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ABSTRACT
Computer simulations of larger systems and longer timescales are important in
understanding biological processes such as protein folding and protein-DNA interactions
at a molecular level. As larger macromolecules are studied, accurate and efficient
approaches are needed that recast potential energy functions from atomistic models that
describe interactions between individual atoms into so-called coarse-grained models that
describe interactions between groups of atoms. The biggest stumbling block has been in
the electrostatic interactions between the coarse-grained particles. Here, water and
representative biomolecules are modeled through our approximate multipole expansion
(AME) for the electrostatics. In simulations of liquid water, the soft-sticky dipole–
quadrupole–octupole (SSDQO) model for water, which uses AME electrostatics, gave
structural, thermodynamic, dynamic and dielectric properties in good agreement with
experiment not only at ambient conditions but at a wide range of temperatures and
pressures. The results for SSDQO are comparable to the most sophisticated (and very
computationally slow) rigid atomistic models but SSDQO is at least two times faster than
the fastest atomistic model. In addition, for simulations of biomolecules in aqueous
solutions, SSDQO combined with a typical (atomistic) potential energy function for the
biomolecule gave good solvation structure for the water. Moreover, SSDQO solvation of
biomolecules and simple ions is more consistent with the limited experimental data and
results from QM/MM simulations than atomistic water models. Given the good results
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for water, a generalized coarse-grained model for molecules was developed using AME
electrostatics and an orientation-dependent van der Waals interaction, referred to as the
soft-sticky approximate multipole expansion (SSAME) model. Simulations of benzene,
methanol, and phenol both as pure liquids and in aqueous solution using SSAME were
comparable to all-atom simulations but with much greater computational efficiency.
Overall, our AME is an important step in developing coarse-grained models for realistic
simulations of biological macromolecules in aqueous solution.
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INTRODUCTION
Molecular dynamics computer simulations are useful tools for studying the structural
properties and dynamic processes of biological macromolecules at a molecular level. Among
their capabilities, these simulations provide the detailed motions of individual atoms as a
function of time and may elucidate the physical basis for biochemical phenomena. With the
application of statistical mechanics, these simulations aim to link the microscopic properties with
the macroscopic properties of the system. Accordingly, comparisons between simulation and
experiment can determine the accuracy of the simulation results and provide criteria for
improving the methodology (test of models, Fig. 1) [1]. If the model is successful in reproducing
the experiment, simulations allow for interpretation of experimental data or prediction of new
results and may offer insights to experimentalists of possible experiments to perform [1-5].
Computer simulations generally fall into two classes: molecular dynamics (MD) and
Monte Carlo (MC). Typically, computer simulations of macromolecules use atomistic MD
methods that numerically solve Newton’s equation of motions to give configurations of a set of
interacting atoms as a function of time. Analyzing the atomic motion gives insights into the
system being studied. These MD simulations may be used to understand the structure, kinetics,
and thermodynamics of macromolecules. In addition, MD simulations explore conformational
energy landscapes accessible to macromolecules and contribute to a general understanding of
mechanisms for biochemical processes [4,6]. Alternatively, MC simulations generate the
configurations using random sampling. In Metropolis Monte Carlo simulations [7], the
generation of the molecular configurations is based on the Boltzmann distribution of their
potential energies. Then, the average molecular properties over all configurations may be
compared with experiments; according to the ergodic theory, the thermodynamic ensemble
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average from Monte Carlo simulations is equivalent to the time average from molecular
dynamics simulations in the limit of infinitely long simulations [1,2,8].
The interactions of macromolecules in MD and MC simulations are usually described by
a force field, which is a set of equations and parameters used to determine the potential energy
surface of a system. In CHARMM [9], a widely used force field for simulations of biological
macromolecules, the parameters are obtained from experiments or from quantum mechanical
calculations of small molecules or fragments with the assumption that the parameters are
transferable to larger macromolecules such as proteins, nucleic acids, lipids, and carbohydrates.
Although CHARMM is not limited to atomistic simulations, typical studies of macromolecules
performed in CHARMM are atomistic simulations involving tens to hundreds of thousands of
atoms treated explicitly over nanoseconds time scale [6,8].
To mimic physiological environments, simulations of biological macromolecules
typically solvate them in a periodic box of explicit water molecules (enough to have around three
or four solvation shells of water surrounding the edges of the macromolecule to avoid undesired
interactions between images of the macromolecules in the periodic box). As the size of the
macromolecule increases, the number of water molecules needed in the solvation box becomes
substantial. Consequently the evaluation of the water-water interaction for a large number of
water molecules is generally the most costly process in these simulations, which makes the
computational efficiency of the water model important. In addition, properly modeling the
behavior of water is important because accurate descriptions of water and aqueous solutions are
crucial to understanding many biochemical problems. Water plays important roles in biological
processes, and the use of accurate water models in computational studies helps in investigating
the underlying basis of aqueous solvation of macromolecules.
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The unusual properties of water, such as a maximum in the temperature dependence of its
density, a temperature dependence of its diffusion constant that has a normal and an anomalous
component, a large heat capacity (which is reduced to half its value upon boiling or freezing),
and a high dielectric constant [10], is often attributed to its ability to form hydrogen bonds.
Hydrogen bonding is not a simple interaction in part because it is directional. In designing
empirical water models, the directionality as well as the peculiarities of hydrogen bonding must
be approximated properly [11,12].

Water models with multiple sites
Reproducing the interactions of water empirically so that the properties of liquid water
are reproduced is very challenging; thus a number of water models, each with advantages and
limitations, have been created [11]. Most commonly used potential energy functions for water
models have multiple fixed interaction sites, where the Lennard Jones sphere and/or point
charges are centered. These water models have positive charges on the hydrogen atoms; a
Lennard-Jones interaction site on the position of the oxygen; and a negative charge located either
at the site of the oxygen, the M site along the bisector of the water angle, or the two L sites
representing the positions of the “lone pairs” (Table 1). In addition to the location of the negative
charge, the geometry of the water molecule and the Lennard-Jones parameters and partial
charges vary from one water model to another, giving them different water properties.
Among the popular water models are the three-site models SPC/E [13] and TIP3P [14],
the four-site model TIP4P [15], and the five-site model TIP5P [16] (Table 1). The three-site
models are popular in computer simulations of biological macromolecules in aqueous solution
because of their computational efficiency and reasonable accuracy. SPC/E has reasonable pure
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water structure and dynamics. TIP3P does not do as well for structural and dynamical properties
but has better dielectric properties than SPC/E. Although TIP4P has good structural properties, it
has not been widely used in simulations of macromolecules in aqueous solution because of poor
dielectric properties. On the other hand, the five-site model TIP5P has excellent structural,
dielectric, and dynamical properties but requires ~55% more computer time than the three- and
four-site models [16,17]. Recent reparameterizations of the four- and five-site models, namely
TIP4P-Ew [18], TIP4P/2005 [19], and TIP5P-E [20] (Table 1) are optimized for use with the
Ewald summation method for the treatment of long-range electrostatic effects. They give good
descriptions of water properties over a wide range of conditions and offer promising prospects
for simulations. The general experience with these multi-site water models is that as the number
of sites increases, the accuracy of the model improves. However, increasing the number of sites
also increases computational time because more site-site distances are computed for a pair of
interacting water molecules (9 for three-site models, 10 for four-site models, and 17 for five-site
models). Thus, it is necessary to balance accuracy and efficiency in modeling water.

Water models with multipoles
In another direction, efficient single-site water models with orientational dependence
have been explored. The hard sphere Bratko-Blum-Luzar (BBL) [21,22] model has an embedded
point dipole and a square-well tetrahedral sticky potential to describe hydrogen bonding. Two
later versions of the BBL model [23,24] that replaced the hard sphere in the original BBL model
with a soft sphere and have additional sticky interaction terms give good agreement with
experimental water structure. Notably, another water model based on the BBL model, the soft
sticky dipole (SSD) model of water developed by Liu and Ichiye [25], is computationally
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efficient and accurate for pure water simulations. SSD has a Lennard-Jones potential, a point
dipole, and a smoothly varying short-range tetrahedral “sticky” potential with an additional
angular term to favor linear over bifurcated hydrogen bonds. The sticky potential describes
hydrogen bonding and regulates the tetrahedral coordination in the first shell of water [25]. The
water structure of SSD is comparable to that of TIP4P and its intermolecular energy, heat
capacity, dielectric constant, and dynamical properties are in good agreement with experiment
[25-27]. Remarkably, SSD was able to reproduce the properties of real water away from ambient
conditions reasonably well, including the temperature dependence of density and diffusion
[28,29]. The properties of SSD are most likely the result of a good description of the hydrogen
bonding interaction leading to the tetrahedral structure of water. Furthermore, the SSD model is
about seven times and three times faster than the three-site models in Monte Carlo and molecular
dynamics simulations, respectively [25,26]. However, the sticky potential in the SSD and in the
BBL-type models models the hydrogen bond interaction rather than physical forces so that it is
not clear what the interaction with the partial charges used in common atomistic force fields
should be. Thus, simulations of aqueous solutions would require a new arbitrary sticky potential
for each functional group that is capable of hydrogen bonding.
Another approach to reduce the number of interaction sites is to model the charge
distribution by multipoles, which can be used to describe the interaction energy of molecules
whose separation is large compared to their dimension [30-32].

The monopole, dipole,

quadrupole, octupole, and hexadecapole moments are the zeroth, first, second, third, and fourth
moments of the charge distribution, respectively. The monopole is the total charge of the system.
The higher order multipole moment tensors are defined as

µα = ∫ ρrα d τ
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(1a)

1
ρ[3rα rβ − r 2δαβ ]d τ
∫
2

(1b)

1
ρ[5rα rβ rγ − r 2 (rα δ βγ + rβδ γα + rγ δαβ )]d τ
∫
2

(1c)

Θαβ =
Ωαβγ =

Φαβγδ

2
1 ρ[35rα rβ rγ rδ − 5r (rα rβδ γδ + rα rγ δ βδ + rα rδ δ βγ
= ∫
8 +rβ rγ δαδ + rβ rδ δαγ + rγ rδ δαβ ) + r 4 (δαβδ γδ + δαγ δ βδ + δαδ δ βγ ]dτ

where µα , Θαβ , Ωαβγ , and Φαβγδ

(1d)

are components of the dipole, quadrupole, octupole, and

hexadecapole tensors, respectively.
Studies of multipole-based water models underscore the importance of higher order
multipoles in modeling water. The addition of a quadrupole can mimic hydrogen bonding [33];
however, terms up to at least the octupole are necessary to distinguish between the solvation of
cations and anions [34]. The inclusion of higher order multipoles improves the accuracy of the
water model but also increases computational cost because more interactions are evaluated. The
interaction potential energy between two molecules with a Lennard-Jones-type potential and an
exact multipole expansion up the 1/r7 term including moments up to the hexadecapole is
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where ε and σ are Lennard-Jones parameters, m is the power law of the repulsion in the LennardJones interaction, and cm −1 = (6 / m)6 /(m − 6) (1 − 6 / m) ; q, µ, Θ, Ω, and Φ are the monopole, dipole,
quadrupole, octupole, and hexadecapole tensors respectively; rij is the internuclear distance; and
nij is a unit vector from i to j (usually only one internuclear vector n is defined and the standard
form of the multipole expansion is obtained when the definition n = nij = - nji is used). Also, n(2)
is a matrix of the dyadic product of two n so [n(2)]ij = ninj, n(3) is a matrix of the dyadic product of
three n so [n(3)]ijk = ninjnk, and so on. The operation denoted by ⋅ is the dot product of two vectors
A⋅B = Σi AiBi; and the operations denoted by : and∴ are the contractions of two 3×3 matrices
A:B = Σij AijBij and two 3×3×3 matrices A∴B = Σijk AijkBijk, respectively. The number of dots
indicates the number of indices summed over and tensors or rank n must have n ⋅ operations to
contract to a scalar [35].
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The multipole expansion has terms that depend on either the position of one molecule in
the frame of the other (all red terms in Eq. 1) or the relative orientation of the two molecules (all
blue terms in Eq. 1), with the latter being computationally costly. The factors that involve the
orientation of the internuclear vector with respect to one multipole tensor of a molecule i (i.e.,

(n ⋅ µ i ) , (n(2) : Θ i ) , (n(3) ∴Ωi ) , etc.), which will be referred to as fast moment-n factors, are easy
to calculate in the molecular frame since the nonzero matrix elements are sparse and only
transformations of n to the molecular frame i are needed. Furthermore, these factors are scalar so
the interaction between i and j does not involve matrix multiplications. On the other hand, the
moment-moment factors (rest of the factors) involving the orientation of a moment of i with
respect to the moment of j (and vice versa) require either rotating the respective moment of both
molecules to the laboratory frame or transforming the moments of i to the frame of j plus a
matrix multiplication of quantities of i and j. Thus, the moment-moment factors are slow to
calculate; they involve additional rotation of moment tensors, which become harder as the tensor
rank increases, and the subsequent additions of the nonzero terms of the moment tensors when
not in the molecular frame. The 1/r6 and 1/r7 interactions are computationally costly in part
because more moment-moment factors involving rank two and rank three tensors (e.g. Θ i :Θ j )
are calculated in the exact multipole expansion [35].
To address the balance between accuracy and efficiency, Ichiye and Tan [35] developed
the soft-sticky dipole-quadrupole-octupole (SSDQO) water model. SSDQO describes water as a
single-site Lennard-Jones sphere with point multipoles (Fig. 2). However, the electrostatic
interaction is through an approximate multipole expansion (AME), which allows accurate yet
efficient evaluation of the electrostatic potential [35]. The interaction potential energy between
two molecules is
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⎧⎛ σ ⎞ m ⎛ σ ⎞ 6 ⎫
1
⎪ ij
⎪ 1
ij
U ij (r) = cmε ij ⎨⎜ ⎟ − ⎜ ⎟ ⎬ + ⎡⎣ qi q j ⎤⎦ + 2 ⎡ −qi µ j ⋅ n + n ⋅ µ i q j ⎤
⎦
r ⎣
⎝ r ⎠ ⎪ r
⎪⎩⎝ r ⎠
⎭
1
+ 3 ⎡ qi Θ j : n(2) + n(2) : Θ i q j − 3 n ⋅ µ i µ j ⋅ n + µ i ⋅ µ j ⎤
⎦
r ⎣
1
(3)
+ 4 ⎡ −qi Ωj ∴ n(3) + n(3) ∴Ωi q j + 5 n ⋅ µ i Θ j : n(2) − 5 n(2) : Θ i µ j ⋅ n − 2 µ i ⋅ Θ j ⋅ n + 2n ⋅ Θ i ⋅ µ j ⎤
⎣
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r
1
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−cDO n ⋅ µ i Ωj ∴ n(3) − cDO n(3) ∴Ωi µ j ⋅ n + cQQ n(2) : Θ i Θ j : n(2) ⎤
⎦

(

(
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(

(

) (

) ( )( )
) (
) ( )(
) (
) (
)( )
)(
) (
)(
)( ) (
) (

)

)(

)(

)

)

The AME potential is exact up to the 1/r4 terms, which includes the dipole-dipole and dipolequadrupole interactions. The 1/r5 terms are approximated (green in Eq. 2) using coefficients, cQQ
and cDO, for the quadrupole-quadrupole and dipole-octupole interactions, respectively, chosen for
the moments to match certain hydrogen bond conformations. The approximation in the 1/r5 term
was based on the observation that fast moment-n factors largely determine angular dependence
of each term so the moment-moment factors can be ignored by modifying the constants for the
moment-n factors, which gives a function very close to the exact term. Overall, the AME is
computationally efficient in part because the approximations reduce the number of tensor
rotations and ⋅ operations and in part because it uses the molecular frame, where non-zero
components of the tensors are sparse [35].
For water-water interactions, the water molecules i and j interact through the dipole µ ,
quadrupole Θ, and octupole Ω tensors of water, with the monopole q=0. For the solute-water
interactions, the partial charges qi of the solute molecule interact with the multipoles of SSDQO
water molecule j up to the hexadecapole Φ. In the approximate charge-hexadecapole interaction,
m is a unit vector along the direction of µ , o is a unit vector along the direction of Ω, and Φ = Hzzzz/2, where H is the hexadecapole tensor.
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The parameters of the SSDQO water model is defined for water i (see Fig. 2) such that
the dipole vector of i is parallel to the z-axis and the x-axis is perpendicular to the molecular
plane of i. In the molecular coordinate system of i, the non-zero matrix elements are given by µz
= µ; Θxx = -Θ + Δ, Θyy = Θ + Δ, Θzz = -2Δ; Ωxxz = -Γ + Ω, Ωyyz = Γ + Ω, Ωzzz = -2Ω; and the factor

Φ for a tetrahedral molecule is defined as 7ΓbOH/10√3. The dipole component µ measures the
separation of positive and negative charges. The quadrupole component Θ is the planar
quadrupole, which roughly measures of the spread of charge along the x and y directions
( d x 2 − y2 character) or the separation between a positive-negative from a negative-positive
distribution of charges (the simplest example is a separation of equal and opposing dipoles);
while Δ, which is the linear quadrupole, roughly measures the separation of the negativepositive-negative charge distribution. The octupole component Ω is the tetrahedral octupole,
which roughly measures of the spread of charge along the z direction ( fz 3 character) and defines
the minimum in the positive charges of the two hydrogens, while Γ describes the asymmetry of
the positive versus negative charge (Γ = 0 for a perfectly tetrahedral water model while Γ = 5Ω/2
for SPC/E) [35] (Fig. 2).
SSDQO is about three times faster in Monte Carlo simulations [35] and two times faster
in molecular dynamics simulations [36] than the three-site models SPC/E and TIP3P because
only one intermolecular distance needs to be calculated for a pair of water molecules compared
to the nine inter-site distances required for the three-site models. Since distance calculations are
slow, they outweigh the matrix multiplications of the AME potential because the latter neglects
the slowest of the matrix multiplications in the 1/r5 terms and beyond [35].
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Ichiye and Tan [35] demonstrated that the use of AME electrostatics is a well-founded
approach by comparing the results of the SSDQO simulations with those of the multi-site water
models (which use partial charges electrostatics, a well-established approach). Specifically,
SSDQO with multipole moments and Lennard-Jones parameters from SPC/E, TIP3P, or TIP5P
reproduces the dimer potential energy and structural properties of the respective multi-site
model, thus SSDQO was tested for its accuracy in mimicking the potential energy function of a
known potential (Fig. 1). In addition, SSDQO with SPC/E parameters (or SSDQO:SPC/E) has
excellent dynamical properties and relatively low dielectric constant close to SPC/E [35,36],
which implies that the former reproduces both desirable properties and limitations of the latter.

Optimization of pure water properties of SSDQO
The motivation behind SSDQO is the development of a computationally fast and accurate
water model for large distance and slow time scale phenomena of the liquid state. Since the goal
of the previous work [35] was to test the ability of the AME potential to mimic a known
electrostatic potential, the Lennard-Jones and moment parameters were obtained from a
particular atomistic model for testing against simulations of that model; therefore, agreement
with experiment could not be expected to be any better than that particular model. Thus, a new
set of parameters specifically for the SSDQO potential was optimized to improve the agreement
of the water properties of the SSDQO with experiment. In Chapter I, the parameters of SSDQO
were optimized so that the structural, thermodynamic, dynamic, and dielectric properties agreed
with experimental values of liquid water at ambient conditions. The optimization of SSDQO
involved modifying the Lennard-Jones-type potential and varying the strength of the multipole
moments in the model. Most water models use a 12-6 Lennard-Jones potential, however, while
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the physical basis for the 1/r6 term is the London dispersion forces, the 1/r12 term is chosen for
mathematical convenience to describe exchange-repulsion at short range. On the other hand,
SSDQO1 uses a 9-6 Lennard-Jones-type potential, which was shown to give better structure and
pressure dependence of density in the model. In addition, neutron diffraction studies indicate that
a softer repulsive wall than a 12-6 potential may fit experimental data better [37]. For the
optimization of the multipole moments, the results from multi-site water models and quantum
mechanical calculations and experiments were considered. For instance, the dipole moment of
liquid water is enhanced by polarization effects and is higher than in an isolated water molecule
[38-41]. In popular non-polarizable water models, the polarization effects are approximated
through higher dipole moments (usually ~2.3 D) [20,35]. However, the quadrupole moments
vary from one water model to another depending on the magnitude and location of the negative
charge and the geometry of the water model [19]. Experiments and quantum mechanical
calculations seem to support a higher quadrupole moment relative to the dipole moment, which
is important because the quadrupole moment apparently influences some properties of the water
model [19,42]. For instance, the quadrupole moment affects the dipolar correlations and, as a
consequence, the dielectric constant of the water model decreases as the quadrupole interactions
are increased [20,33].
Once the parameters were obtained based on matching simulated properties to
experiment at ambient conditions, simulations under a variety of different conditions using these
parameters were performed and the temperature and pressure dependence of various properties
calculated from these simulations were shown to be in good agreement with experiment,
including a temperature of maximum density at ~260 K. SSDQO1 is both computationally faster
and generally more accurate over a wide range of conditions than traditional three-site water
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models, which demonstrates that a model with a single dipole, quadrupole, and octupole on each
water molecule can reproduce the tetrahedral hydrogen bonded network of water.

Aqueous solvation properties of SSDQO
The SSDQO is potentially useful as a computationally efficient water model for
macromolecular simulations; thus, the accuracy of the model as a solvent needs to be
determined. While atomistic force fields describe electrostatics by partial charges and the
electrostatics of the water in the SSDQO model are described by higher order multipoles, the
multipole expansion allows straightforward combining rules between existing atomistic force
fields and the SSDQO model. Tan et al. [43] demonstrated that the potential up to the octupole is
sufficient for negative ions but an approximate charge-hexadecapole term is needed to give good
results for both positive and negative ions. The radial distributions of SSDQO:SPC/E water
molecules around Na+ and Cl- is similar to that of SPC/E. However, the solvation of biological
molecules is more complicated since ionic, polar, and non-polar interactions create very different
structures of the surrounding water.
In Chapter II, SSDQO was used in simulations of the solvation of biologically relevant
molecules having a multi-site, partial charge description. SSDQO:SPC/E was further tested for
the solvation of larger, more biologically representative molecules, namely, N-methylacetamide
(NMA), ethanol, and benzene. The three solutes vary in polarity and are models for protein
moieties. NMA is a simple model for the peptide bond, the repeating unit of the protein
backbone. Ethanol is an amphiphilic electrolyte containing a hydrophobic tail and a hydrophilic
head, which is capable of hydrogen bonding, and is a model for the serine side chain. Finally,
benzene has the aromatic functional group and is a model for the side chain of phenylalanine.
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Monte Carlo simulations of ethanol, benzene, and NMA in SSDQO:SPC/E showed the water
structure was as good as in SPC/E. The radial distribution functions of SSDQO:SPC/E around
the biomolecules demonstrate that SSDQO, where the AME is most accurate at long-range, can
reproduce the local solvation structure around a solute. Thus, SSDQO is potentially useful for
simulations of biological macromolecules in aqueous solution.
In Chapter III, the new SSDQO1 was used in the solvation of sugar molecules, which are
stringent tests for water molecules because of the many hydroxyl functional groups in sugars.
Water structure around sugars modeled by partial charges is compared for SSDQO1 and
commonly used multi-site models in Monte Carlo simulations. Both the radial distribution
functions and the orientational probability of the water in the first shell around various solutes
were examined; the orientational probability provides structural information to complement the
radial distribution function because the latter can obscure how the water molecules orient around
the solute. Radial distribution functions and coordination numbers of all the models indicate
similar hydration by hydrogen bond donor and acceptor waters. However, SSDQO1 as well as
TIP4P-Ew and TIP5P predicts a “lone-pair” orientation for the water accepting the sugar
hydroxyl hydrogen bond that is more consistent with the limited experimental data than the
dipolar orientation in SPC/E.
The difference in the orientational probability of the water models around sugars
prompted an investigation of the factors involved in determining the geometrical preference of
water in the first solvation shell. Simple univalent ions were used to determine the effects of the
positive and the negative charges on the solvation properties of SSDQO1. In Chapter IV, the
effects of the multipole moments on the structural properties of water around ions were
determined in Monte Carlo simulations of the SSDQO1 water model. The orientation of water
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molecules in the first shell around Na+ using SSDQO1 was more consistent with QM/MM
simulations [44] than most multi-site models. By varying the moments, the most important factor
appears to be an octupolar Γ/Ω ratio < 2, which has important implications for designing good
water models for both pure liquid and aqueous solutions.

The soft-sticky approximate moment expansion (SSAME) coarse-grained model
Many biological problems involve systems of large length scales and/or long time scales,
which are difficult to study using conventional atomistic simulations because of limitations in
computational resources. Because of this, there has been a renewed interest in coarse-grained
(CG) models [45]. CG models represent groups of atoms as single-site “particles” so that there
are fewer site-site interactions and thus fewer calculations than the atomistic models of the same
system. As a result, longer simulations up to the microseconds range and larger simulations up to
the hundred-nanometer range are feasible. The resulting studies of protein-protein interactions
[46], lipid bilayers [47,48], and membrane protein systems [46,49] are providing new insights
beyond the capabilities of atomistic simulations. However, as more sophisticated problems are
investigated, the details of the coarse-graining become important.
CG models can generally be classified as structure-based [50], knowledge-based [51],
and physics-based [52]. In the so-called physics-based approaches, perhaps the greatest difficulty
is the treatment of electrostatics in a truly physics-based manner. Charged particles such as some
protein side chains and lipid head groups, nucleic acids, and counterions are all subject to
dielectric shielding by a non-uniform medium. However, the popular MARTINI model treats
dielectric shielding uniformly, which is insensitive to the different attenuation of the electrostatic
interactions (compared to the electrostatic interactions in vacuum) due to different surrounding
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medium or environment. In low dielectric medium, the electrostatic interaction between
MARTINI charged particles tends to be underestimated; in polar environment, the electrostatic
interaction is likely to be overestimated. For example, ionizable groups in protein interiors reside
in very heterogeneous environment, where dielectric screening is important. Ionizable groups in
a nonpolar environment will have an enormous shift in their acid dissociation constant, which
cannot be reproduced by models that assume high dielectric in the protein interior; similarly, a
model that describes the protein as a uniform low dielectric medium will not work in cases where
the environment around the charged residue is polar [53]. In addition, polar groups such as the
protein backbone, other protein side chains and lipid head groups, and water molecules may be
involved in hydrogen bonding. However, the MARTINI model treats polar interactions by
increasing the strength of the Lennard-Jones potential energy. However, this is physically
unrealistic since the Lennard-Jones potential is dependent only the distance between the
interacting particles and not their orientation whereas the interaction between two polar
molecules is dependent on the distance and the orientation. To remedy this, two models based on
multipole expansions have been proposed that are more realistic approximations of the
electrostatic interactions [54-56]; however, these CG models require an arbitrary damping term
and do not take advantage of the molecular frame so that off-diagonal elements of the
quadrupole are needed.
Addressing the difficulty of physics-based CG models in treating electrostatic
interactions, a new CG potential energy function called the soft-sticky approximate multipole
expansion (SSAME) is presented (Chapter V). SSAME is based on the approximate multipole
expansion (AME) of the SSDQO water model. The AME of SSDQO was generalized to other
molecules and a new orientation-dependent van der Waals potential was added. Compared to
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other multipole-based CG models [54-56], SSAME does not require an arbitrary damping term
because the higher order terms in the multipole expansion improve the accuracy of the
electrostatic interactions at short range [30], which is exact in the limit of infinite terms or
infinite distance. In addition, the SSAME model takes advantage of the molecular frame so
tensors are sparse and off-diagonal elements of the multipole moments are zero. Furthermore, the
AME potential reduces the number of operations that contract tensors of rank n to a scalar. Using
parameters derived from a standard atomistic force field, Monte Carlo simulations of benzene
and methanol in the neat liquids and in aqueous solutions with the SSAME potential gave radial
distribution functions that were comparable to atomistic simulations. Furthermore, the
parameters for benzene and methanol were combined for phenol, and simulations of the neat
liquid and aqueous solution also compared well with atomistic simulations. Overall, the results
demonstrate that SSAME accurately treats electrostatic forces, particularly the dipole and higher
moments that have been generally lacking in physics-based CG simulations.
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Tables
Table 1. Parameters of multi-site water models. The σ and ε

are the distance where the

intermolecular potential is zero and the well depth, respectively, of the Lennard-Jones potential.
The qH is the partial charge of the hydrogen. The O-H, O-M, and O-L are the distance between
the oxygen and the hydrogen, the site M along the bisector of the water angle, and the “lone pair”
site, respectively. The H-O-H and L-O-L are the angles between the distances of the two
hydrogens to the oxygen and the two “lone pair” sites to the oxygen.
Model

σ (Å)

SPC/E
TIP3P
TIP4P
TIP4P-Ew
TIP4p/2005
TIP5P
TIP5P-E

3.1655
3.1506
3.1537
3.1643
3.1589
3.1200
3.0970

ε
(kcal/mol)
0.1554
0.1521
0.1549
0.1628
0.1852
0.1600
0.1780

qH (e)
0.4238
0.4170
0.5200
0.5242
0.5564
0.2410
0.2410

O-H
(Å)
1.0000
0.9572
0.9572
0.9572
0.9572
0.9572
0.9572
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O-M
(Å)
NA
NA
0.1500
0.1250
0.1546
NA
NA

O-L
(Å)
NA
NA
NA
NA
NA
0.7000
0.7000

H-O-H
(o )
109.47
104.52
104.52
104.52
104.52
104.52
104.52

L-O-L
(o )
NA
NA
NA
NA
NA
109.47
109.47

Table 2. SSDQO1 parameters compared to the parameters of multi-site models and quantum
calculations.

σ
ε
µ
Θ
(Å)
(kcal/mol) (D)
(DÅ)
a
SSDQO1
3.433
0.089
2.12
2.13
SPC/Ea
3.166
0.155
2.35
2.04
TIP3P
3.151
0.152
2.35
1.72
TIP4P
3.154
0.155
2.18
2.15
TIP4P-Ew
3.164
0.163
2.32
2.16
TIP4P/2005
3.159
0.185
2.31
2.30
TIP5P
3.120
0.160
2.29
1.56
TIP5P-E
3.097
0.178
2.29
1.56
Ab initio MDb
NA
NA
2.95
3.27
a,c
Ab initio MD
NA
NA
2.43
2.72
1 + 230 TIP5P NA
NA
2.55
2.81
MP2/aug-ccpVQZd
Exp (gas phase)e
NA
NA
1.86
2.57
a
Moments are centered on the oxygen instead of the center-of-mass
b
Ref. [39]
c
Ref. [41]
d
Ref. [40]
e
Ref. [57]
Model
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Δ
(DÅ)
0.00
0.00
0.04
0.06
0.05
0.06
0.08
0.08
0.11
0.05
0.20

Ω
(DÅ2)
0.67
0.78
0.61
0.77
0.77
0.82
0.50
0.50
NA
NA
0.74

Γ
(DÅ2)
1.15
1.96
1.49
1.86
1.88
1.99
0.42
0.42
NA
NA
1.50

0.07

NA

NA

Figures
Fig. 1. The connection between experiment, computer simulation, and theory. Adapted from Ref.
[1]
Fig. 2. Representations of the SSDQO water model (top), a single-site water model with a
Lennard-Jones sphere centered on the water oxygen, and the components of the multipole
moments (bottom, adapted from http://www.orbitals.com/orb/orbtable.htm). The point dipole
(gray), quadrupole (blue), and octupole (purple) used to describe the electrostatic interaction of
the water model are also centered on the oxygen. The dipole moment is parallel to the z-axis and
the x-axis is perpendicular to the plane of the molecule.
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CHAPTER I: TEMPERATURE AND PRESSURE DEPENDENCE OF THE OPTIMIZED
SOFT-STICKY DIPOLE-QUADRUPOLE-OCTUPOLE WATER MODEL

Abstract
The soft-sticky dipole-quadrupole-octupole (SSDQO) potential energy function for a
coarse-grained single-site water model has Lennard-Jones interactions and an approximate
multipole expansion for the electrostatics. Here, the Lennard-Jones parameters and multipole
moments of SSDQO were optimized so that the structural, thermodynamic, dynamic and
dielectric properties agreed with experimental values of liquid water at ambient conditions.
Using these parameters, the temperature and pressure dependence of various properties were
shown to be in good agreement with experiment, including a temperature of maximum density at
~260 K. This new parameterization, referred to as SSDQO1, is both computationally faster and
generally more accurate over a wide range of conditions than traditional three-site water models,
which demonstrates that a model with a single dipole, quadrupole, and octupole on each water
molecule can reproduce the tetrahedral hydrogen bonded network of water.
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1.1. Introduction
Computer simulations are important in understanding the structure and dynamics of water
at a molecular level. A number of water models, each with advantages and limitations, have been
used [1], most commonly rigid multi-site water models with three to five sites. At ambient
conditions, of the three-site models, TIP3P [2] has reasonable dielectric properties but poor
structural and dynamical properties while SPC/E [3] has reasonable structure and dynamics but
poor dielectrics [4]. The four-site TIP4P [5] has even better structure and dynamics but relatively
poor dielectrics [6], while TIP4P-Ew [7] and TIP4P/2005 [8], which were optimized for use with
Ewald summations, give even better properties than the original TIP4P. The five-site TIP5P [9]
is similar to ST2 [10] but was optimized to give good structural, dielectric, and dynamic
properties at ambient conditions, and TIP5P-E [11] gives similarly good properties but can be
used with Ewald summations. However, while the accuracy generally improves as the number of
sites increase, the computational time also increases.
A stringent test for a water model is the ability to reproduce the properties of water under
a variety of conditions, particularly the anomalous properties. For instance, water exhibits a
temperature of maximum density (TMD) at 277 K, which has been attributed to the tetrahedral
structure of water [9,12]. Only a few multi-site non-polarizable water models reproduce the TMD
within less than 5° of experiment including TIP4P-Ew [7], TIP4P/2005 [8], and TIP5P [9], in
contrast to SPC/E [3] and TIP3P [2], which have TMD below 238 K. In addition, the soft sticky
dipole (SSD) model [13], a single-site water model with a soft sphere, a point dipole, and an
empirical tetrahedral “sticky” hydrogen bond potential, was found to have a TMD at ~260 K [12],
which is slightly better than the TIP4P TMD at ~250 K [6], Moreover, over a range of
temperatures from about 240 to 400 K, TIP4P-Ew and especially TIP4P/2005 are in better
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agreement with experiment than TIP5P, which increases too sharply with temperature below the
TMD and decreases too sharply with temperature above the TMD.
The temperature dependence of the diffusion of water at low temperatures is also
unusual; it is described by the empirical equation D = Do(T/Ts -1)γ, indicating a normal
component and an anomalous component that diverges at Ts [14,15], which has been suggested
as the mechanical stability limit of the supercooled liquid phase since it is close to the
homogeneous nucleation temperature (TH). Water models that reproduce the temperature
dependence of liquid water contribute to understanding the underlying molecular behavior near
Ts where experiments are difficult. However, only the TIP4P-Ew [7] model has been shown to
reproduce the correct temperature dependence of the diffusion constant. TIP3P [16] and TIP4P
[17,18] both overestimate the experimental diffusion constant [19,20] at 298 K, and other models
that have reasonable diffusion rates at ambient conditions deviate at other temperatures. For
instance, although ST2 [21] reproduces the experimental values at higher temperatures, it
diffuses very slowly at low temperatures since it is generally over-structured and reaches the
low-density, more tetrahedral structure at a relatively high temperature (TMD = 310 K) so the
onset of jump diffusion may occur because there is still enough thermal energy as the
temperature approaches Ts [21]. On the other hand, SPC/E water diffuses too quickly at low
temperatures since it is generally under-structured and remains in the high-density form until
very low temperatures (TMD = 235 K) so a kinetic glass transition is observed [22]. TIP5P has
good structure at 298 K and gives a reasonable temperature dependence [23] but still does not
reproduce the correct curvature possibly due to structural differences from real water as indicated
by deviations of the temperature dependence of the density from experiment. Remarkably, the
single-site SSD model had a temperature dependence comparable to five-site TIP5P [24].
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Overall, TIP5P, TIP4P-Ew, and TIP4P/2005 generally compare well with experimental
results for pure liquid water over a range of conditions. Moreover, the simple SSD model also
compares well, indicating that the degree of tetrahedrality is an important factor in reproducing
the pure liquid. However, while the above models have similar dipole moments, they differ in
their quadrupole moments ranging from 2.3 DÅ for TIP4P/2005 to 0 for SSD, which may be
important for their properties as solvents. In particular, the location of the lone pair charges for
TIP5P do not agree with quantum calculations of the electron density [25,26] and may serve to
enforce hydrogen bonding through a physically unrealistic charge distribution.
Recently, we developed the soft-sticky dipole-quadrupole-octupole (SSDQO) potential
energy function, which is simple, accurate, and efficient [27,28]. This function is centered on a
single site with orientational dependence and includes a Lennard-Jones interaction to describe a
soft repulsion and “sticky” attractive dispersion, and an approximate multipole expansion to
describe the electrostatics. The latter is the exact moment expansion with dipole, quadrupole, and
octupole moments up to order 1/r4, contains an approximation for the 1/r5 term, and neglects the
1/r6 term. Thus, hydrogen bonds are described solely via the interactions of the electrostatic
moments. SSDQO is faster than even three-site models because fewer interatomic distances are
calculated and the approximations in the expansion eliminate most of the slow matrix
multiplications; SSDQO is about three times faster than three point models such as SPC/E and
TIP3P in Monte Carlo simulations [27] and about two times faster in molecular dynamics
simulations [28].
In previous studies using the Lennard-Jones parameters and multipole moments of TIP3P
[2], SPC/E [3], and TIP5P [9], SSDQO mimics most of the properties of a particular water
model, indicating that the approximate moment expansion works well. Tellingly, TIP5P required
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an additional term to reproduce the close interaction between the hydrogen of one molecule and
the lone pair of another due to the overly long distance of the latter from the oxygen so that the
tetrahedral bonding structure did not come completely from the moments, while that of TIP3P
and SPC/E was reproduced only by the moments. However, using the moments of a model not
only mimics the model but also reproduces the limitations of that model. For example, when
SPC/E Lennard-Jones parameters and multipole moments are used in the SSDQO potential
energy function (referred to as SSDQO:SPC/E), it reproduces most of the properties of SPC/E
for pure liquid water, including the rather low dielectric constant of SPC/E at 298 K [28]. In
addition, the structure of SSDQO:SPC/E is very similar to that of SPC/E in simulations of ions
and biomolecules in water [29-31].
However, parameters specifically for the SSDQO potential energy function have not been
developed until now and this development provides the opportunity to explore how the
electrostatic moments of the water molecule influence the properties of liquid water. SSDQO has
four independent parameters for the electrostatic properties (one each for the dipole and
quadrupole and two for the octupole) and the moments of SSDQO can be varied independently
so as to best describe the charge distribution. On the other hand, denoting qi as the charge on site
i and distances between sites i and j as dij, SPC/E and TIP3P has three independent parameters:
qH, dHH, and dOH, TIP4P has four: qH, dHH, dOH, and dMH, where M is the extra charge site, and
TIP5P has five: qH, dHH, dOH, dLL, and dOL, where L are the “lone pair” sites) and the moments are
coupled based on the geometry of the molecule. Thus, even though SSDQO is faster than the
three point models, it has more independent parameters to better model the electrostatic potential
of a water molecule.
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An additional motivation for exploring the SSDQO potential energy function is that it is
an example of a coarse-grained model for water in which the three atoms of a water molecule are
replaced by a single site. In particular, the approximate multipole expansion is a means of
treating electrostatics in coarse-grained simulations, which we are examining for other chemical
species elsewhere.
Here, the Lennard-Jones parameters and multipole moments of the SSDQO potential
energy function were optimized in molecular dynamics simulations to reproduce experimental
radial distribution functions, density, energy, dielectric constant, and dynamics of pure water.
The optimization focused on reproducing properties at ambient condition, and the resulting set of
Lennard-Jones parameters and multipole moments is referred to as the SSDQO1 model. In
addition, a variety of properties were determined in molecular dynamics simulations of SSDQO1
at temperatures ranging from 238 K to 348 K and pressures ranging from 0.1 MPa to 1,000 MPa.
Comparisons were made to several other models including SCP/E and various TIPnP (n = 3, 4,
5) models. Overall, the good agreement with experiment indicates that SSDQO1 gives a good
description of water not only at ambient conditions but also over a wide range of temperatures
and pressures.

1.2. Methods
Detailed descriptions of the SSDQO water-water potential can be found elsewhere
[27,28] so only a brief description is given here. The interaction potential, which is centered on
the water oxygen, is given by a Lennard-Jones potential and an electrostatic potential that is an
exact multipole expansion up to order 1/r4 with an approximation for the 1/r5 term

32

6

m
6
⎛ σ ij ⎞ ⎫⎪ 1
⎛ m ⎞ ⎛ m ⎞ m − 6 ⎧⎪⎛ σ ij ⎞
Uij (r) = ⎜
ε ij ⎨⎜ ⎟ − ⎜ ⎟ ⎬ + 3 ⎡⎣ µi ⋅ µ j − 3( n ⋅ µi ) µ j ⋅ n ⎤⎦
⎝ m − 6 ⎟⎠ ⎜⎝ 6 ⎟⎠
⎝ r ⎠ ⎭⎪ r
⎩⎪⎝ r ⎠
1
+ 4 ⎡⎣ −2 µi ⋅ Θ j ⋅ n + 2n ⋅ Θi ⋅ µ j + 5 ( n ⋅ µi ) Θ j : n(2) − 5 n(2) : Θi µ j ⋅ n ⎤⎦
r

+

(

)(

(

)

(

) (

(

)

)(

(

)

)

)(

(1)

)

1
⎡ c n(2) : Θi Θ j : n(2) −cDO ( n ⋅ µi ) Ω j ∴ n(3) − cDO n(3) ∴Ωi µ j ⋅ n ⎤
5 ⎣ QQ
⎦
r

where r = rn is the internuclear vector from water i to j, ε and σ are Lennard-Jones parameters,
m is the power law of the repulsion in the Lennard-Jones interaction, and µ , Θ, and Ω are the
dipole, quadrupole, and octupole moment matrices, respectively. The coefficient of the
approximate quadrupole-quadrupole term was chosen so that it matches the exact term for a
dimer with a linear hydrogen bond; i.e., cQQ = 10, and the coefficient of the dipole-octupole term
was chosen so that it is halfway between the exact terms for dimer with a linear hydrogen bond
and a bifurcated hydrogen bond; cDO = 2. In the molecular frame, µz = µ, Θxx = -Θ + Δ, Θyy = Θ +
Δ, Θzz = -2Δ, Ωxxz = -Γ + Ω, Ωyyz = Γ + Ω, Ωzzz = -2Ω, and all other unique matrix elements are
zero. In previous studies [27-29], m = 12 was used but here m = 9 was found to improve
agreement with experiment (see Results). Also, dyadic products are denoted by [n(2)]ij = ninj and
[n(3)]ijk = ninjnk, and matrix contractions are denoted by A⋅B = Σi AiBi, A:B = Σij AijBij, and A∴B =
Σijk AijkBijk.
The molecular dynamics simulations were carried out using the SSDQO potential energy
function for a cubic box of 256 water molecules using periodic boundary conditions. The
Lennard-Jones, dipole-quadrupole, quadrupole-quadrupole and dipole-octupole potentials were
spherically truncated at 0.5L where L is the box length. The long-range dipole-dipole interactions
were treated using the Ewald method with a surrounding dielectric constant ε' = ∞ and
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convergence parameter α = 6.4/L [32-34]. The minimum image convention was used for the real
2
space portion and a cut-off at kmax
= 54σ −2
w was used for reciprocal space portion of the Ewald

sum. The quaternion formulation of the equations of rotational motion was utilized, with an
adapted leap-frog algorithm using a time step of 1 fs [35]. The moments of inertia were
calculated for an OH bond length of 0.9572 Å and an HOH bond angle of 104.52°; the values
were Ixx = 1.847 amu-Å2, Iyy = 0.692 amu-Å2, Izz = 1.155 amu-Å2.
The density, radial distribution function, and energy were calculated from molecular
dynamics simulations in the NPT ensemble using the Berendsen algorithm [36] between 238 K
and 348 K in 10° intervals at 0.1 MPa and also at 0.1, 0.5, 1, 2.5, 5, 7.5, 10, 25, 50, 100, 200,
300, 400, 500, 600, 800, and 1,000 MPa at 298 K. A box of water previously equilibrated at 298
K was used for the initial configuration. The system was equilibrated for 9 ns at 238 K; 7 ns at
248 K and 258 K; 5 ns at 268 K; 4 ns at 278 K; 1 ns at T ≥ 288 K. The production time was 3 ns
for all simulations.
The dielectric and dynamical properties were calculated using standard methods [37]
from simulations in the NVE ensemble between 248 K and 348 K in 10° intervals. For each
simulation, the initial coordinates and velocities were obtained from previous molecular
dynamics simulations in the NPT ensemble and the volume was chosen to correspond to the
average density of the corresponding NPT simulation. The simulations were equilibrated for 7 ns
at 248 K; 5 ns at 258 K, 268 K, and 278 K; 4 ns at T ≥ 288 K. The production time was 7 ns at
248 K and 258 K; 5 ns at 268 K and 278 K; and 4 ns at T ≥ 288 K. The translational selfdiffusion coefficient D was calculated by integrating the velocity auto-correlation function
(VAF) up to 1.2 ps for T ≥ 288 K and 2.4 ps for T < 288 K with the time interval of 0.001 ps. To
verify the pressure-dependence of the diffusion constant at 298 K, the simulations at 0.1 MPa, 1
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MPa, 2.5 MPa, and 25 MPa, were simulated for 8 ns. In addition, the translational diffusion
coefficient at 298 K was calculated from the long-time limit of the mean-square displacement
(MSD) for t = 100-300 ps. The orientational correlational times τ αl , where l is the rank of the
Legendre polynomial and α is a vector in the molecular frame, were obtained by explicit
integration of orientational time correlation functions up to 3 ps for T ≥ 288 K and up to 6 ps for
T < 288 K with the time interval of 0.003 ps and by calculating the integral for the long-time
region using an exponential fit.
Many of the properties calculated below are dependent on the position of the hydrogens
and since SSDQO1 is a single-site model, the positions of the two hydrogen atoms do not appear
explicitly in the potential. Thus, the hydrogen positions were generated assuming the TIPnP
geometry in the molecular coordinate system, given the location and orientation of the molecular
coordinate system of each molecule in the laboratory frame.

1.3. Results and Discussion
The Lennard-Jones and moment parameters of the SSDQO potential energy function
were optimized at ambient temperature and pressure so that various properties calculated from
molecular dynamics simulation agreed with experiment. Although the dipole moment is critical
for many properties of liquid water, the importance of the quadrupole as well has been noted for
certain properties [11,38-40]. The moments of SSDQO1 are generally similar to those of multisite models and in particular to TIP4P (Table 1). However, the multi-site models have much
lower dipole and quadrupole moments compared to the various quantum calculations such as two
ab initio MD calculations of liquid water [41,42] and a QM/MM calculation in which one water
calculated at the MP2/aug-cc-pVQZ with TIP5P geometry was surrounded by 230 classical
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TIP5P waters at coordinates from Monte Carlo simulations [43] (Table 1). Assuming the dipole

µ is aligned along the z-axis, Θ measures the planar quadrupole in the x-y plane or
d x 2 − y2 character and Ω measures the linear octupole along the z-axis or fz 3 character and are thus

related by the molecular geometry to µ; the relationship can be compared relative to a three-site
model with a perfect tetrahedral HOH angle such as SPC/E [27]. For a tetrahedral HOH angle of
109.47°, Θ = (√3/2)bOHµ and Ω = (1/3)bOH2µ, while the smaller HOH angle of 104.52° of TIP3P
gives Θ = 0.73µ Å and Ω = 0.26µ Å2, and the larger angle between the negative charge and the
two hydrogens by moving the center of the negative charge in the TIP4P and related models
gives Θ = 0.93µ Å to 1.0µ Å and Ω = 0.32µ Å2 to 0.35µ Å2. Also, the condition Δ = 0 is a unique
way of defining the zero for the z axis; a tetrahedral HOH angle with the moment expansion
centered on the oxygen gives Δ = 0 while a sharper HOH angle gives Δ ≈ 0 when centered on the
center of mass so these two conventions will be used. Finally, Γ describes the anti-symmetry
since Γ = (5/2)Ω for an SPC/E geometry while Γ = 0 if negative charge is moved to two “lone
pairs” added at the anti-symmetric corners of a tetrahedron formed by the hydrogens.
Considering these relationships between the moments, the TIP4P-type models are closest to the
quantum calculations while the TIP5P-type models are the furthest.
A major difference between SSDQO1 and the multi-site models (and the previous results
for SSDQO:SPC/E) is the use of a 6-9 instead of a 6-12 Lennard-Jones potential. Neutron
diffraction studies have indicated that a softer repulsive wall than a 6-12 potential may fit
experimental data better [44]. Also, the O-O radial distribution for SSDQO:SPC/E exhibited a
higher first peak than SPC/E when the same Lennard-Jones potential was used for both [27],
further indicating the repulsive wall in the 6-12 potential was too steep especially when used
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with a moment expansion. Thus, the SPC/E Lennard-Jones parameters give a too high density at
0.1 MPa for SSDQO:SPC/E and if the Lennard-Jones parameters are altered to reproduce a
density close to experiment at 0.1 MPa, the second “tetrahedral” peak disappears. The LennardJones parameters for SSDQO1 (Table 1) were chosen such that the potential is approximately
equal to that of the multi-site models at the first peak in the radial distribution function and the
long-range dependence is similar. Moreover, when the SSDQO1 moments are used with a 6-12
potential with σ = 3.197 Å, ε = 0.15 kcal/mol, which gives the same density as SSDQO1 at 0.1
MPa, the first peak shifts outwards and the second peak almost disappears, indicating the loss of
tetrahedrality (Fig. S1), and the pressure dependence of the density does not agree as well with
experiment (Fig.1).
1.3.1. SSDQO1 at Ambient Conditions
At 298 K, the average pressure of SSDQO1 was -3.24 MPa compared to the experimental
value of 0.1 MPa in the NVE simulations at the experimental density of 0.997 g/cm3, while the
density of SSDQO1 was 0.999 g/cm3 in the NPT simulations at 0.1 MPa. The O-O radial
distribution (gOO) function at ambient conditions of SSDQO1 was in good agreement with results
from neutron diffraction [44] (Fig. 2). The first peak in both SSDQO1 and experiment was at
2.73 Å with a coordination number of 4.3 (calculated by integrating the first peak to 3.3 Å),
although the height of the peak was slightly lower for SSDQO1 than experiment. The welldefined second peak near 4.5 Å for SSDQO1 indicated the tetrahedral nature of water was
reproduced well and the H-H and O-H radial distributions (gHH and gOH) of SSDQO1 were close
to experiment (Fig. 2), indicating that the tetrahedral hydrogen bond network is reproduced well
using only the electrostatic moments to describe the hydrogen bonds. SSDQO1 is also similar to
TIP5P (Fig. 2) and also to TIP4P[6] (not shown).
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As a whole, thermodynamic, dielectric, and dynamic properties of SSDQO1 at 298 K and
0.1 MPa agreed well with experiment (Table 2). In particular, SSDQO1 had a better dielectric
constant ε than the other models except for TIP5P and it had the best diffusion constants D and
rotational correlation times τ, even better than TIP5P. Interestingly, SSDQO1 was much better
than TIP4P for both ε and D despite the similarity in moments and generally the models with Ω
< 0.33µ Å2 had better ε. Also, the dynamics of SSDQO1 was relatively insensitive to the internal
geometry since using an SPC/E geometry rather than a TIPnP geometry to define the moments of
inertia lead to only a 2% difference in D and τ. The major problem with SSDQO1 seems to be a
too low heat of vaporization ΔHvap. The reported value does not include a self-polarization
correction [3]; however, because of the small dipole moment, the correction is only -0.35
kcal/mole or -0.42 kcal/mol including additional corrections for vibration and nonideal behavior
[7].
1.3.2. Temperature dependence of SSDQO1 at 0.1 MPa
The radial distribution functions of SSDQO at 278, 298 and 318 K at 0.1 MPa indicate
the liquid structure is reasonable, with the decrease in structure with increasing temperature
apparent from the decrease in peak height and increase in peak width (Fig. 3). The temperature
dependence of the density at 0.1 MPa of SSDQO1 was reasonably good in comparison to
experiment (Fig. 4), which is important because it affects the temperature dependence of other
properties. In particular, SSDQO1 exhibited a TMD near 260 K (Table 3), which is remarkably
close to the experimental value of 277 K given the simplicity of the model; the TMD is an
important indicator of the balance of interactions since it marks the transition as the temperature
decreases from increasing density due to smaller fluctuations to decreasing density due to more
open tetrahedral structure. In comparison to the multi-site models, the TMD of SSDQO1 is better
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than SPC/E[45] and TIP3P although not quite as good as TIP4P-Ew, TIP5P, and TIP5P-E.
Interestingly, SSDQO1 has a very similar temperature dependence including the TMD to TIP4P
(Fig. 4), perhaps due to the similarity of their dipole and quadrupole moments.
The temperature dependence of other static properties for SSDQO1 were reasonable,
although not better as a whole than the multi-site models. The temperature dependence of ΔHvap
(Fig. 5) shows that compared to experiment, SSDQO1 generally underestimates the energy and
as a result ΔHvap but the slope is good. SSDQO1 performs worse than TIP5P, which fits
experiment better at 298 K, but better than SPC/E, which is too high compared to experiment at
298 K. However, if a self-polarization term is added [3], the SPC/E results are quite good. The
dielectric constant ε as a function of temperature shows that although SSDQO1 agreed with
experiment at 298 K, the slope was larger for SSDQO1 (Fig. 6). Although TIP5P is somewhat
high at 298 K and SPC/E is somewhat low, they both have a better slope. Interestingly, the
polarizable AMOEBA model [46,47] has a good slope while the polarizable TIP4P-FQ model
[48-50] has a slope similar to SSDQO1. Although the average quadrupole moments are not
reported for the AMOEBA model, it is suggestive that Θ ≈ bOH µ for both TIP4P-FQ and
SSDQO1 whereas Θ < bOH µ for the rigid models that have better slopes.
The temperature dependence of the dynamics of SSDQO1 was quite good in comparison
to experiment. The temperature dependence of D (Fig. 7), and τ 2OH and τ 2HH (Fig. 8) indicate that
SSDQO1 translates and rotates close to experiment above its TMD = 260 K but somewhat faster at
low temperatures presumably because the transition to the low density form occurs at a
somewhat lower temperature than experiment. Moreover, SSDQO1 agrees well with experiment
for the parameters of the empirical equation D = Do(T/Ts-1)γ (Table 3). The ratio τ1α / τ α2 indicate
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changes in the rotational motion as the TMD (Fig. 8c) is approached since a rotational motion
consisting of small angular steps has τ1α = 3τ α2 , while larger angular jumps has a smaller ratio [4].
In comparison to the other multi-site models, SSDQO1 performs as well as TIP4P-Ew [7] and
TIP4P/2005 [51], while TIP5P is somewhat worse and ST2 and SPC/E are even further from
experiment, most likely because the good performers have a reasonable TMD and generally good
water structure. The temperature dependence of D (Fig. 7) and τ 2OH (Fig. 8a) for ST2 also agrees
with experiment above its TMD = 310 K but much slower than experiment at low temperatures
because its TMD is too high and so presumably is too structured. The temperature dependence of
D (Fig. 7) and τ 2HH (Fig. 8b) for SPC/E indicates it translates and rotates slower than experiment
at high temperatures and faster than experiment at low temperatures while that of TIP5P water
indicates the reverse.
1.3.3. Pressure dependence of SSDQO1 at 298 K
The O-O radial distributions as a function of pressure for SSDQO1 showed the pressureinduced disruption of the hydrogen-bonded tetrahedral network also seen in experiment [44]
(Fig. S2). The second peak, which is distinctive for a tetrahedral network, decreased with
increasing pressure while the third peak around 6 Å, which corresponds to the second peak of
simple liquids, increased with pressure. The pressure dependence of the density at 298 K of
SSDQO1 agreed well with experiment (Fig. 9). While at higher pressure the density of SSDQO1
overestimated the real density, the density profile of SSDQO1 was better than TIP5P relative to
experiment, indicating that TIP5P is more compressible than real water.
The pressure dependence of the diffusion constant at 298K of SSDQO1 showed no initial
increase in D (Fig. S3) or decrease in τ 2HH (Fig. 10) with increasing pressure as seen in the
experiment data, which have been attributed to disruption of the hydrogen bond network so that
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water can diffuse faster. SPC/E shows a similar pressure dependence while TIP5P shows a better
pressure dependence. Experiments [52] also show that the pressure dependence of D and τ 2HH
remain virtually flat at 363 K because the motion of the water molecules are faster and the Hbond network is not well-defined and the initial drop becomes more prominent as the
temperature decreases. This indicates that at 298 K SSDQO1 is still further from its transition to
the low density form compared to real water, which is consistent with its density profile as a
function of temperature.

1.4. Conclusion
The SSDQO model of water has been optimized to mimic properties of water at 298 K
and 0.1 MPa. The new parameters, referred to as SSDQO1, gave properties that were in good
agreement with experiment at ambient conditions. Interestingly, the moments are remarkably
similar to TIP4P and many properties were similar except SSDQO1 had a better dielectric
constant, perhaps due to the lower octupole moment.
The temperature and pressure dependence of properties of SSDQO1 were also generally
in good agreement with experiment. In particular, the temperature of maximum density for
SSDQO1 is ~260 K, which is impressive for a single-site model. SSDQO1 also has a better
description of the temperature dependence of translation and rotation compared to most multisite models. In addition, the pressure dependence of SSDQO1 was able to qualitatively
reproduce the density and somewhat the dynamic properties. In some cases, SSDQO1 improved
upon the properties of TIP5P, which is considered by some as one of the best water models.
Overall, these results indicate that SSDQO1 using only electrostatic point moments gives
a good description of the hydrogen bond interaction and the tetrahedral structure of water at a
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variety of temperatures and pressures. The SSDQO1 moments are reasonable in comparison to
quantum calculations, and simulations currently underway indicate that the solvation properties
of SSDQO1 are also excellent. Moreover, these results are encouraging for using the
approximate multipole expansion to treat electrostatics in coarse-grained potentials.
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Tables
Table 1. SSDQO1 parameters compared to the parameters of multi-site models and quantum
calculations
Model

σ
(Å)
3.433
3.166
3.151
3.154
3.164
3.159
3.120
3.097
NA
NA
NA

ε
(kcal/mol)
0.089
0.155
0.152
0.155
0.163
0.185
0.160
0.178
NA
NA
NA

µ
(D)
2.12
2.35
2.35
2.18
2.32
2.31
2.29
2.29
2.95
2.43
2.55

Θ
(DÅ)
2.13
2.04
1.72
2.15
2.16
2.30
1.56
1.56
3.27
2.72
2.81

Δ
(DÅ)
0.00
0.00
0.04
0.06
0.05
0.06
0.08
0.08
0.11
0.05
0.20

SSDQO1a
SPC/Ea
TIP3P
TIP4P
TIP4P-Ew
TIP4P/2005
TIP5P
TIP5P-E
Ab initio MDb
Ab initio MDa,c
1 + 230 TIP5P
MP2/aug-ccpVQZd
Exp (gas phase)e
NA
NA
1.86
2.57
0.07
a
Moments are centered on the oxygen instead of the center-of-mass
b
Ref. [41]
c
Ref. [42]
d
Ref. [43]
e
Ref. [53]
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Ω
(DÅ2)
0.67
0.78
0.61
0.77
0.77
0.82
0.50
0.50
NA
NA
0.74

Γ
(DÅ2)
1.15
1.96
1.49
1.86
1.88
1.99
0.42
0.42
NA
NA
1.50

NA

NA

Table 2. Properties of SSDQO1 compared to site models and experiment at 298 K and 0.1 MPa.
Model
SSDQO1
SSDQO:
SPC/Ec
SPC/Ec

ρ
(g/cm3)
0.999
0.997b

ΔHvapa
(kcal/mol)
9.82

ε
75
67

109 D
(m2/s)
2.22
2.21

0.997b

τ1µ
(ps)
4.30
4.15

τ 2µ
(ps)
1.64
1.52

τ 2OH
(ps)
2.12
1.98

11.8
68
2.43
3.71
1.33
1.53
(10.5)
TIP3Pd
0.997b
10.26
95
5.45
1.98
0.66
0.70
TIP4Pe
1.001
10.65
52
3.6
TIP4P-Ewf
0.995
11.76
63
2.4
(10.58)
TIP4P/2005g 0.998
11.99
60
2.08
(10.89)
TIP5Ph
0.999
10.46
82
2.6
i
TIP5P-E
1.000
10.38
92
2.8
Exp
0.997
10.51
78.3j
2.3k
4.76l
1.92m
1.95n
a
Not including correction for self-polarization.[3] For those models optimized to include this
term, corrected value is in parenthesis.
b
Simulated at constant density
c
Ref. [28]
d
Ref. [16]
e
Refs. [6,17]
f
Ref. [7]
g
Ref. [8]
h
Refs. [9,23]
i
Ref. [11]
j
Ref. [54]
k
Refs. [20,55]
l
Refs. [54,56]
m
Refs. [56,57]
n
Ref. [58,59]
o
Ref. [52]
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τ 2HH
(ps)
2.51
2.35
1.66
0.67
1.4

1.58
1.55
2.46o

Table 3. Temperature dependency at 0.1 MPa
Model
TMD
Do b
Ts
γ
c
SPC/E
235
5.5
180
2.2
(K)
(K)
TIP4Pa,d
258
15.1 235
1.2
e
TIP4P-Ew
274
14.0 217
1.8
TIP4P/2005f
278
13.3 215
1.9
g
TIP5P
273
24.5 247
1.4
h
TIP5P-E
273
28.0 240
1.6
ST2 a,i
310
20.1 254
1.3
SSDQO1
260
18.0 218
2.0
Expj
277
16.4 220
1.9
a
Constant density equal to experimental density at 298 K
b
unit is 10-5 cm2/s
c
Ref. [45]
d
Refs. [6,17,18]
e
Ref. [7]
f
Refs. [8,51]
g
Ref. [23]
h
Ref. [11]
i
Ref. [21]
j
Refs. [19,20]
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Figures
Fig. 1. The pressure dependence of the density for SSDQO1 with a Lennard-Jones 6-9 potential
in the NPT ensemble (red) compared to an SSDQO model with the standard Lennard-Jones 6-12
potential (light red) and experiment [60] (black).
Fig. 2. Comparison of the O-O, H-H (shifted by 2), and O-H (shifted by 4) radial distribution
functions of SSDQO1 (red), TIP5P [9] (blue), and experiment [44] (black) at 298K and 0.1 MPa.
Fig. 3. The temperature dependence of the O-O radial distribution function of SSDQO1 water at
278 K (light red), 298 K (solid red), and 318 K (dashed red).
Fig. 4. The temperature dependence of the density for SSDQO1 (red), TIP5P [9](solid blue),
SPC/E [45](dashed blue), TIP4P [6] (dotted green), TIP4P-Ew [7] (solid green), TIP4P/2005 [8]
(dashed green) and experiment [61] (black).
Fig. 5. Temperature dependence of the heat of vaporization for SSDQO1 (red), TIP5P [9] (solid
blue), SPC/E [62](dashed blue) and experiment [63] (black).
Fig. 6. Temperature dependence of the dielectric constant of SSDQO1 (red), TIP5P [9] (blue),
SPC/E [62] (dashed blue), TIP4P-FQ [49,50](dashed orange) and AMOEBA [47](solid orange)
water, and experiment [64] (black).
Fig. 7. Temperature dependence of the diffusion constant for SSDQO1 (red), TIP5P [23] (solid
blue), SPC/E [45] (dashed blue), TIP4P-Ew [7] (solid green), TIP4P/2005 [51] (dashed
green),and experiment [19,20] (black).
Fig. 8. (a) The temperature dependence of τ 2OH for SSDQO1 (red), ST2[21](dotted blue), and
experiment [58,59] (black). (b) The temperature dependence of τ 2HH for SSDQO1 (red), TIP5P-E
[11] (blue), SPC/E [62] (dashed blue), and experiment [52] (black). (c) The τ 1XH / τ 2XH ratio of
SSDQO1, where X is H (solid lines) or O (dashed lines).
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Fig. 9. The pressure dependence of the density at 298 K for SSDQO1 (red), TIP5P [9] (blue),
and experiment [60] (black).
Fig. 10. The pressure dependence of the τ 2HH for SSDQO1 (red) at 298 K and experiment [52]
(black) at 303 K.
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Supplementary Material
Fig. S1. The O-O radial distribution of SSDQO1 with either a Lennard-Jones 6-9 potential (red)
or the standard Lennard-Jones 6-12 potential (light red).

Fig. S1.
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Fig. S2. The pressure dependence of the O-O radial distribution at 298 K. The SSDQO1 at
pressures 0.1 MPa, 200 MPa (shifted by 1), 600 MPa (shifted by 2), and 1000 MPa (shifted by
3). For comparison, experimental data39 is shown (black) for 0.1 MPa and 210 MPa (shifted by
1).

Fig. S2.

63

Fig. S3. The pressure dependence of the diffusion constant for SSDQO1 (red), TIP5P23 (blue),
SPC/E59 (blue dashed line), and experiment50 (black). All data at 298 K, except for SPC/E, which
is at 300 K. Note that the diffusion constant for SPC/E at atmospheric pressure differs from that
given in Table II, which comes from Ref. 27.

Fig. S3.
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CHAPTER II: SOLVATION OF BIOMOLECULES BY THE
SOFT-STICKY DIPOLE-QUADRUPOLE-OCTUPOLE WATER MODEL

Abstract
The soft sticky dipole-quadrupole-octupole (SSDQO) potential energy function
represents a water molecule by a single site with a van der Waals sphere and point multipoles.
Previously, SSDQO was shown to give good properties for liquid water and solvation of simple
ions and is faster than three point models. Here, SSDQO is assessed for solvating biologically
relevant molecules having a multi-site, partial charge description. Monte Carlo simulations of
ethanol, benzene, and N-methylacetamide in SSDQO with SPC/E moments showed the water
structure was as good as in SPC/E. Thus, SSDQO is potentially useful for simulations of
biological macromolecules in aqueous solution.
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2.1. Introduction
The structure and activity of biological macromolecules such as proteins are highly
dependent on being solvated by water. Computer simulations of these systems must include
solvent effects and the most accurate way of treating these effects is by using explicit water
models. Moreover, simulations with explicit water are also a means of studying the underlying
molecular basis of aqueous solvation. However, evaluating the water-water interaction is the
most time consuming process in such simulations because of the large number of water
molecules needed to solvate the solute. Since most water models use partial charges on fixed
interaction sites to describe the electrostatics, a greater number of interaction sites exacerbates
the problem because of the increased number of internuclear distances that must be calculated.
On the other hand, a greater number of interaction sites generally makes it easier to fit more
properties of liquid water. For instance, three-site models such as SPC/E [1] and TIP3P [2] give
a reasonable description of water but have problems with dielectric and dynamical properties,
respectively [3]. On the other hand, the five-site TIP5P [4] model has excellent properties for
pure water but is computationally expensive.
Recently, we have developed the soft sticky dipole-quadrupole-octupole (SSDQO) model
of water [5], which unlike typical models, has a single-site with a van der Waals sphere and point
dipole, quadrupole, and octupole moments. Because the electrostatic interaction potential is the
exact moment expansion up to order 1/r4 and contains an approximation for the 1/r5 term, it is
both efficient and accurate. When the moments, geometry, and van der Waals parameters of
SPC/E, TIP3P, and TIP5P are used, SSDQO reproduces the water dimer potential energy and
radial distribution function of the corresponding multipoint model [5]. Moreover, SSDQO using
SPC/E moments, geometry, and van der Waals parameters has good thermodynamic, dielectric,
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and dynamic properties [6] as well as good structural properties around simple ions [7].
Although it also reproduces many of the flaws of SPC/E water, it is actually an improvement in
being somewhat more structured than SPC/E. Moreover, SSDQO is computationally faster than
even the three-site models because the nine distances required for three-site models are slower
than the matrix multiplications and the single intermolecular distance needed in SSDQO for the
moment expansion, since the approximation for the 1/r5 require only the lower order matrix
multiplications and higher order terms are neglected. Previous studies have shown that SSDQO
is about three times faster than three point models such as SPC/E and TIP3P in Monte Carlo
simulations [5] and about two times faster in molecular dynamics simulations, where the dipoledipole interaction was treated with Ewald summation and the higher order interactions by
truncation [6]. We are also improving the properties of SSDQO by refining the moments against
quantum chemical calculations to reproduce the experimental properties of liquid water.
However, despite the efficiency and accuracy of the SSDQO water model, it can be
useful in improving the speed in typical simulations of biological macromolecules only if it
describes the interaction with the solute accurately. This is not a trivial question since most force
fields used for such simulations as CHARMM [8] and AMBER [9] describe the electrostatics of
proteins, nucleic acids, carbohydrates, lipids, etc. by partial charges while the electrostatics of the
water molecules in the SSDQO model are described by higher order multipoles. Thus it is crucial
to assess the ability of SSDQO to interact with a multi-site, partial charge description of a solute.
Here, SSDQO is assessed for solvating biologically relevant molecules described by
typical partial charge descriptions. The solutes studied are ethanol, benzene, and Nmethylacetamide (NMA), which represent different molecular fragments found in proteins.
Ethanol is important since it is amphiphilic, with a hydroxyl group and a hydrocarbon tail, and it
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mimics the side chain of serine. Benzene tests the ability to solvate a hydrophobic molecule and
mimics the side chain of phenylalanine. Finally, NMA is the simplest compound with a peptide
bond and thus serves as a test for solvating the polypeptide backbone. Since SSDQO is based on
a multipole expansion, which is most accurate at long range, the focus here is on the accuracy of
the short-ranged structure where the model is most uncertain. Thus, the radial distribution
functions are examined, which are sensitive to short-ranged structure even when long-range
correlations are poorly described [10]. Monte Carlo simulations of these solutes in SSDQO using
moments and van der Waals parameters from SPC/E and in SPC/E water demonstrate that the
solvation by SSDQO is as good as by SPC/E. Moreover, the slight differences indicate that
SSDQO actually acts a better hydrogen bond donor than SPC/E. The efficiency and accuracy of
the SSDQO model of water indicate that it is potentially very useful for computer simulation of
macromolecules in aqueous solution.

2.2. Methods
Detailed descriptions of the SSDQO water-water and water-ion potentials can be found
elsewhere [5,7] so only a brief description is given here. The non-bonded interaction potential is
given by
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where r = rn is the internuclear vector from particle i to j. Also, the dyadic products are denoted
by [n(2)]ij = ninj and [n(3)]ijk = ninjnk, and the matrix contractions are denoted by A⋅B = Σi AiBi, A:B
= Σij AijBij, and A∴B = Σijk AijkBijk. The electrostatic potential is an exact multipole expansion up
to order 1/r4 and contains an approximate 1/r5 term. For water-water interactions, the water
molecules i and j interact through the dipole µ , quadrupole Θ, and octupole Ω moments of
water, with the monopole q=0. For the solute-water interactions, the partial charges qi of the
solute molecule interact with the multipole moments of SSDQO water molecule j up to the
hexadecapole Φ. In the approximate charge-hexadecapole interaction, m is a unit vector along
the direction of µ , and o is a unit vector along the direction of Ω. The matrix elements are given
by µz = µ; Θxx = -Θ + Δ, Θyy = Θ + Δ, Θzz = -2Δ; Ωxxz = -Γ + Ω, Ωyyz = Γ + Ω, Ωzzz = -2Ω; and the
factor Φ for a tetrahedral molecule is defined as 7ΓbOH/10√3. This potential allows
straightforward combining rules for interaction with other molecules.
The Monte Carlo simulations used standard Metropolis sampling [11] in the NVT
ensemble at 298 K for a cubic box (box length, b = 24.835 Å). In each case, one solute was
solvated in box of water created at the experimental density of water (0.033 46 molecules/Å3).
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The simulations consisted of one ethanol in 504 water molecules, one benzene in 502 water
molecules, and one NMA in 498 water molecules. Periodic boundary conditions and spherical
switching functions between (b/2 – 1) Å and b/2 Å were applied.
The starting configurations of the ethanol and the NMA were taken from the Cambridge
Structural Database while benzene was created from CHARMM parameters (C-C and C-H bond
lengths are 1.375 Å and 1.080 Å respectively; C-C-C and H-C-C angles are 120o). The
CHARMM22 potential energy function [12] was used for all solutes. The SSDQO potential
energy function with SPC/E Lennard-Jones parameters and moments (µ = 2.3503 D,
Θ = 2.0355 × 10-26 esu-cm2, Δ = 0, Ω = 0.7834 × 10-34 esu-cm3, and Γ = 1.9585 × 10-34 esu-cm3), which
is referred to as SSDQO:SPC/E, was used for the water molecules [5]. In these calculations, the
solute coordinates were fixed.
The initial configurations were equilibrated for 400,000 MC “passes” (one pass equals N
attempted translational and rotational moves) and the radial distribution functions were
calculated from the subsequent 400,000 MC passes. The acceptance ratio in all MC runs was
approximately 40%. For comparison, the solutes were also simulated in SPC/E water using the
same conditions.

2.3. Results and Discussion
The radial distribution functions around each of the solutes were calculated for both
SSDQO and SPC/E. For reference, the pure water radial distribution function is reproduced in
Fig. 1. In the discussion below, gXO and gXH refer to the radial distribution function around the
solute atom X of the water O and H, respectively.
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The radial distribution functions of SSDQO and SPC/E water around ethanol demonstrate
that the solvation of an hydrogen bonding amphiphilic solute by both models is very similar but
with some minor structural differences (Fig. 2). The first solvation shell around the ethanol
oxygen is at approximately the same distance for both models, with the first peak at ~2.8 Å in
gOO for both (Fig. 2a). However, the first peak of SSDQO was higher and wider than in SPC/E
and integration of the first peak to 3.475 Å (the minimum for SSDQO) gave coordination
numbers of 3.35 and 2.90 for SSDQO and SPC/E respectively, while integration of the first peak
to 3.3 Å (the minimum for SPC/E) gave coordination numbers of 2.85 and 2.31 for SSDQO and
SPC/E respectively (Table 1). This reflects the somewhat stronger hydrogen bonding capability
of SSDQO with SPC/E moments. The more strongly pronounced peak in gOO for SSDQO is
consistent with an ab initio molecular dynamics (AIMD) simulation study [13] and the larger
coordination number is consistent with neutron diffraction value of less than 3 waters within 3.0
Å [14,15] and the AIMD value of 3 waters within 3.3 Å [13]. The peaks in gOH and gHO had
minima at similar positions for SSDQO and SPC/E and the slightly more pronounced peaks are
again consistent with the AIMD study [13]. The number of hydrogen bond donating waters in the
first shell found by integrating the first peak in gOH to 2.55 Å (the minimum for SSDQO) gave
coordination numbers of 1.86 and 1.33 for SSDQO and SPC/E, respectively, while the number of
hydrogen bond accepting waters found by integrating the first peak in gHO to 2.6 Å (the minimum
for SSDQO) gave coordination numbers of 0.90 and 0.77 for SSDQO and SPC/E, respectively.
Thus, both models are reasonable in showing that more waters act as hydrogen bond donors than
acceptors [16]. Furthermore, this demonstrates that even though SSDQO does not have an
explicit hydrogen, it can act as better hydrogen bond donor than SPC/E.
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Also, the solvation

around the methyl carbon shows that the water is shows no hydrogen bonding to it for both
models (Fig. 2b), as expected for a nonpolar atom.
The radial distribution functions of SSDQO and SPC/E water around benzene show that
both models were almost identical in their solvation of this hydrophobic solute (Fig. 3). The
distribution functions around the carbons, gCO and gCH, showed that water has relatively little
structure around the carbon atoms for both models (Fig. 3a), as expected. In addition, the
distribution functions around the center of mass (cm) showed that the packing was similar (Fig.
3b), with small peak in gcmO at ~3.5 Å corresponding to water near the center of the ring and a
larger peak at ~5 Å corresponding to water along the periphery of the ring. Moreover,
coordination numbers found by integrating the small peak in gCO at ~3.5 Å together with the peak
in gcmH at ~2.5 Å indicate that on average, one water molecule is found at face of the benzene
near the center of the ring with the hydrogen pointing inward (Table 1) even though there are
two equivalent positions, one on each face. To our knowledge, no experimental data was
available for comparison.
The radial distribution functions of SSDQO and SPC/E water around NMA also showed
similar structure of both with minor variations (Fig. 4). The first solvation shell around the
carbonyl oxygen was very similar (Fig. 4a), with the first peak at 2.8 Å in gOO for both. The peak
was slightly wider for SSDQO, so the coordination numbers found by integrating to 3.35 Å (the
minimum for SSDQO) were 2.55 and 2.35 for SSDQO and SPC/E, respectively, while
coordination numbers found by integrating to 3.25 Å (the minimum for SPC/E) were 2.35 and
2.25 for SSDQO and SPC/E, respectively. The gOO for both were consistent with an AIMD
simulation [17,18] and the coordination numbers were consistent with a neutron diffraction value
of two hydrogen bond donor waters [19] and the AIMD value of two waters [17,18]. The first
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peak at 1.8 Å in gOH for both showed that water is acting as a hydrogen bond donor to the NMA
oxygen in both. The second peak in gOO for both models was at ~5 Å, corresponding to the
expected position for water hydrogen bonded to the trans NH group [20], although it was
somewhat more defined for SSDQO. On the other hand, while the solvation around the amide
nitrogen was relatively less structured than around the carbonyl oxygen for both SSDQO and
SPC/E (Fig. 4b), SSDQO had a slight peak in gNO at ~3 Å with a population of 0.77 whereas
there was only a shoulder for SPC/E with a population of 0.5 (Table 1). The stronger peak in
SSDQO is consistent with the AIMD study [17,18] and the larger coordination number is
consistent with the neutron diffraction value of one hydrogen bond acceptor water [19] and the
AIMD value of one water [17,18]. The peak in gHO at ~2 Å shows that the water is acting as a
hydrogen bond acceptor. Also, the density in gNH does not become significant until ~3.5 Å,
which indicates that the water in the first shell is in dipolar orientation with respect to the amide
nitrogen. Finally, the solvation around the methyl carbons is very similar to the methyl carbon of
ethanol for both models and so are not shown.

2.4. Conclusions
Here, the SSDQO model using moments and van der Waals parameters from SPC/E was shown
to give reasonable solvation of molecules with varying polarities in which the electrostatics were
described by partial charges, which were in good agreement with solvation by SPC/E. There was
a tendency for stronger hydrogen bonds in SSDQO than SPC/E, which was also shown for the
interactions in pure liquid water [5], and we are currently optimizing the moments and van der
Waals parameters for SSDQO to reproduce thermodynamic, dielectric, dynamical, and solvation
properties of water under different conditions. However, overall these studies demonstrate that
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the single point, multipole moment interaction potential of SSDQO can be used with the multiple
point, partial charge interaction potential commonly used in force fields used to describe the
aqueous solvation of biological macromolecules. The radial distribution functions, which are
sensitive to short-range interactions [10], demonstrates that SSDQO can reproduce the local
solvation structure around a solute, including solutes that have hydrogen-bonding interactions
with water. This is an important test because while the multipole approximation is expected to be
good for long-range interactions, the ability to reproduce short-range interactions needed to be
demonstrated. Furthermore, the computational efficiency of SSDQO makes it potentially
valuable for computational simulations of large macromolecules in aqueous solution, where the
number of water molecules needed is substantial.
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Tables
Table 1. Comparison of the number of water molecules surrounding various atoms of the
solutes, integrated to the minimum in the SSDQO (SPC/E) radial distribution function.
SSDQO:SPC/E

SPC/E

3.35

2.90

(2.85)

(2.31)

Ethanol O – water H

1.86

1.33

Ethanol H – water O

0.90

0.77

Benzene cm – water O

1.07

0.95

Benzene cm – water H

1.28

1.06

NMA O – water O

2.55

2.35

(2.35)

(2.25)

NMA O – water H

2.52

2.12

NMA N – water O

0.77

0.52

NMA H – water O

1.03

0.75

Ethanol O – water O
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Figures
Fig. 1. Radial distribution for liquid water: oxygen – oxygen, oxygen – hydrogen (shifted
upward by 1), and hydrogen – hydrogen (shifted upward by 2) for SSDQO (black) and SPC/E
(gray) water.
Fig. 2. Radial distribution functions for ethanol in SSDQO (black) and SPC/E (gray) water: a)
ethanol oxygen - water oxygen, ethanol oxygen - water hydrogen (shifted upward by 1), and
ethanol hydrogen – water oxygen (shifted upwards by 2) and b) ethanol methyl carbon – water
oxygen and ethanol methyl carbon – water hydrogen (shifted by 2).
Fig. 3. Radial distribution functions for benzene in SSDQO (black) and SPC/E (gray) water: a)
benzene carbon - water oxygen and benzene carbon - hydrogen (shifted upward by 2) and b)
benzene center of mass - water oxygen and benzene center of mass - hydrogen (shifted upward
by 2).
Fig. 4. Radial distribution functions for N-methylacetamide in SSDQO (black) and SPC/E (gray)
water: a) NMA oxygen - water oxygen and NMA oxygen - hydrogen (shifted upward by 2) and
b) NMA nitrogen - water oxygen, NMA nitrogen - hydrogen (shifted upward by 1), and NMA
hydrogen - oxygen (shifted upward by 2).
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CHAPTER III: SOLVATION OF GLUCOSE, TREHALOSE, AND SUCROSE
BY THE SOFT-STICKY DIPOLE-QUADRUPOLE-OCTUPOLE WATER MODEL

Abstract
Water structure around sugars modeled by partial charges is compared for soft-sticky
dipole-quadrupole-octupole (SSDQO), a fast single-site multipole model, and commonly used
multi-site models in Monte Carlo simulations. Radial distribution functions and coordination
numbers of all the models indicate similar hydration by hydrogen-bond donor and acceptor
waters. However, the new optimized SSDQO1 parameters as well as TIP4P-Ew and TIP5P
predict a “lone-pair” orientation for the water accepting the sugar hydroxyl hydrogen bond that is
more consistent with the limited experimental data than the “dipole” orientation in SPC/E, which
has important implications for studies of the cryoprotectant properties of sugars.
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3.1. Introduction
Carbohydrates are abundant in nature and are used by organisms for multiple purposes
such as energy sources for the cell, components of plant cell walls, and glycosylation of proteins
[1]. In addition, sugars such as trehalose have industrial uses as cryoprotectants, possibly by
making water structure less ordered and thus protecting against ice formation [2,3]. Of particular
interest is why trehalose is a better cryoprotectant than other sugars, which has been attributed to
factors such as its ability to alter the structure and dynamics of water [4-8]. Computer
simulations of sugars in atomistic models of water can be useful in understanding the underlying
molecular basis of the aqueous solvation of these molecules, including the hydration sites of
sugars and the local water structure around sugars [2]. In computer simulations, trehalose binds a
large number of water molecules [9-12], which might cause greater disruption of the structure of
the surrounding water, and the lifetime of the trehalose-water hydrogen bond is longer compared
to other sugars [13]. Trehalose also reduces the dynamics of the surrounding water, and
depending on concentration, diffuses slower in water compared to other sugars [3]. However,
there are contradictory results on the conformational flexibility of the molecule [12,13].
Since sugars have three to seven oxygens per ring allowing formation of multiple
hydrogen bonds with water, simulations of water structure around sugars require water models
that have good pure water structure as well as solvation properties. The most commonly used
water models have partial charges on fixed interaction sites for electrostatics. Three-site models
such as SPC/E [14] and TIP3P [15] give a reasonable description of water but have problems
with dielectric and dynamical properties, respectively [16]. Moreover, these models may be
understructured and have poor temperature dependence of densities [17,18]. On the other hand,
the four-site TIP4P-Ew [19] and TIP4P/2005 [20] and the five-site TIP5P [21] models have
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excellent properties for pure water over a wide range of temperatures, although few studies have
been performed of their solvation properties and more sites lead to slower computational times.
Unlike the typical multi-site models, our soft-sticky dipole-quadrupole-octupole
(SSDQO) model of water [22] has a single-site with a van der Waals sphere and point dipole,
quadrupole, and octupole moments. SSDQO is an improvement over the original soft-sticky
dipole (SSD) model [23], which has a dipole and an arbitrary “sticky” hydrogen-bond potential.
By replacing the arbitrary potential with a moment expansion, not only is the water-water
interaction now physics-based, but also solute-water electrostatics can be described by
multipoles rather than requiring new arbitrary sticky potentials for each solute. The interaction
potential is the exact moment expansion about a single site up to order 1/r4, contains an
approximate 1/r5 term, and neglects the 1/r6 term. Since fewer interatomic distances are needed
for the single site and slow higher order matrix multiplications are avoided due to the
approximations, SSDQO is about two to three times faster than SPC/E and TIP3P in Monte
Carlo [22] and molecular dynamics [24] simulations. When the moments and van der Waals
parameters of SPC/E, TIP3P, and TIP5P are used, SSDQO reproduces the water dimer potential
energy and radial distribution function of the corresponding multipoint model [22]. In particular,
SSDQO using SPC/E moments and van der Waals parameters (referred to as SSDQO:SPC/E)
has good thermodynamic, dielectric, and dynamic properties [24]. SSDQO:SPC/E also has
similar radial distribution functions as SPC/E around simple ions [25] as well as Nmethylacetamide, ethanol, and benzene [26]. The similarity of the radial distribution functions,
which are sensitive to the short-range interactions [27], demonstrates that the approximate
multipole expansion using moments up to the octupole is accurate even at short distances where
multipole expansions are least accurate.

Besides increasing the speed and accuracy of
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simulations relative to commonly used three-point models, the decomposition of the energy in
SSDQO leads to different ways of analyzing the solvation energetics; i.e., by separating the
dipole interactions from the quadrupolar tetrahedral interactions. Furthermore, the moment
approach promises to be useful in treating electrostatics for coarse-grained simulations.
Recently, the moments and Lennard Jones parameters of SSDQO have been optimized to
reproduce the experimental properties of liquid water. Using the new SSDQO parameters
(referred to as SSDQO1), the pure liquid has a dielectric constant of 75 and a density of 0.999 at
298 K and displays excellent structural and dynamical properties over a range of temperatures
and pressures [28]. SSDQO1 has moments similar to TIP4P-Ew and TIP4P/2005 and uses a 9-6
Lennard-Jones potential; the large quadrupole moment localizes the hydrogen-bond donating
nearest-neighbor waters, resulting in a more ordered tetrahedral structure of the water. Given the
good temperature dependence of SSDQO1, it is potentially a good model for studying the
cryoprotectant properties of sugars. However, since most force fields for sugars [29-35] use a
partial charge description for the electrostatics of the sugar, it is first necessary to assess how the
multipole description interacts with a multi-site, partial charge description of a solute. Since a
sugar ring has several hydroxyl groups plus the ring oxygen, which can act as hydrogen bond
donors and acceptors for water, they are particularly stringent tests for aqueous solvation.
Here, SSDQO is assessed for solvating sugars modeled by the CHARMM potential
energy function in Monte Carlo simulations of glucose, trehalose, and sucrose. Both the distance
and orientation of the waters around the sugar oxygens will affect not only the solvation energies
but also the disruption of the tetrahedral structure of liquid water by a sugar molecule, which
may be important in the cryoprotectant properties of sugars. The radial distribution functions and
coordination numbers in SSDQO:SPC/E, SSDQO1, and SPC/E are compared to assess how the
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approximate multipole expansion treats the complex hydration of sugars and to see how different
potentials affect the first hydration shell. In addition, a detailed examination of the radial
distribution functions, coordination numbers, and angular probabilities for the anomeric oxygen
of glucose in SSDQO:SPC/E, SSDQO1, SPCE/E, TIP4P-Ew, and TIP5P is made to compare
how the different potentials affect the hydrogen bonding orientation of the first shell water
around a sugar hydroxyl.

3.2. Methods
Detailed descriptions of the SSDQO water-water and water-ion potentials can be found
elsewhere [22,25] so only a brief description is given here. The interaction potential is given by a
Lennard-Jones potential and an electrostatic potential that is an exact multipole expansion up to
order 1/r4 with an approximation for the 1/r5 term
m
6
⎛ σ ij ⎞ ⎪⎫ 1
1
⎪⎧⎛ σ ij ⎞
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cm −1 = (6 / m)6 /(m − 6) (1 − 6 / m) , µ , Θ, and Ω are the dipole, quadrupole, and octupole moment
matrices, respectively, and cQQ = 10 and cDO = 2 are parameters of the SSDQO model. In the
approximate charge-hexadecapole interaction, m is a unit vector along the direction of µ , o is a
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unit vector along the direction of Ω, and Φ = -Hzzzz/2, where H is the hexadecapole moment
matrix. For water-water interactions, the water molecules i and j interact through the dipole µ ,
quadrupole Θ, and octupole Ω moments of water, with the monopole q=0. For the solute-water
interactions, the partial charges qi of the solute molecule interact with the multipole moments of
SSDQO water molecule j up to the hexadecapole Φ. This potential allows straightforward
combining rules for interaction with other molecules.
The CHARMM27 potential energy function [29] was used for all solutes. For the water
molecules, the SSDQO:SPC/E parameters are σ = 3.1655 Å, ε = 0.1554 kcal/mol, m = 12, µ =
2.3503 D, Θ = 2.0355 × 10-26 esu-cm2, Δ = 0, Ω = 0.7834 × 10-34 esu-cm3, Γ = 1.9585 × 10-34 esucm3, Φ = 79×10-42 esu-cm4 [22,25]; the SSDQO1 parameters are σ = 3.433 Å, ε = 0.089
kcal/mol, m = 9, µ = 2.12 D, Θ = 2.13 × 10-26 esu-cm2, Δ = 0, Ω = 0.671 × 10-34 esu-cm3,
Γ = 1.15 × 10-34 esu-cm3 [28], Φ = 45×10-42 esu-cm4; and the SPC/E parameters are from the
literature [14]. For the solute-water interactions, m = 12 and standard combining rules for
Lennard-Jones parameters were used [σij = ½ (σii + σjj) and εij = (εii * εjj)1/2]; however, for
SSDQO1, σ and ε of water are scaled by 2-1/9 and 16/27, respectively, to account for the different
m.
The Monte Carlo simulations used standard Metropolis sampling [36] in the NVT
ensemble at 298 K for a cubic box (box length, b = 24.835 Å). Periodic boundary conditions and
spherical switching functions between (b/2 – 1) Å and b/2 Å were applied. In each case, one
solute was solvated in box of water created at the experimental density of water (0.033 46
molecules/Å3). The simulations consisted of one glucose molecule in 486 water molecules, one
trehalose in 474 waters, and one sucrose in 472 waters. The configurations of all solutes were
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taken from the Cambridge Structural Database [37]. The solute coordinates were fixed so that the
differences in the hydrogen bonding could be compared for the same solute conformation, given
the conformational flexibility of the disaccharides [12,13]. The configurations were equilibrated
for 400 000 MC “passes” (one pass equals N attempted translational and rotational moves, where
N is the number of water molecules); averages and standard deviations were calculated from the
subsequent five consecutive 400 000 MC passes except for TIP4P-Ew and TIP5P, which were
over 400 000 passes only. The acceptance ratio in all MC runs was approximately 40%.

3.3. Results and Discussion
3.3.1. Radial distribution functions of glucose, trehalose, and sucrose
The structuring effects of hydrogen bonding on the solvent as well as the preferred
hydration sites [38] were examined in the radial distribution functions of SSDQO and SPC/E
water around the oxygens of glucose, trehalose, and sucrose (Fig. 1). Since the trehalose
molecule has an α,α-1,1-glycosidic bond between the two α-glucose units while the sucrose
molecule has an α-1,2-glycosidic bond between the α-glucose and the fructose, the discussion
will focus on the common glucose ring, which for trehalose will refer to the one with the
unprimed oxygens. The solute-solvent radial distribution functions gij(r) are for the solvent atom
j (either the water O or H) around the solute atom i (either the sugar oxygen On or the
corresponding hydroxyl hydrogen Hn). The number of waters around each sugar are examined by
the coordination number of water oxygens around each sugar oxygen (Table 1) and the hydrogen
bonding patterns are examined by the coordination numbers of water hydrogens around each
sugar oxygen and water oxygens around each sugar hydroxyl hydrogen (Table S1).

A

coordinating water oxygen found in the On-O coordination number will be considered a strong
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hydrogen bond donor if the corresponding On-H coordination number is one and a strong
hydrogen bond acceptor if the corresponding Hn-O coordination number is one, with numbers
less than one corresponding to weaker hydrogen bonds.
For glucose, the oxygens O1, O2, O3, O4, and O6 are all free hydroxyl groups while the O5
is the ring oxygen. The gO1O for the anomeric oxygen O1 (Fig. 2a) is consistent with other studies
of carbohydrates [2,9,10,13,39-41]. The O1-O coordination number indicates two to three water
molecules around the anomeric oxygen (Table 1), with one water acting as a hydrogen bond
acceptor and another as a hydrogen bond donor (Table S1), characteristic of hydrogen bonding
of carbohydrates in aqueous solution [42]. The gOnO of the other hydroxyls are all similar to that
of the anomeric oxygen (Figs.2b-2f) except that the distribution around the primary hydroxyl O6
has a more pronounced second peak (Fig. 2f) since water in the second solvation shell is less
perturbed by the solute than around the secondary hydroxyls. The ring oxygen O5 is less
accessible (Fig. 2e) and has about one water molecule that is weakly hydrogen bonded (Tables 1
and S1).
The gOnO and On-O coordination numbers of the glucose ring of the disaccharides
trehalose and sucrose are similar to glucose for some oxygens but differ for others. For instance,
while the anomeric oxygen O1 is a free hydroxyl group for glucose, it is less accessible to
hydration because it is involved in the glycosidic bond to the second sugar in the disaccharides;
thus gO1O has a very small first peak in the disaccharides compared to glucose (Fig. 2a). Also, the
presence of the second ring leads to some differences in the gOnO (Figs. 2b-2d and 2f) and
coordination numbers of the other oxygens (Tables 1 and S1). Moreover, trehalose and sucrose
differ in part because two intramolecular hydrogen bonds are formed in sucrose between O6'H to
O5 (2.85 Å O-O distance, 167° HOH angle) and O2'H to O2 (2.78 Å distance, 159° angle) so that
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in comparison to trehalose, O2' and O6' have one less acceptor water hydrogen and O6' has about a
half less hydrogen bond donor water while O2 and O5 also have about a half less donor water
hydrogen (Tables 1 and S1). Further studies of the effects of intramolecular hydrogen bonds on
hydration are warranted.
Overall, SSDQO:SPC/E and SSDQO1 demonstrated similar gOnO and coordination
numbers to SPC/E, although there were some slight differences. For instance, the first peak in
gO1O was located at ~2.8 Å for both SSDQO:SPC/E and SPC/E but was slightly shifted inwards
for SSDQO1, while the first minimum was at ~3.3 Å for all three models. In general, the On-O
coordination numbers were slightly greater for SSDQO:SPC/E than SPC/E but similar for
SSDQO1 and SPC/E. The slightly greater hydration by SSDQO:SPC/E is due to slightly more
hydrogen-bond donor waters (Table S1) and is consistent with the slightly larger coordination
numbers of water around water (4.6 for SSDQO:SPC/E vs. 4.4 for SPC/E) seen in the pure liquid
[22].
In addition, the average water-water and solute-water intermolecular energy for the
SSDQO and for the multi-site water models were similar (Table S2). Both TIP5P and SSDQO1
have lower water-water potential energy because the self-polarization correction was not
included in the parameterization of both models.
3.3.2. The orientation of water around sugar hydroxyls
The orientation of water around solute has important implications because it determines
the solvation energetics. The orientation of SSDQO:SPC/E, SSDQO1, SPC/E, TIP4P-Ew and
TIP5P water around the sugar hydroxyls was examined in the gO1O, gO1H, and gH1O radial
distribution functions of glucose (Fig. 3) and coordination numbers (Table 2) and the
orientational probability P(cos θ) of the first shell water around the glucose O1 (Fig. 4), where θ
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is defined as the angle between the glucose O1-water O internuclear vector and the dipole vector
of the water.
The gO1O are quite similar for all of the models (Fig. 3 bottom), and the O1-O coordination
numbers indicate about 2.5 waters in the first shell albeit with some variation in the exact
number (Table 2). Also, in all the models, the H1-O and O1-H coordination numbers indicate one
hydrogen-bond accepting water and one hydrogen-bond donating water in the first shell (Table
2). However, the first peak in gH1O, which is due to hydrogen-bond accepting waters, is sharper
with SSDQO:SPC/E, SSDQO1, and TIP5P than with SPC/E and TIP4P-Ew (Fig. 3 top). Also,
the first peak of the gO1H, which is due to hydrogen-bond donating waters, is progressively shifted
further outward in TIP4P-Ew, SSDQO1, and TIP5P relative to SPC/E while the second peak of
the gO1H, which is due to both the other hydrogen of the hydrogen-bond donating waters and the
two hydrogens of the hydrogen-bond accepting waters, is shifted slight inward relative to SPC/E
(Fig. 3 middle).
Examining the P(cos θ) of the first shell water, the water that donates a linear hydrogen
bond to O1 give rise to the peak at -0.6 in all of the models, with some variation in the peak shape
and location (Fig. 4). However, the acceptor water molecule in SPC/E and SSDQO:SPC/E has an
almost dipolar orientation with respect to the O1-O vector with a peak at 0.8 while in TIP4P-Ew,
SSDQO1 and TIP5P it has an orientation corresponding to a hydrogen bond with the “lone pair”
of the water with a peak at about 0.5. Although to our knowledge there is no experimental
information for sugars, this orientation is consistent with X-ray diffraction studies of the
orientation of water molecules accepting hydrogen bonds from the methanol hydroxyl in aqueous
methanol [43], although further experimental information is necessary. Moreover, the orientation
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of SSDQO1 around ions is in better agreement with QM/MM simulations than SPC/E
(unpublished results).

3.4. Conclusions
Here, the SSDQO model using SPC/E parameters as well as the new optimized SSDQO1
parameters was shown to solvate sugars described by partial charges in reasonable agreement
with solvation by SPC/E, which supports the usage of the single point, multipole moment
interaction potential of SSDQO with the multiple point, partial charge interaction potential
commonly used in force fields for biological macromolecules. Specifically, the good agreement
of SSDQO:SPC/E with SPC/E demonstrates our approximate multipole expansion can mimic a
point charge model for the water. In addition, all of the models tested (SSDQO:SPC/E,
SSDQO1, SPC/E, TIP4P-Ew, and TIP5P) give similar results for the number of hydrogen bond
donor and acceptor waters in the first shell. However, SSDQO1, TIP4P-Ew, and TIP5P, which
all demonstrate good temperature dependent properties for the pure liquid, predict a markedly
different orientation of the water accepting a hydrogen bond from the sugar hydroxyl than SPC/E
and SSDQO:SPC/E; namely a “lone pair” orientation. Although the correct orientation in sugars
has not been determined experimentally, the orientation in SSDQO1, TIP4P-Ew, and TIP5P is
consistent with experimental studies of methanol in water [43]. Since the orientation of the
waters will affect not only the solvation energies but may play a role in the disruption of water
structure by a sugar and thus its cryoprotectant properties, further studies of the correct
orientation are essential.
Overall, SSDQO1 promises to be a good model for studies of sugars in aqueous solution
under cryotemperatures since the pure water density and other properties are excellent over a
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wide range of temperatures. Moreover, given more information from experiment and quantum
calculations about the correct orientation, the parameters of SSDQO model are more flexible for
further optimization than multi-site models. More generally, the computational efficiency of
SSDQO, which is about two to three times faster in molecular dynamics and Monte Carlo
simulations than SPC/E or TIP3P, makes it potentially valuable for computational simulations of
large macromolecules in aqueous solution, where the number of water molecules needed is
substantial. Finally, the results demonstrate the efficacy of our approximate moment expansion
for treating electrostatics in coarse-grained modeling, especially when different parts are treated
at various levels of detail, from atomistic to increasingly coarse-grained, in the same simulation.
For instance, the current force fields for sugars have not been optimized for “lone pair” effects of
the sugar hydroxyl oxygen, which will also affect the orientation of the solvating waters, so the
hydroxyl group could be replaced by a multipole expansion.
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Tables
Table 1. Number of water molecules in the first shell around the sugar oxygens (On) by
integrating the On-O radial distribution function to 3.4 Å. The average standard deviations of
glucose, trehalose, and sucrose respectively were 0.07, 0.08, and 0.09 in SSDQO1, 0.07, 0.08,
and 0.07 in SSDQO:SPC/E, and 0.08, 0.08, and 0.06 in SPC/E. Numbers where the last digit is
in italics have standard deviations of 0.10 or higher.
Oxygen

1
2
3
4
5
6
2´
3´
4´
5´
6´

SSDQO1

Glucose
SSDQO:
SPC/E

SPC/E

2.49
3.20
2.86
2.79
1.19
3.15
-

2.68
3.42
3.04
2.77
1.10
3.25
-

2.55
3.21
2.84
2.79
1.10
3.10
-

SSDQO1

Trehalose
SSDQO:
SPC/E

SPC/E

0.06
2.68
2.93
2.52
0.91
2.79
2.85
2.50
2.63
0.63
3.13

0.08
2.71
2.90
2.61
0.91
2.70
2.98
2.70
2.78
0.59
3.29

0.06
2.59
2.81
2.48
0.74
2.62
2.92
2.63
2.76
0.56
3.22
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SSDQO1

Sucrose
SSDQO:
SPC/E

SPC/E

0.44
1.83
3.14
2.52
0.53
2.85
2.11
3.02
2.79
0.57
1.58

0.50
1.98
3.17
2.53
0.50
3.08
2.16
3.12
2.89
0.43
1.65

0.38
1.94
3.00
2.53
0.48
2.91
2.03
3.06
2.80
0.44
1.49

Table 2. Coordination numbers of water oxygen (O) and hydrogen (H) around the glucose
anomeric oxygen (O1) and hydroxyl hydrogen (H1) by integrating the O1-O radial distribution
function to 3.4 Å and from the integration of the O1-H and H1-O radial distribution functions to
2.4 Å.

SSDQO1 SSDQO:SPC/E SPC/E TIP4P-Ew TIP5P
O1-O
O1-H
H1-O

2.49
1.08
1.04

2.68
1.32
1.04

2.55
1.11
0.99

2.50
1.03
1.01
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2.51
0.97
1.04

Figures
Fig. 1. Graphical representation of glucose, trehalose, and sucrose and the numbering system.
Fig. 2. Comparison of the radial distribution of the water oxygen of SSDQO1 (red),
SSDQO:SPC/E (green), and SPC/E (blue) around the oxygens of glucose, trehalose (shifted
upward by 1), and sucrose (shifted upward by 2). (a) O1, (b) O2, (c) O3, (d) O4, (e) O5, (f) O6.
Fig. 3. Comparison of the radial distributions of glucose O1- water oxygen (O1-Ow), glucose O1water hydrogen (O1-Hw, shifted upward by 1), and glucose H1- water oxygen (H1-Ow, shifted
upward by 2) for SSDQO1 (red), SSDQO:SPC/E (green), SPC/E (blue), TIP4P-Ew (dotted
magenta) , and TIP5P (dotted light blue).
Fig. 4. Average P(cos θ) as a function of cos θ for the first shell (r = 2.4-3.4 Å) for SSDQO1
(red), SSDQO:SPC/E (green) , SPC/E (blue), TIP4P-Ew (dotted magenta), and TIP5P (dotted
light blue). The average standard deviation for the SSDQO1, SSDQO:SPC/E, and SPC/E are
0.04, 0.07 and 0.06, respectively. Both TIP4P-Ew and TIP5P results are from single 400 000
steps MC runs.
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glucose

trehalose

Fig. 1.
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sucrose

Fig. 2.
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Fig. 3.
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Fig. 4.
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Supplementary materials
Table S1. Coordination numbers of water hydrogens (H) around the sugar oxygens (On) and of
water oxygens (O) around the sugar hydroxyl hydrogens (Hn) from the integration of the
respective On-H and Hn-O radial distribution functions to 2.4 Å. The average standard deviation
for glucose, trehalose, and sucrose respectively were 0.04, 0.06, 0.03 in SSDQO1, 0.03, 0.04,
and 0.03 in SSDQO:SPC/E, and 0.03, 0.04, and 0.02 in SPC/E. Numbers where the last digit is
in italics have standard deviations of 0.1 or higher.

Glucose

Trehalose

Sucrose

SSDQO1

SSDQO:
SPC/E

SPC/E

SSDQO1

SSDQO:
SPC/E

SPC/E

SSDQO1

SSDQO:
SPC/E

SPC/E

O1-H
O2-H
O3-H
O4-H
O5-H
O6-H
O2´-H
O3´-H
O4´-H
O5´-H
O6´-H

1.08
1.55
1.31
0.92
0.57
1.67
-

1.32
1.70
1.55
1.09
0.63
1.79
-

1.11
1.61
1.25
1.04
0.55
1.58
-

0.00
0.75
0.93
1.06
0.30
0
1.23
1.33
0.92
1.02
0.12
1.75

0.00
0.96
1.12
1.22
0.36
1.32
1.57
1.17
1.22
0.20
1.99

0.00
0.75
0.96
1.12
0.21
1.23
1.43
1.07
(0.041)
1.09
(
0.08
1.83

0.00
0.19
1.22
1.05
0.02
1.48
1.37
1.34
1.26
0.20
1.18

0.01
0.43
1.44
1.17
0.03
1.69
.0
1.57
1.61
1.44
0.17
1.37

0.00
0.41
1.19
1.06
0.01
1.48
1.34
1.57
1.23
0.07
1.20

H1-O
H2-O
H3-O
H4-O
H6-O
H2´-O
H3´-O
H4´-O
H6´-O

1.04
1.03
1.04
1.04
1.04
-

1.04
1.01
1.03
1.04
1.04
-

0.99
0.98
0.98
1.01
1.01
-

0.66
0.69
0.75
0.74
1.07
0.60
1.01
1.07

0.71
0.71
0.79
0.66
1.07
0.57
1.00
1.07

0.58
0.66
0.61
0.52
1.06
0.50
0.94
1.07

1.08
1.07
0.97
1.07
0.00
1.05
1.08
0.00
00

1.08
1.07
0.88
1.06
0.01
1.05
1.07
0.00

1.07
1.02
0.81
1.02
0.01
1.02
1.05
0.00
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Table S2. The average water-water and solute-water intermolecular energy for different water
models solvating glucose.

Water model
SSDQO1

Water-water intermolecular
energy (Kcal/mol)
-12.8

Solute-water intermolecular
energy (Kcal/mol)
-0.28

SSDQO:SPC/E

-15.4

-0.26

SPC/E

-15.7

-0.26

TIP4P-Ew

-15.6

-0.26

TIP5P

-13.6

-0.28
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CHAPTER IV: UNDERSTANDING STRUCTURAL EFFECTS OF
MULTIPOLE MOMENTS ON AQUEOUS SOLVATION OF IONS USING THE
SOFT-STICKY DIPOLE-QUADRUPOLE-OCTUPOLE WATER MODEL

Abstract
The effects of the water multipole moments on the hydration structure around ions were
determined in Monte Carlo simulations of the soft-sticky dipole-quadrupole-octupole (SSDQO)
water model. While the orientation of water molecules in the first shell around Cl- using the new
SSDQO1 parameters was similar to other multi-site models, the orientation around Na+ was
different and more consistent with ab initio molecular dynamics simulations. By varying the
moments in the SSDQO model, the octupole Γ/Ω ratio was found to be critical for determining
the orientation.
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4.1. Introduction
Ions play crucial roles in the structure, dynamics, and function of biological molecules
including the stability and enzymatic activity of proteins [1-3]. In addition, biological
macromolecules contain nonpolar, polar, and charged species making their solvation very
complex since the water structure around nonpolar, polar, and ionic solutes is very different.
Because of the complexity of water structure, computer simulations using explicit water models
are powerful techniques for studying the underlying molecular basis of aqueous solvation so that
water models that describe both the pure liquid and aqueous solutions are essential.
Currently, non-polarizable atomistic potential energy functions for water having multiple
fixed interaction sites with partial charges for electrostatic interactions are widely used for
computer simulations of biological macromolecules and each water model has its own strengths
and limitations [4]. Computational efficiency is important because computing the water-water
interaction is the most time-consuming process in these simulations. In addition, the water model
must have both good pure water and solvent properties. Some of the popular water models are
the three-site SPC/E [5] and TIP3P [6], the four-site TIP4P [7], and the five-site TIP5P [8]
models. The three-site models are often used because of their computational efficiency and
reasonable pure liquid properties in comparison to experiment: SPC/E reproduces structural and
dynamical properties in pure water simulations quite well while TIP3P does less well in
structural and dynamical properties but has better dielectric properties than SPC/E [9]. TIP4P
also has good structural properties but has not been widely used in simulations of biomolecules
because of poor dielectric properties [9]. Recent reparameterizations of TIP4P, referred to as
TIP4P-Ew [10] and TIP4P/2005 [11], are promising since both have excellent pure water
properties. On the other hand, the five-site model TIP5P has excellent structural, dielectric, and
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dynamical properties but also requires ~55% more computer time than the three- and four-site
models [8,12].
In aqueous solvation, the choice of the water model is also important. For instance, the
energetic and dynamic properties of ions might be dependent on the water model used. The
diffusion of the solvated ions appears to be largely dependent on the diffusion coefficient of the
water model [13]. In addition, the dielectric constant of the water model might influence the
depth of the second minimum in the ion-water potential energy [14]. In general, the radial
distribution functions of different water models around ions are in reasonable agreement with
experiment [15-18].
Moreover, TIP3P, SPC/E, and TIP4P/2005 are in a hydrogen bonding orientation to a
negative ion and the three-site models are in a dipolar orientation to a positive ion [15,19,20].
However, the efficacy of the different water models for solvating ions is more difficult to assess
because of the lack of experimental information. In this respect, recent ab initio molecular
dynamics (AIMD) [21] and ab initio quantum mechanics/molecular mechanics molecular
dynamics (QM/MM-MD) simulations in which the first hydration sphere is treated by ab initio
quantum mechanics while the environment is described by classical pair potentials [22] provide
valuable information on the solvation structure since the ion-water interactions are determined
based on first-principles and the solvation structure is quickly established even in the short
timescales feasible for these simulations. However, while both the AIMD and QM/MM-MD
simulations predict lower coordination numbers around Na+ than classical MD simulations, the
AIMD simulations do not show any effect of the Na+ on the orientation of water beyond the first
solvation shell. In addition, the QM/MM-MD predict a preference for the lone pair orientation
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and AIMD exhibit a broad distribution of orientations of the first shell waters rather than the
dipole orientation found in classical water models.
In a different direction, the soft sticky dipole-quadrupole-octupole (SSDQO) model of
water [23] was recently developed, which has a single-site with a van der Waals sphere and
dipole, quadrupole, and octupole tensors. The dipole and quadrupole can mimic hydrogen
bonding [24]; however, at least the octupole is necessary to distinguish between solvation of
cations and anions [25,26]. The electrostatic interaction potential in SSDQO is the exact
multipole expansion up to order 1/r4, contains an approximate 1/r5 term, and neglects higher
order terms so that only rotations of the molecule and not the moment tensors are needed.
Because of this approximate multipole expansion (AME), SSDQO is about three times faster in
Monte Carlo simulations and about two times faster in molecular dynamics simulations than the
three-site models. In addition, the multipole electrostatics gives straightforward combining rules
with partial charges from atomistic force fields. Remarkably, the SSDQO model reproduces
short range structure indicating that sufficient terms are included in the expansion. In particular,
SSDQO reproduces the properties of several multi-site models for the pure liquid when the
multipole moments of the respective multi-site model are used [23,27] and of SPC/E in aqueous
solutions of ions, ethanol, benzene, and N-methylacetamide using SPC/E parameters (referred to
here as SSDQO:SPC/E) when the ion-water potential includes the linear charge-hexadecapole
(1/r5) term [28,29]. Moreover, new optimized parameters for SSDQO (referred to as SSDQO1),
give excellent pure water properties not only at ambient conditions but also over a wide range of
temperatures and pressures [30]. Interestingly, while SSDQO1 gives radial distribution functions
around the hydroxyls in sugars that are consistent with SPC/E, TIP4P-Ew, and TIP5P, the
orientation of the water in the first shell around the hydroxyls differs and is more consistent with
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limited experimental data [31]. Because of the limited data for sugars, it is important to
investigate the accuracy of SSDQO1 and other water models for solvating simpler solutes that
interact electrostatically with water where more information is available.
Here, the effects of the multipole moments on the structure of water around Na+ and Clstudied in radial distribution functions and orientational probabilities of the first shell water from
Monte Carlo simulations of SSDQO and other water models. The multipole moments of the
SSDQO model can be independently varied, thus making the model more flexible than
traditional multi-site models, where changing the location and strength of the partial charges or
the geometry of the latter affects all higher multipole moments. First, the structure of SSDQO1
water around the ions was compared with SPC/E, TIP4P-Ew, and TIP5P. Next, the effects of the
multipole moments on the structure of water around ions were examined by varying the moments
in SSDQO. Finally, the charge-hexadecapole term in the ion-water multipole expansion used
previously was reexamined.

4.2. Methods
Detailed descriptions of the SSDQO water-water and water-ion potentials can be found
elsewhere [23,28] so only a brief description is given here. The interaction potential is given by a
Lennard-Jones potential and the AME electrostatic potential
⎧⎪⎛ σ ij ⎞ m ⎛ σ ij ⎞ 6 ⎫⎪ 1
1
Uij (r) = cm ε ij ⎨⎜ ⎟ − ⎜ ⎟ ⎬ + ⎡⎣ qi q j ⎤⎦ + 2 ⎡⎣ −qi µ j ⋅ n + ( n ⋅ µ i ) q j ⎤⎦
⎝ r ⎠ ⎭⎪ r
r
⎩⎪⎝ r ⎠
1
+ 3 ⎡⎣ qi Θ j : n(2) + n(2) : Θ i q j − 3( n ⋅ µ i ) µ j ⋅ n + µ i ⋅ µ j ⎤⎦
r
1
(1)
+ 4 ⎡⎣ −qi Ωj ∴ n(3) + n(3) ∴Ωi q j + 5 ( n ⋅ µ i ) Θ j : n(2) − 5 n(2) : Θ i µ j ⋅ n − 2 µ i ⋅ Θ j ⋅ n + 2n ⋅ Θ i ⋅ µ j ⎤⎦
r
1
+ 5 ⎡⎣ qi Φj m j ⋅ n o j ∴ n(3) + n(3) ∴ o i ( n ⋅ mi ) Φi q j
r
−cDO ( n ⋅ µ i ) Ωj ∴ n(3) − cDO n(3) ∴Ωi µ j ⋅ n + cQQ n(2) : Θ i Θ j : n(2) ⎤⎦
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where r = rn is the internuclear vector from particle i to j, ε and σ are Lennard-Jones parameters,
m

is

the

power

law

of

the

repulsion

in

the

Lennard-Jones

interaction,

cm −1 = (6 / m)6 /(m − 6) (1 − 6 / m) , µ , Θ, and Ω are the dipole, quadrupole, and octupole tensors,
respectively, m is a unit vector along the direction of µ , o is a unit vector along the direction of
Ω, Φ is the linear hexadecapole, and cQQ = 10 and cDO = 2 are parameters of the SSDQO model.
For the water-water interactions, the water molecules i and j interact via the dipole µ , quadrupole
Θ, and octupole Ω moments of water, with the monopole q=0. For the ion-water interactions, the
charge qi of the ion interacts with the multipole moments of water molecule j up to the
hexadecapole; as specified, the linear hexadecapole is set to either Φ = 0 or Φ = -Hzzzz/2, where
with H as the hexadecapole moment matrix.
For the water molecules, the SSDQO1 parameters are σ = 3.433 Å, ε = 0.089 kcal/mol, m
= 9, µ = 2.12 D, Θ = 2.13 DÅ, Δ = 0, Ω = 0.671 DÅ2, Γ = 1.15 DÅ2, Φ = 0 [30]. The LennardJones sphere and point multipoles as well as the moment of inertia were centered on the water
oxygen. The parameters for SPC/E [5], TIP4P-Ew [10], and TIP5P [8] and for the ion (σ = 2.583
Å, ε = 0.100 kcal/mol, and q = +1.0 for Na+ and σ = 4.401 Å, ε = 0.100 kcal/mol, and q = -1.0
for Cl-) [32] are from the literature. For the ion-water interactions, m = 12 and standard
combining rules for Lennard-Jones parameters were used [σij = ½ (σii + σjj) and εij = (εii εjj)1/2];
however, for SSDQO1, σ and ε of water are scaled by 2-1/9 and 16/27, respectively, to account for
the different m.
The Monte Carlo simulations used standard Metropolis sampling [33] in the NVT
ensemble at 298 K for a cubic box (box length, b = 24.835 Å). Periodic boundary conditions and
spherical switching functions between (b/2 – 1) Å and b/2 Å were applied. In each case, one
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solute was solvated in a pre-equilibrated box of water created at the experimental density of
water (0.033 46 molecules/Å3). The simulations consisted of one ion in 511 water molecules.
The solute coordinates were fixed. The configurations were equilibrated for 400 000 MC
“passes” (one pass equals N attempted translational and rotational moves, where N is the number
of water molecules); structural properties were calculated from the subsequent 400 000 MC
passes. The structural properties from five successive 400 000 MC passes were indistinguishable
from each other. The acceptance ratio in all MC runs was approximately 40%.

4.3. Results and Discussion
The structure of water around Na+ and Cl- in the Monte Carlo simulations was examined.
The ion-solvent radial distribution functions gij(r) for the solvent atom j (either the water O or H)
around the ion i (either Na+ or Cl-) were calculated. In addition, the orientational probabilities
P(cos θ) were calculated for the water molecules in the first shell around the ions, where θ is the
angle between the ion-water O internuclear vector and the dipole vector of water. Some possible
orientations of a water molecule corresponding to different values of θ are shown in Fig. 1.
4.3.1. Comparison of SSDQO1 and multi-site water around ions
The ionic solution properties of SSDQO1 were first compared with SPC/E, TIP4P-Ew,
and TIP5P; moments for each are given in Table 1. The results for TIP4P/2005 (not shown) were
similar to TIP4P-Ew. The structural properties around Cl- were similar for SSDQO1 and all of
the multi-site water models with minor variations. Specifically, the first peaks for both gClO and
gClH were shifted slightly outward for SSDQO1 and TIP5P compared to the other water models
(Fig. 2a). However, the P(cos θ) of the first shell water showed that they have an H-bonded
orientation around Cl- in SSDQO1 and TIP5P (Fig. 2b). In addition, the first peaks for both gClO
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and gClH were shifted slightly inward for TIP4P-Ew and the angular deviation of the H-bond is
smaller in the P(cos θ), indicating a somewhat stronger H-bond. For Na+, the gNaO were similar
for SPC/E, TIP4P-Ew, and SSDQO1 while the first peak was much higher for TIP5P. However,
the gNaH indicated differences in the water structure for SSDQO1 as well as TIP5P since the first
peak was shifted inwards compared to the other water models (Fig. 2a). Examining the P(cos θ)
of the first shell water molecules indicated they were oriented with a “lone pair” pointing
towards Na+ in SSDQO1 and TIP5P (Fig. 2b), which is consistent with the bent orientation found
in QM/MM simulations [22]. In contrast, they have an almost dipolar orientation with respect to
the Na+ in SPC/E and TIP4P-Ew.
4.3.2. Effects of the multipole moments on the structure of water around ions
To understand the effects of the multipole moments on the solvation of ions, each
multipole moment was varied independently while keeping the rest at the values of SSDQO1.
The moments were varied to the minimum and/or maximum values found for the multi-site
models studied here (Table 1). It is important to note that µ, Θ, and Ω define a tetrahedral
quadrupole while Γ creates the asymmetry found in a water molecule in which the positive
charge is widely separated onto the two hydrogens while the negative charge is more
concentrated on the oxygen, even if there is some spread due to the “lone pairs” [23]. Thus, the
ratios of these four quantities is important, as will be discussed below. The water multipoles
were first changed only in the ion-water potential to examine how the direct interaction between
the ion and water is controlled by the strength of water multipole. Since this information can be
used to re-optimize the SSDQO moments parameters not only for both pure water but also ionic
solvation and since of course varying the moments will effect the pure water properties, next the
water multipoles were changed in both the water-water and ion-water potentials and the
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corresponding pure water radial distribution functions are given in the supplementary materials
as noted.
Since the ratio of the quadrupole to the dipole Θ/µ is essentially controlled by the H-O-H
angle (i.e., Θ / µ = 43 b tan 12 θ HOH sin 12 θ HOH in three-point models so that Θ/µ = 0.73 D for TIP3P
and Θ/µ = 0.87 D for SPC/E [23]), varying either independently is expected to change the
orientation of the first shell water more so than varying them together. Increasing the dipole
moment µ to 2.35 D (Θ/µ = 0.91 D) in only the ion-water potential (Fig. 3) had only a slight
effect on the first shell water around Cl- but caused the first shell water around Na+ to shift more
towards the dipolar orientation, as might be expected from the increased dipole moment.
Interestingly, when the dipole is increased in the water-water interactions as well, the first shell
water around Na+ behaves similarly to the original lower dipole (Fig. 3), even though the waterwater g(r) are significantly perturbed (Fig. S1). Since the water-water g(r) indicate stronger
hydrogen bonding with increased dipole moment, presumably the greater competition by the
second shell water leads to a preference for the first shell water to be an H-bond acceptor for a
second shell water rather than involving both lone pairs with interacting with the Na+. TIP4P and
TIP4P/2005 have Θ ≈ µ Å, while TIP5P has the lowest Θ/µ ratio (Θ ≈ 2/3 µ Å). Decreasing the
quadrupole Θ to 1.4 DÅ (Θ/µ = 2/3 D, close to TIP5P) in only the ion-water potential (Fig. 4)
affected the first shell around Cl- slightly more and dramatically affected the first shell around
Na+ since the orientation shifted more towards cosθ = 1 and the gNaH has a split peak, which is
similar to the radial distribution of SSDQO:SPC/E around Na+ when the charge-hexadecapole
term is neglected [28]. When the quadrupole is also decreased in the water-water interaction, the
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effects are reduced although not to the extent of the dipole case and the pure water g(r) indicate
weaker hydrogen bonding (Fig. S1).
Since the ratio of one octupole component to the dipole Ω/µ is also essentially controlled
by the H-O-H angle (i.e., Ω / µ = 14 b 2 [3 − 5 cos 2 12 θ HOH ] in three-point models so that Ω/µ = 0.26
D2 for TIP3P and Ω/µ = 0.33 D2 for SPC/E [23]) while the ratio Γ/Ω is controlled by the
asymmetry of the positive versus negative charge (i.e., Γ/Ω = 0 for a tetrahedral quadrupole, Γ/Ω
= 1.2 for TIP5P, and Γ/Ω = 2.5 for SPC/E [23]), varying either Ω and Γ independently is also
expected to change the orientation of the first shell water more so than varying them together.
Increasing Ω to 0.74 DÅ2 (Ω/µ = 0.35 D2) or decreasing it to 0.50 DÅ2 (Ω/µ = 0.23 D2), in only
the ion-water potential (Fig. 5) again had only a slight effect on the first shell water around Clbut a higher Ω led to a more bent orientation while a lower Ω led to a more dipolar orientation.
The effect was slightly less pronounced when Ω was modified in also the water-water potential,
but the pure water g(r) was not affected. Moreover, when the octupolar component Γ in only the
ion-water potential (Fig. 6) was decreased to 0.50 DÅ2, (Γ/Ω ≈ 0.75), the water around both ions
was affected slightly but the P(cosθ) became more strongly peaked around Cl- and less strongly
peaked around Na+. On the other hand, when it was increased to 1.65 DÅ2 (Γ/Ω ≈ 2.5), the water
around the Cl- was less affected but had a more dipolar orientation around Na+ and the gNaO also
had a split peak. When Γ was modified in also the water-water potential, the results were
essentially identical and the pure water g(r) was not affected. To further investigate the effect of
the Γ/Ω ratio, the octupolar Γ in both the water-ion and water-water potentials was varied from
0.50 DÅ2 to 1.50 DÅ2, in 0.25 DÅ2 increments (Fig. S2). Interestingly, at Γ ≈ 2Ω, the onset of
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the Na+-Hw split peak was observed and the orientational probability shifted drastically to a more
dipolar orientation.
Based on the above, the octupole moments have the greatest effect on the orientation of
the first shell with the least perturbation to the bulk water structure, although they will affect
other bulk properties such as the dynamics and dielectrics [30]. Moreover, since the Γ/Ω ratio
defines the positive/negative asymmetry, changing Ω while maintaining the Γ/Ω ratio may be
expected to not significantly affect the orientational probability of the water molecules. When Ω
was increased to 0.74 DÅ2 or decreased to 0.50 DÅ2 in both water-water and ion-water potentials
while changing Γ so that Γ/Ω = 1.72 as in the original SSDQO1, the solvation around both the
Cl- and Na+ was relatively unchanged (Fig. 7) as was the pure water g(r) (Fig. S1).
4.3.3. SSDQO Charge-hexadecapole term revisited
The SSDQO:SPC/E model needs a linear charge-hexadecapole term in the ion-SSDQO
potential for Na+ to correct the split peak in gNaH because without it, the ion-SSDQO potential has
a slightly higher minimum than the ion-SPC/E potential, which allows a larger number of water
molecules with asymmetric orientation in the first hydration shell [28]. However, without a
charge-hexadecapole term, SSDQO1 did not show the split peak in gNaH (Fig. 2) and when either
the Θ/µ or the Γ/Ω ratio was reduced while maintaining the rest of the moments (Fig. 4 and 6,
respectively), the split peak reappeared. Since radial distribution functions and orientational
probabilities with charge-hexadecapoles with the hexadecapole ranging from 0 to 45 DÅ3 were
essentially identical (Fig. S3), this term appeared to be unnecessary when the Θ/µ and the Γ/Ω
ratios are high enough.
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4.4. Conclusions
The structure of water in the first solvation shell around Cl- and Na+ was studied for the
SSDQO1, SPC/E, TIP4P-Ew, and TIP5P models in Monte Carlo simulations.

While the

structure around Cl- was similar, the water favored a dipolar orientation around Na+ for SPC/E
and TIP4P-Ew and a bent lone-pair orientation for SSDQO1 and TIP5P. Although there is little
experimental information, AIMD [21] and QM/MM-MD [22] indicate that the lone-pair
orientation is correct. By varying the moments in SSDQO1, the dipolar orientation is apparently
favored when Γ/Ω > ~2 while the lone pair orientation is favored when Γ/Ω < ~2, and the values
of Γ/Ω and orientation of first shell water for the multi-site models studied here are consistent
with this. Moreover, since the pure liquid structure is relatively unaffected by the octupole
tensor, it may be possible to optimize the moments in SSDQO for the orientation of the first shell
water while maintaining good pure liquid properties. In addition, also by varying the moments in
SSDQO, low Θ/µ ratios may favor the dipolar orientation and very low Θ/µ ratios apparently
favor an asymmetric packing that leads to a split in the first gNaH peak although varying the
dipole and quadrupole greatly affect the pure liquid. In comparing varying the moments in only
in the ion-water potential versus in both the ion-water and water-water potentials, changes that
cause an increased preference for the dipolar orientation around Na+ using the former tend to
cause a slightly lesser preference using the latter, indicating that the orientation of water in the
first shell is due to a balance between the interaction with the ion and the second shell water.
Moreover, the relatively small changes in the water around Cl- indicate that even though the
anion is larger than the cation so that the effects of the higher moments are less, the asymmetry
due to Γ/Ω in the strength of a “hydrogen-bond” with an anion and a “lone-pair” interacting with
a cation is reasonable for SSDQO1.
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Tables
Table 1. SSDQO1 and multi-site model moments
Model
SSDQO1
SPC/E
TIP3P
TIP4P
TIP4P-Ew
TIP4P/2005
TIP5P

µ
(D)
2.12
2.35
2.35
2.18
2.32
2.31
2.29

Θ
(DÅ)
2.13
2.04
1.72
2.15
2.16
2.30
1.56

Δ
(DÅ)
0.00
0.00
0.11
0.08
0.10
0.09
-0.07

Ω
(DÅ2)
0.67
0.78
0.61
0.76
0.77
0.82
0.50
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Γ
(DÅ2)
1.15
1.96
1.68
2.10
2.11
2.24
0.59

Θ/µ
(D)
1.00
0.87
0.73
0.99
0.93
1.00
0.68

Γ/Ω
1.7
2.5
2.8
2.8
2.7
2.7
1.2

Figures
Fig. 1. Orientation of water with respect to ion: a) bifurcated H-bond, cosθ ≈ -1, b) linear Hbond, cosθ ≈ −1 / 3 , c) lone pair oriented, cosθ ≈ 1 / 3 , d) tilted, cosθ ≈ 1, and e) dipolar,
cosθ ≈ 1
Fig. 2. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by 2),
Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational probability
of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red), SSDQO:SPC/E
(orange), SPC/E (blue), TIP4P-Ew (green), TIP5P (purple), and QM/MM molecular dynamics
[22] (black).
Fig. 3. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by 2),
Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational probability
of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red) and SSDQO1 with all
other parameters held constant except µ = 2.35 D (green) for only the ion-water interactions
(solid lines) or interactions (dashed lines).
Fig. 4. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by 2),
Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational probability
of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red) and SSDQO1 with all
other parameters held constant except Θ = 1.40 DÅ2 (blue) for only the ion-water interactions
(solid lines) or interactions (dashed lines).
Fig. 5. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by 2),
Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational probability
of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red) and SSDQO1 with all
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other parameters held constant except Ω = 0.50 DÅ3 (blue) or 0.74 DÅ3 (green) for only the ionwater interactions (solid lines) or interactions (dashed lines).
Fig. 6. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by 2),
Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational probability
of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red) and SSDQO1 with all
other parameters held constant except Γ = 0.50 DÅ3 (blue) or 1.65 DÅ3 (green) for only the ionwater interactions (solid lines) or interactions (dashed lines).
Fig. 7. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by 2),
Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational probability
of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red) or SSDQO1 with all
other parameters held constant except Ω = 0.50 DÅ3 and Γ = 0.86 DÅ3 (blue) or 0.74 DÅ3 and Γ
= 1.27 DÅ3 (green).
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Supplementary Materials
Fig. S1. The pure water Ow-Ow , Hw-Hw (shifted upwards by 2), and Ow-Hw (shifted upwards by
4) radial distributions for SSDQO1 (give moments in parentheses) (red) or SSDQO1 with all
other parameters held constant except a) µ = 2.35 D (green), b) Θ = 1.40 DÅ2 (blue), c) Ω = 0.50
DÅ3 (blue) or 0.74 DÅ3 (green), d) Γ = 0.50 DÅ3 (blue) or 1.65 DÅ3 (green), e) Ω = 0.50 DÅ3
and Γ = 0.86 DÅ3 (blue) or Ω = 0.74 DÅ3 and Γ = 1.27 DÅ3 (green).
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Fig. S1.
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Fig. S2. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by
2), Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational
probability of the first shell water around Cl- (left) and Na+ (right) for SSDQO1 (red) or
SSDQO1 with all other parameters held constant except Γ = 0.50 DÅ3 (blue), 0.75 DÅ3 (purple),
1.00 DÅ3 (magenta), 1.25 DÅ3 (orange), or 1.50 DÅ3 (green).

Fig. S2.
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Fig. S3. Comparison of a) radial distribution functions of Na+-Ow, Na+-Hw (shifted upwards by
2), Cl--Ow (shifted upwards by 4), and Cl--Hw (shifted upwards by 6) and b) orientational
probability of the first shell water around Cl- (left) and Na+ (right) for the SSDQO1 with ionwater potential having hexadecapole Φ = 0 (red), 25 (blue), 30 (brown), or 45 DÅ3 (green).

Fig. S3.
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CHAPTER V: SOFT-STICKY APPROXIMATE MULTIPOLE EXPANSION (SSAME):
A NEW COARSE-GRAINED POTENTIAL

Abstract
A new coarse-grained (CG) potential energy function called the soft-sticky approximate
multipole expansion (SSAME) is presented here. SSAME is based on the approximate multipole
expansion (AME) of the soft-sticky dipole-quadrupole-octupole (SSDQO) water model, a singlesite CG water model that is more accurate and yet is at least two times faster than three-site water
models in computer simulations. Here, AME was generalized to other molecules and a new
orientation-dependent van der Waals potential was added. Using parameters derived from a
standard atomistic force field, Monte Carlo simulations of benzene and methanol in the neat
liquids and in aqueous solutions with the SSAME potential gave radial distribution functions that
were comparable to atomistic simulations. Furthermore, the parameters for benzene and
methanol were combined for phenol, and simulations of the neat liquid and aqueous solution also
compared well with atomistic simulations. Overall, the results demonstrate that SSAME
accurately treats electrostatic forces, particularly the dipole and higher moments that have been
generally lacking in physically-based CG simulations.
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5.1. Introduction
Many biological problems involve systems of many large macromolecules and/or long
time scales, which are difficult to study using conventional atomistic simulations because of
limitations in computational resources. Because of this, there has been a renewed interest in
coarse-grained (CG) models [1]. CG models represent groups of atoms as single-site “particles”
so that there are fewer site-site interactions and thus fewer calculations than the atomistic models
of the same system. As a result, longer simulations up to the microseconds range and larger
simulations up to the hundred-nanometer range are feasible, and the resulting studies of proteinprotein interactions [2], lipid bilayers [3,4], and membrane protein systems [2,5] are providing
new insights beyond the capabilities of atomistic simulations. However, as more sophisticated
problems are investigated, the details of the coarse-graining become important.
CG models can generally be classified as structure-based [6], knowledge-based [7], and
physics-based [8]. In the physics-based approaches, perhaps the greatest difficulty is the
treatment of electrostatics in a truly physics-based manner. Charged particles such as some
protein side chains and lipid head groups, nucleic acids, and counterions are all subject to
dielectric shielding by a non-uniform medium. In addition, polar groups such as the protein
backbone, other protein side chains and lipid head groups, and water molecules may be involved
in hydrogen bonding. However, the popular MARTINI model treats dielectric shielding
uniformly. In addition, the MARTINI model treats polar interactions by increasing the strength
of the Lennard-Jones potential energy.
The electrostatic interaction between two groups of charges is given by a multipole
expansion [9], which is exact in the limit of infinite terms or infinite distance. For instance, in the
CG water model recently introduced by Tan and Ichiye [10] referred to as the soft-sticky dipole-
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quadrupole-octupole (SSDQO) model of water, the three atoms of water are represented by a
single-point Lennard-Jones sphere with angular-dependent multipole moments. SSDQO
reproduces the tetrahedral hydrogen bonded network of water using an approximate multipole
expansion (AME), which consists of the exact multipole expansion with the dipole, quadrupole,
and octupole moments up to order 1/r4, an approximate 1/r5 term, and no higher order terms so
that slow matrix multiplications are avoided. In particular, the approximate 1/r5 term can be
calculated in the molecular frame so that rotations of the higher moment tensors can be avoided.
Thus SSDQO is about three times faster than three point models such as TIP3P [11] and SPC/E
[12] in Monte Carlo simulations [10] and about two times faster in molecular dynamics
simulations [13]. Moreover, it shows excellent properties for both the pure liquid and as a
solvent for various solutes [10,13-17]. In addition, the recently developed GB-EMP model
[18,19] also uses a point multipole expansion up to the quadrupole moments along with the GayBerne potential [20] for the van der Waals interactions; however, it requires an arbitrary damping
term and does not take advantage of the molecular frame so that off-diagonal elements of the
quadrupole are needed.
The accuracy and efficiency of the SSDQO model is due to the AME electrostatic
potential. Here, the SSDQO potential is extended into a general CG model for molecular
interactions. This CG model, referred to as the soft-sticky approximate multipole expansion
(SSAME), consists of a soft-sticky (SS) ellipsoidal Lennard-Jones-type potential for the van der
Walls attractions and repulsions and the AME electrostatic potential. The SSAME potential was
tested for benzene, methanol, and phenol, which vary in size and polarity and serve as models for
the phenylalanine, serine, and tyrosine side chains, respectively. The accuracy of the SSAME
potential was tested by deriving the multipole moments and SS parameters from the atomistic
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partial charges and Lennard-Jones parameters from the CHARMM [21] potential energy
function for a given geometry of the molecule. The SSAME potential energy function was
shown to reasonably mimic the potential energy function of the atomistic model from which the
parameters were derived for certain conformations of dimers. In addition, radial distribution
functions from Monte Carlo simulations of both neat liquids and aqueous solutions using the
SSAME potential also compared well with those from the parent atomistic model. More
specifically, the parameters for benzene and methanol were derived from the respective atomistic
model while the parameters for phenol were a combination of appropriate parameters from
benzene and methanol, which demonstrated that parameters for more complex molecules can be
derived from appropriate fragments.

5.2. Theory
The SSAME potential consists of two non-bonded interactions, VSSAME = VSS + VAME, in
which the soft-sticky potential (VSS) is the van der Waals interaction and the approximate
multipole expansion potential (VAME) is the electrostatic interaction between two CG particles.
The soft-sticky potential is a Lennard-Jones-type potential between particles i and j with a 1/r6
attractive term and a 1/r12 repulsive term. Since most molecules are non-spherical, the LennardJones σ ij ( µ̂i , µ̂ j , n) and ε ij ( µ̂i , µ̂ j , n) are allowed to vary along the principal axis of the molecule.
The soft-sticky potential is:
⎡⎛ σ ij ( µ̂i , µ̂ j , n) ⎞ 12 ⎛ σ ij ( µ̂i , µ̂ j , n) ⎞ 6 ⎤
VSS ( µ̂i , µ̂ j , r) = 4 ε ij ( µ̂i , µ̂ j , n) ⎢⎜
⎟⎠ − ⎜⎝
⎟⎠ ⎥
r
r
⎢⎣⎝
⎥⎦

(1)

where

σ ij ( µ̂i , µ̂ j , n) =

1
⎡⎣σ l,i + (σ b,i − σ l,i )( µ̂i ⋅ n)2 + σ l, j + (σ b, j − σ l, j )( µ̂ j ⋅ n)2 ⎤⎦
2
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(2)

and

ε ij ( µ̂i , µ̂ j , n) = [ ε l,i + ( ε b,i − ε l,i )( µ̂i ⋅ n)2 ][ ε l, j + ( ε b, j − ε l, j )( µ̂ j ⋅ n)2 ]

(3)

The Lennard-Jones parameters σl and σb are zero energy points along the length and breadth,
respectively, of the molecule and εl and εb are the energy minima in the corresponding directions;
r = rn is the internuclear vector from particle i to j, and µ̂ is the primary axis unit vector. For
convenience, the primary axis is parallel to the breadth of the molecule. When the particle is
spherical, the length is the same as the breadth, and the SS potential reduces to the standard 6-12
Lennard-Jones potential. The axes of the molecules are shown in Fig. 1.
The CG AME is similar to SSDQO [10] and so is described only briefly here.
VAME (r) =

(

)

1
⎡ µi ⋅ µ j − 3 ( n ⋅ µi ) µ j ⋅ n ⎤
⎦
r3 ⎣

(

) (

(

)

)(

)

1
⎡ −2 µi ⋅ Θ j ⋅ n + 2n ⋅ Θi ⋅ µ j + 5 ( n ⋅ µi ) Θ j : n(2) − 5 n(2) : Θi µ j ⋅ n ⎤
⎦
r4 ⎣
1
+ 5 ⎡⎣ cQQ n(2) : Θi Θ j : n(2) −cDO ( n ⋅ µi ) Ω j ∴ n(3) − cDO n(3) ∴Ωi µ j ⋅ n ⎤⎦
r
1
+ 6 ⎡⎣ cDH ( n ⋅ µi ) (Φ j :: n(4 ) ) ⎤⎦
r
1
+ 7 ⎡⎣ cQH n(2) : Θi (Φ j :: n(4 ) ) − cQH (n(4 ) :: Φi ) Θ j : n(2) ⎤⎦
r
+

(

)(

(

)

)

(

(

)(

)

(4)

)

where µ , Θ, Ω, and Φ are the dipole, quadrupole, octupole, and hexadecapole moment matrices,
respectively. The dipole moment vector µ has one nonzero element (µz), the traceless quadrupole
tensor Θ has three elements (Θxx = –Θ2 − ½Θ0 , Θyy = Θ2 − ½Θ0, and Θzz = Θ0), and the traceless
octupole tensor Ω has seven elements (Ωxxz = Ωxzx = Ωzxx = –Ω2− ½Ω0, Ωyyz = Ωyzy = Ωzyy =

Ω2− ½Ω0, and Ωzzz = Ω0). In benzene, the hexadecapole moment is important and defined as:

Φ o = Φ zzzz = −2Φ xxzz = −2Φ yyzz = 8Φ xxyy = 83 Φ xxxx = 83 Φ yyyy [22]. The multipole expansion is exact
up to the 1/r4 terms, while the 1/r5 and 1/r6 terms are approximated using coefficients for
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quadrupole-quadrupole (cQQ), dipole-octupole (cDO), and dipole-hexadecapole (cDH) interactions
chosen for the moments to match certain conformations. In SSAME benzene, cQQ = 6, chosen so
the quadrupole-quadrupole term matched the quadrupole-quadrupole term of the exact multipole
expansion for a benzene dimer in T-conformation; the benzene-water interaction used cDH = 5.
The 1/r7 term in the benzene-benzene interaction has an “effective” coefficient for the
quadrupole-hexadecapole (cQH = 5) interaction. In SSAME methanol, cQQ = 10 and cDO = 2,
which is the same as the parameters for the SSDQO water model. Also, the dyadic products are
denoted by [n(2)]ij = ninj and [n(3)]ijk = ninjnk, and so on; and the matrix contractions are denoted by
A⋅B = Σi AiBi, A:B = Σij AijBij, A∴B = Σijk AijkBijk, and A::B = Σijkl AijklBijkl. Details of the potential
can be found in the original paper [10].

5.3. Methods
The structural properties of liquid benzene, methanol, and phenol as well as the aqueous
solution of the three molecules were calculated in Monte Carlo simulations with standard
Metropolis sampling [23] in the NVT ensemble at 298 K. Periodic boundary conditions and
spherical switching functions between (b/2 – 1) Å and b/2 Å, where b is the box length, were
applied in all simulations. Each system was equilibrated for 400 000 MC “passes” (one pass
equals N attempted translational and rotational moves, where N is the number of molecules). The
radial distribution functions were calculated from the subsequent 400 000 MC passes. The
acceptance ratio in all MC runs was approximately 40%. The aqueous solutions consist of one
solute in water with the solute coordinates fixed.
The geometries of the SSAME molecules were created from the CHARMM geometries
[24]. For the aqueous solutions, SSDQO water with SPC/E moments and geometry, referred to
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as SSDQO:SPC/E, was used [12]. The pure liquid simulations were performed at experimental
densities in cubic boxes. Specifically, 175 benzene molecules with b = 29.56 Å corresponding to
a density of 0.879 g/cm3, 225 methanol molecules with b = 24.73 Å corresponding to a density of
0.789 g/cm3, and 175 phenol molecules with b = 29.46 Å corresponding to a density of 1.07
g/cm3. The initial coordinates of the SSAME molecules in SSDQO:SPC/E water created by
placing one solute in a pre-equilibrated cubic box (b = 24.835 Å) of water at the experimental
density (0.997 g/cm3) and removing overlapping waters, resulting in one benzene molecule in
502 water molecules, one methanol molecule in 504 water molecules, and one phenol molecule
in 500 water molecules.
The soft-ellipsoid parameters (Table 1a) of the SSAME benzene were parameterized
using various sample conformations of the benzene dimer (Fig. 2). The sandwich conformation,
used in determining the breadth σb (3.2 Å) of the benzene, had two benzene molecule stacked
upon each other. The T-conformation, where one benzene corner was pointed towards the
primary axis of the other benzene, is one of the favorable conformations for the benzene dimer
[25]. The side-by-side conformation, where the sides of the two benzene were pointing at each
other, determined the length (σl = 6.3 Å) of benzene. In SSAME methanol, the soft-ellipsoid
potential was converted into a standard Lennard-Jones spherical potential. For greater accuracy,
two Lennard-Jones spheres (centered on the oxygen and on the carbon, both having the same
Lennard-Jones parameters as in CHARMM methanol) were used and referred here as SSAME2LJ. To improve efficiency, the van der Waals site was centered midway between the C-O bond
(here referred as the standard SSAME methanol), which is similar to the GB-EMP [19].
The multipole moments used for the SSAME molecules are presented in Table 1b. The
benzene center of mass was used as the origin of the point multipoles (Fig. 1a). SSAME
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methanol was oriented so that the dipole moment only has a z-component and the quadrupole
and octupole moments were traceless and with zero off-diagonals. All multipole moments were
centered on the oxygen (Fig. 1b). SSAME phenol is subdivided into two sites (Fig. 1c); the
aromatic ring uses the parameters of the SSAME benzene, while the hydroxyl group is
represented by the multipole moments of SSAME methanol (with a Lennard Jones sphere
centered on the oxygen).
For comparison, atomistic liquid benzene and phenol with CHARMM parameters [24]
were simulated in Monte Carlo simulations using the same conditions described above.
Atomistic methanol was simulated by molecular dynamics simulations using the CHARMM
package [21]. The atomistic solutes were also simulated in SPC/E [12] water using the same
conditions as SSAME solute in SSDQO water in MC simulations.

5.4. Results and Discussion
5.4.1 Liquid benzene
The components of the potential energy of the benzene dimer as a function of distance
from one center of mass to the other at the representative conformations were compared for the
SSAME potential and its atomistic counterpart in CHARMM. For the van der Waals interaction
(Fig. 2a), the soft-sticky potential was comparable to the CHARMM Lennard-Jones potential in
all three conformations tested, although slight differences were observed in the well depth and
curve. In addition, for the three conformations tested, AME qualitatively reproduced the
electrostatic behavior of the CHARMM electrostatic interactions defined by the partial charges
on each of the atom (Fig. 2b). The quadrupole-hexadecapole is important since the quadrupole-
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quadrupole interaction alone was too repulsive in the sandwich conformation, although in the
other conformations the quadrupole-quadrupole potential was comparable to the full AME.
The full SSAME potential with the van der Waals and electrostatic terms was also
comparable to its atomistic counterpart (Fig. 2c). In all conformations sampled, the SSAME gave
reasonable full potential curves compared to the CHARMM model. The SSAME model also was
in good agreement with the quantum mechanical calculations of the benzene dimer. The SSAME
favored the T-conformation, which in QM data [25] is the most favorable orientation. Without
the quadrupole-hexadecapole term, the potential in the sandwich conformation would be overly
positive, implying that this transition state might be less favored in simulations.
The neat benzene radial distribution functions were determined to investigate the
structural properties of SSAME benzene (Fig. 3). The carbon-carbon radial distribution functions
for both the SSAME and CHARMM simulations were similar. In addition, the radial distribution
function for SSAME was similar to SSAME without the quadrupole-hexadecapole term as well
as for only the SS term with no electrostatics. The primary reason might be the dominance of the
van der Waals forces in pure benzene simulations. It was estimated that ~95% of the forces in the
benzene-benzene interaction is due to the van der Waals interaction [18]. However, in the center
of mass-center of mass radial distribution function (Fig. 3), SSAME with and without the
quadrupole-hexadecapole terms is similar to CHARMM. On the other hand, the peak for the SS
only was shifted to the left compared to the SSAME and CHARMM simulations. This
demonstrates the importance of the electrostatic potential in modeling benzene, even though the
dominant forces are the van der Waals potentials.
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5.4.2 Solvation of benzene in water
The components of the potential energy of the benzene-water interaction as a function of
distance from the benzene center of mass to the water oxygen were compared for SSAME
benzene with SSDQO water and its atomistic counterpart in CHARMM benzene with SPC/E
water. For the van der Waals interaction (Fig. 4a), the soft-sticky potential was comparable to the
CHARMM Lennard-Jones potential in the conformations where the water hydrogen is pointing
to the benzene primary axis, although the former was shifted to the right, which means that the
atomistic benzene has a dent at its center of mass that could allow water to get closer to the
benzene primary axis. In the other conformation, the soft-sticky potential produced a reasonable
van der Waals curve, but since the σs was based on the side-side benzene dimer conformation,
the potential was expected to be shifted to the left compared to CHARMM, where water is at the
edge of benzene so that the benzene center of mass-water oxygen distance is longer. In addition,
for the three conformations tested, AME qualitatively reproduced the electrostatic behavior of
the CHARMM electrostatic interactions defined by the partial charges on each of the atom (Fig.
4b). The water dipole-benzene hexadecapole is important since the AME without the term was
too attractive at longer intermolecular distances for conformations where the water hydrogen is
pointed to the primary axis of benzene. This demonstrates that the higher order multipole
(hexadecapole term) has a damping effect on the electrostatic interactions between benzene and
water.
The full SSAME potential with the van der Waals and electrostatic terms was also
comparable to its atomistic counterpart (Fig. 4c). In addition, SSAME also qualitatively
distinguished the difference in the potential curve of water forming linear and bifurcated
hydrogen bonds on the primary axis of benzene. However, the absence of the hexadecapole
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moment in the AME overestimated the well depth of the potential curve for conformations where
the water hydrogen is pointed to the primary axis of benzene due to the electrostatic contribution.
Although the repulsive wall of the sot-sticky potential was shifted to the right, it did not
counteract the electrostatic contribution, which was too favorable.
The MC simulation of the solvation of SSAME benzene by SSDQO water had structural
properties that were comparable to the solvation of CHARMM benzene by SPC/E water
simulated using identical conditions (Fig. 5). The SSAME simulation qualitatively reproduced
the first and second peaks of the radial distribution of water oxygen around the benzene center of
mass of its atomistic counterpart. In addition, the benzene center of mass-water hydrogen radial
distribution function of the SSAME simulation was also qualitatively similar to the atomistic
simulation, except that the first peak was shifted to the right compared to the atomistic
simulation. The radial distribution functions showed that SSDQO hydrogen was pointed towards
the face of the SSAME benzene, which is similar to the atomistic simulation. The benzene
carbon-water oxygen radial distribution function of the SSAME simulation also had the
featureless or “unstructured” profile of the atomistic simulation. On the other hand, the first
peaks of the benzene-water radial distribution functions were overstructured when the benzene
hexadecapole moment was not included (Fig. 5) because the hydrogen bonding between the
water oxygen and the primary axis of the benzene was heavily favored, consistent with the full
potential profile of the benzene-water dimer interaction (Fig. 4c). For comparison, a simulation
was performed where only the van der Waals forces in the SSAME benzene were present, while
the SSDQO has all parameters present. In both the radial distributions of water oxygen and
hydrogen around the benzene center of mass, the first peaks were absent, implying that the water
does not orient near the primary axis of benzene. This showed the importance of the benzene
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multipole moments in the electrostatic interaction of benzene solvated in water especially in
mimicking the weak π-H bond of the system. The SSAME simulation was in good agreement
with the atomistic MC simulation and showed that the parameters of SSAME benzene were
transferable (can be used in simulations of both pure and aqueous benzene).
5.4.3 Liquid methanol
While benzene demonstrated that the SSAME model is capable of describing electrostatic
interactions, most of the interaction of benzene is still determined by the van der Waals forces.
On the other hand, methanol is capable of hydrogen bonding (inset of Fig. 6). The components of
the potential energy of the hydrogen-bonded methanol dimer as a function of the oxygen-oxygen
distance were compared for the SSAME potential and the CHARMM potential. For the van der
Waals potential in the hydrogen bonding conformation, the soft-sticky potential having two
Lennard-Jones spheres was comparable to the CHARMM Lennard-Jones potential (six LennardJones spheres). In addition, the AME was in good agreement with the electrostatic behavior of
the CHARMM electrostatic interactions defined by the partial charges on each atom.
Furthermore, the full SSAME potential was also comparable to its atomistic counterpart (Fig. 6).
The radial distribution functions of the SSAME-2LJ gave structural properties similar to
those of the atomistic simulations (Fig. 7a). The SSAME-2LJ simulation qualitatively
reproduced the first peaks of the radial distributions of methanol oxygen and hydrogen around
the methanol oxygen of the atomistic simulation. In addition, simulations using only the softsphere Lennard-Jones potential for methanol did not display the characteristic peaks for
hydrogen bonding. Furthermore, in simulations of SSAME where the van der Waals site was
centered midway between the C-O bond (SSAME methanol), the radial distribution functions
gave qualitative descriptions of hydrogen bonding (Fig. 7b). In the O-O radial distribution
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function, the SSAME potential qualitatively reproduced the first peak of CHARMM molecular
dynamics simulations. The SSAME potential had a first peak located ~2.8 Å, which is
characteristic of hydrogen bonding, but the amplitude of the first peak in SSAME was lower than
in CHARMM. The methanol oxygen-methanol hydrogen radial distribution function for the
SSAME potential also qualitatively reproduced the first peak of the CHARMM molecular
dynamics simulation, although the peak of the former was shifted slightly to the right and the
amplitude was lower or less structured. The radial distribution demonstrated the ability of
SSAME methanol to orient hydrogen toward the direction of the oxygen. Since the van der
Waals site of one methanol only interacts with the van der Waals site of another methanol, and
the same is true for the electrostatic interaction, only two distances are computed for every pair
of methanol.
5.4.4 Solvation of methanol in water
The solvation of SSAME methanol by SSDQO water was also investigated (Fig. 8a). The
radial distribution of water oxygen around the methanol oxygen of SSAME-2LJ methanol in
SSDQO water was similar to the MC simulation of CHARMM methanol in SPC/E water. In
addition, the radial distribution of water hydrogen around the methanol oxygen was similar to its
atomistic counterpart, although the first peak of the former was lower than the latter. This
confirmed the presence of a hydrogen bond between SSAME-2LJ methanol and SSDQO water.
In addition, the standard SSAME methanol (with a single Lennard-Jones sphere located midway
along the C-O bond) also gave radial distributions of water that is consistent with the atomistic
simulation (Fig. 8b). The first peaks of the radial distributions of water oxygen and hydrogen
around the methanol oxygen in SSAME were slightly lower than the atomistic simulation but the
overall radial distributions were similar for both simulations. In comparison, simulations of
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Lennard-Jones methanol in SSDQO water did not produce the first peaks in the radial
distribution functions. This demonstrates that the approximate multipole expansion of the
SSAME methanol was responsible for effectively reproducing the hydrogen bonds formed in
pure and aqueous methanol.
5.4.5 Liquid phenol and solvation of phenol in water
Phenol is used as a test case to further look into the transferability of the SSAME
potential. The combination of the aromatic group and the hydroxyl group further tested the
suitability of the SSAME potential in modeling larger molecules. The structural properties of
neat phenol were determined using Monte Carlo simulations (Fig. 9). The radial distribution
functions of SSAME phenol were in reasonable agreement with the atomistic simulation.
SSAME qualitatively reproduced the first peak of both the radial distribution of phenol oxygen
around phenol oxygen and hydrogen, although minor variations were observed. This
demonstrated that SSAME phenol displayed hydrogen bonding. In comparison, simulations
without electrostatic interactions lacked the first peak at 2.8 Å, which indicated the absence of
hydrogen bonding.
In aqueous phenol, the Monte Carlo simulation of SSAME phenol in SSDQO water has
water oxygen-phenol oxygen radial distribution functions that were comparable to its atomistic
counterpart, although the first peak in the SSAME simulation was slightly wider and higher in
amplitude compared to the solvation of CHARMM phenol in SPC/E water (Fig. 10). In addition,
the radial distribution of water hydrogen around the phenol oxygen verified that hydrogen bonds
were formed between water and phenol. While differences in the radial distribution functions
between SSAME simulation and the atomistic simulation exist, these differences may be a result
of the CHARMM parameters differentiating phenol and methanol partial charges, while the
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SSAME multipole moments treats them identically. The hydroxyl oxygen of CHARMM phenol
(-0.54 e) has a lower partial charge compared to the hydroxyl oxygen of CHARMM methanol (0.66 e), which was used as the basis for the multipole moments of SSAME methanol. The
hydroxyl group of SSAME phenol uses the multipole moments of SSAME methanol, which
might contribute to the difference in the radial distribution function. In addition, the multipole
moments of SSAME phenol accounts for the sixth hydrogen in benzene and the carbon in
methanol, which are not present in the atomistic phenol. Furthermore, SSDQO:SPC/E also has a
tendency to form stronger hydrogen bonds [10]. Given these differences, the structural properties
of the SSAME phenol in SSDQO water still qualitatively reproduced the atomistic simulations.
The SSAME potential was shown to be transferable, which could mean the further application of
this potential to build or model larger biomolecules.

5.5. Conclusions
The SSAME potential energy function effectively treated the electrostatics for a group of
atoms (CG particles) in a physics-based manner. Here, the dimer potential energy and structural
properties of SSAME were shown to be comparable to its atomistic counterparts. For benzene,
the SSAME potential was able to reproduce the benzene-benzene interaction, which favored
certain conformations of the benzene dimer that were consistent with atomistic as well as
quantum mechanical calculations. Simulations of neat benzene in the SSAME potential had
radial distribution functions that were in qualitative agreement with simulations of atomistic
benzene. In aqueous solution, the SSAME benzene solvated in SSDQO water had comparable
structural properties with the atomistic simulations of CHARMM benzene in SPC/E water. In
addition, the SSAME methanol had a good description of hydrogen bonding. The first and
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second peaks of the liquid methanol radial distribution functions were reproduced qualitatively.
SSAME methanol in SSDQO water also gave comparable radial distribution functions as
atomistic methanol in SPC/E water. Furthermore, SSAME phenol was modeled from a
combination of SSAME benzene and methanol. The simulation of liquid phenol showed
hydrogen bonding between the hydroxyl groups of phenol. In the solvation of phenol in water,
the SSAME simulation was qualitatively comparable with its atomistic counterpart.
Overall, the radial distribution functions using SSAME were comparable to those using
CHARMM but the SSAME model allowed the representation of molecules using fewer
interaction sites than atomistic models. For instance, the twelve-atom benzene was represented as
a single “particle” while the six-atom methanol was represented by two sites. Thus, the SSAME
model demonstrates the efficacy of the approximate multipole expansion for treating
electrostatics in coarse-grained modeling.
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Tables
Table 1. a) The Lennard-Jones-type parameters for SSAME particles where σ = σl; Δσ =σb - σl
and ε = εl; Δε = (εb1/2 - εl1/2)2. b) The multipole moments for SSAME benzene and methanol and
SSDQO water. SSAME phenol uses the multipole moments of both benzene and methanol.
a)
Particle

σ (Å)

Δσ (Å)

ε (kcal/mol)

Δε (kcal/mol)

Benzene

6.3

-3.1

0.92

0.71

Methanol

4.2

0.

0.40

0.

Hydroxyl

3.154

0.

0.152

0.

Methylene

3.858

0.

0.080

0.

Water

3.166

0.

0.155

0.

b)
Particle

µ (D)

Θ0 (D-Å)

Θ2 (D-Å)

Ω0 (D-Å2)

Ω2 (D-Å2)

Φ0 (D-Å3)

Benzene

0.00

-6.84

0.00

0.00

0.00

40.7

Hydroxyl

2.11

0.00

2.06

-1.81

2.30

0.000

Methylene

0

0

0

0

0

0

Water

2.350

0.00

2.036

-1.566

1.959

0.000

Methanol:
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Figures
Fig. 1. (a) The orientation of benzene where the multipole moments are centered on the center of
mass and the primary axis is parallel to the z-axis. (b) The orientation of methanol where the
multipole moments are centered on the oxygen and the primary axis parallel to the z-axis. (c)
The representation of phenol based on SSAME benzene and methanol multipole moments for the
aromatic ring and the hydroxyl group, respectively.
Fig. 2. Potential energy as a function of the distance between the two benzene center of masses.
The three conformations are: sandwich (solid line), T-conformation (dash line), and side-by-side
(dotted lines). a) The van der Waals energy for CHARMM Lennard-Jones (blue) and softellipsoid Lennard-Jones-type (red) potentials. b) The electrostatic potential for CHARMM partial
charges (blue), the approximate multipole expansion (red), and the quadrupole-quadrupole
contribution of the AME (orange). c) The full potential for CHARMM (blue), SSAME (red),
SSAME without the quadrupole-hexadecapole term (orange), and QM calculation [25] (black).
Fig. 3. The carbon-carbon and the center of mass-center of mass (shifted by 2) radial distribution
function of liquid benzene for CHARMM (blue), SSAME (red), SSAME without the
quadrupole-hexadecapole term (orange), and the soft-ellipsoid potential only (green).
Fig. 4. Potential energy as a function of the distance between the benzene center of mass and the
oxygen of water. The three conformations were: water forming a linear hydrogen bond to the
primary axis of benzene (solid line), water forming a bifurcated hydrogen bond to the primary
axis of benzene (dash line), and water along the side of benzene (dotted lines) as defined in the
inset figures. a) The van der Waals energy for CHARMM Lennard-Jones (blue) and softellipsoid Lennard-Jones-type (red) potential. b) The electrostatic potential for CHARMM partial
charges (blue) and the approximate multipole expansion with (red) and without (orange) the
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dipole-hexadecapole term. c) The full potential for CHARMM (blue), SSAME (red), and the
SSAME without the dipole-hexadecapole term (orange).
Fig. 5. The benzene center of mass-water oxygen, benzene center of mass-water hydrogen
(shifted by 1), and benzene carbon-water oxygen (shifted by 2) radial distribution functions for
CHARMM benzene in SPC/E water (blue), SSAME benzene in SSDQO water (red), and
SSAME benzene without the dipole-hexadecapole term in SSDQO water (orange), and the softellipsoid benzene (no electrostatic interaction) in SSDQO water (green).
Fig. 6. The van der Waals (dashed line), electrostatic (dotted lines), and full potential energies of
methanol dimer H-bond conformation (inset figure) for CHARMM (blue) and SSAME-2LJ
(red).
Fig. 7. The oxygen-oxygen and oxygen-hydrogen (shifted by 2) radial distribution function of
liquid methanol for a) CHARMM (blue), SSAME-2LJ (red), and two Lennard-Jones spheres
(green), and b) CHARMM (blue), SSAME (red), and a Lennard-Jones sphere centered on the CO midpoint (green).
Fig. 8. The methanol oxygen-water oxygen and methanol oxygen-water hydrogen (shifted by 2)
radial distribution function of aqueous methanol simulated using a) CHARMM methanol in
SPC/E water (blue), SSAME-2LJ in SSDQO water (red), and the two Lennard-Jones spheres in
SSDQO water (green) and b) CHARMM methanol in SPC/E water (blue), SSAME methanol in
SSDQO water (red), and methanol with only a Lennard-Jones sphere centered on the C-O
midpoint in SSDQO water (green).
Fig. 9. The radial distribution of the phenol oxygen-oxygen and oxygen-hydrogen (shifted by 2)
in CHARMM (blue), SSAME (red), and the contribution of the soft-ellipsoid potential of
SSAME (green).
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Fig. 10. The radial distribution of water oxygen around the phenol oxygen and the aromatic ring
center of mass (shifted by 2) as well as the distribution of water hydrogen around the phenol
oxygen (shifted by 1) and the aromatic ring center of mass (shifted by 3) for CHARMM phenol
in SPC/E water (blue), SSAME phenol in SSDQO water (red), and the soft-ellipsoid phenol in
SSDQO water (green).
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