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Abstract

Given the piecewise approach to modeling intermolecular interactions for force

fields, they can be difficult to parameterize since they are fit to data like total en-

ergies that only indirectly connect to their separable functional forms. Furthermore,

by neglecting certain types of molecular interactions such as charge penetration and

charge transfer, most classical force fields must rely on, but do not always demon-

strate, how cancellation of errors occurs among the remaining molecular interactions

accounted for such as exchange repulsion, electrostatics, and polarization. In this work

we present the first generation of the (many-body) MB-UCB force field that explicitly

accounts for the decomposed molecular interactions commensurate with a variational

energy decomposition analysis, including charge transfer, with force field design choices
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that reduce the computational expense of the MB-UCB potential while remaining accu-

rate. We optimize parameters using only single water molecule and water cluster data

up through pentamers, with no fitting to condensed phase data, and we demonstrate

that high accuracy is maintained when the force field is subsequently validated against

conformational energies of larger water cluster data sets, radial distribution functions

of the liquid phase, and the temperature dependence of thermodynamic and transport

water properties. We conclude that MB-UCB is comparable in performance to MB-

Pol, but is less expensive and more transferable by eliminating the need to represent

short-ranged interactions through large parameter fits to high order polynomials.

1 Introduction

The field of molecular modeling has historically relied on a simple representation of the

potential energy surface of molecules based on what is known as the pairwise additive ap-

proximation.1 However, pairwise additive forces are limited when there is an asymmetric

environment,2 such as the heterogeneity of an interface,3,4 anisotropic electric fields in native

and synthetic enzyme active sites,5,6 the complex structural organization of functional mate-

rials,7,8 and the design of new drug molecules for which highly directional molecular interac-

tions must be finely tuned for binding specificity.9,10 Undoubtedly, creating a higher accuracy

force field for this range of system complexity requires the introduction of new functional

forms that describe many-body interactions such as polarization and non-classical effects

like charge penetration.11–22 Powerful success stories for improved accuracy in prediction are

evident from advanced force fields that incorporate such physics, i.e. SIBFA (Sum of Inter-

actions Between Fragments Ab initio computed),23 the CHARMM Drude model,24 Atomic

Multipole Optimized Energetics for Biomolecular Applications (AMOEBA),25–28 Gaussian

Electrostatic Model (GEM),29,30 Effective Fragment Potential (EFP),15,31 and MB-Pol.32,33

Even so, the greater complexity of this additional physics also poses greater challenges

for rational force field design, as well as algorithmic and software challenges needed to in-

2



crease computational efficiency in order to be used effectively for sampling in the condensed

phase.34,35

The rational design challenge is manifested in the fact that the advanced force fields

are often not as transferable as desired, proving surprisingly brittle in blind-prediction chal-

lenges,36–38 while other MB potentials such as MB-Pol disregard transferability in favor of

explicitly parameterizing each new chemical system to ensure high accuracy with commen-

surate increases in computational expense.32,33 Another way forward to impact the force

field design and sampling challenge is to systematically develop computationally tractable

force field terms that match the decomposition of first principles quantum mechanical (QM)

interaction energies. These piecewise contributions, including permanent and induced elec-

trostatics, Pauli repulsion, dispersion, charge penetration, and in some cases charge transfer,

can be revealed by chemically motivated energy decomposition analysis (EDA) methods. 39–46

There are already successful efforts in this direction such as the effective fragment potential

(EFP) method,47–49 the variational many-body expansion to guide the development of dis-

persion, exchange repulsion, and charge transfer contributions between different fragments

in the X-Pol model of Gao and co-workers,46 force fields based upon symmetry-adapted

perturbation theory (SAPT),8,28,50–52 or that are analyzed through variational absolutely-

localized-molecular-orbitals (ALMO)-EDA methods.53–55 It is well-known that various EDA

schemes all agree in the asymptotic region for most intermolecular interactions, but due to

inherent non-separability of the QM energies into individual pieces, EDA schemes are non-

unique at or near equilibrium and into the compressed region when electron density of the

molecular fragments overlap.56 Our view is that a force field that reproduces the piecewise

energy decomposition of any particular EDA scheme in the form of a truncated many-body

expansion, and in turn shows that it is transferable to describe a larger or more complex

system or phase, is an important way to fully validate any particular EDA approach.

In our previous work,53–55 we compared piecewise decomposition of the AMOEBA water

force field57 with ALMO-EDA at the level of ωB97X-V/def2-QZVPPD58,59 for various water
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and water-ions systems.54 We found that AMOEBA’s individual terms are very well for-

mulated in the asymptotic region for inherently long-ranged interactions when compared to

ALMO-EDA.53–55 However, there is considerable difference between the energy breakdowns

from ALMO-EDA and AMOEBA on both sides of the equilibrium geometry for water and

ion-water clusters. Not surprisingly, the observed difference with the ALMO-EDA energy

components is likely due to the fact that most of the AMOEBA force field parameters are

fitted to total energies from QM (in particular using MP2). This indirect connection to

the piecewise energy terms results in an inherent inability to account for the missing CT

and CP interactions to ensure cancellation of errors through their neglect. In fact we have

shown that AMOEBA attempts to capture the missing CT and CP terms either through

the polarization term or through its 14-7 vdW potentials by softening the VdW radii, but

does so incoherently across the energy terms that depends on the particular water cluster

and water-ion systems considered.53,54 Recently Liu et al. sought to correct this deficiency

by using SAPT to guide the development of the AMOEBA+ water model whose parameters

are fit to expenseive condensed phase data52 using ForceBalance optimization.14,60

In this work we describe the general and rational design of the first generation MB-UCB

force field based on a complete set of decomposable functional forms, including charge trans-

fer not available with SAPT, that captures term-by-term the ALMO-EDA decomposition of

small water clusters (up through pentamers only) with no fitting to condensed phase data.

The use of ALMO-EDA is motivated by its greater simplicity of the decomposed terms,

avoidance of perturbation theory, the ability to separate charge transfer from polarization,

and which can be combined with accurate density functionals.58,61 The MB-UCB force field

will be the first direct test as to whether variational EDAs can offer advantages over the

popular SAPT approach in practice.

Furthermore, unlike MB-Pol, we have explicitly accounted for CP and CT that allows

greater transferability to new chemistry, and also eliminating the 1000 parameters of the

high order polynomial fits that MB-Pol uses to represent the short-ranged two- and three-
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body terms interactions in the overlapping regime. In addition, the functional forms of the

individual molecular interactions of the MB-UCB force field are designed with one primary

goal in mind: the accounting of all molecular interactions that are either fit to or validated

against the ALMO-EDA for greater accuracy, while maintaining a strict adherence to model

choices and algorithms that keeps the computational cost manageable for condensed phase

sampling, making MB-UCB much less expensive than MB-Pol. We have implemented all of

the force terms for the MB-UCB model, and find that the condensed phase simulation well

reproduces the radial distribution functions of the liquid as well as the temperature depen-

dence of the density, heat of vaporization, diffusion constant, and dielectric constants, with

much improved accuracy compared to previous iAMOEBA60 and AMOEBA models,52,57,62

and it is comparable in accuracy to MB-Pol for these same properties. This sets the stage

for future reports on a complete MB-UCB potential for chain molecules such as proteins and

their characterization using condensed phase simulations.

2 Theory

For the direct comparison with ab initio energy components, we used the energy decompo-

sition analysis39 based on the ALMO-EDA method63,64 to separate the total non-bonded

interaction energy into individual contributions

Eint = Eelec + EPauli + Edisp + Epol + ECT (1)

where Eelec, EPauli, Edisp, Epol, and ECT corresponds to the contributions from the permanent

electrostatics, Pauli repulsion, dispersion, polarization and charge transfer, respectively.

Derivation of each of the individual energy components of ALMO-EDA are described

elsewhere.63,64 Several points should be noted. First, the so-called geometric distortion en-

ergy is not required for our present purposes. Second, as we have discussed previously,53 the

most appropriate choice for Eelec is the quasi-classical expression, which depends only on the
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geometry of the individual monomer of interest. Third, we use the fragment electric response

function approach (at the dipole+quadrupole level) to evaluating the energy lowering due

to polarization, ensuring a well-defined basis set limit.65

All the ALMO-EDA calculations are performed at the level of ωB97X-V/def2-QZVPPD58

using the Q-Chem software package.66 ωB97X-V is a hybrid generalized gradient approxima-

tion (hybrid GGA) functional which includes the VV10 non-local correlation functional for

dispersion correction, and has been well validated against coupled cluster benchmarks,58,67

including in previous assessments of AMOEBA53 The def2-QZVPPD basis59 has been es-

tablished as very close to the basis set limit for DFT calculations of molecular interaction

energies.67

The MB-UCB force field is designed for functional forms that well-reproduce the ALMO-

EDA decompositions of the non-bonded terms, while the valence terms of the MB-UCB force

field are the same as that used by AMOEBA18,68 that in turn is based on the early MM3

force field.69 The MB-UCB force field is subsequently validated on hexamer and large water

cluster data sets at equilibrium geometries, and for highly distorted states from water dimers

to decamers reported previously by Wang and co-workers13,14 . We also have implemented the

forces for the MB-UCB model and report the gOO(r), gOH(r), and gHH(r) radial distribution

functions as well as a number of thermodynamic and transport properties over a range of

temperatures at 1 atm. The entire model has been implemented in an in-house version of

the Tinker software package70 and will be made available upon request.

2.1 Permanent electrostatics

The permanent electrostatics is modeled by considering atom centered multipoles, consisting

of monopoles (q), dipoles (µ), and with optional treatment of higher order quadrupoles Q.

The total permanent electrostatics between all the atom pairs is expressed as
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Eelec =
∑
i<j

MT
i TijMj (2)

where M is the multipole vector and Tij is the multipole interaction matrix that consists of

appropriate derivatives of 1
r12

according to the multipole expansion. In this work we consider

two multipole models in which the multipole expansion is truncated at the level of dipoles

or quadrupoles on each atomic site.

Multipole expansions of the permanent electrostatics describe the anisotropy of the elec-

trostatic interactions at mid-range and recovery of the 1/r functional form at long-range,

however near equilibrium and in the very short range, when two atomic electron cloud over-

laps, the multipole expansion model breaks down due to the quantum mechanical effects of

charge penetration. With the exception of the GEM model29,30 which uses a density fitting

formalism to express the molecular density in a Hermite Gaussian auxiliary basis, earlier

incarnations of advanced force fields have used Thole damping71 functions to avoid the need

to incorporate charge penetration effects.

Charge penetration models in force fields are based on a strategy of separating the atomic

charge into a core nuclear charge and smeared electron cloud charge. In fact many advanced

force fields have begun to adopt some variation of the CP models12,15–19,29,72–75 proposed by

Gordon and co-workers15,19 or Piquemal et al.18 The main difference between these two CP

models are the use of different damping functions to approximate the value of the overlap

integral. While the recent AMOEBA+ model52 utilizes the functional form due to Gordon et

al,15 we have instead used the Piquemal model to account for the charge penetration effect,

but only applying it as a monopole-monopole (q − q) correction.13 Therefore, the modified

charge-charge electrostatic interactions between two atoms A and B with atomic charges qA

and qB is expressed as

Eq−q
elec =

ZAZB

r
+
ZA(ZB − qB)

r
fdamp +

ZB(ZA − qA)

r
fdamp +

(ZA − qA)(ZB − qB)

r
f overlap
damp (3)
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where, Z is the effective core charge (equal to the number of valence electrons), q is the atomic

monopole and hence Z− q describes the magnitude of the negatively charged electron cloud.

The first term in Eq. 3 is for the core-core interaction, the second and third terms describe the

interaction between core and electron clouds of the other atoms and finally the fourth term

accounts for the electron-electron interactions between each of the atoms. The two damping

functions, fdamp = (1− exp(−αr)) and f overlap
damp = (1− exp(−βAr))(1− exp(−βBr)), require

two parameters, α and β, to control the damping of core-electron and electron-electron

interactions, respectively. From Eq. 3 and the two damping functions, it is clear that the

charge penetration corrections can be made to decrease rapidly, and that the electrostatic

energy will correctly reduce to classical Coulombic multipolar interactions in the medium

and asymptotic long-range limits.

2.2 Polarization energy

Polarization is explicitly incorporated in MB-UCB by induced dipoles at polarizable sites

located on the atomic centers.57 The induced dipoles (µind) at a polarizable site i with

polarizability αi is expressed as

µind
i = αi

[∑
j

TijMj −
∑
j 6=i

Td−d
ij µind

j

]
(4)

Where T and M are the multipole-multipole interaction matrix and polytensor permanent

multipoles, respectively, and Td−d is the dipole-dipole interaction tensor. The first term of

Eq. 4 is for the direct polarization of the induced dipoles by the permanent multipoles with

field Ei and the second term is the mutual induction by induced dipoles on all the other

sites. Thus Eq. 4 can be rewritten as

µind
i = αi

[
Ei −

∑
j 6=i

Td−d
ij µind

j

]
(5)
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� α−1i µind
i +

∑
j 6=i

Td−d
ij µind

j = Ei (6)

and can be represented in general matrix form as



α−11 T d−d1 2 · · · T d−d1N

T d−d1 2 α−12 · · · T d−d2N

...
...

. . .
...

T d−d1N T d−d2N · · · α−1N





µ1

µ2

...

µN


=



E1

E2

...

EN


(7)

In Eq. 7, the off-diagonal blocks Td−d are the Thole damped71 Cartesian interaction

tensors between induced dipoles of two polarizable sites i and j, while the diagonal blocks

are the inverse of the atomic polarizability.

Because in an anisotropic media an applied electric field will induce an anisotropic po-

larization response, we recently introduced the model for the anisotropic atomic polarizabil-

ities55 as a rank two tensor.

α−1i =


αi,xx αi,xy αi,xz

αi,yx αi,yy αi,yz

αi,zx αi,zy αi,zz


−1

(8)

Our use of anisotropic polarization differs from the standard AMOEBA and AMOEBA+

models which assumes isotropic polarization.52,60,62

In this work we use a standard conjugate gradient self-consistent field (CG-SCF) solver 76

to obtain the induced dipoles and the polarization energy (Epol) using Eqs. 7 and 8

Epol = −1

2

∑
i

µind
i Ei (9)

In future work the anisotropic polarization will be combined with our iEL/SCF and SCF-less

approaches that reduces the computational expense of this step,77,78 while also adding the

9



benefits of a resonance controlled multi-time stepping algorithm,79 when used in molecular

dynamics.

2.3 Charge transfer energy

Recently, Deng et al.80 used an empirical many-body function to decompose SAPT induction

energy into polarization and charge transfer energies. Here we focus on their CT expression,

given by

ECT = −1

2

∑
i

µct
i E

ct
i (10)

µct
i = αct

i

∑
j

Tct
ijMj (11)

where αct
i controls the charge transfer energy between two atoms through a response to the

permanent electrostatics. To be clear, we note that this CT model has no explicit charge flow.

The multipole interaction matrix (Tct) elements are damped with an exponential damping

function

Tct
ζ = −f ct

3

rζ
r3ij
, ζ = x, y, z (12)

where

f ct
3 = [1− d exp(−bu3)], u =

rij

(αct
i α

ct
j )

1
6

(13)

in which the two parameters b and d are responsible for the exponential decay of the charge

transfer energy, which should be more short-ranged that polarization. However, unlike the

Deng et al. model,80 which only considered the direct charge transfer between the atomic

sites, we also consider the mutual CT term

ECT−ind = −1

2

∑
i

µct−ind
i Ect

i (14)
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µct−ind
i = αct

i

[∑
j

Tct
ijMj −

∑
j 6=i

T
ct[d−d]
ij µct−ind

j

]
(15)

that recovers a greater amount of the many-body character of charge transfer, albeit with

the understanding that no explicit charge flow is operative. By contrast the AMOEBA+

model includes only pairwise charge transfer, and furthermore must assume some arbitrary

amount of charge transfer since it is not defined explicitly in SAPT.52

2.4 vdW interactions

The remaining energy terms in ALMO-EDA, Pauli repulsion and dispersion, are modeled

in MB-UCB as a van der Waals interaction using a buffered 14-7 pairwise-additive function

proposed by Halgren81

EvdW =
∑
i<j

εij

(
1 + δ

σij + δ

)7(
1 + γ

σ7
ij + γ

− 2

)
(16)

ε defines the energy scale, and σ = r
R0

is the dimensionless distance between two atoms,

where R0 is the distance corresponding to the minimum energy. Like AMOEBA,82 we set

the two constants δ and γ to 0.12 and 0.07, respectively, while ε is optimized for the MB-UCB

model.

2.5 Parameterization Strategy

In previous studies of the many-body expansion of the AMOEBA polarizable model, we

found that liquid water potential energies were fully recovered through four-body terms,

while truncation at the level of five-body terms were required to reproduce forces. 83 Hence

the MB-UCB model is parameterized on the water monomer, dimer, trimer, tetramer, and

pentamer cluster data sets only.

In our previous study of polarization anisotropy, the atomic permanent electrostatics

and anisotropic polarizabilities were obtained from the ab initio calculations at the level of
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ωB97X-V/def2-QZVPP using the Williams-Stone-Misquitta (WSM) generalized distributed

multipole analysis (GDMA)84 with the help of CamCASP suite program.85 We kept the same

monopole and dipole parameters as the original AMOEBA03 model,57 and optimized the

atomic quadrupoles to reproduce the ab initio electrostatic potential (ESP) (using MP2/aug-

cc-pVTZ) on a grid of points outside the van der Waals surface (MB-UCB-MDQ).

However in this work we have made a different design decision by eliminating the per-

manent quadrupoles, and thus we have again used the WSM approach to reoptimize both

the permanent monopole and dipole parameters with anisotropic polarization to reproduce

the single water molecule electrostatics (MB-UCB-MD). To improve the electrostatics in the

short range further, we have adopted the charge penetration model with parameters taken

directly from the literature,13 but only applied to the monopole electrostatics. We later

present results establishing that there is no need to refit their CP parameters for either the

MB-UCB-MDQ or MB-UCB-MD permanent electrostatics. We note that we do not fit to

ALMO-EDA for the permanent electrostatics or polarization, but use it simply as a valida-

tion tool for the geometric scans of small water clusters. But for the charge transfer model,

the CT parameters were fitted to reproduce the ALMO-EDA charge transfer energies for

the data set consisting of water dimers, trimers, tetramers and pentamers extracted from

AMOEBA MD simulations.

Finally for the van der Waals interaction of the MB-UCB model, we fitted the parameters

in Eq. 17 from the remaining energy difference between the ωB97X-V/def2-QZVPPD total

binding energy and the previous model energy terms

EPauli + Edisp = Eabinito − Eelec − Epol − ECT − Evalence (17)

that will not only account for the Pauli and dispersion interactions, but will also clean up any

disparities between ALMO-EDA and the individual Eelec, Epol, and ECT terms of MB-UCB.

The van der Waals parameters were optimized using data sets containing more than
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9604 geometries consisting of water dimers, trimers, tetramers, and pentamers. Then, we

performed a validation study of our complete MB-UCB model over larger water cluster data

sets and liquid water properties.

2.6 Simulation Protocol

Condensed phase properties were characterized in in the isothermal-isobaric (NpT) ensemble

ensemble for 214 water molecules at 1 atm and over a range of temperatures. The equations

of motion were integrated using the velocity Verlet algorithm86 and with a time step size of

1 femtosecond. The duration of equilibration runs was 500 picoseconds and production runs

were 4 nanoseconds. Temperature and pressure were controlled using Nose Hoover meth-

ods87 and Coulomb interactions were computed using Ewald summation. For the diffusion

constants, a collection of 50 independent snapshots were used as starting points for separate

NVE trajectories of 100ps length each. Using the molecular dynamics simulations we have

calculated the radial distribution functions and dielectric constant at room temperature, and

the temperature dependence of the density, heat of vaporization, heat capacity, and diffu-

sion constants (which have been corrected for finite size effects), using previously reported

protocols.60,88

3 Results

For consideration of the breakdown of individual intermolecular interactions, we performed

a piecewise decomposition of the MB-UCB force field to directly compare with the ALMO-

EDA components for the water dimer and trimer along various scanned coordinates. For the

water dimer, the oxygen-oxygen distance is used as the scanned coordinate, where as for water

trimer one of the water molecules is moved from the centroid of the triangle formed by the

three oxygen atoms.53,54 Additionally, permanent electrostatics were computed for 50 random

configurations extracted from a 50 ps MD simulation at 298 K, with each configuration
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separated by 1 ps.

From Figures 1a and 1b it is clear that for the permanent electrostatics with inclusion of

CP that the MB-UCB model is in excellent agreement with the ALMO-EDA result not only

asymptotically but in the compressed region as well. It should be emphasized that we do

not fit the permanent electrostatics to ALMO-EDA, and hence this provides clear evidence

of compatibility between Eelec from ALMO-EDA and the CP-corrected electrostatics. An

equally important result is that while the MDQ multipole truncation of the MB-UCB force

field agrees very well with the ALMO-EDA result, there is only small degradation for MB-

UCB-MD in which the energy differences are within chemical accuracy of < 1 kcal/mole.
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Figure 1: Change in (a,b) permanent electrostatics, (c,d) polarization energy, and (e,f)
charge transfer energy for the water dimer (H2O)2 (left) and water trimer (H2O)3 (right)
along the scanned coordinate for ALMO-EDA and the MB-UCB models. The 0 Å distance
in the water trimer corresponds to the equilibrium geometry. We consider truncation of
the multipole expansion of the MB-UCB models up to dipoles (MD) and up to quadrupoles
(MDQ)

Figure 2a further supports the conclusion that the permanent electrostatics are in good

agreement between ALMO-EDA and MB-UCB when examining the water pentamer set

derived from a molecular dynamics trajectory. Again we find very little sensitivity to the

truncation level of the multipole expansion, suggesting that the monopole-dipole electrostatic

design choice will be a good one, at least for water.
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Figure 2: Correlation of (a) electrostatic, (b) polarization, and (c) charge transfer ener-
gies obtained from ALMO-EDA and MB-UCB using monopole-dipole (MD) and monopole-
dipole-quadrupole (MDQ) for 50 random configurations extracted from a MD simulation.

We have previously shown that the incorporation of atomic anisotropic polarizabilities in

the MB-UCB offers significantly better agreement with the ALMO-EDA polarization for the

water dimer, trimer and the MD-pentamer results than found using standard AMOEBA03. 57

Figure 1c re-examines the anisotropic polarization energy of MB-UCB for the water dimer,

but this time for the two multipole truncations, in which we find that both agree very well

with the ALMO-EDA polarization energy.65 Again the anisotropic polarization of the MB-

UCB model was developed independently of the ALMO-EDA result, suggesting that using

two very different approaches for deriving the fixed electrostatics and the leading 2-body

polarization response, that the GDMA and ALMO-EDA decompositions mutually reinforce

their basic correctness. However for the water trimer and the distorted pentamers shown in

1d and 2b, the MB-UCB model exhibits some over-polarization in comparison to ALMO-

EDA, although much less so than what we originally found for AMOEBA03 as reported

in previous work.55 We do note that the fragment electric response function utilized by

the ALMO-EDA has a contribution from Pauli repulsion (through electron reconfiguration)

that contributes to energy lowering that would not explain the differences. Hence these

energetic discrepancies must be compensated for in the last stage of the van der Waals

parameterization.

The MB-UCB model differs from most other many-body force fields with the inclusion of
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a model for the charge transfer interaction. Using a parameterization that is intentionally fit

to the ALMO-EDA decomposition for charge transfer, the MB-UCB force field’s computed

charge transfer energies are thus compared between the two multipole truncations for both

the water dimer and water trimer in Figures 1e, 1f, and 2c. It is evident that the general

induction functional form used for the charge transfer energy is able to reasonably recapit-

ulate the ab initio charge transfer energy from ALMO-EDA using either level of multipole

truncation, but with less fidelity than found for the electrostatics. It is certainly desirable

to reconsider the choice of functional form in future work to better describe charge flow.

Even so, the level of qualitative and even quantitative agreement is quite good given the

limitations of the functional form.

Figure 3: Different components of the charge transfer energy along the scanned coordinate
for water dimer (H2O)2 (left) and trimer (H2O)3 (right) using decomposition of SAPT vs
ALMO-EDA. Dotted green line is the equilibrium O-O distance in water dimer. Distance 0
Å in the water trimer corresponds to the equilibrium geometry.

It is worth considering the charge transfer energy calculated using the SAPT decompo-

sition proposed by Deng et al.,80 which is seen to underestimate the charge transfer energy

compared to the ALMO-EDA for the water dimer and trimer (Figure 3). The underesti-

mation of their CT energy compared to MB-UCB and ALMO-EDA can be due to either

the neglect of the mutual charge transfer energy in their induction formulation, and/or their

empirical separation of the SAPT induction energy into polarization and charge transfer com-

ponents. We can test one of these two possibilities directly by removing the mutual charge

transfer operation in the MB-UCB model, leaving behind only the direct charge transfer en-
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ergy, showing that indeed the charge transfer energy would be underestimated in the short

range as a result (see Figure 3a). Given that the agreement between ALMO-EDA and MB-

UCB model using GDMA for the polarization energy is mutually reinforcing, i.e. given that

they agree well although the intermolecular polarization is derived independently of each

other, we conclude that the empirical separation of the SAPT induction energy has underes-

timated the charge transfer and overestimated the polarization energy. 80 This conclusion is

consistent with detailed comparison of the energy decomposition schemes themselves on a va-

riety of model systems.89 A more detailed comparison of different energy components for the

water dimer obtained from energy decoposition analysis using SAPT2+90 (SAPT2+/def2-

QZVPPD) and variational ALMO-EDA (ωB97X-V/def2-QZVPPD) is shown in Figure S1.

Figure 4: Change in the van der Waals energy along the scanned coordinate for water dimer
(H2O)2 (a), trimer (H2O)3 (b) and the correlation of vdW energy between ALMO-EDA and
MB-UCB of 50 random configurations extracted from a MD simulation (c). Distance 0 Å in
the water trimer corresponds to the equilibrium geometry.

In Figure 4 we compare the van der Waals energy of the MB-UCB force field using Eq.

16 against the combined energy term EPauli + Edisp from ALMO-EDA. For both the water

dimer and trimer, the MB-UCB van der Waals energy agrees quite well with the ALMO-EDA

through out the scanned coordinates, with a similar trend observed for the MD extracted

water pentamers. What is pleasing about this result is that the MB-UCB model is also

fitting any disagreements between the individual Eelec, Epol, and ECT terms of MB-UCB

with ALMO-EDA. Thus the excellent agreement in the van der Waals energy is a reflection
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that there is very effective cancellation of small errors among these terms.

Table 1 provides a validation suite for dimers through 20-mer water cluster conformational

energies at stationary point geometries (minima and transition states) evaluated with MP2

or CCSD(T) taken from previously reported literature.57,91–96 Overall the MB-UCB-MDQ

and MB-UCB-MD models are in good agreement with the reference ab initio data for small

water clusters, with larger errors for larger clusters, but all are within the same range of

error of AMOEBA,57 AMOEBA1462 or iAMOEBA60 force fields.

Table 1: Comparison of binding energies between MB-UCB and ab initio references for
different water clusters of various sizes.

Molecule Previous Benchmarks DFT(ωB97X-V/def2-QZVPPD)58 MB-UCB-MDQ MB-UCB-MD
Dimers91(Smith) 1 -4.968 -4.87188 -5.1540 -5.0596

2 -4.453 -4.34329 -4.7759 -5.0090
3 -4.418 -4.30378 -3.8606 -4.0418
4 -4.25 -4.05396 -3.1060 -3.6774
5 -3.998 -3.77482 -3.6831 -3.4716
6 -3.957 -3.71311 -3.2071 -3.5344
7 -3.256 -3.20493 -2.9349 -2.5900
8 -1.3 -1.38317 -1.1501 -0.8613
9 -3.047 -3.04798 -2.9863 -2.6375
10 -2.182 -2.22805 -2.0673 -2.0865

Trimer57 -15.742 -15.7235 -16.0730 -16.6938
Tetramer57 -27.4 -27.6986 -27.8782 -28.0060
Pentamer57 -35.933 -36.4386 -37.2318 -37.3999
Hexamer95 Prism -45.92 -46.4157 -43.1065 -46.3284

Cage -45.67 -46.2443 -44.0680 -42.7931
Bag -44.3 -45.0311 -44.0609 -44.0417
CyclicChair -44.12 -44.9882 -46.4263 -45.8016
Book A -45.2 -45.8583 -45.0931 -45.8630
Book B -44.9 -45.5591 -44.4939 -44.7469
CyclicBoat A -43.13 -43.9873 -45.0067 -43.3573
CyclicBoat B -43.07 -43.9275 -44.8261 -43.8772

Octamer93 S4 -72.7 -73.3850 -72.5324 -70.1324
D2d -72.7 -73.4192 -72.5400 -69.6721

11-mer94 434 -105.718 -103.54 -104.2905 -103.1903
515 -105.182 -103.435 -107.2288 -104.4197
551 -104.92 -103.222 -106.1787 -104.2280
443 -104.76 -103.146 -103.8261 -104.0221
4412 -103.971 -102.243 -105.2387 -105.0566

16-mer96 Boat A -170.8 -164.220 -167.9238 -166.9812
Boat B -170.63 -164.067 -167.2663 -166.7567
Anti-boat -170.54 -163.909 -166.4467 -166.7683
ABAB -171.05 -163.969 -166.6278 -167.0233
AABB -170.51 -163.413 -165.4890 -165.9624

17-mer96 Sphere -182.54 -175.323 -180.6810 -185.3541
5525 -181.83 -174.636 -181.1569 -183.1971

20-mer92 Dodecahedron -200.1 -200.814 -204.1055 -206.4638
FusedCubes -212.1 -209.295 -208.6317 -209.4767
FaceSharingPrisms -215.2 -209.606 -212.1693 -211.8396
EdgeSharingPrisms -218.1 -211.476 -213.5750 -213.4915

MAD (Ref. Lit.) MAD (DFT)58 Units
MB-UCB-MDQ Dimer to Octamer 0.759 0.788 kcal/mol

11-mer to 20-mer 2.770 2.865 kcal/mol
MB-UCB-MD Dimer to Octamer 0.863 0.858 kcal/mol

11-mer to 20-mer 2.943 3.039 kcal/mol
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What is more relevant for the condensed phase is to consider distorted water cluster ge-

ometries taken from a liquid water simulation reported by Wang and co-workers. 60,62 Using

21,604 geometries for water clusters from dimers to decamers, we have developed a complete

benchmarking suite using ωB97X-V/def2-QZVPPD58 which has itself been well-validated

against a wide range of binding energies using the CCSD(T) gold standard.67 When com-

pared against the data set of the previously reported benchmarks based on RI-MP2/heavy-

aug-cc-pVTZ, Figure 5a indicates that the previous RI-MP2 results systematically overbind

with respect to the DFT reference. The MB-UCB-MDQ (Figure 5b) and MB-UCB-MD

(Figure 5c) models have a slight tendency to underbind with respect to the ωB97X-V/def2-

QZVPPD reference, although it is also evident that both perform equally well against the

DFT benchmark.

Figure 5: Correlation of water cluster binding energies from dimer to decamers for various
energy models. (a) comparison of water dimers to decamers for 21,604 configurations be-
tween RI-MP2/heavy-aug-cc-pVTZ and ωB97X-V/def2-QZVPPD. Comparison from water
hexamers to decamers for 12,002 configurations between ωB97X-V/def2-QZVPPD and (b)
MB-UCB-MDQ and (c) MB-UCB-MD. Density of points represented by blue (low) to yellow
(high) in the heatmap.

Of course the most important validation of any new water force field (and/or EDA

scheme), is its characterization beyond the highly necessary tests on water cluster energies

to its performance on condensed phase properties. Thus we have characterized the MB-UCB

water model over a range of temperatures, confirming that it realizes a density maximum

at 277 K, exhibits very accurate diffusion constants, and shows very good values for the

heat of vaporization and heat capacity (in which both include quantum corrections 88) when
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compared to experiment (Figure 6a-6c and Table 2).

Figure 6: Thermodynamic, transport, and structural properties for MB-UCB (green) vs.
experiment (black). (a) density, (b) the diffusion coefficients which have been corrected
for finite size effects using the experimental viscosity, and the (c) heat of vaporization.
Tabulated data for density and heat of vaporization is given in Tables S1 and S2. (d-f)
Radial distribution functions (rdfs) of water O–O, O–H,and H–H correlations. For gOO(r)
the gray curves correspond to a family of allowed rdfs that remove the unphysical density at
very low r and all conform to the isothermal compressibility.97
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Given the correct density provided at room temperature, we have also calculated two

additional properties at this one state point. The static dielectric constant of water was

computed from the total dipole moment fluctuations of the system yielding a computed

dielectric constant of 77(7) that agrees well with the experimental dielectric constant of

78.4.98 The MB-UCB-MD model is also in excellent agreement with the family of allowed

gOO(r) functions97 that are consistent with the experimental uncertainties inherent in the

work of Skinner and co-workers,99 and the gOH(r) and gHH(r) functions are also in no-

tably good agreement with the neutron scattering studies of Soper.100 The MB-UCB-MD

model, which is formulated on just small water cluster data from monomer to pentamers,

offers significant improvement in liquid structure over previously reported iAMOEBA 60 and

AMOEBA57,62 models that tend to be over-structured in spite of being fit to condensed phase

data, something which has been less problematic for other water models such as MB-Pol,32,33

TIP4P-EW,88 and TIP5P.101

Table 2: Isobaric heat capacity of liquid water at various temperatures obtained from the
simulations using MB-UCB and compared with experiment. The heat capacity was derived
by differentiating a 6th order polynomial fit to the heat of vaporization simulations, with
error bars that are of the order of 1-2 cal·mol−1·K−1

.

Temperature (K) MB-UCB Quantum corrections88 Experiment102

269.0 18.495 -2.5 18.20
275.0 17.923 -2.4 18.12
279.0 17.543 -2.4 18.09
285.0 17.062 -2.3 18.03
293.0 16.686 -2.2 18.02
303.0 16.614 -2.1 18.00
315.0 17.100 -2.0 18.00
327.0 18.032 -1.9 18.02
339.0 19.228 -1.8 18.03
349.0 19.921 -1.7 18.05
361.0 20.120 -1.6 18.11
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4 Discussion and Conclusion

The performance of all force fields rely on accurate representations of the individual energy

components such as permanent electrostatics, many-body polarization, the van der Walls

potential, and non-classical effects such as charge penetration and charge transfer to yield

the total intermolecular energy. However many force fields are parameterized with respect to

either total energy and forces of high quality QM data and/or fits to experimental properties,

and thus they are only indirectly connected to the individual energy components. In order

to minimize errors among the individual energy terms of the decomposed QM energy, we

have developed the MB-UCB force field based on the same breakdowns of ALMO-EDA

when analyzed on small water cluster data. By incorporating charge penetration 18 to better

describe the short range electrostatics, accompanied with atomic anisotropic polarizabilities

to improve the polarization energy,55 as well as introducing a simple model for the charge

transfer energy,80 we have found excellent agreement with the ALMO-EDA breakdown with

respect to these energy components. Furthermore we have shown that we can eliminate the

need for the algebra-intensive quadrupoles of the permanent electrostatics for water.

As a result, we have shown that MB-UCB quantitatively describes the binding energies

of both small and large water clusters compared to the ab initio binding energies. More

importantly it has shown excellent properties outside the parameterization set including rdfs

at room temperature, and excellent reproduction of temperature dependent thermodynamic

and transport properties. We note that all condensed phase properties are true validation

sets for the MB-UCB model, unlike the recent SAPT-guided AMOEBA+ model52 whose

parameters were optimized with ForceBalance across a large range of condensed phase prop-

erties. In fact, the MB-UCB model is much closer in philosophy to the MB-Pol model -

which is highly accurate for water - by relying on small water cluster data and a quality

hybrid DFT functional that is close to CCSD(T) accuracy, and our early examination of

the temperature dependence of liquid state properties suggests that it has reached a sim-

ilar level of accuracy. But we deviate from the MB-Pol model in several very important
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ways. First is that MB-UCB explicitly grapples with the quantum mechanical nature of the

short-ranged two and three-body interactions, eliminating the need for the S2 and S3 terms

that are heavily parameterized in the MB-Pol model ( 1000 parameters for the three-body

terms) and unique to each chemical species, thereby making MB-UCB far more tractable

and transferable for chemical systems beyond water.

The limited existence of good functional forms to model charge transfer in force fields

has been mainly due the fact that there has been no chemically motivated way of separating

out the charge transfer energy in an electronic structure calculation. Therefore, most of the

advanced force fields lack an explicit model for the charge transfer energy term or add it to

polarization to reproduce SAPT induction.52 However with the development of ALMO-EDA,

which rigorously decouples polarization from charge transfer effects, it can provide guidance

for incorporating charge transfer into an advanced force field. For the MB-UCB model we

have used a highly empirical model for treating CT as an induction effect,80 but augmenting

it with a mutual induction term that introduces a greater many-body response. Although

lacking the quantum mechanical effect of charge flow, the explicit representation of both CT

and polarization is a step beyond the standard SAPT assumption of combining them into

one induction term. In particular, because the exponential damping for CT is made more

short-ranged than it is for polarization, we are able to correctly describe the different spatial

range dependencies of these two terms that captures an important aspect of their quantum

mechanical differences.

Because we have developed new algorithms to evaluate the many-body interaction en-

ergies and forces that reduces77 or eliminates78 the self-consistent field steps, the overall

computational cost of the MB-UCB model is just that of the evaluation of the pairwise

permanent electrostatics. Since the MB-UCB model only needs to utilize permanent atomic

monopoles and dipoles for water, it should be computationally competitive with standard

force fields but with greater accuracy afforded by its many-body character. The next stage

of the MB-UCB force field development is for biologically relevant molecules starting with
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protein chemistry using amino acid building blocks, and ultimately extending the model to

nucleic acids and drug molecules, and other non-biochemical systems as well.

Acknowledgment

The authors thank the National Science Foundation for support under Grant No. CHE-

1665315. This research used the computational resources of the National Energy Research

Scientific Computing Center, a DOE Office of Science User Facility supported by the Office

of Science of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. We

would also like to thank Prof. Lee-Ping Wang for providing all the MD extracted water

cluster geometries and corresponding MP2 water binding energies.

References

(1) Lifson, S.; Warshel, A. Consistent Force Field for Calculations of Conformations, Vi-

brational Spectra, and Enthalpies of Cycloalkane and n-Alkane Molecules. J. Chem.

Phys. 1968, 49, 5116–5129.

(2) Remsing, R. C.; Baer, M. D.; Schenter, G. K.; Mundy, C. J.; Weeks, J. D. The Role of

Broken Symmetry in Solvation of a Spherical Cavity in Classical and Quantum Water

Models. J. Phys. Chem. Lett. 2014, 5, 2767–2774.

(3) Jungwirth, P.; Winter, B. Ions at aqueous interfaces: From water surface to hydrated

proteins. Annu. Rev. Phys. Chem. 2008, 59, 343–366.

(4) Vazdar, M.; Pluharova, E.; Mason, P. E.; Vacha, R.; Jungwirth, P. Ions at Hydrophobic

Aqueous Interfaces: Molecular Dynamics with Effective Polarization. J. Phys. Chem.

Lett. 2012, 3, 2087–2091.

25



(5) Vassier Welborn, V.; Ruiz Pestana, L.; Head-Gordon, T. Computational optimization

of electric fields for better catalysis design. Nature Catalysis 2018, 1, 649–655.

(6) Vaissier Welborn, V.; Head-Gordon, T. Computational Design of Synthetic Enzymes.

Chem. Rev. 2019, 119, 6613–6630.

(7) Vaissier Welborn, V.; Head-Gordon, T. Electrostatics Generated by a Supramolecular

Capsule Stabilizes the Transition State for Carbon-Carbon Reductive Elimination

from Gold(III) Complex. J. Phys. Chem. Lett. 2018, 9, 3814–3818.

(8) McDaniel, J. G.; Schmidt, J. R. Robust, Transferable, and Physically Motivated Force

Fields for Gas Adsorption in Functionalized Zeolitic Imidazolate Frameworks. J. Phys.

Chem. C 2012, 116, 14031–14039.

(9) Xuewei, L.; Danfeng, S.; Shuangyan, Z.; Hongli, L.; Huanxiang, L.; Xiaojun, Y. Molec-

ular dynamics simulations and novel drug discovery. Expert Opin. Drug Discov. 2018,

13, 23–37.

(10) De Vivo, M.; Masetti, M.; Bottegoni, G.; Cavalli, A. Role of Molecular Dynamics and

Related Methods in Drug Discovery. J. Med. Chem. 2016, 59, 4035–4061.

(11) Demerdash, O.; Wang, L.-P.; Head-Gordon, T. Advanced models for water simula-

tions. Wiley Interdisciplinary Reviews: Computational Molecular Science 2018, 8,

e1355.

(12) Rackers, J. A.; Wang, Q.; Liu, C.; Piquemal, J.-P.; Ren, P.; Ponder, J. W. An opti-

mized charge penetration model for use with the AMOEBA force field. Phys. Chem.

Chem. Phys 2017, 19, 276–291.

(13) Wang, Q.; Rackers, J. A.; He, C.; Qi, R.; Narth, C.; Lagardere, L.; Gresh, N.; Pon-

der, J. W.; Piquemal, J.-P.; Ren, P. General Model for Treating Short-Range Elec-

26



trostatic Penetration in a Molecular Mechanics Force Field. J. Chem. Theo. Comp.

2015, 11, 2609–2618.

(14) Wang, B.; Truhlar, D. G. Screened Electrostatic Interactions in Molecular Mechanics.

J. Chem. Theo. Comp. 2014, 10, 4480–4487.

(15) Slipchenko, L. V.; Gordon, M. S. Damping functions in the effective fragment potential

method. Mol. Phys. 2009, 107, 999–1016.

(16) Wang, B.; Truhlar, D. G. Including Charge Penetration Effects in Molecular Modeling.

J. Chem. Theo. Comp. 2010, 6, 3330–3342.

(17) Stone, A. J. Electrostatic Damping Functions and the Penetration Energy. J. Phys.

Chem. A 2011, 115, 7017–7027.

(18) Piquemal, J.; Gresh, N.; Giessner-Prettre, C. Improved formulas for the calculation of

the electrostatic contribution to the intermolecular interaction energy from multipolar

expansion of the electronic distribution. J. Phys. Chem. A 2003, 107, 10353–10359.

(19) Freitag, M.; Gordon, M.; Jensen, J.; Stevens, W. Evaluation of charge penetration

between distributed multipolar expansions. J. Chem. Phys. 2000, 112, 7300–7306.

(20) Ngo, V. A.; Fanning, J. K.; Noskov, S. Y. Comparative Analysis of Protein Hydration

from MD simulations with Additive and Polarizable Force Fields. Adv. Theory Simul.

2019, 2, 1800106.

(21) Wang, L.-P.; McKiernan, K. A.; Gomes, J.; Beauchamp, K. A.; Head-Gordon, T.;

Rice, J. E.; Swope, W. C.; Martinez, T. J.; Pande, V. S. Building a More Predictive

Protein Force Field: A Systematic and Reproducible Route to AMBER-FB15. J. Phys.

Chem. B 2017, 121, 4023–4039.

(22) Wang, L.-P.; Martinez, T. J.; Pande, V. S. Building Force Fields: An Automatic,

Systematic, and Reproducible Approach. J. Phys. Chem. Lett. 2014, 5, 1885–1891.

27



(23) Piquemal, J.-P.; Chevreau, H.; Gresh, N. Toward a separate reproduction of the con-

tributions to the Hartree-Fock and DFT intermolecular interaction energies by polar-

izable molecular mechanics with the SIBFA potential. J. Chem. Theo. Comp. 2007,

3, 824–837.

(24) Lopes, P. E. M.; Huang, J.; Shim, J.; Luo, Y.; Li, H.; Roux, B.; MacKerell, A. D., Jr.

Polarizable Force Field for Peptides and Proteins Based on the Classical Drude Oscil-

lator. J. Chem. Theo. Comp. 2013, 9, 5430–5449.

(25) Ren, P.; Ponder, J. Consistent treatment of inter- and intramolecular polarization in

molecular mechanics calculations. J. Comput. Chem. 2002, 23, 1497–1506.

(26) Shi, Y.; Xia, Z.; Zhang, J.; Best, R.; Wu, C.; Ponder, J. W.; Ren, P. Polarizable

Atomic Multipole-Based AMOEBA Force Field for Proteins. J. Chem. Theo. Comp.

2013, 9, 4046–4063.

(27) Ponder, J. W.; Wu, C.; Ren, P.; Pande, V. S.; Chodera, J. D.; Schnieders, M. J.;

Haque, I.; Mobley, D. L.; Lambrecht, D. S.; DiStasio, R. A., Jr. et al. Current Status

of the AMOEBA Polarizable Force Field. J. Phys. Chem. B 2010, 114, 2549–2564.

(28) Rackers, J. A.; Liu, C.; Ren, P.; Ponder, J. W. A physically grounded damped disper-

sion model with particle mesh Ewald summation. J. Chem. Phys. 2018, 149, 084115.

(29) Piquemal, J.; Cisneros, G.; Reinhardt, P.; Gresh, N.; Darden, T. Towards a force field

based on density fitting. J. Chem. Phys. 2006, 124, 104101.

(30) Cisneros, G. A.; Piquemal, J.-P.; Darden, T. A. Generalization of the Gaussian elec-

trostatic model: Extension to arbitrary angular momentum, distributed multipoles,

and speedup with reciprocal space methods. J. Chem. Phys. 2006, 125, 18410.

(31) Gordon, M. S.; Fedorov, D. G.; Pruitt, S. R.; Slipchenko, L. V. Fragmentation Meth-

28



ods: A Route to Accurate Calculations on Large Systems. Chem. Rev. 2012, 112,

632–672.

(32) Babin, V.; Medders, G. R.; Paesani, F. Toward a Universal Water Model: First Prin-

ciples Simulations from the Dimer to the Liquid Phase. J. Phys. Chem. Lett. 2012, 3,

3765–3769.

(33) Babin, V.; Leforestier, C.; Paesani, F. Development of a ”First Principles” Water

Potential with Flexible Monomers: Dimer Potential Energy Surface, VRT Spectrum,

and Second Virial Coefficient. J. Chem. Theo. Comp. 2013, 9, 5395–5403.

(34) Demerdash, O.; Yap, E. H.; Head-Gordon, T. Advanced potential energy surfaces for

condensed phase simulation. Annu. Rev. Phys. Chem. 2014, 65, 149–74.

(35) Albaugh, A.; Boateng, H. A.; Bradshaw, R. T.; Demerdash, O. N.; Dziedzic, J.;

Mao, Y.; Margul, D. T.; Swails, J.; Zeng, Q.; Case, D. A. et al. Advanced Potential

Energy Surfaces for Molecular Simulation. J. Phys. Chem. B 2016, 120, 9811–9832.

(36) Mobley, D. L.; Liu, S.; Cerutti, D. S.; Swope, W. C.; Rice, J. E. Alchemical prediction

of hydration free energies for SAMPL. J. Comput. Aided Mol. Des. 2012, 26, 551–562.

(37) Mobley, D. L.; Wymer, K. L.; Lim, N. M.; Guthrie, J. P. Blind prediction of solvation

free energies from the SAMPL4 challenge. J. Comput. Aided Mol. Des. 2014, 28,

135–150.

(38) Bradshaw, R. T.; Essex, J. W. Evaluating Parametrization Protocols for Hydration

Free Energy Calculations with the AMOEBA Polarizable Force Field. J. Chem. Theo.

Comp. 2016, 12, 3871–3883.

(39) Kitaura, K.; Morokuma, K. A new energy decomposition scheme for molecular in-

teractions within the Hartree-Fock approximation. Int. J. Quantum Chem. 1976, 10,

325–340.

29



(40) Chen, W.; Gordon, M. Energy decomposition analyses for many-body interaction and

applications to water complexes. J. Phys. Chem. 1996, 100, 14316–14328.

(41) Mitoraj, M. P.; Michalak, A.; Ziegler, T. A Combined Charge and Energy Decompo-

sition Scheme for Bond Analysis. J. Chem. Theo. Comp. 2009, 5, 962–975.

(42) Su, P.; Li, H. Energy decomposition analysis of covalent bonds and intermolecular

interactions. J. Chem. Phys. 2009, 131, 014102.

(43) Reed, A.; Curtiss, L.; Weinhold, F. Intermolecular Interactions from a Natural Bond

Orbital, Donor-Acceptor Viewpoint. Chem. Rev. 1988, 88, 899–926.

(44) Jeziorski, B.; Moszynski, R.; Szalewicz, K. Perturbation-Theory Approach to Inter-

molecular Potential-Energy Surfaces of Van-der-Waals Complexes. Chem. Rev. 1994,

94, 1887–1930.

(45) Misquitta, A.; Podeszwa, R.; Jeziorski, B.; Szalewicz, K. Intermolecular potentials

based on symmetry-adapted perturbation theory with dispersion energies from time-

dependent density-functional calculations. J. Chem. Phys. 2005, 123, 214103.

(46) Gao, J.; Wang, Y. Communication: Variational many-body expansion: Accounting

for exchange repulsion, charge delocalization, and dispersion in the fragment-based

explicit polarization method. The Journal of Chemical Physics 2012, 136, 071101.

(47) Gordon, M. S.; Smith, Q. A.; Xu, P.; Slipchenko, L. V. In Annual Review of Physical

Chemistry, Vol 64 ; Johnson, M. A., Martinez, T. J., Eds.; Annu. Rev. Phys. Chem;

2013; Vol. 64; pp 553–578.

(48) Gordon, M.; Mullin, J.; Pruitt, S.; Roskop, L.; Slipchenko, L.; Boatz, J. Accurate

Methods for Large Molecular Systems. J. Phys. Chem. B 2009, 113, 9646–9663.

(49) Gordon, M.; Freitag, M.; Bandyopadhyay, P.; Jensen, J.; Kairys, V.; Stevens, W.

30



The effective fragment potential method: A QM-based MM approach to modeling

environmental effects in chemistry. J. Phys. Chem. A 2001, 105, 293–307.

(50) Tafipolsky, M.; Ansorg, K. Toward a Physically Motivated Force Field: Hydrogen

Bond Directionality from a Symmetry-Adapted Perturbation Theory Perspective. J.

Chem. Theo. Comp. 2016, 12, 1267–1279.

(51) Schmidt, J. R.; Yu, K.; McDaniel, J. G. Transferable Next-Generation Force Fields

from Simple Liquids to Complex Materials. Acc. Chem. Res. 2015, 48, 548–556.

(52) Liu, C.; Piquemal, J.-P.; Ren, P. AMOEBA+ Classical Potential for Modeling Molec-

ular Interactions. Journal of Chemical Theory and Computation 0, 0, null, PMID:

31136175.

(53) Mao, Y.; Demerdash, O.; Head-Gordon, M.; Head-Gordon, T. Assessing Ion-Water

Interactions in the AMOEBA Force Field Using Energy Decomposition Analysis of

Electronic Structure Calculations. J. Chem. Theo. Comp. 2016, 12, 5422–5437.

(54) Demerdash, O.; Mao, Y.; Liu, T.; Head-Gordon, M.; Head-Gordon, T. Assessing many-

body contributions to intermolecular interactions of the AMOEBA force field using

energy decomposition analysis of electronic structure calculations. J. Chem. Phys.

2017, 147, 161721.

(55) Das, A. K.; Demerdash, O. N.; Head-Gordon, T. Improvements to the AMOEBA

Force Field by Introducing Anisotropic Atomic Polarizability of the Water Molecule.

J. Chem. Theo. Comp. 2018, 14, 6722–6733.

(56) Phipps, M. J. S.; Fox, T.; Tautermann, C. S.; Skylaris, C.-K. Energy decomposi-

tion analysis approaches and their evaluation on prototypical protein-drug interaction

patterns. Chem. Soc. Rev. 2015, 44, 3177–3211.

31



(57) Ren, P.; Ponder, J. Polarizable atomic multipole water model for molecular mechanics

simulation. J. Phys. Chem. B 2003, 107, 5933–5947.

(58) Mardirossian, N.; Head-Gordon, M. ωB97X-V: A 10-parameter, range-separated hy-

brid, generalized gradient approximation density functional with nonlocal correlation,

designed by a survival-of-the-fittest strategy. Phys. Chem. Chem. Phys 2014, 16,

9904–9924.

(59) Rappoport, D.; Furche, F. Property-optimized Gaussian basis sets for molecular re-

sponse calculations. J. Chem. Phys. 2010, 133, 134105.

(60) Wang, L. P.; Head-Gordon, T.; Ponder, J. W.; Ren, P.; Chodera, J. D.; Eastman, P. K.;

Martinez, T. J.; Pande, V. S. Systematic improvement of a classical molecular model

of water. J. Phys. Chem. B 2013, 117, 9956–9972.

(61) Mardirossian, N.; Head-Gordon, M. ωB97M-V: A combinatorially optimized, range-

separated hybrid, meta-GGA density functional with VV10 nonlocal correlation. J.

Chem. Phys. 2016, 144, 214110.

(62) Laury, M. L.; Wang, L.-P.; Pande, V. S.; Head-Gordon, T.; Ponder, J. W. Revised

Parameters for the AMOEBA Polarizable Atomic Multipole Water Model. J. Phys.

Chem. B 2015, 119, 9423–9437.

(63) Khaliullin, R. Z.; Cobar, E. A.; Lochan, R. C.; Bell, A. T.; Head-Gordon, M. Un-

ravelling the origin of intermolecular interactions using absolutely localized molecular

orbitals. J. Phys. Chem. A 2007, 111, 8753–8765.

(64) Horn, P. R.; Mao, Y.; Head-Gordon, M. Probing non-covalent interactions with a

second generation energy decomposition analysis using absolutely localized molecular

orbitals. Phys. Chem. Chem. Phys 2016, 18, 23067–23079.

32



(65) Horn, P. R.; Head-Gordon, M. Polarization contributions to intermolecular interac-

tions revisited with fragment electric-field response functions. J. Chem. Phys. 2015,

143, 114111.

(66) Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A. T. B.; Wormit, M.; Kussmann, J.;

Lange, A. W.; Behn, A.; Deng, J.; Feng, X. et al. Advances in molecular quantum

chemistry contained in the Q-Chem 4 program package. Mol. Phys. 2015, 113, 184–

215.

(67) Mardirossian, N.; Head-Gordon, M. Thirty years of density functional theory in com-

putational chemistry: an overview and extensive assessment of 200 density functionals.

Mol. Phys. 2017, 115, 2315–2372.

(68) Zhang, C.; Lu, C.; Jing, Z.; Wu, C.; Piquemal, J.-P.; Ponder, J. W.; Ren, P. AMOEBA

Polarizable Atomic Multipole Force Field for Nucleic Acids. J. Chem. Theo. Comp.

2018, 14, 2084–2108.

(69) Allinger, N.; Yuh, Y.; Lii, J. Molecular Mechanics - The MM3 Force-Field For Hydro-

carbons .1. J. Am. Chem. Soc. 1989, 111, 8551–8566.

(70) Ponder, J. W. TinkerSoftware Tools for Molecular Design. Washington University, St.

Louis, MO 2015, Vol. 7.1 .

(71) Thole, B. Molecular Polarizabilities Calculated with a Modified Dipole Interaction.

Chem. Phys. 1981, 59, 341–350.

(72) Cisneros, G. A.; Tholander, S. N.-I.; Parisel, O.; Darden, T. A.; Elking, D.; Perera, L.;

Piquemal, J. P. Simple formulas for improved point-charge electrostatics in classical

force fields and hybrid quantum mechanical/molecular mechanical embedding. Int. J.

Quantum Chem. 2008, 108, 1905–1912.

33



(73) Spackman, M. The use of the promolecular charge density to approximate the pene-

tration contribution to intermolecular electrostatic energies. Chem. Phys. Lett 2006,

418, 158–162.

(74) Tafipolsky, M.; Engels, B. Accurate Intermolecular Potentials with Physically

Grounded Electrostatics. J. Chem. Theo. Comp. 2011, 7, 1791–1803.

(75) Wang, B.; Truhlar, D. G. Partial Atomic Charges and Screened Charge Models of the

Electrostatic Potential. J. Chem. Theo. Comp. 2012, 8, 1989–1998.

(76) Wang, W.; Skeel, R. D. Fast evaluation of polarizable forces. J. Chem. Phys. 2005,

123, 164107.

(77) Albaugh, A.; Demerdash, O.; Head-Gordon, T. An efficient and stable hybrid ex-

tended Lagrangian/self-consistent field scheme for solving classical mutual induction.

J. Chem. Phys. 2015, 143, 174104.

(78) Albaugh, A.; Head-Gordon, T. A New Method for Treating Drude Polarization in

Classical Molecular Simulation. J. Chem. Theo. Comp. 2017, 13, 5207–5216.

(79) Albaugh, A.; Tuckerman, M. E.; Head-Gordon, T. Combining Iteration-Free Polariza-

tion with Large Time Step Stochastic-Isokinetic Integration. J. Chem. Theo. Comp.

2019, 15, 2195–2205.

(80) Deng, S.; Wang, Q.; Ren, P. Estimating and modeling charge transfer from the SAPT

induction energy. J. Comput. Chem. 2017, 38, 2222–2231.

(81) Halgren, T. Representation of van der Waals (vdW) Interactions in Molecular Me-

chanics Force-Fields - Potential Form, Combination Rules, and vdW Parameters. J.

Am. Chem. Soc. 1992, 114, 7827–7843.

(82) Ponder, J. W.; Case, D. A. Protein Simulations ; Advances in Protein Chemistry;

Academic Press, 2003; Vol. 66; pp 27 – 85.

34



(83) Demerdash, O. N.; Head-Gordon, T. Convergence of the Many-Body Expansion for

Energy and Forces for Classical Polarizable Models in the Condensed Phase. J. Chem.

Theo. Comp. 2016, 12, 3884–3893.

(84) Misquitta, A.; Stone, A. Distributed polarizabilities obtained using a constrained

density-fitting algorithm. J. Chem. Phys. 2006, 124, 024111.

(85) Misquitta, A. J.; Stone, A. J. CamCASP: a program for studying intermolecular inter-

actions and for the calculation of molecular properties in distributed form. University

of Cambridge, 2016 http://www-stone.ch.cam.ac.uk/ programs.html#CamCASP.

(86) Swope, W. C.; Andersen, H. C.; Berens, P. H.; Wilson, K. R. A Computer Simulation

Method for the Calculation of Equilibrium Constants for the Formation of Physical

Clusters of Molecules: Application to Small Water Clusters. J. Chem. Phys. 1982,

76, 637.

(87) Martyna, G. J.; Tuckerman, M. E.; Tobias, D. J.; Klein, M. L. Explicit Reversible

Integrators for Extended Systems Dynamics. Mol. Phys. 1996, 87, 1117–1157.

(88) Horn, H.; Swope, W.; Pitera, J.; Madura, J.; Dick, T.; Hura, G.; Head-Gordon, T. De-

velopment of an improved four-site water model for biomolecular simulations: TIP4P-

Ew. J. Chem. Phys. 2004, 120, 9665–9678.

(89) Mao, Y.; Ge, Q.; Horn, P. R.; Head-Gordon, M. On the Computational Character-

ization of Charge-Transfer Effects in Noncovalently Bound Molecular Complexes. J.

Chem. Theor. Comput. 2018, 14, 2401–2417.

(90) Hohenstein, E. G.; Jaeger, H. M.; Carrell, E. J.; Tschumper, G. S.; Sherrill, C. D.

Accurate Interaction Energies for Problematic Dispersion-Bound Complexes: Homo-

geneous Dimers of NCCN, P2, and PCCP. J. Chem. Theo. Comp. 2011, 7, 2842–2851.

35



(91) van Duijneveldt-van de Rijdt, J.; Mooij, W.; van Duijneveldt, F. Testing the quality

of some recent water-water potentials. Phys. Chem. Chem. Phys 2003, 5, 1169–1180.

(92) Fanourgakis, G.; Apra, E.; Xantheas, S. High-level ab initio calculations for the four

low-lying families of minima of (H2O)20. I. Estimates of MP2/CBS binding energies

and comparison with empirical potentials. J. Chem. Phys. 2004, 121, 2655–2663.

(93) Xantheas, S.; Apra, E. The binding energies of the D2d and S4 water octamer isomers:

High-level electronic structure and empirical potential results. J. Chem. Phys. 2004,

120, 823–828.

(94) Bulusu, S.; Yoo, S.; Apra, E.; Xantheas, S.; Zeng, X. C. Lowest-energy structures of

water clusters (H2O)11 and (H2O)13. J. Phys. Chem. A 2006, 110, 11781–11784.

(95) Bates, D. M.; Tschumper, G. S. CCSD(T) Complete Basis Set Limit Relative Energies

for Low-Lying Water Hexamer Structures. J. Phys. Chem. A 2009, 113, 3555–3559.

(96) Yoo, S.; Apra, E.; Zeng, X. C.; Xantheas, S. S. High-Level Ab Initio Electronic Struc-

ture Calculations of Water Clusters (H2O)16 and (H2O)17: A New Global Minimum

for (H2O)16. J. Phys. Chem. Lett. 2010, 1, 3122–3127.

(97) Brookes, D. H.; Head-Gordon, T. Family of Oxygen-Oxygen Radial Distribution Func-

tions for Water. J. Phys. Chem. Lett. 2015, 6, 2938–43.

(98) Fernandez, D.; Goodwin, A.; Lemmon, E.; Sengers, J.; Williams, R. A formulation

for the static permittivity of water and steam at temperatures from 238 K to 873 K

at pressures up to 1200 MPa, including derivatives and Debye-Huckel coefficients. J.

Phys. Chem. Ref. Data 1997, 26, 1125–1166.

(99) Skinner, L. B.; Huang, C.; Schlesinger, D.; Pettersson, L. G.; Nilsson, A.; Ben-

more, C. J. Benchmark oxygen-oxygen pair-distribution function of ambient water

36



from x-ray diffraction measurements with a wide Q-range. J. Chem. Phys. 2013, 138,

074506.

(100) Soper, A. K. The radial distribution functions of water and ice from 220 to 673 K and

at pressures up to 400 MPa. Chem. Phys. 2000, 258, 121–137.

(101) Mahoney, M. W.; Jorgensen, W. L. A five-site model for liquid water and the re-

production of the density anomaly by rigid, nonpolarizable potential functions. The

Journal of Chemical Physics 2000, 112, 8910–8922.

(102) Amgell, C.; Oguni, M.; Sichina, W. Heat-Capacity of Water at Extremes of Super-

cooling and Superheating. J. Phys. Chem. 1982, 86, 998–1002.

37


