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New potential model for molecular dynamic simulation of
liquid HF. I—Parameter optimization for charge equilibration

method

E. BOURASSEAU*, J.-B. MAILLET, L. MONDELAIN and P.-M. ANGLADE

Département de Physique Théorique et Appliquée, Commissariat à l’Enegie Atomique, BP12, 91680 Bruyères-le-Châtel, France

(Received February 2005; in final form February 2005)

In order to build a complete potential model to perform classical molecular dynamic simulations of liquid HF, a new
optimization method is proposed to obtain transferable parameters for charge equilibration method on the basis of ab initio
reference data. The optimized parameters (the electronegativity x and the Slater orbital exponent z for H and F atoms) appear
to be able to reproduce the variations of the electrostatic potential calculated from an ab initio method in a liquid phase of HF
molecules for different thermodynamic conditions. It is concluded that the proposed method is general, precise and efficient
to obtain transferable and realistic parameters.

Keywords: Parameter optimization; Fluctuating charges; Charge equilibration method; Electrostatic potential

1. Introduction

The main reason why molecular simulation is not yet a

routine way to obtain thermodynamic properties of

compounds used in industrial processes is the fact that

potential parameters are not transferable enough to be used

directly to a particular system without additional specific

adjustment. Consequently, lots of efforts have been devoted

to the extension of the thermodynamic regime of

application of models outside their current envelope. As

an example, Ungereret al. have shown that their anisotropic

united atoms potential model could be used to simulate

liquid–vapor equilibria [1,2] as well as adsorption in

zeolithes [3,4], short branched alkanes [5] and alkenes [6]

as well as long linear and branched alkanes [5,7] and pure

compounds [8] as well as mixtures [9,10]. To obtain such

transferable potentials, they have developed a complete

optimization method to ensure that the final parameters

retain important physical meanings. The main idea is that

the more realistic the potential model is, and the more

representative the reference database is, the more

transferable the optimized parameters will be.

In this work, we aim at obtaining a realistic and

transferable model to simulate liquid HF. Following the

ideas proposed in previously cited works, we developed in

a first step a general method to obtain realistic parameters

to take into account electrostatic interactions between HF

molecules. Usually, a parameter optimization is performed

by minimizing an error criterion representing the

differences observed between some reference data and

the same data calculated using the potential parameters to

optimize. As discussed by Bourasseau et al. [6], three

important points have to be considered to build such a

method: the choice of a physically sound functional form

representing the interatomic interactions, the elaboration

of a suitable reference database, and the development of a

proper and accurate minimization routine to reach one or

several minima of the error criterion.

The first step was to choose an adequate potential form to

model coulombic interactions between HF molecules.

Indeed, charge transfer in this molecule leads to a

permanent dipole moment of 1.8 D in the gas phase and

the liquid is known to be strongly associated, with the

existence of a 1-dimensional network of molecules linked

by hydrogen bonds. Usually, the electrostatic part of the

total potential is represented by the interaction energy

between constant partial charges located on hydrogen and

fluorine atoms (to reproduce the dipolar moment), and

eventually between constant partial charges located on the

two atoms plus one located between the two atoms
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(to reproduce the quadrupolar moment). For instance, the

TIPS model proposed by Cournoyer et al. [11], allows to

reproduce structural properties of HF liquid in standard

conditions using this electrostatic representation. Never-

theless, this type of model appears unsuitable for the

calculation of thermodynamic properties of HF at higher

temperatures. To improve the TIPS model, Vallauri et al.

introduced an additional parameter to take into account the

molecule polarizability, including an induced dipole

moment on each HF molecule [12]. This model reproduces

correctly thermodynamic properties of liquid HF on a

larger temperature range, but only under ambient pressure.

In the same way, Della Valle et al. have recently proposed a

new model where the polarizability of HF molecules is

taken into account including a vibrational potential on the

HZF bond [13]. Similar conclusions emerge from their

results: temperature effects can be properly described, but

pressure effects remain difficult to model. In fact, it appears

necessary to take into account the evolution of the dipole

moment from isolated molecules to dense fluid. Electro-

static models using constant charges, even including

polarisability, are definitively not able to model this

phenomenon. This type of conclusion has already been

made about water system. Indeed, it is known that the water

dipole moment varies from 1.85 D in the gas phase to more

than 2.5 D in the liquid phase. In fact, it seems reasonable to

consider that charge values should change with respect to

their environment. As a consequence, to model dense

systems of water, Rick et al. proposed to use the charge

equilibration method to determine partial charges on atoms

in regard with their particular environment during a

molecular dynamic simulation [14]. This method, initially

proposed by Mortier et al. [15], and then developed by

Rappé et al. [16], seems to be well suited to describe HF

system as well as water system; we thus chose to implement

it to model properly electrostatic interactions in liquid HF.

The second step of this work was to determine which data

or property should be used as reference data for the

subsequent fitting procedure of potential parameters. The

key point is the selection of an ensemble of properties

(experimental or ab initio) and representative of the

properties we aimed at predicting. This set of reference

data should be obviously sensitive to the values of

parameters to optimize. In other words, we may include in

the reference database some discriminant properties with

respect to the parameters optimization. Moreover, this set of

reference properties should depend only on the part of the

potential we want to optimize — the selected properties for

the optimization of electrostatic parameters in our case

should not depend on the vibrational dynamic or inter-

molecular dispersion. This is made easier when a physical

meaning is attributed to each parameter. We postulate that

the optimization of those parameters on the basis of

representative reference data that depend only on electro-

static properties leads to accurate and realistic parameters.

The third point is to develop a minimization procedure to

obtain the optimized parameters. This is also a crucial

point. Indeed, the shape of the surface produced by the error

function in the parameter space is affected by the definition

of this function. It could be flat, or presents some deep

wells, so the routine procedure to explore this surface and

minimize the error function has to be adapted accordingly.

This paper is organized as follows. First section

describes more precisely the charge equilibration method.

In the second section, we underline the difficulties of

finding reference properties that depend only on electro-

static properties. The selected reference data are

presented, as well as the chosen error criterion function.

This section also describes the minimization routine. The

following section presents the optimized parameters

obtained after the minimization process, and some results

concerning their evaluation. Finally the last section

summarizes the conclusions.

2. Charge equilibration method

The central idea of charge equilibration method is based

on the principle of electronegativity equalization of atoms

within a molecule, first proposed by Sanderson [17]. He

postulated that if some atoms, presenting different

electronegativities, gather to form a molecule, their

electronegativities will equalize. Later, Parr demonstrated

this postulate using the Kohn–Sham theory, and he

showed that the electronegativity depends on the local

atomic environment [18] (In fact, he showed that

electronegativity is the negative of the electron chemical

potential). Consequently, if a given atom moves so that it

feels a different electrostatic potential, its charge will take

a different value in order to adjust the atomic

electronegativity. This is a proof of the environment

dependence of atomic charges.

The electrostatic energy of a system composed of Nmol

molecules each with Nat atoms can be expressed as:

EðQÞ ¼
XNmol

i¼1

XNat

a¼1

Eað0Þ þ x0
aQia þ

1

2
J0
aaQ

2
ia

� �

þ
X
ia,jb

JabðriajbÞQiaQjb ð1Þ

where Ea(0) is the ground state energy of atom a, x0
a is the

electronegativity of the isolated atom a, Qia is the partial

charge on atom a of molecule i, JabQiaQjb is the

coulombic interaction between atoms a of molecule i and

b of molecule j (separated by distance riajb), and J0
aa is the

self-coulombic integral of atom a.

As a consequence, the electronegativity per unit charge

of atom ia is given by:

xia ¼
›E

›Qia

� �

¼ x0
a þ J0

aaQia þ
XNmol

j¼1

XNat

b¼1; ia–jb

JabðriajbÞQjb ð2Þ

Applying the electronegativity equalization

principle, the equilibrium charges are those for which
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electronegativities are equal:

;i ¼ 1. . .Nmol; xi1 ¼ xi2 ¼ · · · ¼ xiNat
ð3Þ

Moreover, charges are not independent variables since

there is a charge conservation constraint. Each molecule is

constrained to be neutral:

;i ¼ 1. . .Nmol;
XNat

a¼1

Qia ¼ 0: ð4Þ

Consequently, the charge equilibration method consists

on solving the following system composed of NmolNat

equations with NmolNat unknown {Qia}:

;i ¼1. . .Nmol;
xi1 ¼ xi2

xi1 ¼ xi3

. . .

xi1 ¼ xiNatXNat

a¼1

Qia ¼ 0:

ð5Þ

This method allows to determine, for a given atomic

configuration, the partial charges respecting Sanderson’s

postulate. Knowing x0
a; Jab and J0

aa; it is possible to

calculate accurately electrostatic interactions for each

configuration in a molecular dynamic simulation.

x0
a could be determined through ab initio calculations

considering that it represents the first derivative of energy

with respect to partial charge. In this work, we consider x0
a

(xH and xF) as parameters in the optimization process.

At long distances, the coulombic interaction Jab
between the two partial charges Qia and Qjb separated

by a distance riajb can be expressed as:

JabðriajbÞ ¼
e2

4pe0riajb
ð6Þ

Equation (6) is useful to model interatomic interactions

when atoms of different molecules are involved. Never-

theless, if riajb ! 0, this expression diverges, whereas it

should converge to J0
aa: In fact, it appears necessary to add a

screening correction term to model the coulombic

interaction at small distances (in order to model the

overlap of the electronic distributions). Several expressions

have been proposed in the literature in order to evaluate this

screening term. Following Rappé et al. [16] and Rick et al.

[14], we chose to calculate the intramolecular interatomic

coulombic interaction as the Coulomb overlap integral

between Slater orbitals centered on each atomic sites:

JiajbðrÞ ¼
e2

4pe0

ð
drk drljFnaðrkÞj

2 1

jrk 2 rl 2 rj
jFnb ðrlÞj

2

ð7Þ

where the Slater orbitals are given by:

Fna ¼ Nar
na21e2zar ð8Þ

and characterized by the principal quantum number na, the

Slater exponent za, and a normalization factor Na.

Therefore, the self-coulombic interaction J0
aa ( ¼ Jaa(r)

when r ¼ 0) is determined only by the value of za. For a

hydrogen atom, na ¼ 1 and J0
HH ¼ ð5=8Þ ðzH=4pe0Þe

2;
and for a fluorine atom, na ¼ 2 and J0

FF ¼ ð93=256Þ �

ðzF=4pe0Þe
2:

Finally, only two parameters per atom type (x and z) are

needed to evaluate the functions Jab, in order to determine

partial charges and to calculate coulombic interactions.

In the particular case of HF, this leads to the optimization

of four parameters: xH, xF, zH and zF. Nevertheless, in

order to resolve system (5), only the electronegativity

difference Dx ¼ xia 2 xib is required; the optimization

process finally involves the following three parameters:

DxHF, zH and zF.

To complete the method description, it should be noted

that periodic boundary conditions have been used in

classical calculations in the three directions. To be

consistent with our usual way to evaluate long range

interactions in molecular dynamic simulations, we

performed the classical calculations with a cutoff of

10 Å for coulombic interactions, and with a Taper function

to make the interactions reach 0 at 10 Å.

3. Optimization method

3.1 Error function and reference data base

Usually, parameter optimizations are performed with

respect to the minimization of an error function,

representing the differences observed between some

reference data (experimental measurements or ab initio

results) and the same property calculated with the

parameters to optimized in the given model. The more

commonly used form for the error function is the following:

F ¼
1

n

Xn
i¼1

f calc
i 2 f ref

i

li

� �2

ð9Þ

where n is the number of reference data, f ref
i is the i-th

reference data value, f calc
i is the value of the same property

calculated with parameters to be optimized, and li is the

relative weight of the property i with respect to the error

function.

The first reference data we introduced in the functionF is

the dipole moment of the molecule in the gas phase. Indeed,

for a given interatomic distance, the dipole moment value

depends only on partial atomic charges and as a

consequence, depends only on the three parameters of the

charge equilibration method DxHF, zH and zF. Moreover,

the equilibrium distance and dipole moment value of the

isolated molecule are well known experimentally.

The reference value entering the F function is equal to

m 0 ¼ 1.826 D [19], for the equilibrium distance

d 0 ¼ 0.9168 Å [20]. As discussed above, electrostatic

properties of an isolated molecule may differ notably from

those of the condensed phase. Consequently, the dipole

moment term should not be preponderant in the F function

Molecular dynamic simulation 707
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and its relative weight has to be chosen accordingly.

Therefore, we decided to introduce the dipole moment in

the F function using the following formulation:

jm calc 2 m0j

0:06

� �4

ð10Þ

The weighting coefficient l ¼ 0.06 has been chosen to

give an adequate importance to the dipole moment in the F

function regarding the other reference data. The exponent

value of 4 has been chosen in order to obtain a flat function

near the minimum, and abrupt parabolic branches.

The choice of reference data associated to the

condensed phase is less obvious. Indeed, as discussed

above, it is necessary to introduce data depending only on

electrostatic interactions. As a consequence, averaged

properties appear unsuitable for the optimization, as this

would imply dynamic calculations including force

evaluations with all potential contributions. This con-

straint prevents us from using statistically averaged data as

well as experimental measurements. Only instantaneous

data, calculated with ab initio methods on a set of

configurations representative of a condensed fluid, can be

included in the F function.

In a first attempt, we decided to use directly partial

atomic charges obtained from ab initio simulations, to fit

our parameters. The Bader analysis [21] allows to evaluate

partial atomic charges from the electronic density

calculated on a given configuration from an usual DFT

code. The idea is to define a Bader volume around atoms

following the electronic density minima. The integration

of electronic density on each volume gives a partial charge

on each atom. These partial charges could be compared

with those obtained through charge equilibration method,

and optimized parameters could be obtained by minimiz-

ing the following error function:

Fconf
charges ¼

XNmol

i¼1

XNat

a¼1

Q calcðiaÞ2 QBaderðiaÞ

QBaderðiaÞ

� �2

ð11Þ

The above function defines the contribution of a single

configuration to the global error function; in practice,

several configurations could be used, taken from different

ab initio simulations performed on a wide thermodynamic

regime (high and low density and temperature). It is then

assumed that parameters obtained in this way are

transferable, i.e. able to reproduce ab initio atomic

charges on a large range of temperatures and pressures in

condensed phase configurations.

Unfortunately, Bader analysis did not succeed in the

case of our dense systems of HF molecules. The H

electron often appears too delocalized to allow a precise

determination of electronic density minima around the

corresponding H atom. Bader surfaces were not properly

defined, leading to unrealistic values for atomic charges.

As a consequence, ab initio charges were not used in

optimization procedure for HF systems, but a work

actually in progress aims at showing that the use of Bader

charges to optimize charge equilibration method para-

meters can appear efficient and accurate for other

systems.

Therefore, in a second attempt, we decided to introduce

electrostatic potential data in the F function. Ab initio

methods allow the calculation on a grid of the electrostatic

potential created by the distribution of atoms in the

simulation box. Due to the large number of grid points used

in ab initio simulations (several millions), only a few of

them (around 100) were randomly selected and the

corresponding values of the electrostatic potential were

introduced in the F function. Nevertheless, it is known that

electrostatic potential calculated in a classical framework

takes unrealistic values in the neighborhood of the atom

cores (where quantum physic applies). An exclusion

volume around the atoms was then used for the random

selection of the data points. In this way, it appeared that

classical values were not directly comparable to ab initio

ones. In fact, the electrostatic potential is usually calculated

with an undetermined constant in ab initiomethods. This is

due to the incapacity during the simulation of evaluating

the potential at ~g ¼ ~0 in the Fourrier space. Since this

problem does not appear in classical calculations, it is

necessary to introduce an additional constant in order to

compare classical and ab initio results on the same basis.

This constant was finally included in the optimization

process as a supplementary parameter.

Finally, we used the VASP code [22] to perform ab

initio simulations on a wide thermodynamic regime [23].

Trajectories under the dissociation were selected at a

temperature of 500 K. Four configurations (X ; A–D),

corresponding to four different densities, have been taken

from those simulations. They are supposed to be

representative of a condensed phase of HF fluid. On the

basis of the electrostatic potential calculated on those four

configurations, we define the following F function:

Felec ¼
XD
X¼A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNpoints

i¼1

Vcalc
elecðiXÞ2 V ref

elecðiXÞ þ CX

� �2

vuut ð12Þ

where Vcalc
ref ðiXÞ is the classically calculated value of

electrostatic potential at the grid point i of configuration X,

V ref
elecðiXÞ is the corresponding ab initio calculated value,

and CX is the constant allowing the comparison of

classical and ab initio results for configuration X.

The overall error function F employed in the

optimization process of the parameters DxHF, zH and zF,

is the following:

F ¼
XD
X¼A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNpoints

i¼1

Vcalc
elecðiXÞ2 V ref

elecðiXÞ þ CX

� �2

vuut

þ
jm calc 2 m0j

0:06

� �4

ð13Þ

Therefore, if a realistic and satisfying minimum is

obtained, the form of this function ensures that optimized
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parameters allow to reproduce the isolated molecule

dipole moment together with the electrostatic potential of

the liquid phase in different thermodynamic conditions.

3.2 Minimization routine

To realize the optimization, we developed an original

code, allowing the calculation of the F function with

successive parameter sets, and the minimization of this

function in regard with the parameters. The calculation of

the error function includes the determination of partial

charges on a given atomic configuration using the charge

equilibration method, and the evaluation of electrostatic

potential through the coulombic formulation at each

selected grid point included in the F function. It also

includes the calculation of the dipole moment on the basis

of calculated partial charges on the isolated molecule with

an intramolecular distance set to 0.9168 Å.

The minimization routine we chose uses the Powell

method. For each parameter to optimize, it proceeds to

surround a minimum, and minimizes the function using

parabolic interpolations. Then, it determines directions

through which minimization appears efficient, and repeat

this procedure in those directions. The routine stops the

minimization when a satisfactory convergence is reached.

This method is purely analytic and allows to obtain

minima on flat surfaces.

4. Results

4.1 Optimization details

The exploration of the error function in the parameter

space was confined to a physically sound zone, i.e. a space

in which the values of potential parameters retain their

physical meaning. We imposed Dx to be optimized

between 3.0 and 6.0 J, zH between 0.5 and 2.5 £ 1010 m21

and zF between 3.0 and 5.5 £ 1010 m21. For parameter

values outside this envelope, the F function is set to

infinity.

The reference database has been set as the following:

. Data set A: Evaluation of electrostatic potential on an

instantaneous configuration taken from a VASP

simulation of HF at T ¼ 500 K and r ¼ 2.567 g cm21.

NA ¼ 62 points have been randomly selected outside

an atomic exclusion volume of radius 1.42 Å.

. Data set B: Evaluation of electrostatic potential on an

instantaneous configuration taken from a VASP

simulation of HF at T ¼ 500 K and r ¼ 2.193 g cm21.

NB ¼ 72 points have been randomly selected outside

an atomic exclusion volume of radius 1.5 Å.

. Data set C: Evaluation of electrostatic potential on an

instantaneous configuration taken from a VASP

simulation of HF at T ¼ 500 K and r ¼ 1.861 g cm21.

NC ¼ 80 points have been randomly selected outside

an atomic exclusion volume of radius 1.6 Å.

. Data set D: Evaluations of electrostatic potential on an

instantaneous configuration taken from a VASP

simulation of HF at T ¼ 500 K and r ¼ 1.300 g cm21.

ND ¼ 80 points have been randomly selected outside

an atomic exclusion volume of radius 1.9 Å.

Details of the ab initio simulations are given in [23].

The optimization process has been done to obtain 50

successive minimizations from random initial conditions.

4.2 Minimization results

As it has been described above, the value of the F function

was automatically set to infinity if one of the parameters

left the physically sound zone previously defined during

the minimization process. In fact, 12 of the 50 successive

minimizations have been concerned and led to infinite

values of the F function. As shown in figure 1, the

successful minimizations have converged to finite values

for the error function, distributed around 16.5. Never-

theless, this distribution is not significant, and all minima

can be considered as equivalent: indeed, due to the

analytical expression of the F function, a small error on

the dipole moment would imply large deviations in F (for

example, a relative error of 10% on the dipole moment

implies F ¼ 100). These minima can be distinguished by

the corresponding value of the optimized parameters, as

shown in the same figure. Optimized values for zH are

comprised of values between 1.22 and 2.24 £ 1010 m21.

These values can be compared to the value proposed by

Rick et al. [14] used to simulate fluctuating charge of

hydrogen atom in water: 1.89 £ 1010 m21. Optimized

values for zF are included in the range [3.59 –

4.56] £ 1010 m21. These values can be compared to the

value used by Rappé et al. [16] to simulate fluctuating

Figure 1. Upper graph: Minimized values of the F function for the 38
successful minimizations. Lower graph: Values of optimized fluctuating
charge parameters for corresponding minimizations (zH and zF in
1010 m21, DxHF in J).
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charge of fluorine atom in hydrofluorocarbon molecules:

3.54 £ 1010 m21. Both the ranges of values for zH and zF

are in accordance with previously published parameters.

Rick et al. used a value of 3.04 £ 1010 m21 for zO in

water. This value is coherent with our results, considering

the expansion of the Slater orbital 2 s with the number of

valence electron. Finally, the optimized value of DxHF

stands between 4.23 and 5.23 J. The usual value admitted

in chemistry to compare electronegativities of hydrogen

and fluorine atoms is about 4.0 J, regarding Pauling or

Mulliken electronegativity tables. Rappé et al. have

proposed and used DxHF ¼ 6.34 J, whereas Rick et al.

used DxHO ¼ 3.19 J for water system. The values of

fluctuating charge parameters after optimization are then

consistent with those used in the literature. Nevertheless,

the existence of many minima associated with very

different values of parameters but leading to the same

accuracy in terms of the error function is amazing.

At this point, it appears judicious to visualize the shape

of the error function in the parameter space. The function

F has then been calculated on the selected range of

variation of potential parameters i.e. [4.0–5.5] for Dx with

a increment of 0.03 J, [1.0–2.5] £ e 10 for zH with an

increment of 0.03 £ e 10 m21 and [3.0–5.0] £ e 10 for zF

with an increment of 0.03 £ e 10 m21. An hypersurface is

obtained in the three dimensional parameter space, where

the function F is colored accordingly to its local value.

All minima described previously belong to the same zone,

which appears as a canyon more than a single well. A slice

of this function perpendicular to the Dx direction is shown

in figure 2. The valley is clearly seen, and explains the

existence of many distant minima. This valley is the result

of the use of equation (10) to reproduce dipole moment.

The other part of the function F, i.e. the electrostatic

potential, is responsible of the rugosity inside the valley,

leading to the formation of many minima.

Figure 3 shows the values taken by parameters CX for

the four considered configurations for each successful

minimization. In each case, the variation of CX is very

small among the different minima; its standard deviation

is about 0.2% for A and B configurations, and under 0.13%

for C and D configurations. These parameters are then

considered as constants which account for the methodo-

logical difference between classical and ab initio

calculations. This difference is related to the treatment

of long-range interactions, and thus depends on the density

of the system: it is seen to increase with density while

vanishing in the case of an isolated molecule.

Finally, all minima are located at the bottom of a valley

drawn by equation (10), which goes through the range of

validity of parameters to optimize. The choice of the

analytical expression of the F function is justified a

posteriori by the existence of many minima on this

domain. Nevertheless, questions concerning the discrimi-

nation between these minima remain: is the difference

between them (lower than 2) large enough to be relevant ?

To answer this question, we attempted to analyze the two

lowest minima (cases 7 and 38) for which F equals to

15.81 and 15.76, respectively. We also decided to analyze

the case corresponding to the highest minima (case 17) for

which F takes the value 17.31.

4.3 Analysis of the three parameter sets

The three parameter sets are presented in table 1.

Regarding the three cases, a variation of about 25% can be

observed for the parameter DxHF between cases 7 and 38

Table 1. Values taken by the minimized F function, and by the
optimized parameters in the three evaluated minimization cases: 7, 17
and 18.

Case 7 Case 17 Case 38

F 15.81 17.31 15.76
DxHF (J) 5.182 4.234 5.228
zH (1010 m21) 1.916 1.739 2.159
zF (1010 m21) 4.277 3.922 3.964

Figure 2. Slice of the F function in a plan defined by DxHF ¼ 4.75 J.
The F function is colored accordingly to its value, white for low values
and black for high values.

Figure 3. Optimized values of parameters Cconf representing the shift
needed to compare the two methods: classical calculations and ab initio
simulations. Results were obtained for the 38 successful minimizations
and for each configuration, from the higher density (A) to the lower (D).
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(the best ones) and case 17 (the less successful one).

Moreover, it seems that a direct correlation between DxHF

and F in the minima exists, as can be seen in figure 1.

Lower variations are seen concerning zH and zF, and no

correlation with the error function is detected. However,

they exhibit an opposite variation in figure 1, the effect of

one parameter balancing the other in the minimum.

Table 2 presents the corresponding values of the dipole

moment on the isolated molecule, with an intermolecular

distance set to 0.9168 Å. The three calculated values are

equivalent and slightly underestimate the experimental

data. The relative error is between 1.65 and 1.86%.

To verify that the optimized parameters allow the

calculation of electrostatic potential of a condensed phase

of HF, we performed the calculation of this potential at

each point of the ab initio grid, for each studied

configuration and in each of the three cases. Figures 4

and 5 respectively, present the electrostatic potential

calculated from the electronic density in the ab initio

simulations and from partial atomic charges in a classical

framework with the parameters of case 7 for the

configuration D. These figures show a slice of the 3-

dimensional grid on the (x, y) plan. The lower the potential

values are, the more dark the area appears, and the color

tends to black when potential is negative, and tends to

white when it is positive. In figure 4, white zones represent

high absolute values (it corresponds to atom cores in the

ab initio vision), and in figure 5, white zones represent

values located under 1.2 Å from any atom core (it

corresponds to unrealistic values in the classical vision).

It is important to note that ab initio values in figure 4 have

been shifted of Cconf ¼ CD ¼ 3.5658 eV in order to make

the comparison on the same basis.

It appears that the classical description is in accordance

with the ab initio one. Dark and clear areas are localized in

the same regions, which is very satisfactory from the point

of view of the parameter optimization but also on the

physical relevance of these parameters. Nevertheless,

some differences can be observed. First it appears in figure

4 that the potential is systematically positive (color tends

to white) near atom cores (around white areas). This is due

to the fact that the ab initio description takes into account

the presence of electron clouds near atom cores. As a

consequence, electrostatic potential is always positive

near an atom, regardless of its nature (hydrogen or

fluorine). On the other hand, we note in figure 5 that in the

classical framework, the potential is positive near

hydrogen atoms (color tends to white), and negative near

fluorine atoms (color tends to black). This is due to the fact

that charges have systematically opposite values for two

atoms in the same molecule (molecular electroneutrality).

This difference may not have a major impact in classical

simulations because atoms belonging to different mol-

ecules are not expected to probe this conflicting area, near

the atom core. Moreover, we took care to select points

distant for at least 1.5 Å from any atom when defining the

F function, so this difference did not bias the parameter

optimization. Secondly, another difference is observed in

the maximum and minimum values of the potential. In the

ab initio case, values are included in the range [21.09;

2.03] eV whereas they are included in the range [22.63;

2.81] eV in the classical case. This underlines the limit of

our model: the optimized parameters allow the description

Table 2. Calculated dipole moment of isolated molecule with the three
evaluated parameter sets, compared with experimental value taken from
[19].

Case 7 Case 17 Case 38 Exp. [19]

m(D) 1.792 1.795 1.796 1.826

Figure 4. Electrostatic potential taken from ab initio calculation for
configuration D. Here is a slice on the (x, y) plan. Ab initio data have been
shifted of CD ¼ 3.5658 eV. The white areas correspond to atom cores
where potential values are very high. The lower the potential values are,
the more dark the area appears.

Figure 5. Electrostatic potential taken from classical calculation for
configuration D with parameters set number 7. Here is a slice on the (x, y)
plan. The white areas correspond to unrealistic values under 1.2 Å from
any atom. The lower the potential values are, the more dark the area
appears.
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of the variations of the electrostatic potential, but not of its

absolute values. Nevertheless, this is not a crucial point in

the case of molecular dynamic simulations where forces

drive the dynamics, depending only on the derivative of

the potential and not on absolute values. In the same way,

this is not a problem in case of Monte Carlo simulations,

where only potential differences are calculated.

Similar conclusions emerge from the analysis of the

results obtained from the other configurations and for the

other parameter sets.

Figure 6 shows the charge distribution on the 32

hydrogen atoms in each configuration calculated with the

three parameter sets. The same tendency is observed

concerning the evolution of the averaged charge with

density. Indeed, in the three cases, the more dense

configuration (A) implies the highest charge average, and

the average value decreases with density. This is consistent

with results obtained concerning water system: in the

dense phase, the intermolecular distance decreases, and

charge transfer increases, leading to higher charge values

[14]. This observation justifies the use of fluctuating

charges, even in homogeneous systems. With a model

using constant charges, it would have been impossible to

reproduce this dependance with density. As an illustration,

a constant charge model fitting charges on the basis of the

isolated molecule dipole moment would have lead to

charges equal to 0.414 u.a. in all cases, which are very

different from those presented in figure 6.

In figure 6, an important difference is observed between

the two favorable cases (7 and 38) and the worse case (17).

In the first two cases, the charge distributions are very

similar, and centered on 0.55 u.a. On the other hand, the

charge distribution in case 17 is centered on 0.58 u.a. For all

four studied configurations, there is a shift of about 0.04 u.a.

between charge distributions. It is interesting to link this

difference observed on charge distributions with the

difference observed on minimized value of the F function

in the three cases. This underlines a conjunction which has

already been made before that charge values are more

discriminant properties to perform the optimization on.

To conclude with the evaluation of the three studied

minimization cases, the F function appears sufficiently

well defined to obtain realistic and accurate parameter

sets. Nevertheless, it is important to note that an additional

analysis is necessary to discriminate all local minima.

In our case, the minimization led to two almost equivalent

parameter sets: cases 7 and 38. Nevertheless, zH in the

parameter set number 7 presents a value very close to the

zH parameter proposed by Rick et al. to simulate water

system [14]. At this stage, it could be useful to consider

parameter transferability as an additional discriminating

argument.

5. Conclusions

This work has allowed the development of a general and

efficient optimization method to obtain accurate and

transferable charge equilibration method parameters

(transferable over different thermodynamic conditions).

This method involves three steps: the choice of a

physically sound model for the potential, the definition

of the error function to minimize, and the development of

a minimization routine taking into account the specificities

of the system. The second step is usually the most

important. It includes the elaboration of a relevant

reference database on which the minimization is

performed. The choice of reference data is linked to the

expected capabilities of the potential as well as to model

specificities.

This method has been tested to optimize fluctuating

charge parameters for hydrogen and fluorine atoms to

simulate liquid HF systems. Data concerning isolated

molecule and condensed phase fluid have been included in

the reference database. In particular, electrostatic potential

data taken from ab initio simulations have been used. The

optimization, performed using a Powell minimization

routine, led to realistic and consistent parameters. It

appeared that electrostatic potential data can be used to

optimize parameters, but charge values determined by

Bader analysis would be a more discriminant criteria.

As the charge analysis was not successful with HF system,

work is actually in progress to validate the method on

another fluid. Another way to shape the error function in a

nicer fashion would be to include data from other systems.

A leading advantage of that would be the natural

transferability of the related parameters.

A closer perspective of this work will be the use of

optimized parameters to perform molecular dynamic

simulations. This implies the optimization of dispersion–

repulsion parameters, actually in progress.

To conclude, it is important to note that the method

presented here is general and could be applied to any

molecular system, with as many parameters and reference

data as it is needed.

Figure 6. Hydrogen charge distributions for each configuration and for
the three parameter sets. Open symbols represent maximal and minimal
charge values, and dark symbols represent the average charge values for
all configurations.
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