-atoms H1 and H2 

• At all times t, take the distances rA-H1 and rA-H2 

• Define a distance index Di(t) 

•  Di(t) = 1 if rA-H1 < rA-H2, otherwise Di(t) = 2 

• Define a swapping index Si(t) 

•  Si(t) = 1 if Di(t) ! Di(t-1) 

The swapping concept was extended to an examination of the mechanisms of 

water departure, defined by the order in which the O- and H-atoms of water depart their 

respective solvation shells. Swapping events were seen to be more common in those 
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instances in which the H-atom was the first to depart, termed “jump departures”, than 

when the order was reversed. 

 

V. A Potential of Mean Force: Lanthanum and Chloride 

As mentioned in Section I of the Introduction, there is at present no satisfactory 

technique for experimentally obtaining ion-ion correlations in aqueous solution: the 

signal in scattering experiments is predominantly from water.19 Thus, water-ion 

interactions may be obtained whereas ion-ion interactions are invisible. Possible ion-ion 

interactions are numerous: for a 1:1 ionic compound such as NaCl dissolved in water, the 

ions may exist as solvent-separated pairs, contact pairs, or even small clusters depending 

upon the concentration of the solution. For compounds of other ratios, such as LaCl3, 

additional possibilities beyond pairing become possible, reopening the difficult multibody 

correlation problem. 

For this reason, molecular simulation has become an indispensible tool for 

understanding how ions behave with regard to one another. The potential of mean force 

(PMF) $(r) is related to the RDF g(r) by the relation 

! ! ! !!
!!!!! !!! 

Thus, pair correlations for ions may be computed and their behavior inferred from 

simulations on dilute systems using the PMF technique.27 In this method, the ion-ion 

separation distance is controlled through the introduction of a constraint. The force 

required to maintain the desired separation distance is recorded, divided by the constraint 

distance, and plotted for a range of distances to yield the PMF. 
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The simulation method for the lanthanum(III) – chloride ion pair differs in some 

ways from the method employed in the other simulations described in this work; 

therefore, we discuss those differences here. Due to the strong Coulomb attraction 

between La3+ and Cl-, the box size was increased to 24.82(7) " containing 512 water 

molecules and one atomic ion each of La3+ and Cl-. These ions were “grown” into the box 

slowly, by fixing their position in space and slowly incrementing the values of their 

charge and Lennard-Jones potentials from 0 to their normal values, at a temperature of 0 

K. This allowed the system to adjust and neighboring water molecules to reorient 

accordingly. 

Once the ions reached their full parameter values, a short equilibration procedure 

(see Section IV of the Introduction) was performed to prepare the system for the PMF 

runs. Briefly, the system was relaxed for 20 ps (20K timesteps) in the NVT ensemble, 

followed by a test run of 20 ps in NVE, both with the ions “frozen” in place to maintain 

the initial separation. From the starting configuration with 12.4 " separation (roughly " 

the box length), the ions were moved toward one another in decrements of 0.4 " until 

reaching 6.0 ", at which point the decrement was reduced to 0.2 ". At 4.0 ", the 

decrement was further reduced to 0.1 ", until reaching a final separation distance of 2.0 

". At this distance, the value of the PMF had become sufficiently large to render further 

investigation fruitless. 

The resulting PMF is plotted below in Figure 4. At first, the average value of the 

constraint force is essentially zero, within the limits of uncertainty. As the ions approach 

one another, their respective solvation shells begin to overlap, resulting in a small 
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minimum in the form of a solvent-separated ion pair. Pulling the two ions closer, a barrier 

is encountered as the solvation shells rearrange from their preferred configurations. A 

minimum is found at a separation of 3.0 " – slightly larger than the minimum La-O(w) 

separation distance. Dragging the ions closer results in a collision against a steeply 

repulsive wall. 

 

Figure 4. The Potential of Mean Force for The La3+ Cl- pair. 

 

The coordination number (CN) for the two ions and water itself was also 

calculated as a function of ion separation distance. These results are shown in Figure 5. 

The bulk water structure was not affected, as can be seen from the constant value of N = 

4.8; further, the positions of the peak first maximum and minimum were invariant. More 

interesting behavior is observed for the ions: as chloride approaches it, the lanthanum CN 

shifts from 9 waters to 8. The chloride ion, by contrast, sees a large growth in its 
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oxygenic CN (no doubt from the lanthanum’s shell) and a concomitant large drop in 

hydrogenic CN. This suggests that part of the barrier to formation of the contact pair is 

the breaking of H-bonds; the chloride ion, once inside the lanthanum shell, does not H-

bond with the waters of that shell.  

 

Figure 5. Coordination Numbers by La3+ Cl- Separation. 

 

Finally, using points near the maxima and minima in the PMF for polyhedra 

analysis, Table 2 gives the polyhedra distributions for the solvation shells of lanthanum 

and chloride, with and without their counterion included. At a 4 " separation – near the 

crest of the barrier – [La(H2O)9]
3+ still dominates, but the structure has been deformed 

from the triaugmented trigonal prism (TATP) to the monocapped square antiprism 

(MSAP). Intriguingly, looking at the 10-structure that includes the 9 base H2O and the Cl-
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, it is not the bicapped square antiprism (BCSAP) that dominates, but rather various 

TetraATP. As the TetraATP are improper polyhedra – not truly convex structures, but 

rather ad hoc constructions meant to show how waters may “roam” on the surface of a 

TATP – this shows that at this separation distance, the Cl- is not in position to be 

accepted into the shell. Instead, a departure of water must occur, so that Cl- enters as part 

of a 9-structure. This further reinforces the concept of preorganization as presented 

elsewhere in this dissertation. At a 3 " separation distance, the bottom of the PMF well, 

the Cl- is fully incorporated into the shell: indeed, Cl- appears to replace a water 

molecule, with the polyhedra distributions WITH counting Cl- at 3.0 " strikingly similar 

to the polyhedra distributions WITHOUT counting Cl- at 4.0 ". This is the species 

[La(H2O)8Cl]2+  : a contact ion pair. 

One may reasonably conclude, then, that the entry of Cl- into the La3+ shell 

involves a dissociative (D) mechanism. The solvent-separated pair is not preorganized for 

incorporation of the Cl-. Once the 9th water molecule departs the lanthanum shell, 

decreasing the O-CN to 8, the Cl- is readily accepted, fitting into that water’s place. This 

forms the same sort of stable arrangements for the contact pair’s shell as are found in the 

shell of a dilute ion. Because the process of water exchange about La3+ follows an 

associative (A) mechanism exclusively (within the studies of this dissertation), the 

barrier, then, to the entry of the chloride is related to that of the dissociation event. 
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Table 2. Polyhedra Distributions for Lanthanum PMF 

a. 8-vertex polyhedra distributions. All values are percentages (%).  
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b. 9-vertex polyhedra distributions. All values are percentages (%). 
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c. 10-vertex polyhedra distributions. All values are percentages (%). 
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APPENDIX A: MOLECULARNETWORKS: AN INTEGRATED GRAPH 
THEORETIC AND DATA MINING TOOL TO EXPLORE SOLVENT 

ORGANIZATION IN MOLECULAR SIMULATION  
 

Reproduced with permission from B. L. Mooney, L. R. Corrales, A. E. Clark, J. Comput. 

Chem. 2012, 33, 853-860. DOI: 10.1002/jcc.22917. Copyright 2012 Wiley Periodicals, 
Inc. 
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Abstract 

 This work discusses scripts for processing molecular simulations data using the 

software package R: A Language and Environment for Statistical Computing. These 

scripts, named moleculaRnetworks, are intended for the geometric and solvent network 

analysis of aqueous solutes and can be extended to other H-bonded solvents. New 

algorithms, several of which are based on graph theory, are presented and described that 

interrogate the solvent environment about a solute. This includes a novel method of 

identifying the geometric shape adopted by the solvent in the immediate vicinity of the 

solute and an exploratory approach for describing H-bonding, both based on the 

PageRank algorithm of Google search fame. The moleculaRnetworks codes include a 

preprocessor which distills simulation trajectories into physicochemical data arrays, and 

an interactive analysis script that enables statistical, trend, and correlation analysis, and 

other data mining. The goal of these scripts is to increase access to the wealth of 

structural and dynamical information that can be obtained from molecular simulations. 
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Introduction 

 Molecular dynamics (MD) and Monte Carlo (MC) simulations offer a wealth of 

data beyond what is experimentally accessible, in that the position of all atoms in a 

system are known at all times. Yet, to extract the relevant physics and chemistry 

embedded in their output requires analysis tools that can read and process a multitude of 

coordinates and output the desired result in a human-readable form. The ability to gain 

insight from simulation is as much dependent on the creative development of these tools 

as it is on the advancement of the simulations themselves. While some of these tools are 

available either as standalone software or as built in post-processing algorithms for a 

specific simulation code, there remains a need to produce insights beyond what is already 

available. As such, there exists a plethora of “in-house” analysis codes whose 

implementation are not standardized and as such, whose results may be difficult to 

reproduce. To be maximally useful, any analysis tool should offer a convenient and user-

friendly interface to the data that makes obvious how to obtain the desired result, is 

readily adaptable to different data sets, and extensible to new functionality. Further, it 

should take advantage of available libraries of computationally efficient code in such a 

way as to keep the amount of sophisticated programming required of the user to a 

minimum. 

 In this work, we present a bundle of scripts called moleculaRnetworks that adds to 

the researcher’s toolkit a novel, systematized way of exploring solvation shell structure 

and network dynamics in hydrogen-bonded systems. As implemented in the R 

software,[1] the scripts take advantage of the graphical display and plotting capabilities of 
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the R graphical user interface (GUI), the intuitive and readable syntax of the R language, 

and the vast library of pre-programmed functions available in both base and contributed 

R packages. The moleculaRnetworks scripts utilize graph theoretic methods in 

combination with standard analysis techniques to create a synergistic approach to the 

description of bulk solvent and solvation about a solute. moleculaRnetworks is designed 

primarily for systems where the solvent is water and the solute an ion, although it may be 

adapted to other systems; throughout this paper “ion” and “water” should be understood 

as examples of the scripts’ capabilities. Solvation about a solute is typically thought of as 

occurring in concentric “shells” of solvation that are generally the most ordered in the 

immediate vicinity of the solute (1st solvation shell) and which become progressively less 

ordered in higher solvation shells until bulk solvent behavior is observed. The “shell” 

structure of the solvent about the solute includes averaged, static properties which 

include the distance of solvent molecules from the solute, their relative orientation, and 

three-dimensional arrangement, as well as dynamic properties such as the amount of time 

spent in the shell, the rate of solvent particle exchange, and the mechanism thereof. In 

water and other H-bonded solvents, moleculaRnetworks can be used to discern effects of 

the solute on the H-bond network, both in the immediate vicinity of the solute and in the 

bulk.  

 Standard techniques are included in the script for comparison to literature data, 

including correlation functions, radial (pair) distribution functions (RDFs and PDFs), 

angular distribution functions, mean residence times (MRTs), average H-bonding, and 

geometric (angle orientation and distance) information. The framework exists to include 
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root mean square deviation (RMSD), structure averaging, and calculation of diffusion 

coefficients. Additionally, moleculaRnetworks contains novel analysis algorithms and 

techniques unavailable elsewhere. These include graph-theory-based analyses of network 

structure, including clustering of solvent molecules, and connectivity information such as 

PageRank.[2] PageRank (PR), most famously used by Google to evaluate the importance 

of websites on the internet, is used here as a descriptor of H-bonding structure and is 

unique to this toolkit. The scripts further employ PR to instantaneously identify the 

geometric organization of the solvent about the solute, so that the dynamics of solvent 

shells can be monitored. Finally, moleculaRnetworks loads simulation data into R, 

thereby granting the R user access to the many statistical methods preprogrammed and 

packaged with the R software or downloadable from the Comprehensive R Archive 

Network (CRAN).[3] The large data arrays generated by moleculaRnetworks can be 

manipulated at will and data-mined for correlations between variables that describe the 

shell (shape, size, number of H-bonds, distance, angular orientation), queried with time 

series or image processing techniques (e.g. run length encoding; more in future versions) 

or subjected to statistical testing (e.g., student’s t, etc). A recent application of 

moleculaRnetworks can be found in reference [4]. 

 The presentation of this paper is as follows: first, an overview of the scripts is 

given, along with the flow of information in each. The algorithms used by the 

preprocessor, which include the PageRank-based method for characterization of solvent 

organization, are described in the Preprocessing Algorithms section. Subsequently, the 

algorithms used by the analysis script are described in their own eponymous sections. 
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Throughout, details of typical use are embedded in the text, with example data from a 

sodium ion simulation offered as illustration. For those seeking a guided tour, the full 

console output and plot sets are available for download with the scripts themselves.[5] 

 

moleculaRnetworks Overview 

 The moleculaRnetworks scripts consist of two main components, one for pre-

processing of statistical mechanical data and one for data analysis. The preprocessor 

(outlined in Figure 1) contains four major parts. The inputs for the preprocessor are the 

individual .xyz snapshots from a statistical mechanical simulation. The first script in the 

preprocessor reads and converts these atomic coordinates into usable matrix and graph 

objects. For each snapshot, the distances from the central solute are computed as well as 

the distances and angles between nearest neighbor solvent molecules. The second 

component of the preprocessor involves algorithms applied to the H-bond network. 

Analysis of H-bonding (optional) requires not only the intermolecular distances and 

angles but also the graph generator module, which creates a graph object that represents 

the H-bond network of the solvent, and may or may not include the solute. Output of the 

graph generator component is used in subsequent analysis of the solvent network (i.e. 

clustering and PageRank). The third part of the preprocessor consists of computation and 

pre-classification of the geometry (the polyhedral arrangement) and angular distribution 

of solvent within a solvation shell. The polyhedra pre-classification component creates a 

simplified graph of the closest N solvent molecules about the solute, and outputs the 

values of the graph’s Page Rank vector which is later matched to a database of polyhedra 
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PageRanks for identification, data mining, visualization, and dynamic tracking of the 

structure of solvation shells. In the case of water as solvent, the user also may elect to 

store a vector of all oxygen--solute--oxygen angles for comparison with the PageRank-

matched polyhedra. The final component of the preprocessor consists of a conventional 

geometric analysis which includes distance and angle information for comparison with 

literature data. The dipole orientation and tilt angle orientation of the solvent with respect 

to the central solute are stored for later analysis. 

 

 

Figure 1. Schematic diagram of the preprocessor scripts for moleculaRnetworks. 
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 Figure 2 illustrates the information flow for the analysis script, which also has 

four major components and is intended for use in an interactive R session. The first 

component reads in distance data generated by the preprocessor, and identifies the 

minimal crossing distances (vide infra) that establish the boundaries of the solvation 

shells about the solute and the number of solvent molecules in the first solvation shell 

(referred to as the coordination number, CN, of the solute). The mean residence times of 

solvent molecules within the defined solvation shells are also calculated using two 

different algorithms. The second component of the analysis script matches the PageRanks 

of the polyhedra adopted by the first solvation shell to the calculated values for ideal and 

non-ideal polyhedra contained within a polyhedra database (vide infra). The polyhedra 

distributions for each CN are determined as well as the stability of the polyhedra and 

their lifetimes. The H-bond and dipole data is read from the preprocessor output in the 

third component of the analysis script and the data is sorted by both absolute and relative 

distance between solvent and solute. Finally, this H-bond and dipole data is subjected to 

Student’s t-tests and filtered by polyhedra and coordination number, so as to determine 

the statistically significant differences between solvation environments. 
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Figure 2. Schematic diagram of the analysis scripts for moleculaRnetworks. 

 

Sample Dataset Simulation Protocol  

For the purpose of illustrating the analytical scripts in molecularRnetworks, a 

dataset from a molecular dynamics simulation of one Na+ ion immersed in 216 TIP3P 

water molecules was generated. Interaction parameters were taken from Joung and 

Cheatham[6] and the simulations were run in DL_POLY.[7] To handle the long-range 

forces, Ewald summation was used with a tightened tolerance of 10-08; the time step used 

was 1 fs. An equilibration was performed to an average temperature of 298 K. Data was 

collected from the production runs at a rate of once every 25 time steps for a total of 
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40,000 snapshots in the 1 ns dataset. The DL_POLY HISTORY file was converted such 

that the simulation box was re-centered about the Na+ ion and chopped into individual 

snapshots.  

 

Preprocessing Algorithms 

 The input files for the preprocessor consist of individual snapshots from a 

statistical mechanical simulation. Each .xyz file must adhere to the convention that it 

have four (4) columns, the first of which is the atom name, and the remaining three, the x, 

y, and z coordinates of the atom, respectively, with no missing values.[8] While the 

current version of the code requires the central solute to be the last in the atom list, this 

feature can be modified by adjustment of the index sequences. The required file names 

for the input are of the form “step00001.xyz” or “step1.xyz”. This may also be modified 

in the code, provided the revised filenames adhere to R I/O conventions, e.g. 

“snapshot00001.xyz”. For details of file I/O in R, the interested reader is directed to the R 

file input/output reference.[9] In addition to loading the inputs, parameters describing the 

system must be set. The number of particles in the system, number of solvent molecules, 

and box size are user-specified; at present only cubic boxes are allowed.[10,11] 

 Each coordinate set/snapshot is read and transformed to a 3N+1 x 3 matrix, where 

N is the number of water molecules in the system. This matrix is then processed to 

construct graphs of the connectivity of the solvent, water in the example used here. A 

graph is a mathematical object where individual points, or vertices, are joined by edges. 

Here, each water is considered a vertex, and each H-bond (or connection to the solute), is 
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considered an edge. To construct the graph the neighbors of each water is identified and 

H-bonding assessed, wherein a probabilistic algorithm for nearest neighbor identification 

is employed.[12] If the central solute is an ion, it can be incorporated into the graph, 

however this is performed separately. All water O-atoms (for cations) or H-atoms (for 

anions) distances to the ion are calculated and output, and the ion is inserted into the H-

bond network graph with connections to all waters within a user-specified radial distance 

cutoff. The solute-oxygen pair distribution functions (PDFs) from the simulation should 

be inspected to give a physically reasonable value for the radial cut-off.  

 The PDF minimum is a practical choice for initially defining the boundary of a 

solvation shell. When determining the polyhedral arrangement of the solvent molecules 

within a shell, a polyhedra side cutoff must be defined. The recommended value of the 

cutoff is , where r is the distance at which the PDF first returns to 1 after its first 

maximum and the term  is the side of the largest cube that fits into a sphere of radius 

r. Smaller values will lead to a greater number of broken edges for the polyhedra. Larger 

values may lead to edge connections between non-neighbor waters, and a failure to obtain 

a polyhedron match.[13] 

 The module that analyzes H-bond connectivity within the solvent shells contains 

algorithms drawn from the contributed R package igraph.[14] This includes the PageRank 

algorithm (provided by the igraph package as page.rank). Although PR is often 

associated with the internet, it may be used more generally on any network that can be 

represented as a graph. As depicted in Figure 3, the graph within the simulation data 

described above consists of the H-bonded water molecules, so that the PR of each vertex 
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(water molecule) is determined by the number of edges (H-bonds) connected to it, as well 

as (and to a lesser extent) by the number of edges (H-bonds) connected to its neighbors. 

In this way, PR is used to assess the H-bond connectivity of the solvent. 

 

 

Figure 3. Decomposition of simulation data into a graph. 

  

The PR score (the sum of which is unity) is defined by: 

! 

PR(i) =
1" d

n
" d PR( j)

i# j

$
, 

where the index i runs over all waters and j runs over all waters that are neighbors of i, n 

is the number of waters in the network, and d is an adjustable damping factor which 

defaults to 0.85. Optional coefficients may appear in the formula and are introduced in 

the code as a vector of adjustable weights. The preprocessor script contains code to 

calculate PRs with damping factors of 0.85 and 0.99, with and without a vector of 

weights equal to the bond distances. For simulations wherein the solute is an ion, the 

graphs of the networks with and without the ion may be PageRanked and stored 

separately for an investigation into the impact of the ion on the network connectivity. 
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Additionally, the degree of each vertex in a graph (defined as the number of edges 

connected to it), may be obtained. The degree function is applied to find this value for 

each water and for the central ion. The preprocessor can output a histogram of the degree 

distribution (as in Figure 4), and/or create a table with all water and ion degrees for time- 

and/or distance correlation. Because the edges of the graph indicate H-bonds, for non-

coordinating waters, the degree is equivalent to the H-bond count. For waters in the 

solvation shell about an ion, however, it includes any connections to the ion. The igraph 

clusters algorithm may also be applied to find connected components of the graph, i.e. 

groups of waters H-bonded together.[15] In a homogeneous or near-homogeneous system 

such as bulk water, percolation of the network is expected.  

  As an example, the PR of distant (bulk-like) waters are compared to those within 

the first solvation shell about Na+ in Figure 4. In the bulk water, four major peaks are 

observed which correspond roughly to the number of H-bonds the water molecule has. 

PR peak distribution widths are influenced by the number of H-bonds on the neighbor 

waters, and to a lesser extent, the neighbors’ neighbor waters: on a base level, a water 

with 3 H-bonds will have a higher PR than one with 2. However, the number of H-bonds 

that the neighbors have can raise or lower the PR so that a water with 2 H-bonds, found 

in a region of 4-H-bonded waters, receives a score much more like a water with 3, found 

in a region with 2- and 1-H-bonded waters. Peaks are further broadened by the use of a 

smaller damping factor, which increases the influence of the neighbor waters’ H-bonding 

on the score. A damping factor of .99 assigns nearly no weight to the neighbor waters‘ 

degrees, such that the PR depends primarily on the relative abundance of n-bonded 
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waters: all 1-bonded waters will receive similar scores, 2-bonded, etc, such that the global 

structure (how many of each bond number are present) determines the score. A lower 

damping factor increases the influence of the neighbors, so that the PR of a water 

depends on how extensively H-bonded its neighbors are, not just on the relative 

population of n-bonded waters.[12]  

 

 

Figure 4. Page rank distribution of (A) bulk-like TIP3P water and (B) the waters within 
the first solvation shell about Na+, from the simulation of Na+ in 216 TIP3P waters. A 
damping factor of 0.99 was used. 
 

 The polyhedra pre-classifier module is an R function of our devising which is 

applied to a user-specified range of solvent molecules within the concentric solvation 

shells about the solute. In essence, the polyhedral arrangement of the coordination shell is 

deduced from the PageRank of a graph of “connected dots” of the solvent molecules (in 

the case of aqueous solvent, this is based upon the O-atom position). Geometric 
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constraints on the system ensure that these “connected dots” form a convex shape that 

can be matched to an ideal polyhedron with the same connectivity.[16] Further, because 

PageRanks of each vertex (water molecule or solute) in the graph are dependent on the 

connectivity of all other vertices in the graph, any changes in the connectivity affect all 

the PageRanks, ensuring that each uniquely connected polyhedron has its own unique 

PageRank vector representation. This function takes the closest N solvent molecules and 

the solute, re-calculates pair distances, discards distances greater than a cutoff, and from 

the remaining pairs constructs a polyhedron skeleton graph. The PageRank algorithm, 

with d=0.99 and all edge weights set to one, is applied to this skeleton graph, and the 

PageRank vector is output. Although the waters move during the course of the 

simulation, if their connectivity pattern remains the same, the classifier will recognize the 

overall shape as unchanged. To use the polyhedra pre-classifier, a range of physically 

reasonable coordination numbers needs to be chosen. The current polyhedra database 

contains polyhedra with between 4 and 10 vertices, although it is possible for the user to 

append the database.  

 The final module of the preprocessor provides conventional geometric 

information including the calculation of dipole and tilt angles of when the simulation uses 

water as a solvent. The calculation is vectorized for rapid computation, and dipole- and 

tilt angle cosines are saved separately. Dipole cosines are given with respect to the solute-

water vector, such that a value of 1 indicates perfect alignment of the dipole with the 

negative end away from the ion, and -1 indicates the opposite alignment. The cosines are 
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stored rather than the angle itself to allow an easy test: in the absence of an orienting 

force, their distribution is uniform.  

 

Polyhedra Database 

 Polyhedral skeleton graph objects are included in a separate, optional script, 

called polyhedramaker. This script contains the code to generate all polyhedra between 4 

and 10 vertices and can be extended to incorporate additional polyhedra of the user’s 

creation.[12] The match vectors can be generated once all polyhedra are loaded. As an 

alternative to performing the PageRanking, which is memory- and time-intensive, pre-

computed match vectors (the ideal PageRanks and the associated polyhedra key) are 

provided as R data files. As a visual aid, an additional script is included which uses R 

package rgl to create 3D, rotatable and resizeable polyhedra of variable color and 

opacity.[17] The user can adjust the coordinates to simulate stretching and other 

deformations of the polyhedra, and/or delete edges at will to explore changes.  

 

Analysis Algorithms 

 The modules of the analysis script of moleculaRnetworks are designed so as to 

explore solvent organization in a chemically intuitive manner.[18] The first step in the 

analysis is the determination of the boundary of the solvation shells about the solute; 

from this one obtains the number of solvent molecules within concentric shells and the 

solvent lability therein. Then, the polyhedral arrangement of the shell (typically the first 

solvation shell) and its fluctuations are examined. The orientation of the solvent with 
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respect to the solute as well as the solvent connectivity (H-bonding) is explored and 

potential correlations between orientation and/or H-bonding with the polyhedral 

arrangement of the solvent are identified. Finally, once an heuristic understanding is 

obtained, statistical criteria may be applied to support claims of correlation and to 

quantify confidence in those claims.  

 Minimal Crossing Distance. The minimal crossing distance (MCD) is the radius 

of a bounding sphere about the central solute which the solvent molecules cross the 

fewest number of times during the simulation period. The algorithm for finding the MCD 

uses two nested loops. The outer loop is over a range of possible shell boundaries (radial 

distance from the central solute), starting after the first maximum in the PDF and ending 

before the second maximum. A range of possible minimal crossing radii should be 

selected, spanning the first minimum in the PDF but padding sufficiently on both sides. 

The inner loop is over all snapshots, i.e., rows in the matrix of solute-solvent distances 

produced by the preprocessor. For each putative shell boundary, the loop begins by 

identifying and storing which solvent molecules are in the shell in the first step. The inner 

loop then proceeds as in Scheme 1 (using water as a solvent). 
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When the inner loop is done, the values are stored and the outer loop resumes on the next 

possible radius. The end result is a set of matrices with columns corresponding to radii 

and rows corresponding to snapshot index. Summation of the columns of the “solvent 

moving in” and “solvent moving out” matrices produces a vector; finding the index of the 

minimum value in the vector identifies the radius with the fewest exchange of solvent 

molecules. The user can also  calculate the means on the shell size matrix to integrate the 

PDF; this is a nice check that should match any PDF produced as simulation output or by 

other software. The minimal crossing distance can be assessed for both first and second 

solvation shells about the solute. For the example Na+ ion in TIP3P water, the minimal 

crossing distance is 3.1 Å, slightly smaller than the Na-OH2 PDF minimum at 3.15 Å. In 

total, the 3.1 Å boundary is crossed 2238 times (1119 in, and the same number out) 

during the simulation. 

 Mean Residence Time. The mean residence time (MRT) is defined as the average 

time a water molecule spends within the first solvation shell. It may be calculated in two 

ways. The first is by run length encoding, which is a widely-used compression algorithm 

that turns a vector of repeated values into a (shorter) paired list of a value and the number 

of times it is repeated. The run length encoding algorithm is from the R base package.[1] 

To calculate the mean residence time, defined as: 

! 

MRT =
CN * k

N
ex
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where CN is the coordination number, and Nex is the number of exchange events. The 

average coordination number of the solute is divided by the number of runs of length 

greater than an adjustable time parameter, t*, and multiplied by a conversion factor, k, to 

produce a value in picoseconds (for a timesetp of fs, k = 1000). Here, run refers to 

consecutive snapshots of the same coordination number. The use of t* is intended to filter 

out transient exits and entries from the MRT calculation.[19] The run length encoding is 

also used to identify stable and unstable solvation configurations. Stable configurations 

are those environments whose coordination number may change (participating in a water 

addition or elimination reaction from the first solvation shell), but whose lifetime is 

greater than t*. By default, this is the same t* used in the MRT calculation; this may be 

adjusted. Unstable configurations are those that participate in rapid exchange processes 

between solvation shells -- less than t* in duration. The values vector is differenced to 

identify the direction of the coordination change (i.e. water migration out of or into the 

first solvation shell).  

 A second MRT algorithm is also provided, following the method of Garcia and 

Stiller.[20]  Let us introduce a function Aj(t), which takes the value 1 if water molecule j is 

in the first solvation shell at time t and 0 if it is not. Then, MRT may be defined as: 

! 

MRT =
1

"
   

where # is a characteristic time from an exponential fit of the function 

! 

P(t) =

B j (m)
j

"

(N #m)
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in which P(t) is the probability of remaining in the shell after t consecutive snapshots, N 

is the number of snapshots used in the calculation, and Bj(m) is a function which counts 

the number of contiguous runs of length m in the function Aj. To obtain the function Aj, a 

matrix of the same dimensions as the solute-water distance matrix, with particle number 

on the columns and snapshot on the rows, has values set to 1 if the particle is in the shell 

at that instant and 0 if not. Any rows that sum to zero are discarded, and run length 

encoding is performed on the columns. Bj is then computed as each run of m snapshots is 

treated as 2 runs of (m-1) duration, 3 runs of (m-2) duration, and so on. The number of 

runs is tabulated, and the tallies and their logarithms plotted against run length value. The 

user then selects the number of data points that comprise the linear portion of the semilog 

plot, and performs linear regression to obtain the MRT from the slope.[21] 

 From the first method, the MRT of water in the first shell of Na+ is 10.1 ps when 

t* = 0.5 ps,  and 77.2 ps when t* = 2 ps, while the second method yields 16.0 ps, even 

when the first 100 data points are excluded from the linear regression. The extreme 

dependency on t* in the first method illustrates the variability of the sodium ion shell. 

Many exchanges are short, transient processes, which are omitted when using a very 

small t*. When a solute has a highly stable first solvation shell both methods yield nearly 

the same result.[4] 

 Polyhedra Distributions. Matching of the simulation-derived polyhedra 

PageRanks to the polyhedra database is performed to 7 significant figures, using the R 

function match. Statistical distributions are obtained by subsetting and indexing the 

matched polyhedra using the R function which. This divides the data by coordination 
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number or by additional criteria of the user’s specification, although to do so requires 

some familiarity with R syntax. Polyhedra distributions are output on the command line 

and may also be written to files, (e.g., csv, or plain text). The match percentages are also 

given as the moleculaRnetworks tools are not always able to identify polyhedra, 

particularly for higher numbers of vertices than the actual number of molecules inside the 

first solvent shell. 

 For the example data, the distribution of 5-vertex polyhedra when Na+ is 5-

coordinated is as follows (from the screen output): 

 

[1,] square pyramid       8021  53.6485853789044 % 

[2,] triangular bipyramid  1383   9.2502173767641 %  

[3,] wedge                 5465  36.5527389472276 % 

 

The number of snapshots where each polyhedra is observed (2nd column) and each match 

percentage (sum of the 3rd column) is 99.4%, indicating that nearly all of the 5-vertex 

polyhedra are identifiable. The above distribution should therefore be considered a true 

reflection of the arrangement of the water molecules about the ion when 5 of them 

surround it. 

 Using these distributions, the user assesses the predominant polyhedra for each 

coordination state. The lifetimes of the important individual polyhedra are then calculated 

through exponential fitting on a user-specified linear region of a plot of run lengths 

against the log of their frequency of observation (Figure 5). Only segments of data of the 

appropriate coordination number (as set by the user) greater than a certain number of 
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snapshots are inspected, because exponential fitting requires stable coordination intervals 

of a certain length in order to have good statistics (default 100 snapshots). If such 

intervals are not present, the algorithm will not work. With any regression procedure, 

care should be taken to use the appropriate number of data points.  

 

Figure 5. Duration of square pyramidal configurations for Na(H2O)5
+ . The frequency of 

the square pyramidal configuration of a given duration in fs in green, while the log of the 
frequency is plotted in blue. The best fit line through the log data is used to determine the 
polygon lifetime. 
 

As an example, the predominant polyhedron when Na+ is 5-coordinated is the square 

pyramid, followed by the wedge. By default, the first 13 data points are included for the 

calculation of the lifetime of the square pyramid, while the first 10 are counted for the 

wedge. This results in polyhedron lifetimes of 90 and 66 fs, respectively. The plot of the 

duration of the square pyramidal configurations for Na(H2O)5
+ versus the frequency of 

such duration is shown in Figure 5, along with the log of the frequency used in the 

determination of the lifetime of the square pyramidal polyhedron. 
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 Degrees, Dipoles, and PageRanks. The solvent degree (number of H-bonds +1) 

and dipole data are read in from the files generated by the preprocessor (by default, 

“all.degrees” and “dipole.cosines”). This data is used to determine the amount of order 

within the solvent induced by the presence of the solute. This is particularly relevant to 

charged solutes, as the number of H-bonds (degree) within the first, second, or even third 

solvation shells may be altered relative to the bulk due to ion-dipole forces. The analysis 

script contains two methods for ascertaining the relationship between degree and 

distance. In the case of water as a solvent, the first method involves ordering the solute-

water distance matrix along the rows and then using the order index to order the degree 

matrix, such that the columns correspond to the closest water, second closest, etc. 

Column means are then taken and plotted against the column means of the ordered 

distance matrix. This then represents the number of hydrogen bonds as a function of 

distance for the i’th closest waters. The second method involves grouping the water 

molecules by absolute distance, using a loop to take the mean degree of all waters within 

a set of uniformly-spaced radial intervals. Because the entries in the distance matrix and 

degree matrix correspond to the same (water molecule, snapshot) pair, the indices of 

waters in the distance matrix that lie within the selected interval are used to subset the 

degree matrix. The resultant vector of means is plotted against the radial intervals, and 

can be plotted on the same set of axes as the relative-ordered means.  

As observed in Figure 6, examination of the mean degree as a function of absolute 

metal-water distance reveals a steady increase in hydrogen bonding with increasing bond 

length within the first solvation shell, with the mean degree highest for those waters 
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farthest from the ion, yet still coordinated. This distance corresponds to the minimum in 

the Na-O PDF, but a sharp drop at the boundary of the first and second solvation shells 

indicates that the waters just outside the boundary do not readily H-bond to the waters 

within the first solvation shell. Moreover, the boundary waters are connected to the 

network to a significantly lesser extent than are waters slightly farther into the second 

solvation shell. This is indicated by the increase in mean degree for individual waters in 

the second shell as a function of Na-O distance, which reaches a plateau that smoothly 

transitions into the converged bulk values of 2.7 beyond 6 Å. The plot of the mean degree 

as a function of relative distance yields a similar interpretation, however that highlighting 

that the differences in H-bonding for the 1st closest water, 2nd closest water, etc. is more 

gradual. 

 Sorting of the dipole orientations for water as a function of absolute and relative 

distance is also implemented in moleculaRnetworks. In the instance of charged solutes, 

the charge typically orders the dipole angles of polar solvents. When the solvent is water, 

the individual molecules are oriented with oxygen “pointing toward” the ion if the solute 

is a cation, whereas the slightly positive H-atoms “point toward” the ion if it is an anion. 

The magnitude of this ordering can be assessed by inspection of the mean dipole offset 

angle relative to distance from the ion center. 
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Figure 6. Degree (number of H-bonds +1) for water as a function of absolute distance 
(red) and relative distance (blue) from the Na+ ion in TIP3P water. Relative distance is 
defined as the average distance of the i’th closest water is angstroms.  
  

 The page rank of the solvent can also be generated as in Figure 3, by loading the 

PageRank files (whose default names are “unweighted.page.ranks.99” or 

“unweighted.page.ranks.85”, where the suffix indicates the damping factor), the data can 

be subsequently ordered in accordance with the scheme above, and binned. The 

histograms may be of waters ordered by relative distance or absolute distance, lumped 

together or split by coordination number, or by stable v. unstable coordination. 

 Student’s t-tests. Student’s t is a statistical test for comparison of the means of two 

distributions.[23] The likelihood of obtaining the value of the t statistic, given that the two 

populations have the same mean, is given as a p-value. Statistical significance (a 

statement of confidence that the distributions are different) is presumed when the p-value 
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is less than 0.05; that is, if one were to reject the null hypothesis of equal means, there is 

a 5% chance that one would be wrong. The t test comes from the stats package, part of 

the standard R installation.1 It is included in the analysis script to test for statistical 

differences between water molecules in the first coordination shell and those outside, 

among water molecules in the shell, and under different conditions such as coordination 

number, coordination instability, and/or polyhedral arrangement. In a highly asymmetric 

first solvation shell, the solvent closer to the solute may be more or less accessible than 

solvent further from the solute center, and thus should exhibit different H-bonding. This 

would show up as a statistically significant value of the t statistic for comparing two 

population means. The clusters algorithm is again applied to group the relevant solvent 

molecules according to the calculated p-values. This is accomplished by forming a graph 

from a matrix of p-values, where each column and row of the matrix represents a water 

molecule, and each entry an edge provided p > 0.05. Those pairs of relevant waters with 

an insignificant p-value are grouped together by clusters and one can claim they have the 

same mean degree, or mean dipole. 

 In the case of the sample simulation, when the Na+ ion exists as Na(H2O)5
+, 

application of clusters to the degree of waters ordered by relative distance, results in 

(from the screen output): 

$membership 

 [1] 0 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Here, 0 indicates that the water closest to the ion belongs to cluster 0,  the second closest 

water belongs to cluster 1, etc. Thus, these results indicate that the closest and second-
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closest waters to the ion have significantly different H-bonding from the others, and from 

one another. However, from the third water out, the difference in mean number of 

connections for each water (counting the ion as a connection) is not statistically 

significant. Even waters in the second solvation shell (past water 5) have the same H-

bonding pattern as some of the waters in the first solvation shell. By contrast, when the 

ion is the 6-coordinate the cluster analysis results in (from the screen output): 

$membership 

 [1] 0 1 2 2 2 2 3 3 4 2 2 2 2 2 2 2 2 2 2 5 

This suggests that waters 7, 8, and 9, which are in the second shell but are closest to the 

first shell, are different in their H-bonding. 

 The t-tests portion concludes the analysis provided by moleculaRnetworks; the 

user may choose to change the ion name in the script and repeat the analysis for another 

data set, thereby being able to compare results for different ions, different potentials, or 

any other simulation conditions of interest. 

 

Conclusions 

 moleculaRnetworks provides a systematic framework for exploring and 

quantifying the  solvation environment of a solute from molecular simulation. These R 

scripts identify the number of solvent molecules within concentric solvation shells about 

the solute, as well as solvent orientation, the geometric shape adopted by the solvent in 

the immediate vicinity of the solute, the lifetime of those configurations and the lability 

of the solvent molecules therein. A new graph-theoretic approach is also used to describe 
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H-bonding that is based on the PageRank algorithm of Google search fame. As a post-

simulation processing tool, moleculaRnetworks greatly enhances the traditional, often 

non-standardized, methods used to extract chemical information from molecular 

simulation. The new information obtained facilitates study of correlating and causal 

effects within molecular simulation, for example the relationship between solvation 

structure and solute reactivity.  While the sample data analysis presented focuses upon an 

ion in water, simple modifications allow the use of non-ionic solutes, and/or other 

solvents, which need not form complete H-bonding networks. Moreover, since the scripts 

are written in R, the analysis can be easily extended using R’s library of contributed 

packages, found on the CRAN. This reduces the demand on chemists to program their 

own analyses and opens the door to sophisticated statistical investigation of data and to 

data mining. 
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APPENDIX B. SUPPLEMENTARY MATERIAL 
 
Reproduced with permission from B. L. Mooney, L. R. Corrales, A. E. Clark, J. Comput. 

Chem. 2012, 33, 853-860. DOI: 10.1002/jcc.22917. Copyright 2012 Wiley Periodicals, 
Inc. 
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Description of probabilistic algorithm for construction of the full-system graph and 

nearest neighbor list 

1. Order waters along the x coordinate.   
2. Neighbor waters are nearby in order vector; choose the number of waters, W, on 

either side in the order vector to test. This makes the algorithm probabilistic in 
that the neighbor waters may not be the closest along one axis, and W should be 
sufficiently large to rule out all cases besides the most pathological.  Choosing 
W = N is the same as calculating all water-water distances. 

3. Create a “sliding window”: a vector with each water padded with W waters on 
either side in the order index. 

4. Account for periodic boundaries by allowing waters at the ends of the order 
vector to be nearby waters at the other end. 

5. Convert the vector to a pairlist of each water and its possible neighbors. 
6. Eliminate duplicates in the pairlist. 
7. Repeat steps 1-6 along y and z. 
8. Concatenate the pairlists. 
9. Find and retain only the duplicate pairs in the concatenated pairlists (as these are 

close enough to be neighbors in all three dimensions). 
10. Calculate vector distances for the retained pairs. 
11. Account for periodic boundary conditions by subtracting a boxside off values 

that are too large. 
12. For H-bonding, use the pairlists to calculate all O-H distances and O-H-O angles. 

13. Remove pairs without a suitable O-H-O angle or too large an O-H distance from 

the list. 

The remaining pairs are then used directly to create the H-bond network graph.  

 

 

 



 

88 

Figure S1. Page rank distribution of (A) bulk-like TIP3P water and (B) the waters within 
the first solvation shell about Na+, within the simulation of Na+ in 216 TIP3P waters. A 
damping factor of 0.85 was used. 
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APPENDIX C. DETERMINING POLYHEDRAL ARRANGEMENTS OF ATOMS 
USING PAGERANK 

 
Reproduced with permission from Hudelson, M., Mooney, B. L., and Clark, A. E.. J. 
Math. Chem. In press. Copyright 2012 Springer. 
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Abstract: Polyhedral representations of the geometric arrangements of atoms 

and molecules is a pervasive tool in chemistry for understanding chemical 

bonding and electrostatic interactions. Yet the structural organization within very 

large systems is often difficult to quantify. In this work, we illustrate that 

PageRank, when combined with the chemical constraints of a system, can be 

used to uniquely identify the polyhedral arrangements of atoms and molecules. 

The PageRank algorithm can be used on any network that can be represented 

as a graph: a mathematical object where individual points, or vertices, are joined 

by edges. It is thus well-suited for chemical systems where atoms (considered 

vertices) are connected to each other via chemical bonding (considered edges) 

or other forces. This has been implemented in a recently reported series of R-

scripts, moleculaRnetworks, and the example provided herein illustrates that the 

polyhedral arrangement of solvent molecules about a solute results in a unique 

PR value for the solute and enables rapid identification of the local geometry in 

the condensed medium. More generally PR can be used as a chemoinformatic 

tool to search for specific structural patterns within any database of geometric 

configurations.  
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1. Introduction 

 Statistical mechanical (SM) simulations provide a wealth of data regarding 

the ensemble of atomic positions that are populated for a system under a set of 

experimental conditions. Most often chemists are interested in the local 

geometric arrangements of atoms and molecules, whose tendency to form 

polyhedral structures is a well known result of the underlying physics associated 

with chemical bonding and electrostatic interactions. The interpretation of SM 

data for this purpose is often done in a direct (visual) manner and few algorithms 

exist for an automated approach toward structural characterization. In a recent 

work, we reported the moleculaRnetworks series of R-scripts for the post-

processing of SM data and the study of solvent structure about solutes.1 

Applications of this code have investigated the solvent shell structure and 

exchange processes of mono-, di-, and trivalent metal cations in water.2 An 

essential aspect of moleculaRnetworks is the utilization of the PageRank (PR) 

algorithm to identify the connectivity and organization of atomic/molecular 

networks.  PR is best known for its implementation in the Google internet search 

engine to assign numerical weighting to each element of a hyperlinked set of 

documents.3 However, the PageRank algorithm can be used on any network that 

can be represented as a graph: a mathematical object where individual points, or 

vertices, are joined by edges. The success of moleculaRnetworks is in the 

application of PR to graphs formed from “connecting the dots” between atomic 

positions as a means of identifying the polyhedral arrangements of those atoms. 
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In this work, we demonstrate the uniqueness of the PR to a given graph. In 

combination with the known behavior of chemical systems and the natural 

constraints therein, the graphs formed in moleculaRnetworks become restricted 

to those representing convex polyhedra, and thus the PR becomes a new 

identifying tool for characterizing local geometry.  

 

2. Method 

As reported in [3], the normalized PageRank formula that is implemented for 

ranking internet web-pages is: 

!" !! !
!! !

!
! !

!"!!!!

! !!
!!!! !!

 

where the set of pages is !!!!!!! !!! , the value !"!!!! denotes the page rank 

of page !!, ! !!  is the number of outgoing links from page !!, and ! !!  is the 

set of pages that link to page !!.  If a page !! has no outgoing links (is a “sink” 

page), then we assume ! !! ! ! and !! ! !!!!! for all !.  This emulates a 

surfer picking a random page when they are finished with a page that contains no 

links.  The value of ! represents the probability that a surfer follows a link on the 

page he/she is on.  The term !!! !!!! represents the probability of a surfer 

beginning a new surfing session on page !!; the !! ! factor is the probability of 

beginning a new surfing session and the !!!!factor represents the probability of 

choosing page !! at random. To adopt this convention to a system of atoms, the 

index !!!!!!! !!!  merely becomes the list of atoms !!!!! !! , the page rank of 
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atom ! becomes !" !  and and the number of connections from the atoms ! that 

are connected to ! is ! ! . Thus, the PR of atom ! is determined not only by the 

number of connections it hast to atoms !, but also each !’s connectivity to other 

atoms in the network/graph. The definition of a “connection” is modulated by the 

radial cutoff from atom ! that obeys the definition of the chemical phenomena 

under investigation. If only the immediate geometry of the atom ! is being 

considered, the cutoff would include only atoms that are directly bonded to !. 

Alternatively, non-bonded interactions may be considered, such as H-bonding, in 

which case a typical H-bond distance could be used. In the case of statistical 

mechanical data, the cutoff values can be determined from the pair distribution 

function (PDF) between the atom types of interest.  

Let ! represent the all-ones vector and ! the matrix whose entries are  

!!!! !
!!! ! !!!if!! ! !!!!

!!!!!!!!!!!!otherwise.!
 

Then the vector ! ! !" ! !!" ! !! !!"!!! ! is a solution to ! !
!!!

!
!! !"!.  

Alternatively, ! solves ! ! !" ! !
!!!

!
!.  Since ! is a stochastic matrix, the 

moduli of its eigenvalues are bounded above by 1 and so ! ! !" is invertible for 

any ! ! ! ! !.  Thus, ! !
!!!

!
! ! !"

!!
!. 

The above discussion allows us to conclude that the PageRank vector ! 

represents a unique solution to the equation ! !
!!!

!
!! !"!.  Thus, if we are 

able to demonstrate that a given vector solves the equation, then we will not 
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have to be concerned that some other vector is a solution as well. This amounts 

to the demonstration that the PR of atom !, whose connected atoms form a 

polyhedral geometry about ! is distinct for different n-vertex polygons. While this 

will be shown not to be the case for simple point charges, the known physical 

constraints of chemical systems cause this to be true in practice (vide infra). 

In chemical systems the linking is symmetric, i.e., if ! is connected to ! 

then ! is connected to !. Let’s also assume there are no isolated (non-bonded) 

atoms.  In this case, we let ! be a graph whose vertices are the atoms ! and 

where two vertices are joined by an edge if and only if the atoms they represent 

are “connected”.  Suppose ! is the adjacency matrix for ! and ! is the diagonal 

matrix whose diagonal entries are !!! ! !!!!, the reciprocal of the degree !! of 

vertex !.  Then it is a routine computation to verify that ! ! !!. Another routine 

computation verifies that if ! ! !!!!!!! !!!
! then !! ! !!! ! !! ! !. Thus, 

the vector containing the degrees of the vertices is an eigenvector of ! with 

eigenvalue 1.  Ultimately, this means that the solution vector ! ! ! !  to the 

equation ! !
!!!

!
!! !"! must satisfy 

! ! !
!

!! ! !! !!! !!

!!

!!

!

!!

! 

We obtain the following result: 



 

96 

Theorem.  Suppose atomic connections are symmetric and suppose ! !  is the 

solution vector to both equations ! !
!!!

!
!! !"! and ! !

!!!

!
!! !"!.  Then the 

underlying graphs for ! and ! must have the same degree sequences. 

It is not safe to conclude that the underlying graphs are isomorphic.  Consider 

any ! ! regular graph ! with ! vertices.  We form the graph !! by adjoining to ! 

another vertex !!!! and forming edges joining !!!! to every vertex in !!.  The 

matrix ! for !! will have entries 

!!!! !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!vertices!!! !and!!! !are not adjacent

!!!! ! !!!!!!!!vertices!!! !and!!! !are adjacent! ! ! ! ! !!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! !! ! ! ! ! !

 

In block form, 

! !
! ! !

!!
! !

!!
!!

! ! !
!!
!!
!

!

 

where ! is the adjacency matrix for !.  We observe that ! ! !! is an eigenvector 

for ! with eigenvalue !.  

Now, we consider determining the value of ! that solves the equation 

!"
!!

!! !"
!
!! !

! ! !
!
!

!
!

!!

!! !"
! 

Expanding the left-hand side, we obtain 

!"
!!

!! !"
!
!! !

! ! !
!
!

!
! !

! ! !
!!
! !

!!
!!

! ! !
!!
!!
!

!

!!!

!! !"
!
!! !

! ! !
!
!

!
!

! !
! ! ! !

!!
!!!! !! !" !

!!!
!

!" ! ! !
!!

!
!! !

! ! !
!
!

!
!
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!
!"# ! ! !

!!
! ! !! !" !

!!
! !! ! ! ! !

!!
!!!!

!"# ! ! !
!!
! !! ! ! ! !

!!
 

which means we seek ! such that 

!"# ! ! !
!!
! ! !! !" !

!!
! !! ! ! ! !

!!
! !!

!"# ! ! !
!!
! !! ! ! ! !

!!
! !! !"! 

Solving the first equation for ! yields 

! !! ! !
!"

! ! !
!
!

!
!
!! !

! ! !
!

!
!! ! ! !

! ! !
!

! ! !

! ! ! !
!

! !
! ! ! !! ! !!

! ! ! ! ! ! ! ! !
! 

As a check, solving the second equation for ! yields 

!
!" ! ! ! ! !

! ! !
!
!! !

! ! !
! !!

!
!!! ! ! ! !!

! ! !
!
! ! !

! ! !
!

! !
! ! ! !! ! !!

! ! ! ! ! ! ! ! !
 

which verifies our answer from the first equation.  Thus, with ! ! !!!

!! !"
 where 

! !
!!! !!!!!

! !!! !!!!!
, the equation 

!"! !
!! !

! ! !
!! ! ! 

is solved.  From the previous discussion, this is the unique solution to this 

equation.  We note that the entries of ! sum to !, and so we have produced a 
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PageRank vector. We observe that this PageRank vector is the same if we begin 

with any ! ! regular graph ! on ! vertices, so two such graphs cannot be 

distinguished by this process. As an example, suppose !! is a six-membered ring 

with atom ! in the center and !! has two disjoint three-membered rings above 

and below the plane of ! as in Figure 1.   

 

Figure 1. Cyclic six-membered ring versus two disjoint triangles connected to a 
single point/atom ! in a regular graph. 
 

Letting !! and !! be their adjacency matrices and !! and !! be the associated 

! ! matrices, we have 

!! !

! !!! ! ! ! !!! !!!

!!! ! !!! ! ! ! !!!

! !!! ! !!! ! ! !!!

! ! !!! ! !!! ! !!!

! ! ! !!! ! !!! !!!

!!! ! ! ! !!! ! !!!

!!! !!! !!! !!! !!! !!! !

!and 
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!! !

! !!! !!! ! ! ! !!!

!!! ! !!! ! ! ! !!!

!!! !!! ! ! ! ! !!!

! ! ! ! !!! !!! !!!

! ! ! !!! ! !!! !!!

! ! ! !!! !!! ! !!!

!!! !!! !!! !!! !!! !!! !

! 

We have ! ! !! ! ! ! and ! !
!!! !!!!!

! !!! !!!!!
!

!!!

!"!!!"
. The vector 

! !
!

!"! ! !"
!

! ! !

! ! !

! ! !

! ! !

! ! !

! ! !

!! ! !

!

solves both equations !!!! !
!!!

!
!! ! ! and !!!! !

!!!

!
!! ! !. 

 The above example is of course only valid for structures that have exactly 

the same degree sequence. Examples where this may occur include: a) identical 

isolated molecules or clusters where two configurations are energetically 

favorable (as proposed in Figure 1) or, b) a perfectly repeating periodic crystal of 

both symmetries. In both of these cases, the definition of a “connection” is well-

defined, the radial cutoff from the central atom terminates beyond the bounds of 

the cluster in the first case, and is dictated by the periodic boundary of the crystal 

in the second. However, in most chemical applications such equivalent degree 

sequences are incredibly difficult to achieve. When more realistic chemical 

systems come under investigation, where the vertices of the polygon are 

themselves part of an extended network of connectivity, and where an ensemble 
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of configurations are being considered (as is the case for statistical mechanical 

data) the probability of having the same degree sequence for different polyhedral 

arrangements becomes quite small. The chemical constraints of the system also 

help to ensure that the PR of an atom becomes a unique identifier of local 

structure in practical applications. 

  As an example, let us consider a prototypical system for analysis using the 

moleculaRnetworks scripts which incorporate PR as a means to identify 

molecular structures from statistical mechanical simlations. In the case of an ion 

immersed in water, H2O molecules form concentric shells of solvation about the 

ion and the ion-dipole interaction in the immediate vicinity of the ion (the first 

solvation shell) causes the H2O to be highly organized. The classical approach 

for characterizing the solvation shell is by means of a pair distribution function 

(PDF) between the ion center and the O-atom of water, which will have at least 

one well-defined peak that when integrated, produces the “coordination number” 

(CN) of the ion. The first peak in the PDF indicates that the waters in the first 

solvation shell are distributed about a maximally probable radial distance. 

Moreover, since the solvent molecules repel one another equally they will be 

distributed roughly uniformly on a sphere of radius !, and thus may be mapped to 

a convex polyhedron. Planar solvation shells as might be inferred from the 

hexagon in Figure 1 are nonsensical in a chemical system such as this (e.g. they 

would have a huge cavitation energy).  
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We are interested in the PR of the ion and as such consider the 

connection between the first solvation shell O-atoms and the ion, as well as the 

intermolecular connections between O-atoms. Thus, the relevant graphs for this 

chemical system are star graphs. Each graph in moleculaRnetworks begins as a 

star graph, with connections between each solvent molecule (as defined by 

atomic position) and the central solute. Upper and lower bounds to the length of 

this connection are established by examination of the pair distribution function. 

The lower bound is dictated by the repulsive part of the potential that describes 

the ion-water interaction (governed by the hard-sphere radius of each atom), 

while the upper bound is the boundary between the first and second concentric 

solvation shells about the ion (which appear as separate peaks in the pair 

distribution function). Next, edges are formed between water O-atom vertices if 

the distance between them is less than or equal to a cutoff distance, which we 

have taken to be the side of the largest cube fitting into a sphere of radius !, with 

! less than the first minimum of the pair distribution, but greater than the first 

maximum. This does two things. First, it forms the polyhedral skeleton without 

edge crossings through the center of the graph or behind other water vertices, as 

such edges would not be present in a convex polyhedron. Second, it limits the 

number of edges had by an individual vertex, such that we need not worry about 

excessively large numbers of edges. The use of the cutoff distance as a chemical 

constraint for edge formation can also alter the number of edges for each vertex. 

For example, if a planar hexagon solvation shell were to be present in solution 
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and at the same time a solvation shell with three H2O arranged above and below 

the plane of the ion, as in Figure 1, then the cutoff distance is chosen to be large 

enough that at least one edge is formed between the top and bottom triangles, as 

illustrated in Table 1. Thus, as implemented in moleculaRnetworks, the disjoint 

triangles in Figure 1 become identified as a trigonal biprismatic polygon when the 

top and bottom triangles are sufficiently close to one another, and the two 

solvation environments will yield distinct PR values for the central ion due to 

different degree sequences now being present. As another example, consider 

the trigonal prism and octahedron (Table 1) which both have CN = 6 for the 

central ion. Provided that the number of edges at each vertex is different for the 

two forms – for the prism, 3, and for the antiprism, 4 – the introduction of the ion 

“breaks” the regularity of the graphs, altering their degree sequences and PR, 

thus allowing the two forms to be distinguished.  

The calculated PR of the central ion based upon these chemical 

constraints and the limitations of a star graph are shown in Table 1 for four- to 

six-vertex polyhedra. Note that in instances where atomic positions fluctuate 

such that their distance is greater than the cutoff, the polyhedra database within 

moleculaRnetworks also includes the PRs of graphs with one or two edges 

missing, so that structures can be matched when a water is slightly beyond the 

cutoff. To list them all is beyond the scope of this work, but we note one example 

in the “wedge,” which is not a proper convex polyhedron, but rather an 

arrangement gleaned from the MD data of multiple ions in water solvent, in which 
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one water vertex has only two edges. As an example, in our prior work,1-2 we 

performed an analysis of 1 ns of MD data of Na+ ion immersed in 216 TIP3P 

water molecules. Through the application of moleculaRnetworks, the geometry in 

the first solvation shell, Na(H2O)5
+, was identified in 99.4% of configurations. The 

5-coordinated ion was found in the square pyramidal geometry 53.6% of the 

time, and in the triangular bipyramid and “wedge” 9.3% and 36.6% of the time. 

This indicates that nearly all of the 5-vertex polyhedra are identifiable. 

 
Table 1. PageRank of the central ion for N-vertex polyhedra (N = 4 - 6). 
Number of Vertices Polygon Name Shape PageRank 

 
4 

 
square  

 
0.2441558 

 
4 

 
tetrahedron 

 

 
0.200000 

 
 
5 

 
 
square pyramid 

 

 
 
0.1892430 

 
 
5  

 
 
trigonal bipyramid 

 

 
 
0.1772388 

 
 
5 

 
 
wedge 

 

 
 
0.2035064 

 
 
6 

 
 
octahedron 

 

 
 
0.1636142 

 
 
6 

 
 
pentagonal pyramid 

 

 
 
0.1822820 

 
 
6 

 
 
trigonal prism 

 

 
 
0.1929308 
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Conclusions 

Chemical structures or networks that have exactly the same degree 

sequence are shown to have the same PageRank. However, exploitation of 

chemical constraints can ensure the construction of non-regular graphs with 

unique PR. For the example provided, matching the PR of the graphs from 

statistical mechanical data to the PR in a database of ideal polyhedra (as is done 

in moleculaRnetworks), can reduce the complicated problem of identification of 

solvent organization to the easy application of a graph-theoretic algorithm. The 

example provided herein presents a useful tool for the analysis of SM data of a 

wide array of systems, from biological solutes like proteins, to reactive species in 

solution within chemistry and chemical engineering. Keep in mind that the PR is 

unique for different degree sequences of a system, and thus can be used as a 

fingerprint of solvent organization even if the solvent is does not form convex 

polyhedra as in the example presented. Indeed, more generally PR can be used 

as a chemoinformatic tool to search for specific structural patterns within any 

database of geometric configurations. In this respect, the PR and the connectivity 

information contained within the M matrix could be used in a similar way to the 

Morgan algorithm that was so instrumental in the early development of the 

Chemical Abstracts Service for assigning unique identifying labels to different 

chemical structures.[4] 
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APPENDIX D. NOVEL ANALYSIS OF CATION SOLVATION USING A GRAPH 
THEORETIC APPROACH 

 
Reproduced with permission from Mooney, B. L.; Corrales, L. R.; Clark, A. E. J. Phys. 

Chem. B. 2012, 116, 4263. Copyright 2012 American Chemical Society. 
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Abstract 
 
 A new method for analyzing molecular dynamics simulation data is 

employed to study the solvent shell structure and exchange processes of mono-, 

di-, and trivalent metal cations in water. The instantaneous coordination 

environment is characterized in terms of the coordinating waters' H-bonding 

network, orientations, mean residence times, and the polyhedral configuration. 

The graph-theory-based algorithm provides a rapid frame-by-frame identification 

of polyhedra and reveals fluctuations in the solvation shell shape -- previously 

unexplored dynamic behavior that in many cases can be associated with the 

exchange reactions of water between the 1st and 2nd solvation shells. Extended 

solvation structure is also analyzed graphically, revealing details of the hydrogen 

bonding network that have practical implications for connecting molecular 

dynamics data to ab-initio cluster calculations. Although the individual analyses 

of water orientation, residence time, etc., are commonplace in the literature, their 

combination with graphical algorithms is new and provides added chemical 

insight.   
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Introduction 

 Aqueous solvation of metal ions plays a central role in the chemical 

mechanisms of biological signaling, in the bio-availability of toxic elements within 

the environment, in the design of new catalysts, in extraction processes, and in 

many phenomena relevant to technology.1-7 One of the most important features 

of solvation is the structural organization of water about the ion, which includes 

the positions of the O-atoms and the influence of the ion upon the water’s H-

bonding network. The former can be characterized using difficult X-Ray and 

neutron diffraction methods,5-14 while dielectric relaxation spectroscopy, nuclear 

magnetic resonance (NMR), and ultrafast infrared spectroscopy can help 

elucidate perturbations in H-bonding relative to the bulk.7,15,16 Isotopic labeling5 

and various other analyses within NMR can also be used to study the dynamics 

of the solvent shell, including the mechanisms and rates of solvent exchange.17-20 

Despite these capabilities, there remain experimental limitations such as high 

concentration requirements, which introduce counterion effects (or ion pairing) 

and make the presence of bulk water questionable. 

 Computer simulations have thus played an important role within the field 

and have helped to elucidate a number of features and trends in solvation 

properties as a function of the ion charge and radius.21-33 For example, in a given 

charge state, the M—OH2 interaction typically increases with decreasing ionic 

radius.21,34 As such, larger ions may accommodate more waters in their 1st 

solvation shell and those waters are typically more labile and have a shorter 
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residence time than around smaller ions. The structure of the 1st solvation shell 

about an ion is typically interpreted in terms of the polyhedral geometries that are 

adopted by the O-atoms of water. Though often described in the literature by a 

single average configuration, the polyhedral structure is not static and need not 

be symmetric. The M—OH2 distances within the 1st shell may not be all equal, 

and the number of solvating H2O (referred to as the coordination  number – CN) 

may be a time average of two (or more) values.35 Structural order within the 

concentric solvation shells, as defined by the orientation of the H2O dipoles 

relative to the M--O bond, increases with the surface charge density of the ion. 

 The above is based largely on analyses of pair distribution functions 

(PDFs), coordinate transformations, and angular distribution functions designed 

to derive an averaged picture of solvation from statistical mechanical data. Yet, 

many properties exhibit dynamic behavior that is not straightforward. The effects 

of ions on the viscosity of aqueous salt solutions is considered to be related to 

the ability of the ion to alter the (bulk) H-bonding and tetrahedral arrangement of 

water (the “structure-maker / structure-breaker” concept),7 and the molecular 

origins of the Hofmeister series36-39 continue to be a subject of intense debate. 

Further, while the exchange of water between the 1st and 2nd solvation shells is 

the simplest chemical reaction that the aqueous metal ion can undergo, the 

classification and identification of exchange mechanisms using both experimental 

and theoretical methods is challenging. Like the shape and size of the 1st 

solvation shell, the mechanism of exchange is a fundamental aspect of the ion—
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water interaction. While the behavior of the aqueous ions under different 

pressure and temperature regimes can probe exchange mechanisms,5 the exact 

structure of the reaction intermediates must be inferred, leading to continued 

debate. To quote the review by Ohtaki and Radnai, “Discussions on the 

associative (A-) and dissociative (D-) mechanisms for solvent substitution 

reactions. . .should disappear when (if) we could see the structure of the 

activated complexes. . .in the solution.”35  

In this work, the recently developed moleculaRnetworks graph theory 

analysis package40,41 has been applied to the prototypical MD data of common 

metal cations so as to extract the shape(s) of the rearranging solvent shell and to 

derive new mechanistic insight. This analysis classifies the coordination 

polyhedra about ions “snapshot-by-snapshot” and allows correlations between 

the polyhedral arrangement and the solvation shell stability to further understand 

the exchange of water between solvation shells. The mechanisms of water 

exchange from this analysis are found to complement and in some cases 

independently validate recently reported mechanisms of water exchange for 

several of the ions. The relationship between the size and charge of the ion with 

the extent of H-bonding, the CN, the dipolar tilt of solvating H2O, the solvation 

shell structure, and the lability of solvating H2O is also explored in finer detail 

than previously reported. Results from simulations of TIP3P water and the 

monovalent cations Li+, Na+, and K+, the divalent cations Mg2+ and Ca2+, and 

trivalent La3+ are presented.  
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Methods 

 Simulations employed DLPOLY42 with 216 TIP3P water molecules and 

one of the following ions: La3+, Ca2+, Mg2+, K+, Na+, Li+. Interaction parameters 

for the monovalent and divalent cations were taken from Aqvist,43 and from the 

force field of Kuta et al .44 for the trivalent cation (Table 1). The TIP3P model was 

chosen because prior studies of aqueous alkaline, alkaline earth, and rare earth 

ions using these model parameters have found M-OH bond lengths, CN, 

diffusion coefficients, and mean H2O residence times in good accord with 

experimental values.25,30 Over the last decade, several hundred studies have 

used these parameters in similar non-polarized aqueous media and as such this 

data is representative of some of the most common MD data available for these 

ions. To handle the long-range forces, Ewald summation was used with a 

tightened tolerance of 10-08. All simulations used a 1 fs time step. The initial neat 

water system was equilibrated within the NPT, NVT and NVE ensembles each 

for 200 ps. Then, the density of the water subsystem was maintained at 1 g/cm3, 

the ion inserted, and a 200 ps equilibration in the NVT ensemble was carried out 

followed by 100 ps in the NVE ensemble to test stability at the target average 

temperature of 298 K. For each ion, there followed three 1 ns production runs. 

Data was collected from the production runs at a rate of once every 25 time steps 

for a total of 40,000 snapshots per 1 ns run. 

 
 Data analysis utilized the recently developed series of R-scripts 

moleculaRnetworks.40,41 This analysis is dependent upon setting radial cutoffs 
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that define the concentric solvation shells about the ion. This is one of the most 

important and least discussed features of solvation that inherently impacts all 

subsequent analyses of solvation structure. Most MD analyses utilize the 

minimum of the ion-water PDF, which is an average representation of the 

boundary between solvation shells. However, instantaneously at any one 

snapshot there can be H2O migrating in and out of solvation shells, which can 

lead to false inclusion or exclusion of H2O relevant to solvation. 

moleculaRnetworks minimizes this issue by determining the distance at which 

the changes in the identify of the water molecules within the solvation shells is at 

a minimum (the minimum crossing distance – MCD). At the MCD, the waters 

“escape” the fewest number of times, as would be expected for H2O experiencing 

the full electrostatic potential of the ion, and enter the fewest, as would be 

expected in the presence of a barrier to exchange. The CN, and the average time 

that H2O spent inside the 1st shell, termed the mean residence time (MRT), were 

then determined. The MRT of the 1st solvation shell waters was calculated 

through the introduction of a tolerance time, t*: any molecule that does not leave 

the hydration shell for a time longer than t* without returning back to the 1st shell 

is treated as not having left at all.34 The introduction of t* reduces issues 

associated with sampling and the timescale of rattling motions of H2O near the 

MCD. A t* value of 0.5 ps was used, amounting to 20 snapshots with 25 fs 

between each snapshot. Such a short t* value is also supported in recent work 

by Laage and Hynes.45 Exchange reactions were identified as those changes in 
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CN that lasted less than 0.5 ps in duration that were not immediately preceded 

by another CN change less than 0.5 ps in duration: i.e., only the first exchange of 

a series was considered, such that the events were separated in time and distinct 

from one another. An increase in CN classifies the reaction as associative, while 

a decrease in CN is considered dissociative. Interchange reactions were 

identified as changes in the shell membership list without concurrent change in 

CN. This definition is simplified relative to that used in prior work (e.g., ref 46) but 

allows a consistent treatment of exchanges even in the face of apparently 

complex reaction dynamics (vide infra). The H2O dipole orientations (angle of the 

H2O dipole vs. the O --> Mx+ vector) were also calculated and cross-correlated 

with radial distance so as to observe the influence of the ion on H2O orientation 

and to examine reorientation during exchange. A value of 0° indicates perfect 

alignment with the O --> Mx+ vector.  

 moleculaRnetworks utilizes the PageRank analysis algorithm47 to create 

graphs of the polyhedral skeletons of the closest N waters about an ion. 

PageRank (PR), most famously used by Google to evaluate the importance of 

websites on the internet, is used here as a descriptor of H-bonding structure and 

is unique to this toolkit. A graph is a mathematical object where individual points, 

or vertices, are joined by edges. In this case, each water is considered a vertex, 

and its nearest neighbor atoms (including the connection to the solute) forms an 

edge. The calculated PageRank (PR) of the waters in the first solvation shell are 

then matched to a library of the associated values of known polyhedra, enabling 
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rapid snapshot-by-snapshot identification of the coordination environment. The 

performance of the method in its ability to match structures is discussed in the 

Supplementary Information. Two to five identifiable polyhedra are available for 

each CN (Table 2). While the majority are recognizable structures with regular 

polygon faces, in the case of extreme deformation, structures that are adopted 

during dramatic shape changes in the solvation shells should be identified. These 

"pseudopolyhedra” were devised for shapes that are not a convex body with a 

regular face. The wedge (W) is an example of an improper pseudopolyhedron 

that nevertheless contributes to the coordination geometry of two ions in this 

study. It consists of a triangle with a connected pair of waters above, one of 

which is connected to the two points of the base of the triangle, and the other 

which is connected to the top of the triangle (Table 2). Among the 10-coordinated 

structures, seven different tetra-augmented trigonal prisms (Tetra-ATP) have 

been investigated that vary in the point of attachment of the new vertex to the 

underlying Tri-ATP polyhedra. Of these, just one accounts for the majority of 

tetra-ATP observations, and it alone is discussed. The identified polyhedron were 

assigned to one of 5 categories: stable coordination, over-saturated and stable, 

under-saturated and stable, over-saturated exchange intermediate, or under-

saturated exchange intermediate. The distributions of polyhedra within each 

category were then compared to determine the relationship of particular 

polyhedron with stability or exchange within the 1st solvation shell. 
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To explore the relationship between polyhedra, exchange, and H-bonding, 

a graph of the entire water network for each snapshot is constructed. In these 

graphs, the edges are not simply nearest neighbors but H-bonds. The criteria 

used to define a H-bond are: 1) the O-atom of one molecule lay within 2.5 Å of an 

H-atom on another, and 2) the associated O...H-O angle was no smaller than 

150°. Sensitivity of the analysis to this definition is discussed in the results 

section. Borrowing the language of graph theory, the mean degree of H2O within 

the 1st solvation shell is defined as the average number of H-bonds (over all 

snapshots) plus one for the connection to the ion. This definition explicitly 

incorporates the ion into the network and thus differs from that commonly used in 

investigations of H-bonding near a solute. The relationship between the distance 

from the ion and the mean degree of H2O was examined using t-tests and 

clustering algorithms implemented in moleculaRnetworks. 

 

Results and Discussion    

 The MD results presented here are in good agreement with prior 

theoretical and experimental studies using the same potentials and simulation 

protocols (vide infra). The radial cutoffs and CNs for each ion is presented in 

Supplementary Information. For the mono- and divalent cations, the peaks in the 

PDFs are in exact agreement with Aqvist and prior MD studies. The results from 

our analyses are arranged as follows. First, the coordination environments of the 
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ions are presented, then water orientation and hydrogen bonding are examined, 

followed by a description of exchange reactions. 

  Coordination Environment. Analysis of statistical mechanical data 

typically relies upon the PDF to determine the CN. While it is possible to use the 

total O--M--O angular distribution to resolve the data into the dominant polyhedral 

shapes adopted within the 1st solvation shell, to date there has been no well-

defined algorithm for obtaining the relative contributions of the polyhedra nor their 

lifetimes. This has prevented further study into correlations between the 

polyhedra and aqueous reactivity.  

  As presented in Table 3, the Li+ ion is 4-coordinated 66.0% of the time 

and 5-coordinated 32.8% of the time to give a mean CN of 4.35 ± 0.50. This is in 

good agreement with ab-initio and experimental studies that give a CN of 4 (with 

a tetrahedral geometry);48,49 other classical simulations indicate 4 or a mix of 4- 

and 5-fold coordination.29,50,51 During the time when it is 4-coordinate, a 

tetrahedral geometry (Td) is observed 40.3% of the time and a square planar (S) 

geometry 24.0% of the time, with a “broken tetrahedral” shape observed 35.8% 

of the time.52 When it is 5-coordinated, square pyramidal (SPy) and wedge (W) 

geometries are observed with nearly equal frequency (45.9% and 53.0%, 

respectively). The transitions between coordination environments arise from 

natural fluctuations in the M--O distances and deformations in O--M--O angles 

and are a first-order process. Fitting the lifetimes of the predominant polyhedra 

(S, Td, “broken” Td, SPy, and W) to an exponential distribution results in half-
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lives of 38.6, 30.0, 24.3, 44.2, and 58.8 fs, respectively (Table 3). Such short 

dynamics are a result of the purely electrostatic interaction between the ion and 

water, and timescale of the O—M—O bending vibrations that enable one 

polyhedron to deform into another. Moreover, the minimum distance for each 

H2O to move in order to transform between a given N-vertex polygon is quite 

small (tenths of Å). A prior review on the dynamics of bulk water pointed out that 

“on very short time scales (<200 fs), the OH/OD group can show a limited free 

rotation (libration) while keeping the donated H-bond intact.”53 Thus, it is possible 

for the polygon lifetime to be shorter than a typical H-bond within bulk water. The 

rapid sampling of configurations within the 1st solvation shell is captured well by 

the moleculaRnetworks analysis, however the resulting polyhedral distributions 

differ from other methods of characterizing the solvation shell geometries. For 

instance, the symmetry axis method in ref 23 yields polyhedron lifetimes orders 

of magnitude longer than in this work due to the assumption of a single, highly 

symmetric shape for each CN; as such, that analysis reveals only the most 

dramatic shape transformations which occur on the timescale of water exchange. 

A key feature of this analysis is that more subtle, distorted structures that could 

be viewed as intermediates in dramatic shape changes are also identified. 

 
 Recent theoretical and experimental work has indicated a 5 or 4+1 

coordination state26,29,55 for Na+; however, many MD studies have observed 6-

coordinate Na+. X-Ray scattering studies also typically assume 6-coordination 

with the maximally symmetrical octahedral configuration. In this work, Na+ ion is 
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predominantly 6-coordinated (57.8%) and 5-coordinated (37.4%), resulting in a 

mean CN of 5.64 ± 0.57. The dominant polyhedra adopted for 5-coordination is 

the W (47.5%), followed closely by the SPy (46.6%), with occasional 

observations of the TBP (3.4%). When 6-coordinated, the octahedron (O) is 

dominant (38.4%), followed by a distorted octahedron (21.1%) and a “capped” 

square pyramid (CSPy) (20.2%). The pentagonal pyramid (PPy) and triangular 

prism (TP) are also observed 8.8% and 7.9% of the time, respectively. Having 

the largest ionic radius, K+ is found in coordination states ranging from 3 to 10, 

with 6 (observed 44.8% of the time) and 7 (30.0%) the most common, to give a 

mean CN of 6.25 ± 0.87. Prior theoretical and experimental studies of K+ 

suggests a weak K+--OH2 interaction which leads to an amorphous shell. This is 

further supported by the polyhedral distributions.12 When 6-coordinated, the 

dominant polyhedra observed are the O (26.5%) and the CSPy (26.3%). The 

PPy (17.2%) and TP (13.4%) are also frequently observed. Relative to the 6-

coordinated Na+ ion, both the O and the distorted O (8.9%) are significantly 

reduced in prevalence. Thus, in comparison to Na+, the solvation structure about 

K+ has much less tendency toward an octahedral environment. When 7-

coordinated, the pentagonal bipyramid (PBP, 30.9%) and cut dodecahedron 

(CDo, 29.3%) structures are most frequently observed. The augmented triangular 

prism (ATP, 23.0%) and cut cube (CC, 13.0%) are also observed. Very rapid 

transitions are observed between configurations and during a 1 ns run only one 
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CN interval lasted longer than 100 snapshots (2.5 ps), preventing the calculation 

of the polyhedra half-lives. 

 Experimentally, the stable 6-coordinate solvation shell about Mg2+ is well 

established.7 This is reflected in the MD simulations, where a CN of 6 is observed 

for the entire length of the simulation.7,37 Despite this stability, the 1st solvation 

shell is quite dynamic, twisting and evolving even though the solvating waters do 

not dissociate. Both octahedral and distorted octahedral configurations are 

observed (78.6% and 21.1%, respectively), with half-lives of 91.7 fs and 13.5 fs, 

respectively. The octahedron half-life is more than 2.5 times as long as that 

observed in Na+ and K+. The solvation of Ca2+ is more varied, as it is observed in 

7- and 8-fold coordination states, with 6-fold coordination rare (< 1%) and 9-fold 

transient. The ion is 7-coordinated 37.9% of the time and 8-coordinated 61.2% of 

the time, for a mean CN of 7.60 ± 0.51. Experiment finds a CN of 8 for Ca2+, with 

evidence of a square antiprism (SAP) configuration.56-58 This is supported by the 

moleculaRnetworks analysis wherein the predominant polyhedra are the square 

antiprism (SAP, 45.6%), biaugmented triangular prism (BATP, 42.6%), and 

dodecahedron (Do, 11.8%) during the times when Ca2+ is 8-coordinate. This is in 

good agreement with recent work by Lim et. al,58 who used the total O--M--O 

angular distribution of the first-shell waters to infer nearly equal contributions of 

the SAP, the biaugmented trigonal prism (BATP), and Do. Classical simulations 

also typically finds a population of 7-coordinated ions for Ca2+.7 In this case, the 

predominant polyhedra observed are the pentagonal bipyramid (PBP, 62.6%), 
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the cut cube (CC, 22.1%), and cut dodecahedron (CDo,  15.1%).  The La3+ ion is 

predominantly 9-coordinated (91.4%) and 10-coordinated the remainder of the 

time for a mean CN of 9.09 ± 0.28. This is in excellent agreement with the 

literature that finds a 9-fold coordination structure.54 When 9-coordinate, the 

dominant polyhedron is the triaugmented triangular prism (TATP, 84.12%) while 

a monocapped square antiprism (MCSAP) is also observed (15.88%). When 10-

coordinated, the bicapped square antiprism (BCSAP) is dominant (85.58%) with 

various tetracapped square antiprisms (tetra-ATPs) present the rest of the time.  

Water Orientation and Hydrogen Bonding. The orientation of H2O and 

its ability to form H-bonds are intimately linked. Examination of the dipole 

orientations and mean degree of the waters in the 1st and 2nd solvation shells 

yields new information regarding their behavior within specific coordination 

environments. Among the monovalent ions, examination of the mean degree as 

a function of metal-water distance reveals a steady increase in H-bonding with 

increasing bond length within the 1st solvation shell, with the mean degree 

highest for those waters farthest from the ion, yet still coordinated (Figure 1a). 

This distance corresponds to the minimum in the M-O pair distribution function 

(Figure 1 inset), which occurs at 2.88 Å, 3.23 Å and 3.63 Å, for Li+, Na+, and K+, 

respectively. A sharp drop at the boundary of the 1st and 2nd solvation shells 

indicates that the H2O just outside the boundary do not readily H-bond to the 

waters within the 1st solvation shell. Moreover, the boundary waters are 

connected to the network to less of an extent than are waters slightly farther into 
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the 2nd solvation shell. This is indicated by the increase in mean degree for 

individual H2O in the 2nd shell as a function of metal-water distance, which 

reaches a plateau that smoothly transitions into the converged bulk values of 2.7 

and 2.8 beyond 6 Å. To test the importance of the prescribed definition of an H-

bond upon these data, broader angle criterion was examined. Allowing the 

associated O...H-O angle to be no smaller than 120° systematically increases the 

mean degree by ~ 1 unit (see Supplementary Information). Thus, while the 

quantitative data may shift, the qualitative conclusions drawn here remain 

applicable across multiple H-bond definitions.  

Similar plots of the dipole angles complement the mean degree data 

(Figure 1b). The H2O that hydrate monovalent ions have angles that begin 

between 20° and 30° and smoothly increase within the 1st solvation shell. The 

dipole angles decrease for the waters in 2nd solvation shell that are close to the 

boundary, but then again slowly increase as a function of distance until a peak is 

reached at the edge of the shell boundary. The angles plateau beyond 6 Å; in the 

absence of an orienting force the expectation value of the angular orientation 

with respect to the center of the simulation box is 90°. 

An overall increase in the surface charge density of the di- and trivalent 

ions58  leads to significantly different solvation behavior (Figure 2). Instead of an 

increase in the number of H-bonds as a function of distance within the 1st 

solvation shell, a decrease in is observed until the boundary of the 1st and 2nd 

solvation shell is reached (indicated by the minima in the M-O pair distribution 
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function - Figure 2 inset), where the mean degree finally begins to increase 

(Figure 2a). This behavior makes chemical sense as the H2O closest to the ion 

are more highly oriented than in the monovalent ions (with dipole angles < 20°) 

and there is much less rotational flexibility for the 1st shell waters with increasing 

M-O distance (Figure 2b). Indeed, among the di- and trivalent ions, the strong 

ion-dipole interaction aligns H2O in both the 1st and 2nd solvation shells increases 

H-bonding between the two. At the boundary of the 1st and 2nd solvation shells 

about Mg2+, a large break in the mean degree and water dipole data occurs, 

caused by the 1st shell waters residing within a small distance range and the 

absence of exchange reactions between the two shells. A drop in the number of 

H-bonds is observed for the boundary waters in the 2nd solvation shell for all ions, 

and then a steady increase in mean degree is observed at farther distances. At 5 

- 6 Å from the ion, another oscillation in mean degree is observed, indicative of a 

small perturbation in the H-bonding network that would occur in a 3rd solvation 

shell prior to bulk behavior at 7 - 9 Å. Commensurate with the H-bonding data, 

there is a steady increase in dipole angle within the 2nd solvation shell until a 

maximum is reached at the edge of the shell boundary. As in the mean degree 

data, a second oscillation is observed in the dipole angle between 6 Å and 9 Å 

that indicates some orientational structure from a 3rd solvation shell. 

Statistical analyses implemented in moleculaRnetworks indicate that there 

is a significant change in both mean degree and dipole orientation when the ion 

changes CN. However, for a given CN, comparison of the two most significant 
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polyhedra reveals no correlation with the shape of the first solvation shell. 

Consider the 1st shell about Li+, wherein the solvating H2O adopt a dipole angle 

of 23.35° for Li(H2O)4
+ and 29.24° for Li(H2O)5

+. The small angle indicates 

significant orientational ordering that weakens with increasing CN. 

Concomitantly, there is a small increase in H-bonding within the 1st shell waters 

as the CN is increased from 4 to 5, with an average mean degree for the first 

shell waters of 2.53 in Li(H2O)4
+ and 2.57 in Li(H2O)5

+ (Table 3). Application of 

Student’s t,60 a statistical test for comparing the means of two populations, 

reveals that the difference in the means is statistically significant, with a p-value < 

2.2 x 10-16; this implies that the H2O in Li(H2O)5
+ engage in more H-bonding. 

Further t testing to compare the closest water’s mean degree when 4-

coordinated with the closest water’s mean degree when 5-coordinated, reveals 

that the CN has an insignificant effect on the H-bonding of waters 1-3, but the 4th 

and 5th closest waters have different H-bonding depending on the CN. Student’s t 

applied to the 4-coordinate tetrahedron (Td) vs. square (S), and the 5-coordinate 

wedge (W) vs. square pyramid (SPy) exhibit no significant differences in H-

bonding. This is to be expected given that the polyhedron lifetime is much faster 

than fluctuations of individual H-bonds. In combination with the data shown in 

Figure 1, this analysis indicates that the extent of H-bonding and water 

orientation in the 1st solvation shell are dominated solely by the M-OH2 bond 

distance and CN.  
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Similar conclusions are drawn from the analysis of the remaining cations, 

however interesting differences in solvation properties within the 1st shell are 

revealed. The behavior of Na+ is quite similar to Li+, however for both Na(H2O)5
+ 

and Na(H2O)6
+ the farthest water molecule has a significant increase in mean 

degree relative to the other waters. This holds even for the octahedral geometry 

of Na(H2O)6
+, in contrast to expectations based on symmetry. In aqueous K+, 

waters in the 1st solvation shell are characterized by significantly more H-bonding 

than in the shells of either Li+ or Na+. The K(H2O)5
+ waters have a mean degree 

of 2.82, which increases to 2.87 in K(H2O)6
+ and 2.91 in K(H2O)7

+ (Table 3). The 

differences in the means are statistically significant with p values < 2.0  x 10-16. 

As observed in Figure 1a, the slope of the increase in mean degree as a function 

of distance is less steep than in the other monovalent ions. This is revealed to be 

due to an increase in the population of waters with three and four H-bonds, 

indicating that they rotate more freely and thus accept H-bonds more readily. 

These H2O also exhibit the weakest ordering in terms of their dipole alignment 

with the O --> K+ vector, having an average angle spanning 38.9° when 5-

coordinated to 48.4° when 7-coordinated, in good agreement with the dipole tilts 

reported by Soper and Weckstrom.12 In sharp contrast, the solvating H2O about 

Mg2+ exhibit the strongest dipole alignment of all the ions with an average angle 

of 14.4° (Figure 2b). The dipole alignment of H2O about Ca2+ and La3+ is also 

significant, with angles between 17.0 - 20.0°. The strong rotational alignment 

decreases the overall H-bonding for those waters in the 1st solvation shell about 
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the di- and trivalent ions. Moreover, while the differences in H-bonding between 

different CN are statistically significant for all ions, as higher CN values are 

approached, the H2O orientations become more similar. The H2O in La(H2O)9
3+ 

have a mean degree of 2.52 while those in La(H2O)8
3+ are a 0.04 smaller, yet the 

mean dipole angles are statistically the same (18.2° for La(H2O)9
3+ and 18.4° for 

La(H2O)10
3+, with p = 0.2).  

 Using the MCD to define the 2nd solvation shells leads to 15.0 ± 1.9, 17.0 

± 2.0, and 18.7 ± 2.1 waters for the monovalent Li+, Na+, and K+ ions, 

respectively. These H2O have weak orientational order relative to the first shell 

with dipole angles that span 65 - 90°. In contrast, the di- and trivalent ions have 

2nd solvation shells that are nearly as ordered as the 1st solvation shells about the 

monovalent ions. The mean number of H2O molecules in the 2nd solvation shell 

about Mg2+ is 13.8 ± 1.5, while Ca2+ has 17.7 ± 1.9 and La3+ has 18.6 ± 1.7. 

These values represent the traditional view of the 2nd solvation shell, however if 

one considers a 2nd shell to be made up of only those waters that are H-bonded 

to the 1st shell, then the mean degree indicates that less than half of the H2O that 

surround the first shell are actually connected to it via H-bonds. In the case of Li+, 

6-8 H2O in the 2nd shell are H-bonded the 1st, while 8 – 10 and 9 – 13 H2O have 

this connectivity for Na+ and K+, respectively. Divalent Ca2+ has ~11-12 H2O in 

the 2nd solvation shell that are H-bonded to the 1st shell, while La3+ has 13-15, but 

it is Mg2+ that has the largest proportion of 2nd shell waters H-bonded to the 1st 

(9-10 H2O out of the total 13.8), which illustrates the tightness of the shell 
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structure that has long been observed in both experiment and theory.7,61 The H-

bond connectivity between solvation shells has important ramifications for the 

study of ion solvation using gas-phase ab-initio cluster models. Within that 

approach, significant effort has been dedicated toward determining the 

appropriate number of solvating waters in the second shell (which are 

necessarily H-bonded to the first shell waters), so as to reproduce the key 

solvent interactions needed to accurately predict thermodynamic properties of 

solvation.62,63 

 Exchange Reactions - Implications from Polyhedral Structure. Water 

exchange between the 1st solvation shell and either the 2nd shell or bulk, is the 

simplest chemical reaction an aqueous metal ion can undergo, forming a 

fundamental basis of our understanding of the behavior of aqueous ions. The 

trends in the mechanisms and rates of water exchange follow trends in ion 

reactivity and are related to aqueous ligand complexation reactions and ligand 

exchange. The mechanisms of water exchange can be classified as associative 

(A), dissociative (D), or interchange (I). The first two are classified by 

intermediates that are either over-saturated (A) or under-saturated (D) relative to 

the starting complex: 

Associative (A) : 

M(H2O)x
z+ + H2O* !  M(H2O)x(H2O*)z+

intermediate ! M(H2O)x-1(H2O*)z+ + H2O 

Dissociative (D):  
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M(H2O)x
z+ + H2O* !  M(H2O)x-1

z+
intermediate + H2O + H2O* ! M(H2O)x-1(H2O*)z+ + 

H2O, 

where M represents the metal cation with a charge of z+. Interchange 

mechanisms have minimal activation barriers for both association and 

dissociation, and may be subdivided into IA (associatively activated interchange) 

and ID (dissociatively activated interchange) mechanisms, depending on the 

(radial) distance at which the entering and exiting particles are equidistant from 

the central ion, with rIA < rI < rID. Factors that contribute to a preferred exchange 

pathway include the rigidity of the 1st and 2nd solvation shells, the extent of 

thermally induced fluctuations within the system, and the magnitude of the 

activation barrier for association/dissociation.64 

 The definition of what constitutes an exchange reaction within an MD 

simulation is subject to some variability. One way to define an exchange is by the 

direct (visual) examination of particle distance trajectories. With this method, a 

single CN is assumed. The first change from that coordination number, whether it 

be the arrival or departure of an H2O molecule, marks the beginning of the 

exchange event. Note that some methods65 require the exchanging water to 

enter from/exit to the bulk, while others do not. The end of the exchange process 

is the return to the original coordination state. Mechanistic classification (A, D, or 

I) may also be based on the duration of the exchange interval and the distance 

from the ion at which the incoming/outgoing particle trajectories cross. Particular 

difficulties arise from this method of mechanistic classification. First, there is 
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some arbitrariness in the cutoffs used to define the exchange mechanism (e.g., 

the delineation between associative vs. associatively-activated interchange 

mechanisms). Second, within the course of the MD simulation, multiple transient 

associations/dissociations of water molecules may happen in succession during 

the period of under- or over-saturation. The latter point is particularly relevant for 

the monovalent cations where it complicates the classification of the exchange 

mechanism, such that they are often merely referred to as “complex” exchange 

processes. Finally, a requirement that an exchanging H2O must come from some 

set distance from the ion is difficult to implement from an algorithmic perspective. 

 In this work the definition of exchange is simplified to include only those 

changes in CN which are temporary, less than t* in duration. This is the opposite 

of the direct method of Hofer et al.,65 as here the intervals which are greater than 

t* are considered stable runs of an over- or under-saturated coordination number, 

such that multiple coordination numbers are allowable for each ion. Thus, the 

data is separated so that the distributions of polyhedra can be compared and the 

polyhedra that are associated with shell instability can be determined. In those 

cases where multiple brief coordination number changes happen in sequence, 

only the first is examined, to look for the initial shifts in geometry that may enable 

an exchange process. No requirement is placed upon whether the exchanging 

H2O comes from the bulk, and as such waters that participate in exchange from 

the 2nd solvation shell are counted. This necessarily means that exchange will not 
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be a diffusion limited process and in fact there are often many more exchange 

events than would be anticipated from 1/MRT.  

 Figure 3 illustrates the definitions of aqueous exchange used within this 

work through examination of the trajectories of 8 water molecules that spend 

some time in the 1st solvation shell about Li+ during a 15 ps timeframe. Consider 

the time interval from 0 - 3 ps: a water molecule residing in the 2nd shell (H2O #6) 

approaches an initially 4-coordinated Li+, adding to the shell to create a 5-

coordinated species that is stable between 3.0 and 4.0 ps. As the shell remains 

5-coordinated for > 0.5 ps (t*), within this work the process is counted as a water 

addition reaction. Water #1 migrates out of the 1st solvation shell at 4 ps to create 

a stable 4-coordinated species, however at 7 ps a very complex process begins 

in which two waters (H2O #7 and #8) simultaneously approach the 1st shell from 

the 2nd, expelling H2O #6 as they enter to create a 5-coordinated species. This 

could be termed an interchange, and also an associative mechanism because 

the CN increases from 4 to 5; however, it is uncertain which of the two entering 

H2O is associating and which is interchanging. moleculaRnetworks identifies the 

initial paired entry at ~7.6 ps as an associative exchange. The 5-coordinated 

species is relatively stable until 8.75 ps, with one dissociative exchange at 8.0 ps 

observed wherein H2O #2 briefly escapes the 1st solvation shell, only to pop right 

back in again. Inclusion of this event is justified as an exchange by noting that we 

are using the concept of exchange to identify regions of instability in the 

coordination shell in order to identify unstable polyhedral geometries and the 
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escape of H2O #2 represents an instability. At approximately 8.6 ps, H2O #5 

leaves the 1st solvation shell to create another stable complex with a CN of 4 that 

has a lifetime of ~ 3 ps. One brief associative exchange is observed at ~ 10.75 

ps involving H2O #6 (which has remained in the 2nd solvation shell since it 

dissociated from the 1st shell at 7.6 ps). At 12.0 ps H2O #3 adds to the 1st 

solvation shell from the 2nd, however this 5-coordinated species is somewhat 

unstable, as at 12.6 ps H2O #8 is involved in a dissociative exchange. An 

interchange reaction is initiated at ~13 ps, as H2O #6 comes in from the 2nd 

solvation shell at the same time that H2O #4 leaves the 1st shell. Shortly 

thereafter, H2O #8 dissociates from the cation and enters the 2nd solvation shell. 

In comparison to the definition described above, should only those 

reactions be considered where a H2O from the bulk is involved, then the 

exchange reaction from 7.6 to 13.6 ps becomes the sole associative exchange 

process. Indeed, 1 exchange event in 15 ps leads to a chemically reasonable 

number of 67 exchanges per ns. Alternatively, if a fixed CN scheme is adopted, 

then the processes from 3 to 4 ps, 7 to 8.6 ps, and ~12 to 13.5 ps would be 

considered exchanges, two of them with “complex” mechanisms. Figure 3 clearly 

shows how the method employed in this work simplifies the classification of the 

observed complex exchange dynamics: when H2O enter or leave and stay that 

way, they are stable; when H2O enter or leave and quickly depart or return, they 

are unstable. From a statistical point of view, for most ions, this yields sufficient 
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snapshots in each category for a comparison of the water exchange reactivity as 

a function of polyhedral distributions.  

 Given that the polyhedral geometries of the 1st solvation shell have been 

determined, and the exchange events identified for each ion, it is a natural 

extension to examine potential correlations between polyhedron and exchange 

reactivity. To do this, the analysis must go beyond determining the frequency of 

observation of a given polyhedral shape and instead must compare those 

polyhedron associated with a state of over- or under-saturation of CN. The 

analysis first determines the distribution of polyhedra when the ion is in a stable 

coordination state (t > t*). The distribution of polyhedra for the transient 

coordination states is then compiled (t < t*). Finally, the underlying and overlying 

polyhedron of both stable and transient coordination states is determined. In the 

former, when N waters surround an ion, the closest N-1 of them can be 

considered as forming an underlying polyhedron. Similarly, the closest N+1 can 

be considered as forming an overlying polyhedron. It is our contention that there 

is chemical significance in examination of the under- and overlying polyhedral 

structures as they reveal those arrangements that are “pre-organized” to undergo 

an exchange event. Consider a 5-coordinated ion: the likelihood of this ion 

undergoing a dissociation and remaining in the lower coordination state may be 

greater if the closest 4 waters (which form the underlying polyhedron) are in a Td 

arrangement than if they are in a square planar arrangement, since the most 

likely 4-coordinate polyhedral geometry is a tetrahedron. As for the overlying 
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polyhedron, if the closest 6 waters form an octahedral shape, it may be more 

likely that an associative exchange (or addition reaction) occurs. While one 

cannot obtain causation from such a statistical correlation and it is difficult to 

quantify the statistical significance of the differences in the distributions, it 

nevertheless implicates the role of geometry in water exchange objectively and 

without reliance upon visualization tools to process the structural 

rearrangements. A complete table of all the polyhedral distributions discussed 

herein is presented in the Supplementary Information. The remainder of this 

section is arranged as follows: for each ion, the mean residence time (MRT) of 

the first solvation shell is presented, followed by the number and classification of 

exchanges, the comparison of the polyhedral distributions for the A and D 

exchange events, and an overview of a putative chemical exchange process is 

described.  

 Mean residence times (MRT) of waters in the 1st solvation shell of Li+ were 

calculated for three independent 1 ns runs and found to be 11.70, 10.62, and 

11.54 ps, for an average MRT of 11.29 +/- 0.58 ps (Table 3).  For simplicity the 

first 1 ns run is discussed, in which the Li+ ion undergoes 238 exchanges, as 

defined above. Of these, 128 were associative, 108 were dissociative, and two 

were interchange. Considering first the associative exchanges, in which water 

adds to Li(H2O)4
+ to form a 5-coordinated transient intermediate, the dominant 

polyhedron for the intermediate is a W (51.4%) followed by the SPy (44.8%). The 

TBP appears 3.8% of the time. In comparison, when the Li+ exists as a stable 4-
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coordinate species, if the geometry including the 5th closest water is examined, 

the overlying polyhedra distribution is quite similar: the W is observed 51.3% of 

the time, followed by the SPy at 39.5%, and the TBP at 9.2%. However, it is 

generally observed that the 4+1 geometry is not highly organized, as the 

overlying polyhedra are only identifiable 23% of the time. It is then plausible that 

the addition of a H2O is more likely to occur once the 4+1 waters move into a W 

or SPy geometry, that is, they are pre-organized for an association to occur. 

Conversely, an overlying TBP (trigonal bipyramidal) polyhedron appears less 

conducive to a stable addition process. The dissociative exchange from Li(H2O)5
+ 

to create a 4-coordinate transient intermediate can be similarly examined. Here, 

the distribution of transient 4-vertex polyhedra mimics that of Li+ as a stable 4-

coordinate species, with the Td (40.3%), broken Td (34.1%) and square (S, 

25.0%) observed. Yet, if the underlying polyhedra of the Li(H2O)5
+ reactant is 

considered, the S and broken Td swap order (31.0% and 25.1%, respectively). 

Taken as a whole, the distributions suggest that the 5-coordinate structure is 

more likely to dissociate to form a 4-coordinate structure when the underlying 

polyhedron is Td or broken Td. This result makes sense in light of the fact that 

the broken Td has multiple sides that exceed the cutoff distance giving it a larger 

volume that encompasses more of the ion’s surface area. On the other hand, 

H2O dissociation when the underlying polyhedron is a square is disfavored. 

When the underlying polyhedron is a square, the geometry of the Li(H2O)5
+ is a 
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square pyramid, and dissociation of the water at the peak position likely leaves 

the ion overly exposed. 

 From a mechanistic standpoint, the primary CN for Li+ is 4 and transitions 

to 5-coordination last on the order of a few ps. Using the above information to 

infer the overall process of change, it is proposed that an entering H2O moves 

into position along an edge of the dynamically evolving Td to form a W, which, as 

the Td fluctuates and opens up, may become a more stable SPy. The H2O enters 

the shell and remains there until fluctuations drive the four closest waters to 

rearrange into a more tetrahedral arrangement and the furthest H2O is 

spontaneously expelled. Compare this to the work of Loeffler et al.,66 who also 

reported an associative mechanism for Li+, based on QM/MM MD umbrella 

sampling. They report from angular distributions that the (underlying) Td remains 

during the associative exchange event -- a finding which our data supports. 

Although the expulsion of the cis water is confirmed, the shape of the wedge is 

such that the entering H2O comes between two corners of the Td, pushing those 

H2O away from the ion, such that they may be the more likely to dissociate. 

 In the case of aqueous Na+, the MRTs are 9.65, 9.97, and 9.95 ps, with a 

mean of 9.86 ± 0.18 ps (Table 3). Although this is significantly shorter than the 

MRT given by Lee of 26.4 ps,24 a check of our data reveals this to be related to 

our choice of t*. The use of 1 ps as t* increases the obtained MRT to 20.30 ps 

and the use of 1.25 ps gives 27.60 ps. For both Na+ and K+, the majority of CN 

intervals are short and as such using the t* method results in rejecting a large 
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portion of them. Lee and Rasaiah used exponential fitting to calculate their MRT, 

which may be interpreted as using a larger t* value. The shortened MRT of Na+ 

relative to Li+ and the abundance of short coordination intervals explains the near 

doubling of observed exchange events (464) within a 1 ns simulation of aqueous 

Na+. Of these, 220 are classified as associative (CN from 5 to 6, some 6 to 7), 

231 are dissociative (CN from 6 to 5 or 7 to 6), and 13 are interchange. Within 

the associative exchange events where a water adds to Na(H2O)5
+, the transient 

6-coordinated intermediate adopts O and distorted O geometries (26.0% and 

8.4% frequency, respectively) as well as CSPy, TP, and PPy (27.7%, 16.7%, and 

15.1%). Further, a second type of distorted O emerges (5.9%) that is rarely 

observed in the stable runs of 6-coordination (2.7%). This distribution is very 

different from that observed for stable Na(H2O)6
+, but it does bear strong 

similarities to the overlying polyhedra distribution of Na(H2O)5
+, in which the 

CSPy is dominant (27.9%), followed by the PPy (13.9%), and the second 

distorted O (11.9%) is more prevalent than the TP and O (10.1% and 10.0%). 

Further, moleculaRnetworks determines the overlying polyhedra of Na(H2O)5
+ 

over 99% of the time, suggesting that H2O at the boundary of the 1st solvation 

shell are nearly always pre-organized to participate in the associative process. 

This is in contrast to that observed for Li+, where H2O are most likely to undergo 

addition once the thermal fluctuation of the boundary water molecules moved 

them into position. Just as interesting is that in the case of Li+, the associative 

intermediate adopts the same geometry as a stable over-saturated species, thus 
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when the H2O addition occurs it is likely to lead to a stable run of the over-

saturated species. However, in Na+, the transient intermediate must rearrange in 

order for a stable period of Na(H2O)6
+ to occur (i.e. the distorted octahedron must 

become the ideal octahedron). Within the dissociative exchange processes, H2O 

is lost from Na(H2O)6
+ to yield a 5-coordinated species that adopts a SPy 

(50.4%), a W (44.4%), and a TBP (5.2%). This polyhedral distribution is very 

similar to that found for the stable Na(H2O)5
+ species and somewhat similar to 

the underlying polyhedral distribution of Na(H2O)6
+. As observed in the 

dissociative processes of Li+, one geometry is disfavored for dissociation (the 

trigonal bipyramid, TBP), and one is favored (the wedge, W, which has the 

longest lifetime of the Na+ polyhedra). 

 The dominant CN for the Na+ ion is 6, but 5 is common, and mechanistic 

classification of the overall exchange process for this ion, as compared to Li+, is 

much less clear-cut. Effectively, the 6-coordinated ion dissociates to form a W or 

SPy; however, at nearly all times, another H2O is in position for the closest 6 

waters to form a recognizable polyhedron. This suggests that the mechanism 

may even be ID -- dissociatively activated interchange. An argument could also 

be made that the ion is fractionally or 5+1 coordinated during the periods 

moleculaRnetworks counted CN of 5 due to the ease of association and the 

geometric placement of the 6th water.  To form a shell with a true CN of 6, 

however, the H2O must reorganize to a favored stable configurations (e.g., an 

octahedron). Although the high-symmetry O configuration is favorable, the Na+ 
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ion may have too small a surface charge density to hold it tightly. This compares 

favorably to the work of Chorny and Benjamin,67 who also found both 6- and 5-

coordination for Na+. They concluded that a dissociative mechanism is in play for 

the 6-coordinated species, but also suggest an associative mechanism for the 5-

coordinated species. Yet the data is in contrast to that observed by Spangberg et 

al.,46 who found an associative mechanism for the 6-coordinated species. As 

Chorny and Benjamin point out, however, the average CN is quite sensitive to 

the interaction parameters used in the simulation. Rey and Hynes68 reported a 

most likely CN of 6, with a dissociative mechanism for exchange (they termed it 

“SN1-like”), as well as complex mechanisms with some “SN2-like” character. One 

curious finding of their work is that the Grote-Hynes theory they sought to employ 

for the rate constant broke down due to re-entry of H2O molecules which stayed 

in the 2nd shell, giving rise to a spatial dependence. We point out that the ability 

of moleculaRnetworks to determine the overlying 6-vertex polyhedra of the 5-

coordinated Na+ species nearly 100% of the time offers an easily comprehended 

rationale for Rey’s observation. As the H2O remain in a recognizable polyhedral 

structure they are more likely to re-associate. 

 The MRT of waters in the first solvation shell of K+ is found to be 22.88, 

23.88, and 25.25 ps, for an average value of 24.46 ± 1.37 ps (Table 3). Unlike Li+ 

and Na+ ions, the 1st solvation shell of K+ has few stable (t > t*) coordination 

intervals. These are typically of short length, alternating with extended periods of 

rapid fluctuation that can be viewed as radial cutoff-dependent artifacts. As such, 
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the (fractional) average coordination during the multiple-exchange period 

contributes significantly to the “true” CN reported in Table 2, and the 

characterization of specific mechanisms of H2O exchange becomes less 

meaningful than in the other monovalent cations. Nevertheless, the same 

analysis was attempted for K+ as for Li+ and Na+. Of 261 distinct exchanges 

(specifically, those not immediately preceded by another fluctuation), 134 were 

associative and 127 were dissociative reactions. These numbers are comparable 

to both Li+ and Na+. The following discussion focuses on the most significant 

exchange reactions of K+, which include the associative and dissociative 

exchange pathways of K(H2O)6
+. For the associative reactions, K+ appears to 

have behavior between Li+ and Na+, since the polyhedral distribution of the over-

saturated K(H2O)7
+ intermediate is between that of the stable K(H2O)7

+ species 

and the overlying polyhedra of K(H2O)6
+. Specifically, the augmented trigonal 

prism (ATP, 26.6%), cut dodecahedron (CDo, 35.7%), and elongated trigonal 

pyramid (5.7%) increase in prevalence relative to the polyhedral distribution of 

stable K(H2O)7
+, while the pentagonal bipyramid (PBP, 22.0%) and cut cube (CC, 

8.7%) decrease. However, in comparison to the overlying polyhedral distribution 

of K(H2O)6
+ the PBP is dramatically reduced in prevalence (16.2%) as is the CC 

(4.8%), while the capped octahedron (CO) becomes significant with 12.8% of 

observations. Moreover, the overlying polyhedra of K(H2O)6
+ are identifiable 77% 

of the time, as opposed to the small number that were able to be identified for 4-

coordinated Li+ and the near complete identification of the overlying polyhedra of 
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5-coordinated Na+. In combination, these data suggest that for a good proportion 

of the time, the closest 7 H2O are in a recognizable configuration around K+, but 

do need to pre-organize somewhat before the seventh may enter (the CO, for 

example, is not conducive to addition at all) and even once it enters, the ion may 

not remain 7-coordinate for long due to the fluctuating nature of the shell. Seven-

vertex polyhedra do not have the same level of symmetry as 6-vertex polyhedra, 

and it is not surprising that the most symmetric 7-coordinated geometry, the 

pentagonal bipyramid (PBP), is the one most frequently observed in stable 

periods of 7-coordination. The dissociative exchanges involving K(H2O)6
+ are 

again an intermediate case to that observed for Li+ and Na+. There are fewer 

periods of stable under-saturated species, and the distribution of polyhedra within 

stable K(H2O)5
+ is quite different from that of the underlying polyhedra of 

K(H2O)6
+. The polyhedral distribution of the 5-coordinated dissociative 

intermediate falls in between the two (see Supplementary Information). 

Temporary dissociation is more likely to involve the TBP, while stable 

dissociation involves the W and SPy. Although the W and SPy are stable on their 

own, they are also common as underlying polyhedra for 6-coordination, meaning 

that another H2O could associate to form a stable 6-coordinated species without 

too much rearrangement of the closest 5 waters. These data reflect the ease with 

which H2O enter and exit the 1st solvation shell of K+, in good accord with other 

literature on this ion.12,25,28,32 The activation barrier for exchange in K+ is low both 

for associative and dissociative exchange processes, and it is clear from the 
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number and spread of polyhedra accessed that there are many possible 

pathways.  

 While the Mg2+ ion is 6-coordinate for the entire simulation period, it is 

useful to ask whether the under- and overlying polyhedra formed from the closest 

5 and 7 waters can help to understand the stability of the 1st solvation shell. The 

dominant underlying polyhedra of Mg(H2O)6
2+ is the SPy; the TBP and W are also 

present. That there is anything other than the square pyramid -- formed by 

deleting any one of the vertices from the octahedron -- is evidence of dynamic 

distortions that occur within the octahedral geometry. The lack of any 7-

coordinated species within the simulation is well understood after considering the 

overlying polyhedra of Mg(H2O)6
2+, where 7-vertex polyhedra were matched in 

only 81 of 40000 snapshots -- illustrating that the water molecules very rarely 

arrange so as to make 7-fold coordination possible. Clearly, were waters to 

exchange around Mg2+, the most likely pathway is dissociative, which is in 

agreement with NMR experiments5 and recently reported Car-Parinello MD 

simulation.33 

  The MRT H2O in the 1st solvation shell of Ca2+ is 55.50, 69.91, and 54.63 

ps, with a mean of 60.01 ± 8.58 ps (Table 3). A total of 56 distinct exchange 

events are observed, 34 were associative and 22 dissociative. For associative 

exchanges of Ca(H2O)7
2+, the most commonly observed polyhedron of the over-

saturated Ca(H2O)8
2+ intermediate is BATP (72.1%), followed by the Do (23.8%), 

with the being SA rare (4.1%). This distribution is different from that of stable 
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Ca(H2O)8
2+, but similar to that of the overlying polyhedra of Ca(H2O)7

2+. Of the 

overlying polyhedra, matches were obtained only 24.0% of the time, underlining 

the need for H2O to move into position if they are to be incorporated into the 1st 

solvation shell. To be pre-organized for possible associative exchange, the 

overlying polyhedra adopt a biaugmented triangular prism (69.8%), the 

dodecahedron (30.4%), and the square antiprism (0.7%). This suggests that 

associative exchanges take place when the molecules arrange into a 

recognizable 8-polyhedron, similar to Li+ associative exchanges. Dissociative 

exchange from stable Ca(H2O)8
2+ yields PBP (76.5%), CO (17.6%) and CDo 

intermediates (5.9%). Here, it appears that dissociative exchange is more 

favorable when the underlying 7-vertex polyhedron has shifted to the most stable 

and symmetric configuration, the PBP, and the 8th water may leave without a 

serious shift in the shell geometry. The most common underlying 7-structure of 

Ca(H2O)8
2+ is the CDo (56.7% of observations), a polyhedron that is much less 

common when the ion exists as stable Ca(H2O)7
2+. The PBP is observed 41.9% 

of the time for the underlying 7-coordinate structure. Based upon these data it is 

reasonable to conclude that there is a fundamental shift in the arrangement of 

the closest 7 waters when the CN changes from stable 7-coordinated to 8-

coordinated species and vice versa. 

 The chemical mechanism of exchange for Ca2+, therefore, is best 

described as dissociative from the dominant CN of 8. Here, the closest 7 waters 

of the 1st shell pre-organize into a stable, symmetric structure such as the PBP or 
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the CO and the 8th H2O is ejected. Clearly, the CDo is strongly disfavored for the 

ejection of the 8th H2O, while the CO is extremely favorable. When existing at 

Ca(H2O)7
2+, the shell reorganizes into CC and CDo shapes; the CDo appears to 

be preferred for the association of an 8th H2O, based on its abundance as an 

underlying shape. It appears that once the 8th H2O is ejected, thermal fluctuation 

or diffusion must take place in order for waters to come again into position for the 

CN of 8 state to reform. This helps explain the slow exchange rate of Ca2+ and 

correspondingly, the long MRT of the waters in the first solvation shell. Of the 

ions in this study, the hydration behavior of Ca2+ is one of the most difficult to 

study.52 Correspondingly, there is limited information available on the exchange 

mechanism. Recent QM/MM MD studies have suggested an increase in CN with 

increased temperature, which would imply a greater role of associative pathways. 

At ambient temperatures, however, the 9-coordinate species is not observed, 

suggesting the existence of a barrier to association that gives preference to the 

dissociative mechanism.  

 The La3+ ion is one of the most stable ions with respect to water exchange 

reactivity. The MRT is 194.23 ± 31.93 ps (Table 3). Only 15 distinct exchange 

events are observed in a 1 ns run, with 11 associative and 4 dissociative. The 

small number of events precludes a statistical comparison of polyhedral 

distributions regarding those with the greatest susceptibility to exchange. 

However, it is possible to compare the underlying polyhedral distribution of 

La(H2O)10
3+ and the overlying polyhedral distribution of La(H2O)9

3+ to their 



 

144 

respective stable counterparts, and doing so reveals significant structural 

rearrangements tied to changes in CN. When La3+ is 9-coordinate, the overlying 

10-vertex polyhedra is identified 82.3% of the time, and of these, 63.6% are one 

particular variant of the tetraaugmented trigonal prism (Tetra-ATP). Yet, when the 

ion is a stable 10-coordinate species, this polyhedron is observed only 3% of the 

time. The BCSAP, which is the dominant polyhedron adopted by La(H2O)10
3+, 

accounts for a mere 2.8% of observations of the overlying polyhedra of 

La(H2O)9
3+. The dominant underlying polyhedra of La(H2O)10

3+ is the MCSAP 

(72%), while only 28.0% are the TATP: this is the reverse order of what is 

observed in stable La(H2O)9
3+.    

 Thus, while the predominant polyhedron of stable La(H2O)9
3+ is the TATP, 

it is rarely observed as an underlying polyhedron of the stable La(H2O)10
3+ 

species, indicating that such a structure is highly unfavorable. Similarly, the most 

observed overlying polyhedron of La(H2O)9
3+ is the tetra-ATP, not the BCSAP 

observed when La3+ is in a stable CN of 10. Moreover, it is very rare for either the 

stable La(H2O)9
3+ or La(H2O)10

3+ to rearrange in such a way as to promote 

association or dissociation to the polyhedron adopted by the exchange 

intermediate. The differences between the under- and overlying polyhedral 

distributions and their stable counterparts show, undeniably, that the coordination 

polyhedra of the 9-coordinate ion undergoes a dramatic shift in shape to 

accommodate a tenth water into the 1st solvation shell, and a similarly dramatic 

shift back to the original geometry when the excess H2O is removed. Combined 



 

145 

with the dominance of the 9-coordinated species, this translates into an 

associative mechanism for water exchange in which the tenth water, roving on 

the surface of the TATP, moves into a configuration that rearranges to the 

BCSAP. Reports on the exchange mechanisms of lanthanide ions emphasize a 

changeover from a dissociative pathway in 9-coordinate early lanthanides, to an 

associative mechanism in late lanthanides, although these looked only for 

rotations in the coordination sphere that allowed a swap between a SAP and 

TTP. For lanthanum itself, there have been reports of a CN of 9.1, which 

matches the data presented here and suggests an associative mechanism. Here, 

we find no evidence of an 8-coordinated species, although we do reproduce the 

requirement of a significant rearrangement of the polyhedra, which Kowall et al.23 

describe in terms of a rotation of the symmetry axis, and we see as a shift in the 

distribution of polyhedra themselves. 

 

Summary and Conclusions 

 A multi-pronged approach has been employed to analyze prototypical MD 

data of aqueous alkaline, alkaline earth and rare earth cations using the recently 

developed moleculaRnetworks post-processing R-scripts. These algorithms, 

some of which are graph-theoretic, characterize the instantaneous coordination 

environment of the metal ion in terms of the coordinating waters' H-bonding 

network, orientations, mean residence times, and the polyhedral structures they 

adopt. The extent of H-bonding and H2O orientation is found to depend primarily 
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upon the overall CN and the M—OH2 distance, rather than the geometry adopted 

within the 1st solvation shell. Considering the monovalent ions, the extent of H-

bonding (mean degree) increases as a function of M-OH2 distance; however, the 

opposite trend is observed for the di- and trivalent ions. The strong ion-dipole 

interaction between H2O and the 2+ and 3+ cations orients the H2O dipole 

strongly along the O-->Mx+ vector, and keeps the H2O aligned within the 1st 

solvation shell. While the H2O closest to the ion will have the most orientational 

ordering regardless of ion identity, for the 2+ and 3+ cations this enhances the 

water’s ability to H-bond with the highly-ordered 2nd shell, whereas for the 

monovalents, this is a penalty. The competition between the greater ability of 

solvating H2O to form H-bonds when they have orientational freedom, and the 

“optimization” of the H-bonding network with respect to angle and distance is 

clearly illustrated: the smaller charge on the 1+ cations means that H2O further 

from the ion in the 1st shell will be able to rotate and H-bond with the disordered 

2nd shell, while the greater charge on the di- and trivalent cations causes their 

second shells to be oriented, so that the closest, most ordered waters form more 

H-bonds. In the 2nd solvation shells of all ions studied, at the second maximum in 

the M-O pair distribution function, the H2O are in the “best” position to H-bond 

with the 1st shell, and can do so if they are aligned properly. For this reason, the 

mean dipole angle decreases or remains low for all ions and then it rises as one 

travels through the 2nd shell from the first-to-second shell boundary toward the 

second maximum in the PDF. 
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 The polyhedral distributions indicate that those ions with the highest 

surface charge density have the most symmetric coordination environments, 

along with longer MRTs. The MRT of the lowest charge density ions is strongly 

affected by the choice of t* due to the superabundance of short coordination 

intervals, which, in addition, render reaction mechanisms difficult to classify. 

More intriguing is the investigation of correlations between the polyhedron 

adopted by the 1st solvation shell and its tendency toward aqueous exchange. A 

critical aspect of this analysis is the determination of the underlying and overlying 

polyhedron of a given CN prior to and during exchange events. In general, it is 

observed that Li+ and La3+ favor associative exchange, while Na+ and Ca2+ favor 

a dissociative mechanism and K+ likely has similar activation barriers for both 

associative and dissociative pathways. Based upon the polyhedron analyses the 

dominant coordination environment of Li+ and La3+ requires that the associating 

H2O from the 2nd solvation shell must, through thermal fluctuations, arrive at a 

position favorable for an association. This association leads to an over-saturated 

species whose underlying polyhedral distribution is different from the saturated 

polyhedral distribution. Dissociative exchange reactions in aqueous Ca2+ require 

a shift of the underlying polyhedron into a stable geometry necessary for 

dissociation. This is also true for exchange reactions about Na+, however the 

H2O involved in the exchange is essentially pre-organized for an exchange event 

to occur. The solvation shell about K+ has such a broad distribution of shapes 

that it can be considered nearly amorphous and constantly shifting so that both 
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associative and dissociative processes may occur and no simple relationship can 

be discerned with respect to the polyhedron adopted by the solvating waters. 
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Table 1. Mixed interaction parameters for the M-O pairs used in this work. 
Epsilon in kcal/mol, sigma in  Å.43,44 
ion epsilon sigma 

Li1+ 0.0545717 2.588428 

Na1+ 0.0212522 3.239362 
K1+ 0.00730612 3.943080 

Mg2+ 0.377577 2.276258 
Ca2+ 0.270665 2.76765 
La3+ 4.82207 x 10-4 5.120568 
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Table 2. Relevant polyhedra as a function of coordination number (CN).  

CN Relevant Polyhedra  

4 

  
square (S)  

tetrahedron 
(Td) 

   

5 

 
square pyramid 

(SPy) 

 
triangular 
bipyramid 

(TBP) 

  
wedge (W) 

  

6 

 
octahedron (O) 

 
pentagonal 

pyramid (PPy) 

 
trigonal prism (TP) 

 
capped SPy 

(CSPy) 

 

7 

 
capped 

octahedron 
(CO) 

 
augmented TP 

(ATP) 

 
cut dodecahedron 

(CDo) 

 
pentagonal 

bipyramid (PBP) 

 
cut cube 

(CC) 

8 

 
biaugmented 
TP (BATP) 

 
dodecahedron 

(Do) 

 
square antiprism 

(SAP) 

 
 

 

9 

 
monocapped 

SAP (MCSAP) 

 
triaugmented 
TP (Tri-ATP) 
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10 

 
bicapped 

SAP 
(BCSAP) 

 
tetra-

augmented 
TP (Tetra-

ATP) 
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Table 3. Summary of MD results for the first solvation shell. The percent 
observation of each coordination number (CN), dominant percent polyhedra for 
each CN (% p), the polyhedron half-lives (" in fs), the mean degree of the 
solvating waters (average number of H-bonds + 1), and mean residence time (in 
ps) are presented. 
 
ion CN CN (%) % p " mean degree MRT 

Li1+ 4 66 Td, 76 30, 24.3 2.53 11.29+/-.58 
   S, 24 38.6   
 5 33 SPy, 46 44.2 2.57  
   W, 53 58.8   

Na1+ 5 37 SPy, 47 45.3 2.67 9.86+/-.18 
   W, 48  68.9   
   TBP, 3 38.7   
 6 58 O, 38 37.8 2.70  
   CSPy, 20 32.2   
   DO,21 34.5   

K1+ 6 44.8 CSPy, 26 NA 2.87 24.46+/-1.37 
   O, 26.5 NA   
   PP, 17 NA   
 7 30 CDo, 29 NA 2.91  
   PBP, 31 NA   
   ATP, 23 NA   

Mg2+ 6 100 O, 78.6 91.7 2.61 -- 
   DO, 21.1 13.5   

Ca2+ 7 38 PBP, 62.6 71.2 2.48 60.01+/-8.58 
   CC, 22.1 46.8   
   CDo, 15.1 27.1   
 8 61 SA, 45.6 108.2 2.43  
   BATP, 42.6 56.4   
   Do, 11.8 32.8   

La3+ 9 91 MCSAP, 
15.9 

30.1 2.52 194.2+/-31.9 

   TATP, 84.1 156.9   
 10 9 BCSAP 85.6 114.8 2.48  
   TrATP7, 11.4 34.1   

t* = 2 ps for Li, 0.5 ps for all other ions; average: mean +/- standard deviation 
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Figure Captions 

 

Figure 1. (A) Mean degree of the waters within the 1st and 2nd solvation shell as 
a function of M-OH2 distance for monovalent cations. (B) Mean dipole angle of 
the waters within the 1st and 2nd solvation shell waters  as a function of the M-
OH2 distance for monovalent cations. Cation-water pair distribution function inset. 
 

Figure 2. (A) Mean degree of the waters within the 1st and 2nd solvation shell as 
a function of M-OH2 distance for di- and trivalent cations. (B) Mean dipole angle 
of the waters within the 1st and 2nd solvation shell waters  as a function of the M-
OH2 distance for di- and trivalent cations. Cation-water pair distribution function 
inset. 
 
 

Figure 3. The trajectories of 8 associated water molecules about Li+ over a 15 ps 
timeframe. Associative (A), dissociative (D), and interchange (I) exchange 
pathways are identified according to moleculaRnetworks. 
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Figure 1.  
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Figure 2.  
 
 

 

 

 
 

 



 

 

 

 

 

161 

Figure 3.  
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APPENDIX E. SUPPLEMENTARY MATERIAL 
 
 
Reproduced with permission from Mooney, B. L.; Corrales, L. R.; Clark, A. E. J. Phys. 

Chem. B. 2012, 116, 4263. Copyright 2012 American Chemical Society.
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APPENDIX F. EXPLORING AQUEOUS ANION SOLVATION USING AN 
INTEGRATED GRAPH THEORETIC APPROACH 

 
 
Reproduced with permission from the Journal of Physical Chemistry B, submitted. 
Copyright 2012 American Chemical Society. 
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Abstract 

A conceptual framework for describing aqueous anion solvation is presented that 

expands upon the traditional definition of solvation shells (based upon oxygen position) 

to include hydrogen-based coordination to the anion. This “hydrogenic” solvation shell 

has organizational patterns that are as clearly defined as its “oxygenic” counterpart.  The 

average and dynamic properties of traditional oxygenic vs. hydrogenic solvation is 

compared for F-, Cl-, and Br-. These include the shell size, the polyhedral arrangement 

adopted by the solvation shell, and patterns in hydrogen bonding. The mechanism of 

water exchange is also investigated via a new method that considers the “swapping” of 

the two H-atoms of the same solvating H2O, as well as the order of departure of H- and 

O-atoms from their respective solvation environments. The ability of water molecules to 

“swap” orientations, such that one H-atom becomes closer than the other to the central 

ion, is shown to be restricted well beyond the first hydration shell, representing a 

plausible means by which an anion may influence water structure. 
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Introduction 
 

The physical properties associated with aqueous solvation of halides are essential 

to the ability of these ions to react with neutral and charged atomic centers, to act as 

nucleophiles and/or leaving groups in organic reactions, and to the specific ion and 

Hofmeister effects they exhibit. Halides also play a crucial charge balancing role at both 

solid:liquid and liquid:liquid interfaces, facilitating both sorption and transport.1-5 Yet 

while alkali cation solvation has been the topic of many review articles and much 

experimental study, the solvation of the analogous Group VI anions is traditionally less 

examined.6 This may be attributed to the greater variety of monatomic cations, their 

relevance to technological and biological applications, and the fact that they exhibit well-

defined solvation shells. As such, several quality interaction parameters exist for the 

alkali ions, enabling many studies via statistical mechanical simulations.7-9 

In contrast, the properties of aqueous halides are less understood due to a weak 

anion-water interaction that leads to a larger immediate solvation environment with less 

organizational structure.  It is a testament to the difficulty of the problem and the subtlety 

of the anion-water interaction that only in the last decade has a proliferation of research 

expanded our knowledge on halide solvation. Femtosecond pulse-probe infrared 

spectroscopic studies suggest that the anions exert no influence on the hydrogen bonding 

of water molecules outside their first solvation shell.10 Yet at the same time, specific 

anion effects upon the self-assembly of surfactants are well-known and have motivated 

neutron scattering studies to investigate solvation features within potassium halide 

solutions.11 The solvation environment has been probed by X-ray scattering (e.g. 
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EXAFS6,12 and XANES12). Infrared and Raman studies on dilute mixtures of HOD in 

D2O or H2O have examined hydrogen bond reorientational dynamics about anions,13-16 

while a combination of spectroscopic methods has resulted in the first direct observation 

of the anion-water H-bond vibration.17 One common thread that unites these studies is the 

use of molecular simulation to help interpret experimental data. For example, in an 

attempt to acquire more than radial distribution functions from diffraction data, empirical 

potential structure refinement has been used to derive a picture of the solvation shell that 

accounts for known correlations between atoms. Likewise, Laage et. al. have used 

molecular simulation to validate the “jump” model of H-bond reorientation (for a review, 

see 18).  

 The utility of statistical simulations is ultimately based on the ability to track the 

position of all atoms over time and to distinguish between individual atoms of the same 

element. Consider the two indistinguishable H-atoms in H2O. In viewing the 

experimental radial distribution function between H-atoms and anion, one realizes that it 

is the average over all waters of a superposition of both the “coordinating” H-atom and 

its “non-coordinating” counterpart on individual H2O molecules. Consequently, it is the 

O-atom that is often used to define the anion solvation environment, a problematic 

definition since it does not directly interact with the solute. In a simulation, all atoms 

become distinguishable; their behavior may be tracked over time, and their activity can 

be mapped to well-defined concepts, yielding new insight.  

In recent work we have shown the utility of applying graph theoretic methods, 

including a polyhedron classifier based on PageRank,19 to characterize the solvation 



 

178 
 

shells of aqueous atomic cations.20 Here, we analyze directly the structure of the 

coordinating H-atoms about aqueous anions, and compare the static and dynamic features 

of this “hydrogenic” solvation shell to the complementary analysis of the O-atom based 

“oxygenic” shell. Although by either definition anion solvation shells are less “ordered” 

than their cation counterparts, we show that, by turning our lens to the H-atoms, 

structural properties such as size, shape, and extended network effects can be discerned. 

These properties can be related to the dynamic behavior of anions in aqueous solution, 

including the process of water exchange. 

 

Computational Methods 

 Simulations were performed using DL_POLY21 with 216 TIP3P water molecules 

and one ion of F-, Cl-, or Br-. The potentials of Joung and Cheatham8 were used as these 

yield excellent agreement with experimental data regarding the number of waters in the 

first solvation shell, their most probable distance and the solvation free energy. Although 

the Joung and Cheatham parameters neglect polarization, which may be important for 

describing anion interactions in specialized experimental conditions (e.g. at interfaces), 

the focus of this work is on the identification of trends for individual ions at infinite 

dilution, and to compare between oxygenic and hydrogenic definitions of solvation. As 

such, a simple model is sufficient. Periodic boundary conditions were applied and Ewald 

summation was used with a tightened tolerance of 10-08 to avoid energy drift during 

nanosecond runs. All simulations began with an identical configuration after the central 

ion was inserted into the water box, followed by a zero-temperature minimization and 



 

179 
 

equilibration in the NVT ensemble for 200 ps at 298K. After a stability test of 100 ps 

NVE, single production runs of 1 ns NVE were carried out for each ion-water system, 

using a timestep of 1 fs and saving the trajectory data every 25 steps for a total of 40,000 

data points per run. The simulation trajectory data was processed into individual 

timesteps and analyzed using moleculaRnetworks.19 Modifications to investigate anion 

solvation include a polyhedra generator within the preprocessor module based upon the 

positions of H-atoms, as well as modules for analysis and cross-comparison of H- and O-

configurations, and special scripts for examining the role of H-reorientation in the 

vicinity of the anion. These modifications are available for download.22 

The solvation shell boundary is defined by the minimal crossing distance (MCD), 

the radial distance from the ion at which a bounding sphere can be drawn which is 

entered (and exited) the fewest number of times in the simulation. This quantity is 

generally smaller than (though close to) the first minimum of the radial (pair) distribution 

function, and has the advantages of being an intuitive “kinetic” definition that simplifies 

the analysis by minimizing the number of transient entries/exits. The MCD is calculated 

for O-atoms (the O-MCD) as well as the coordinating H-atoms (the H-MCD), 

establishing separate, independent boundaries for the oxygenic and hydrogenic solvation 

shells. For the latter, only the coordinating H-atom to the ion was considered (by 

deconvoluting the pair distribution function between coordinating/non-coordinating H-

atoms and the anion, see Figure S1 in Supplementary Information). The mean residence 

time (MRT) of O-atoms and H-atoms in their respective oxygenic and hydrogenic shells 

(the O-MRT and H-MRT) was calculated as described in 19. This method does not make 
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use of a cutoff time, t*, to exclude “transient” associations, as the majority of associations 

are shorter than the commonly-used values for t*.23 Instead the MRT is calculated by 

counting runs of n frames as 2 runs of n-1 frames, 3 runs of n-2 frames, and so on down 

to n runs of 1 frame. The resultant data was tabulated, log-transformed and the MRT 

found from the slope of the regression line.  

The polyhedral shapes adopted within the oxygenic and hydrogenic solvation 

shells (O-polyhedra and H-polyhedra, Scheme 1) are identified by the unique PageRank 

of the ion, which is mapped to a database of PageRanks on preconfigured polyhedra, as 

outlined in 19; interested parties are referred to 24 for a more detailed description of the 

algorithm. A degree census on a graph of the entire water network (not to be confused 

with the polyhedra identification graph) was used to identify the degree of each H2O. The 

degree generally represents the number of H-bonds, however for H2O in the first 

solvation shell of the anion it also includes the “connection” to the ion. Here, water 

molecule “vertices” are connected by H-bond “edges” if the distance between the 

acceptor oxygen and donor hydrogen are less than 2.5 Å and the O-H...O or O-H…A- 

angle, !, as defined in Figure 1 is greater than 150o. Connections to the ion are 

established by distance only; i.e. if the water is within the anion’s first hydration shell 

defined by the hydrogenic or oxygenic MCD.   

 The concept of H-atom orientational “swapping”, as depicted in Figure 2, is 

utilized to understand the influence of the ion upon the rotational flexibility and 

reorientation ability of solvating H2O. This concept differs somewhat from the 

reorientational jump model, in which the requirement is that an O-H vector that 
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“coordinates” to the anion in one snapshot points away from the ion in a subsequent 

frame, having travelled through a large angle vector reorientation. Instead, this work 

defines swapping as follows. For each water molecule, the H-atoms are labeled H1 or H2. 

For all timesteps t, the distances rA-...H1i and rA-...H2i are calculated. A swap occurs for 

water i at t if the sign of the difference between these distances is not the same as at t-1: 

in other words, if H1 is now closer to the ion than H2. In principle, if a water molecule is 

truly free from the orienting effects of an anion, it should be able to “swap” orientations. 

The swap itself does not imply that a solvating H2O has departed the oxygenic solvation 

shell, nor does it necessarily mean that the swapping water has underwent a large angle 

reorientational jump; nor does the concept apply exclusively to solvating waters. Instead, 

the swap concept is used to investigate the mechanisms by which H- and O-atoms depart 

their respective solvation shells: do swaps precede departure, or must the water molecule 

reach a certain distance from the ion before it may reorient itself? To clarify these 

processes, H2O molecules are tracked following the departure of their H- or O-atoms 

from their respective shells to determine the lag time between a departure and swap 

event. Additionally, the swap counts within concentric spherical slices are plotted against 

the radial distances at which they occur, to produce a swap radial distribution function 

that indicates regions where swap events are (un)favorable. 

 

 

 

Results and Discussion 
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The study of anion solvation encompasses four essential features. Section I 

describes the number of solvating H2O and the fluctuations and dynamic features of the 

hydrogenic and oxygenic solvation shells. The polyhedral shapes adopted within the two 

solvation environments is outlined in Section II, while the impact, if any, of the ion upon 

the H-bonding of water is discussed in Section III. Analysis of the relationship(s) 

between these features, e.g. shell size and shape, are also presented, although it is found 

that generally, the correlations are minimal. Finally, the weak anion-water interaction and 

the high number of solvating waters in each shell leads to frequent exchange and complex 

dynamics, which is explored in Section IV. 

I.  Shell size and dynamics.  We begin the discussion with chloride, as it is the 

smallest ion in Group VI to behave in a typically anionic fashion. While chloride and 

bromide are often grouped together in discussions of water structure making and 

breaking, F- is the exception to the rule in nearly all analyses herein. Therefore, we 

present the ions out of their periodic table ordering, in the sequence Cl-, Br-, F-. The Cl- 

anion has an oxygenic shell size of 6.67 and a hydrogenic shell size of 6.82. “Doubly-

coordinated” waters, defined as those waters for which both H-atoms are within the 

hydrogenic shell, account for 2.7% of inner shell waters, yet it is impossible to consider 

both atoms truly H-bonded to the anion according to the angle restrictions utilized in the 

definition of a H-bond. Thus, for our purposes, the additional hydrogens (the farthest H-

atom of each H2O formally in the hydrogenic shell) are excluded in all analyses, causing 

a decrease in the hydrogenic shell size to 6.64 (Table 1). The near equality of the 

oxygenic and hydrogenic mean sizes is somewhat misleading as the two shells are the 
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same size less than 75% of the time, and the oxygenic shell is larger 14.5% of the time. 

This means that over the course of time there are in fact many waters with O-atoms inside 

the oxygenic shell that are not actually H-bonded to the anion. The average orientations 

of water, defined by the angles ! and " in Figure 1, have values 17° and 156° 

respectively, in the hydrogenic solvation shell with very similar values being observed 

when considering the oxygenic solvation shell. The MRT of the oxygenic and hydrogenic 

shells are 2.9 and 3.5 ps, respectively. Thus the H-MRT is comparable to the lifetime of 

the H-bond in bulk water. 

Bromide is highly similar to Cl-. Its mean hydrogenic shell size is 6.80, containing 

6 water molecules 30.2% and 7 water molecules 48.5% of the time. The mean oxygenic 

shell size is essentially the same, with a slightly larger mean that derives from a greater 

frequency of shell sizes greater than 7 (Table 1). The hydrogenic and oxygenic shells are 

the same size only 67.7% of the time, similar to Cl-. The population of “doubly 

coordinated” waters (2.8%) reveals that the orientational freedom of waters in the shell is 

also roughly the same for both ions, as for both H-atoms to be within the H-MCD the H-

bond angles must be quite acute (! is 18° in the hydrogenic shell of bromide). Fluoride is 

markedly different from both Cl- and Br-, having an organized 1st solvation shell more 

reminiscent of a typical monovalent cation, and MRTs of the oxygenic and hydrogenic 

shells comparable to Li+ and Na+.19 Following the same analysis as given above, F- has an 

average oxygenic shell size of 5.98 and hydrogenic size of 5.96. Further, its hydrogenic 

and oxygenic solvation shells are the same size a remarkable 94.1% of the time, with the 

oxygenic shell being larger only 3.6% of the time. This implies that the majority of 
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waters with O-atoms in the first solvation shell also have one H-atom therein. In terms of 

the H-bond angle, the 1st shell H2O are much more aligned about F- than about Cl-: we 

find here that a mere .08% of waters are doubly-H bonded, with both H-atoms inside of 

the MCD boundary, in keeping with the mean H-bond angle ! in the hydrogenic shell of 

10°. 

 These results are consistent with the fitted neutron scattering data of Soper and 

Weckstrom11 regarding the observation that there exist O-atoms that do not donate any 

H-atoms when solvating Cl- and Br- anions. Further, the average H-bond angles are in 

good agreement. However, the Joung and Cheatham parameters predict the opposite 

trend regarding the size of the oxygenic solvation shells, that the number of coordinating 

waters increase going down Group VI. This comparison may not be suitable, however, 

since the experimental data was obtained over a broad concentration range that may not 

extrapolate to the the infinite dilution studies discussed here. The experimental data 

further indicates a decrease in solvation shell size with increased ion concentration. Thus, 

it is likely that a “crowding” effect is observed experimentally wherein the higher volume 

anions (like Br-) end up forming counterion pairs or solvent separated pairs with the K+ 

counterion, which is a clear perturbation from the “ideal” solvation environment. This 

interpretation is further indicated by the reported “failure to constrain system energy and 

pressure, particularly pressure, to reasonable values” within the MD simulations used for 

fitting the experimental data, as pressure fluctuations may arise from issues associated 

with the effective volumes of the ions.  
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II. Shell shapes. The polyhedral arrangement of water molecules about the 

central ion is relevant to the average solution phase geometries obtained from X-Ray data 

(for the O-atoms) and neutron diffraction (for both O- and H-atoms), as well as to 

experimental studies of ion-water clusters in the gas phase, and ab initio calculations of 

isolated solvated clusters. In contrast to the polyhedral solvation environments obtained 

for cations, the constant shuffling of H2O between 1st and 2nd shells, and the different 

definitions for hydrogenic and oxygenic shells adds significant complexity to 

understanding the structure of water about anions. Nevertheless, the snapshot-by-

snapshot analysis provided by moleculaRnetworks yields a distribution of shapes that, 

using probability theory, can be conditioned25 on the instantaneous size of the shell, or on 

“events” such as water molecule entry, departure, or reorientation. The dominant 6- and 

7-vertex polyhedra that contribute to the arrangement of the oxygenic and hydrogenic 

solvation environments are presented in Figure 3. Briefly, there are four main geometries 

for the 6-vertex polyhedra: the capped square pyramid (CSP), octahedron (Oh), 

pentagonal pyramid (PP), and trigonal prism (TP). Within the 7-vertex polyhedra, three 

primary forms contribute to the solvation structure: the augmented trigonal prism (ATP), 

“cut” dodecahedron (CDo), and pentagonal bipyramid (PBP); as well as two minor 

forms: the “cut” cube (CC) and elongated triangular pyramid (ETP). The overall 

distributions of polyhedra, listed in Table 2, are discussed first. 

Inspection of Table 2 immediately reveals a wide diversity of polyhedral shapes 

adopted within the first solvation shells and a remarkable difference in distributions for 

the oxygenic versus the hydrogenic environments. Focusing first on chloride, it is 
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observed that when the oxygenic and hydrogenic shells adopt 6-vertex polygons the CSP 

and PP geometries are dominant (Table 2). However, the 2nd most relevant shape is the 

octahedron (Oh) within the hydrogenic shell, while it is the trigonal prism (TP) in the 

oxygenic shell. That the H-geometry is more octahedral is unsurprising given the small 

radial distance of the H-atoms from the ion, which causes repulsion and the formation of 

the maximally separated structure. The O-atoms, which are further away from the ion and 

include those H2O which have O-atoms in the first shell but do not H-bond to the anion, 

are more stable in the prismatic form because it is the base of an augmented triangular 

prismatic structure -- the maximally separated structure for shells of sizes larger than 7. 

When adopting a 7-vertex polygon, the hydrogenic shell has more of a tendency 

toward a dodecahedral/pentagonal bipyramidal geometry than the oxygenic solvation 

shell, which is more prismatic (ATP) (Table 2). This disparity in geometries derives from 

the difference in the mean shell size of the respective solvation shells. In our prior study 

of cation solvation it was observed that the first solvation shell often adopts a geometry 

that is “preorganized” for either water addition or escape so as to facilitate H2O exchange 

reactions.19 Similar behavior is observed in the anions, wherein the oxygenic shell adopts 

a more prismatic average geometry that is “preorganized” to accommodate admission of 

a 7th O-atom. On the other hand, the hydrogenic shell is generally smaller, and as such 

not preorganized for H-atom addition. Major contributors to the 7-vertex polygons 

adopted in the hydrogenic shell derive from the addition of the 7th atom to the external 

face or edge of a 6-vertex structure, for example, added to Oh to yield a PBP. 
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 It is interesting to investigate the instantaneous matching of polyhedral geometries 

in the hydrogenic and oxygenic solvation shells (i.e., if the hydrogenic shell is ETP is the 

oxygenic shell as well?). In the case of the 6-vertex polyhedra, the instantaneous match 

percentage between H-based and O-based solvation for chloride is ~38% while for the 7-

vertex polyhedra the instantaneous match percentage is ~30%. Due to the presence of O-

atoms in the oxygenic shell that do not donate H-atoms, doubly coordinated water 

molecules, and the possibility of instantaneous reorientation of H2O, it is seen that for any 

given geometry of the hydrogenic solvation shell, all polyhedra are possible for the 

oxygenic solvation shell, and vice versa. This does not, however, mean that the polyhedra 

adopted within the hydrogenic and oxygenic shells are completely independent of one 

another. As an example, let us consider the oxygenic shell geometries from only those 

frames where the hydrogenic shell is octahedral (Oh). As seen in Table 3, under this 

condition the CSP geometry is the most common for the O-atoms. This indicates that 

there exists an H2O that does not donate any H-atoms to Cl-, which may have its O-atom 

closer to the anion than those H2O that H-bond to the anion. In sharp contrast, when the 

oxygenic shell is octahedral, the arrangement of the coordinating H-atoms is also 

octahedral more than 50% of the time. This analysis clearly indicates that the geometry of 

the oxygenic solvation shell directs the geometry adopted by the coordinating H-atoms 

but not vice versa. This directed effect is somewhat, but less apparent in similar analyses 

of the instantaneous 7-vertex polyhedral distributions. 

 Finally, the tendency for migration of H- or O-atoms out of their respective 

solvation shells can be examined as a function of the polyhedral geometries adopted 
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therein. In this case, the distributions of both H- and O-polyhedra, when restricted to just 

those frames in which atoms departed their respective shells (Table S1 in Supplementary 

Information), are nearly identical to the overall distribution of polyhedra. This suggests 

that there is no clear relationship between the adopted geometries of the shells and overall 

shell stability. This contrasts with the stability of cations solvation environments, which 

we have previously shown can be related to polyhedral structure, and appears to conflict 

with the comparisons of hydrogenic versus oxygenic polyhedral distributions discussed 

above. On the other hand, given the weak anion-water interaction, the frequency of water 

exchange, and the variety of the observed polyhedra, it is not surprising that no obvious 

correlations exist between structure and stability and this is a clear difference between the 

fundamental solvation properties of cations and anions.  

The polyhedra distributions for Br- (Table 2) further reinforce its similarity with 

Cl-, having slightly greater prismatic character in keeping with its larger size. These 

classical simulations do not predict the “asymmetrical” distribution of solvating waters 

about bromide, indicated by prior ab initio MD (CPMD) studies.6 However, that data, 

based upon the distribution of O–Br–O angles, is statistically noisy due to the short 

length of CPMD runs. Moreover, CPMD results are highly sensitive to the system size as 

well as the choice(s) of basis sets and pseudopotentials. Though it may indeed be the case 

that in such simulations, the large induced dipole on the Br- ion may direct H2O solvation 

to one side of the ion, longer runs with improved statistics are necessary. The method 

presented in this work for determining the instantaneous shape of the solvation 
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environment would be of use in clarifying the arrangement of waters within these longer 

runs. 

The polyhedral arrangements of the hydrogenic and oxygenic solvation shells 

about F- clearly distinguish its solvation properties from chloride and bromide. Focusing 

on the 6-vertex polyhedra, the dominant shapes observed in the oxygenic solvation shell 

are the CSP, Oh, and PP, with TP also contributing. Yet while the same polyhedra are 

observed in the hydrogenic solvation shell, their distribution is dramatically different 

(Table 2), with the octahedron being observed 46.6% of the time and a partially untwisted 

octahedron observed 28.1% of the time. It is clear that while the coordinating H-atoms 

are bound more tightly to fluoride, which restricts the geometries observed in the 

hydrogenic solvation shell, the variability in H-bonding angle allows the water O-atoms 

to adopt many other configurations. As with the larger halides, it is observed that the 

polyhedra of the oxygenic shell direct the geometry observed in the hydrogenic shell, and 

not the other way around. Finally, in contrast to Cl- and Br-, there appears to be a 

preference for non-octahedral H-configurations in water departure from F-, and to a 

slightly lesser extent for the same non-Oh H-configurations in water entry, as shown in 

Table S1 (Supplementary Information). It is beyond the scope of the present work, but 

certainly of direct interest to apply the polyhedral tracking method to more detailed 

molecular simulation, in an attempt to understand how the dynamics of the polyhedral 

solvation environment to recently reported vibrational modes between halides and 

water.17
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III. Hydrogen Bonding. To explore the effects of the ion upon hydrogen bonding 

within the water network, the mean degree of  water vs. the radial distance has been 

plotted in Figure 4. Recall that in the first solvation shell the mean degree is the number 

of H-bonds + the connection to the ion, and the number of H-bonds beyond the 1st 

solvation shell. Examination of H-bonding can be thought of either from the perspective 

of the distance of the O-atoms from the anion (oxygenic) or from the closest H-atoms 

(hydrogenic), resulting in two very different pictures of the water network. Figure 4a 

presents the mean degree from the oxygenic perspective for each ion studied. In each 

case, the mean degree (number of H-bonds to H2O +1) drops initially with distance from 

the anion, then sharply rises to a discontinuity indicative of the 1st solvation shell 

boundary. After the boundary, the mean degree (now the number of H-bonds) continues 

to rise until reaching a plateau indicative of a weakly ordered second oxygenic solvation 

shell between 3 – 6 Å. The second peak is the most pronounced for fluoride, as 

anticipated since it has the strongest interaction with solvating waters. Indeed a very 

weakly ordered 3rd solvation shell is indicated for F- by a maximum in the number of H-

bonds between 5.5 and 7.5 Å. 

 The corresponding analysis based upon the distance of the closest H-atoms to 

each anion yields a description that differs primarily in the absence of a sharp 

discontinuity between the first and 2nd solvation shells. This is reflective of the “smearing 

out” of the H-position for water molecules whose O-atoms are near the first shell 

boundary. In other words, at the boundary between the 1st and 2nd solvation shells the 

solvating water have enough rotational flexibility to lead to a broad range of distances 
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between the anion and H-atoms which only slightly perturbs the overall connectivities to 

the H2O (number of H-bonds +1). Interestingly, from the hydrogenic perspective a well-

pronounced peak is observed in the H2O mean degree (number of H-bonds) between 3 

and 5 Å for all of the anions, indicating a 2nd shell of highly H-bonded water molecules. 

This feature may be attributed to orientational effects. For example, when a H2O enters 

the 2nd shell, it may be positioned with its O-atom toward the anion so as to H-bond with 

the outward-dangling H-atoms of 1st shell waters. (Insofar as the screening of the anion’s 

negative charge is sufficient to allow this to occur.) In this case, the H2O is more likely to 

accept only one H bond from the 1st solvation shell. Alternatively, a 2nd solvation shell 

H2O may be positioned with its H-atoms toward the anion so as to bond with the O-atoms 

of 1st shell waters. Here, the O-atom of the 2nd shell water may accept two more H-bonds. 

Based upon this interpretation, it appears that more 2nd shell H2O are counted with their 

O-atoms pointing toward the anion, resulting in an enhancement in the number of H-

bonds. Again, the water structuring is most pronounced for fluoride. Unfortunately, this 

structured hydrogen bonded network may be experimentally invisible, as the two H-

atoms of the water molecule are indistinguishable unless HOD is examined: even then, 

one only observes the H or the D, and not both. 

To investigate the significance of the differences in mean degree for the waters in 

the 1st solvation shell and nearby, Student’s t was used.26 This statistical test determines 

the likelihood of being wrong when rejecting the null hypothesis of equal means of two 

populations; this is given as a p-value. For both hydrogenic and oxygenic shell sizes of 6 

and 7, a clustering algorithm was applied to group those waters with p values above the 
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.05 threshold together as statistically indistinguishable. The results are given in complete 

form in Tables S2-S4 in Supplementary Information. In the case of chloride it is found 

that the oxygenic shells show rough equivalence of some first-shell water positions, while 

the waters within the hydrogenic shells are clearly differentiated by their relative distance 

from the anion. It is only when the waters are ordered by hydrogen distance, with 6 

waters inside of the first shell, that we observe any grouping of the second-shell waters 

separate from the bulk. This result is contrary to the visual inspection of the mean degree 

presented in Figure 4 and instead supports recent experimental reports, in which no 

evidence of long-range H-bond enhancement could be detected about the larger halide 

anions.16 Further research is needed to resolve this issue. 

In the case of fluoride, clustering of waters by degree shows a significant cluster 

of 2nd shell waters that have more H-bonds than the 1st shell, irrespective of whether you 

examine the oxygenic or hydrogenic shells. Furthermore, the cluster analysis based on the 

anion…H-atom distance also indicates a group of less H-bonded waters. Comparing the 

oxygen and hydrogen based distances from the anion reveals a significant difference 

between the closest H2O and farthest H2O in the both the 1st and 2nd solvation shells, 

supporting the idea of a significantly H-bonded network outside of the first solvation 

shell of F-. Interestingly, of all the ions in the study, F- alone was found to have a second 

solvation shell based upon the criterion of a minimal crossing distance. This means that a 

barrier was observed for water entering and leaving at a distance corresponding to a 2nd 

solvation shell. Although crossing of individual H2O were observed from the 2nd 

solvation shell in more than 50% of total snapshots, a plot of crossing frequency by 
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distance results in a distinct minimum at 4.7 Å (see Figure S2 in Supplementary 

Information), containing an average of 14.4 H2O. The existence of a second shell 

boundary is supported by the observation that, ordered by the anion…H-atom distance, 

waters 20 and 21, the farthest waters in F(H2O)6(H2O)14
- and F(H2O)6(H2O)15

-, have a 

minimal number of H-bonds relative to waters closer to the ion. This feature has been 

previously observed for waters at the edge of solvation shell boundaries.19  

IV. Departure Mechanisms. The manner in which H-atoms depart the 1st 

solvation shell of anions has been the subject of a recent theory called the reorientational 

jump model for H-bond exchange [reviewed in 18]. This model asserts that solvating 

H2O replace their anion H-bond acceptors by water acceptors via large angular rotational 

movements, and that this exchange of H-bonding partners leads to the departure of water 

from the first solvation shell. This mechanism has been supported by vibrational 

spectroscopy of dilute HOD in H2O or D2O coupled to molecular dynamics simulations 

and the correlation between H-bond exchange time and reorientational relaxation time.14 

Although applications of the jump model in the vicinity of interfaces and hydrophobic 

molecules as well as anions have been successful, it has been shown to be less applicable 

for smaller anions such as fluoride. The proliferation of the jump model in the literature 

has motivated our investigation into the mechanisms of water departure from the 

immediate solvation environment of halide anions and how this this is related to our 

newly developed understanding of the structure and dynamics of hydrogenic versus 

oxygenic shells. 
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The frames wherein H- and O-atoms leave their respective hydrogenic and 

oxygenic shell were first collected and analyzed for correlations. Of the O-atom 

departures about chloride, 82.5% occur more than 0.5 ps apart, and are considered un-

coupled or independent of one-another, making them the subject of further analysis. The 

number of hydrogenic shell departures about chloride is slightly less than that observed 

for the oxygenic shell and as such the mean residence time of the H-atoms (the H-MRT) 

is slightly longer (comparable to the lifetime of an H-bond, see Table 1). Interestingly, 

the number of “independent” H departures is only 67.4% of the total, suggesting that H-

atoms are more likely than O-atoms to require more than one attempt to successfully 

leave their solvation shell (Table 4). 

 It is intuitive to classify these dynamic features according to the order of atom 

departure from their respective solvation shells. Let us label a “diffusive” departure event 

as one wherein the O-atom leaves its oxygenic solvation shell before its accompanying 

H-atom leaves the hydrogenic shell. Thus, the solvating H2O’s heaviest atom has moved 

beyond the shell boundary, with the lighter, coordinated H-atom lagging behind. Cases 

where the H-atom departs first are labeled “jump” mechanisms and encompass not only 

the aforementioned instances of the “jump” model of H-bond exchange but also smaller 

angular reorientations. Finally, instances where the H- and O-atoms depart their 

respective shells at the same time may be called a “synchronous” departure mechanism. 

The remainder of events may be considered “uncoupled” departures, and although their 

investigation is beyond the scope of this work, their existence is evidence of complex 

dynamics in the form of multiple dissociation pathways. 
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 As shown in Table 4, the diffusive and jump mechanisms for shell departure are 

nearly equally likely for chloride, with about half as many synchronous departures. To 

further understand how the rotational flexibility of the solvating water is related to the 

dominant shell departure mechanisms, we have determined the average distance of the O- 

and H-atoms at which swapping events occur for each departure. Recall that a swapping 

event occurs for water i at time t if the sign of the differences between rA-...H1i and rA-...H2i 

is not the same as at time t-1. In general, more swaps occur when the water departs via 

the “jump” mechanism (Figure 5). Jump departures are observed to occur when both H-

atoms are closer to the ion than the O-atom, and this may lead to more rotational 

flexibility of the H2O to dynamically change its H-bonding patterns or rapidly alter which 

H-atom is closest to the ion in any given frame (Figure S3 in Supplementary 

Information). Comparison between chloride and bromide yield nearly identical behavior 

and thus the bromide data is omitted from further discussion. However, as observed in 

Figure 5, the number of swapping events as a function of distance from the ion is nearly 

an order of magnitude less for fluoride relative to chloride. This bolsters the prior 

suggestion that reorientational jumps for H-bond exchange are limited for fluoride.27 In 

addition to the frequency of occurrence for each H2O departure mechanism, as shown in 

Table 4, we can consider the fidelity or success rate of each departure. For fluoride, more 

than for any other anion, one atom may depart its solvation shell without its counterpart 

following. Indeed, when the H-atom departs the shell first, the O-atom follows within 0.5 

ps only 27.5% of the time. When the O-atom departs first, the H-atom follows even less 

often, 24.8% of the time. This suggests that even as the H-bonds stretch, the water 
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molecule remains tethered to F-, and the majority of boundary crossings are in fact 

abortive attempts at departure. Considering the ultimate fates of the solvating H2O, it 

appears that the percentage of successful departures is the highest for the jump departure 

mechanism (69%), while for the synchronous mechanism the success rate drops to 53%, 

and for the diffusive mechanism the H-bond to the anion is successfully broken just 50% 

of the time. 

 As further illustrated in Figure 5, for both jump and diffusive departure 

mechanisms the most swapping occurs in a region over 1 Å outside the first shell -- that 

is, when all atoms of H2O are solidly within the 2nd oxygenic and hydrogenic solvation 

shells. As such, it is natural to plot a so-called swap radial distribution function (gswap(r)) 

that presents the relative likelihood of observation of swaps at a given O- or H-distance 

from the ion. As observed in Figure 6 the number of swaps is extremely low, rising 

steeply once the first shell is departed. Interestingly, there is significant structure to the 

swap RDF, with two peaks and minima indicating maximal and minimal regions where 

water molecules are likely to reorient their H-atoms. The minima, in particular, suggest 

an extended effect of the ion on water lability that is not necessarily related to H-bonding, 

which we have shown to be unaffected from a statistical perspective (described above), 

but instead may affect which water molecules may interact with one another, as they are 

seemingly held back from free exchange and rotation about each of their axes. 
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Conclusion. 

 Defining the solvation shells of halides has long been a contentious issue due to 

the difficulty of measurement: the diffuse character and complex dynamics make for a 

challenging puzzle. Simulation is a useful tool due to its ability to track the position of all 

atoms over time and to distinguish between individual atoms of the same element. By 

converting individual snapshots of the system into a graph (where atoms are vertices and 

connections are edges) new analyses have been performed that distinguish between the 

typical oxygen-centered description (oxygenic) of the halide solvation shell and a 

hydrogenic shell based solely on the coordinating H-atoms of water.  

The general solvation trends for F-, Cl-, and Br- are reproduced but much added 

insight is gleaned from the graph-theoretic approach. It is found that waters may exist in 

the oxygenic shell without actually hydrogen bonding to the anion, resulting small 

differences in size of the O-based and H-based solvation environments. Moreover, 

examination of the spatial arrangements of the H- and O-atoms in the hydrogenic and 

oxygenic solvation shells reveals striking differences in geometry, which derive from 

non-linearities in the anion-water H-bond. Statistically, the polyhedral environment of the 

oxygenic shell is found to direct the geometry of the hydrogenic shell, but not vice versa. 

The effects of anions on the structure and dynamic properties of water have also been 

investigated. For the former, the average number of H-bonds per water molecule was 

determined as a function of distance from the anion, and as a function of their order 

(closest to the anion, second closest, etc). The data revealed distinct effects upon H-
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bonding of first-shell water molecules and for fluoride there was a clear suggestion of an 

ordered second solvation shell.  

The dynamical properties of water have been investigated with respect to the 

mechanisms by which water departs the first solvation shell of the ion, and with respect 

to the reorientational flexibility. Three primary mechanisms and their prevalence have 

been identified: jump, diffusive, and synchronous. The first two dominate the dynamics 

of chloride and bromide, while all three are equally important for fluoride. The ability of 

individual H2O molecules to “swap” which H-atom is closest to the ion is used as a 

measurable of the reorientational flexibility of water. Swaps were found to be most 

prevalent during jump departure pathways where both H-atoms are generally closer to the 

ion than the O-atom. A swap radial distribution function, gswap(r), was determined that 

presents the relative likelihood of observation of swaps at a given oxygen or hydrogen 

distance from the ion. Under isotropic conditions, all positions should be equally 

probable for swaps to occur, and the number of swaps observed in a volume should be 

directly proportional to the number of waters found in that volume. However, distinct 

minima are present in the swap RDF that point to regions of space beyond the first shell 

in which swaps are more, or less probable than expected, suggesting a new mechanism by 

which anions may affect water dynamics.  
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Table 1. Oxygenic and hydrogenic shell boundaries (in Å), sizes (average number of 
atoms), mean residence time (MRT), and water orientation as defined by angles ! and " 
in Figure 1 for Cl-, Br-, and F- . Prior experimental literature from ref 11 shown in 
parentheses.  
 

Oxygenic Solvation Shell 

 O-MCD O-CN O-MRT ! " 

Cl
-
 3.7 6.67 2.90 154 18 (16) 

Br
- 3.85 6.88 2.36 153 20 (19) 

F
- 3.2 5.98 10.05 165 10 (10) 

Hydrogenic Solvation Shell 

 H-MCD H-CN H-MRT ! " 

Cl
-
 3.0 6.64 3.50 156 17 

Br
-
 3.15 6.80 2.67 155 18 

F
-
 2.4 5.96 9.67 165 10 

a ref 11. 
 

Table 2. Percent observed 6- and 7-vertex polyhedral distributions for the oxygenic and 
hydrogenic solvation shells of  Cl-, Br-, and F- (abbreviations for polygon names found in 
Figure 3, only contributions > 5% shown)  
 

Cl
- 

6-vertex Oxygenic Hydrogenic 7-vertex Oxygenic Hydrogenic 
CSP 27.69 29.74 ATP 31.62 25.28 
Oh 9.91 18.65 CC 11.49 9.32 
PP 27.42 21.18 CDo 29.98 33.77 
TP 17.99 12.43 ETP 10.29 7.78 
   PBP 14.37 19.91 

Br
- 

6-vertex Oxygenic Hydrogenic 7-vertex Oxygenic Hydrogenic 
CSP 27.42 30.75 ATP 34.92 28.95 

brokenOh 8.20 6.78 CC 11.43 10.06 
Oh 7.68 14.67 CDo 28.5 32.34 
PP 30.91 25.81 ETP 11.82 9.7 
TP 20.12 15.19 PBP 11.54 16.08 

F
- 

6-vertex Oxygenic Hydrogenic    
CSP 27.84 14.16    

untwistOh 8.39 28.13    
Oh 23.82 46.59    
PP 18.62 4.39    
TP 14.71 4.67    
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Table 3. Oxygenic %polyhedral distributions when the hydrogenic shell is Oh (labeled O 
| H-OH), and hydrogenic distributions when the oxygenic shell is Oh (labeled H | O-Oh). 
6- and 7-vertex polygon definitions presented in Figure 3. 
  

Cl
- 

6-vertex O | H-Oh H | O-Oh 
CSP 37.69 19.01 
untwistOh 3.46 22.93 
brokenOh 5.76 1.37 
Oh 26.74 50.41 
PP 16.08 4.05 
brokenPP 1.44 0.25 
TP 8.83 1.98 

Br
-
 

6-vertex O | H-Oh H | O-Oh 
CSP 37.73 22.35 
untwistOh 2.4 15.34 
brokenOh 5.77 2.20 
Oh 26.86 51.97 
PP 17.74 5.17 
brokenPP 1.34 0.43 
TP 8.17 2.55 

F
- 

6-vertex O | H-Oh H | O-Oh 
CSP 28.01 3.57 

untwistOh 12.03 39.63 
brokenOh 4.03 0.28 
Oh 30.06 56.31 
PP 13.9 0.12 
brokenPP 0.73 0.03 
TP 11.23 0.05 
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Table 4. Total number of shell departures from the hydrogenic and oxygenic shells and 
the % of these that are “independent”, occurring more than 0.5 ps apart. Number of 
instances of each mechanism for H2O departure from 1st solvation shell.   
 

 Hydrogenic Solvation Shell 

 # Departures % Independent 

67.4 
66.3 
78.8 

Cl
- 4696 

Br
- 5202 

F
- 1141 
 Oxygenic Solvation Shell 

 # Departures % Independent 

82.5 
82.6 
83.8 

Cl
- 4916 

Br
- 5389 

F
- 1312 
 # Observed Departure Mechanisms 

 Jump Diffusive Synchronous 

Cl
- 1070 1102 640 

Br
- 1269 1201 569 

F
- 247 273 271 

 
 

Figure Captions: 

Figure 1. Angle definitions for H-bonding to anions. 

Figure 2. Potential hydrogen-atom orientational swapping in the vicinity of an anion (A-

). Hydrogenic shell boundary and coordinating H-atoms in blue. Oxygenic shell boundary 
with participating O-atoms in red. 
 
Figure 3. Six and seven-vertex polyhedra observed in the solvation shells of Group VI 
anions. 
 
Figure 4. Mean degree of H2O as a function of distance from the ion. (A) distance based 
upon the anion to O-atom separation (oxygenic perspective), (B) distance based upon the 
anion to closest H-atom separation (hydrogenic perspective). 
 
Figure 5. H-atom swap frequency by distance from the anion center for two departure 
mechanisms. (A) Chloride anion, (B) Fluoride anion. 
 
Figure 6. H-atom swap radial distribution function for Cl- and F- using (A) the 
anion…O-atom distance (oxygenic perspective) and (B) the anion…H-atom distance (the 
hydrogenic perspective). 
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Schemes and Figures: 

Scheme 1. 

 

 

Figure 1. Angle definitions for H-bonding to anions. 

 

 

Figure 2. Potential hydrogen-atom orientational swapping in the vicinity of an anion (A-

). Hydrogenic shell boundary and coordinating H-atoms in blue. Oxygenic shell boundary 
with participating O-atoms in red. 
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Figure 3. Six and seven-vertex polyhedra observed in the solvation shells of Group VI 
anions. 
 

6-vertex polyhedra 

 

    

 

! CSP! Oh! PP! TP  
7-vertex polyhedra 

      
ATP! CO! CC! CDo! ETP! PBP!

 
 

Figure 4. Mean degree of H2O as a function of distance from the ion. (A) distance based 
upon the anion to O-atom separation (oxygenic perspective), (B) distance based upon the 
anion to closest H-atom separation (hydrogenic perspective). 
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Figure 5. H-atom swap frequency by distance from the anion center for two departure 
mechanisms. (A) Chloride anion, (B) Fluoride anion. 

 

 

Figure 6. H-atom swap radial distribution function for Cl- and F- using (A) the 
anion…O-atom distance (oxygenic perspective) and (B) the anion…H-atom distance (the 
hydrogenic perspective). 

 

 

  

 

 

 

 
 

 

 



 

208 
 

TOC Graphic: 
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APPENDIX G. SUPPLEMENTARY MATERIAL 
 

Reproduced with permission from the Journal of Physical Chemistry B, Submitted. 
Copyright 2012 American Chemical Society. 
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Figure S1. Example of a deconvoluted pair distribution function between Cl- and the two 
H-atoms of H2O. Hclose is the closest (coordinating) H-atom to the ion and the farther 
(non-coordinating) H-atom is labeled Hfar. 
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Table S1. % observed 6- and 7-vertex polyhedral distributions for Cl-, Br-, and F- for 
frames when the O-atoms leave the oxygenic solvation shell (O-depart) and when H-
atoms leave the hydrogenic solvation shell (H-depart).    
 
Cl

-
      

6-vertex O-depart H-depart 7-vertex O-depart H-depart 

CSP 27.31 30.61 ATP 33.61 28.98 
untwistOh 1.22 4.02 COh 1.99 4.13 
brokenOh 8.05 6.93 CC 12.11 10.2 
Oh 9.18 15.88 CDo 28.41 31.47 
PP 28.39 23.33 ETP 10.63 9.25 
brokenPP 5.57 4.07 PBP 13.25 15.97 
TBP 20.29 15.16    
Br

-
      

6-poly O-depart H-depart 7-poly O-depart H-depart 

CSP 27.58 29.54 ATP 35.03 28.15 
untwistOh 0.96 1.96 COh 1.48 2.2 
brokenOh 8.94 6.05 CC 11.12 10.22 
Oh 8.96 16.11 CDo 28.41 31.04 
PP 29.51 26.53 ETP 10.89 10.97 
brokenPP 4.17 3.43 PBP 13.07 17.42 
TBP 19.89 16.39    
F

-      
6-poly O-depart H-depart    
CSP 28.02 30.14    
untwistOh 3.13 13.24    
brokenOh 8.66 6.67    
Oh 15.85 31.88    
PP 23.78 10.82    
brokenPP 1.75 1.35    
TBP 18.8 5.89    
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Table S2. Degree clustering for 6- and 7-vertex oxygenic solvation shells (O-6 and O-7, 
respectively) and 6- and 7-vertex hydrogenic solvation shells (H-6 and H-7, respectively) 
for Cl-. 
 
 
O-6 1 0 O-7 1 0 H-6 1 0 H-7 1 0 

 2 1  2 0  2 1  2 1 

 3 1  3 1  3 2  3 2 

 4 1  4 2  4 3  4 3 

 5 2  5 3  5 4  5 4 

 6 2  6 3  6 5  6 5 

 7 3  7 1  7 6  7 6 

 8 3  8 4  8 7  8 7 

 9 4  9 5  9 7  9 7 

 10 4  10 5  10 8  10 7 

 11 4  11 5  11 8  11 7 

 12 4  12 5  12 8  12 7 

 13 4  13 5  13 8  13 7 

 14 4  14 5  14 8  14 7 

 15 4  15 5  15 8  15 7 

 16 4  16 5  16 8  16 7 

 17 4  17 5  17 8  17 7 

 18 4  18 5  18 8  18 7 

 19 4  19 5  19 8  19 7 

 20 4  20 5  20 7  20 7 

 21 4  21 5  21 7  21 7 

 22 4  22 5  22 7  22 7 

 23 4  23 5  23 7  23 7 

 24 4  24 5  24 7  24 7 

 25 4  25 5  25 7  25 7 

 26 4  26 5  26 7  26 7 

 27 4  27 5  27 7  27 7 

 28 4  28 5  28 7  28 7 

 29 4  29 5  29 7  29 7 

 30 4  30 5  30 7  30 7 
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Table S3. Degree clustering for 6- and 7-vertex oxygenic solvation shells (O-6 and O-7, 
respectively) and 6- and 7-vertex hydrogenic solvation shells (H-6 and H-7, respectively) 
for Br-. 
 
O-6 1 0 O-7 1 0 H-6 1 0 H-7 1 0 

 2 1  2 1  2 1  2 1 

 3 1  3 1  3 2  3 2 

 4 2  4 1  4 3  4 3 

 5 2  5 1  5 4  5 4 

 6 2  6 1  6 5  6 5 

 7 3  7 1  7 6  7 6 

 8 4  8 2  8 7  8 7 

 9 5  9 2  9 7  9 8 

 10 6  10 2  10 7  10 8 

 11 6  11 2  11 7  11 8 

 12 6  12 2  12 7  12 8 

 13 6  13 2  13 7  13 8 

 14 6  14 2  14 7  14 8 

 15 6  15 2  15 7  15 8 

 16 6  16 2  16 7  16 8 

 17 6  17 2  17 7  17 8 

 18 6  18 2  18 7  18 8 

 19 6  19 2  19 7  19 8 

 20 6  20 2  20 7  20 8 

 21 6  21 2  21 7  21 8 

 22 6  22 2  22 7  22 8 

 23 6  23 2  23 7  23 8 

 24 6  24 2  24 7  24 7 

 25 6  25 2  25 7  25 7 

 26 6  26 2  26 7  26 7 

 27 6  27 2  27 7  27 7 

 28 6  28 2  28 7  28 7 

 29 6  29 2  29 7  29 7 

 30 6  30 2  30 7  30 7 
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Table S4. Degree clustering for 6- and 7-vertex oxygenic solvation shells (O-6 and O-7, 
respectively) and 6- and 7-vertex hydrogenic solvation shells (H-6 and H-7, respectively) 
for F-. 
 
O-6 1 0 H-6 1 0 HvO 1 Y 

 2 1  2 1  2 N 

 3 2  3 2  3 N 

 4 2  4 2  4 N 

 5 3  5 3  5 N 

 6 4  6 4  6 Y 

 7 5  7 5  7 Y 

 8 6  8 6  8 Y 

 9 6  9 6  9 Y 

 10 6  10 6  10 N 

 11 6  11 6  11 Y 

 12 7  12 6  12 Y 

 13 7  13 6  13 Y 

 14 7  14 6  14 Y 

 15 7  15 6  15 Y 

 16 7  16 7  16 N 

 17 8  17 8  17 N 

 18 5  18 5  18 N 

 19 5  19 5  19 N 

 20 5  20 9  20 Y 

 21 5  21 9  21 N 

 22 5  22 9  22 Y 

 23 5  23 9  23 N 

 24 5  24 9  24 N 

 25 5  25 9  25 Y 

 26 5  26 9  26 Y 

 27 5  27 9  27 Y 

 28 5  28 5  28 N 

 29 5  29 5  29 N 

 30 5  30 5  30 N 
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Figure S2. Plot of crossing frequency by distance between F- and H2O. 
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Figure S3.  Mean degree of H2O as a function of distance (either oxygenic or 
hydrogenic) from the ion for (A) chloride, (B) fluoride, and (C) bromide. 

 
 
 
 
 
 


