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QM/MM-based fitting of atomic

polarizabilities for use in

condensed-phase biomolecular simulation

Q: Why does a white bear melt in water?

A: Because it’s polar.

C.R. Vosmeer, A.S. Rustenburg, J.E. Rice, H.W. Horn, W.C. Swope and D.P.
Geerke
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QM/MM-based fitting of atomic polarizabilities for use in condensed-phase biomolecular simulation

Abstract

Accounting for electronic polarization e↵ects in biomolecular simulation
(by using a polarizable force field) can increase accuracy of simulation results.
However, the use of gas-phase estimates of atomic polarizabilities ↵i usually
leads to overpolarization in condensed-phase systems. In the current work, a
combined QM/MM approach has been employed to obtain condensed-phase
estimates of atomic polarizabilities for water and methanol (QM) solutes in the
presence of (MM) solvents of di↵erent polarity. In a next step, the validity of the
linear response and isotropy assumptions were evaluated based on the observed
condensed-phase distributions of ↵i values. The observed anisotropy and low
average values for the polarizability of methanol’s carbon atom in polar solvents
was explained in terms of strong solute-solvent interactions involving its adjacent
hydroxyl group.

Our QM/MM estimates for atomic polarizabilities were found to be close
to values used in previously reported polarizable water and methanol models.
Using our estimate for ↵O of methanol, a single set of polarizable force field
parameters was obtained that is directly transferable between environments of
di↵erent polarity.
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Chapter 2

2.1 Introduction

Since their emergence in the 1950s and 1960s, classical molecular simulation
methods have been successfully applied to study physical, chemical and biological
systems, ranging from pure liquids to large complexes such as proteins and cell
membranes.10,91 The increase of computational power has made possible longer
simulation times (in the order of milliseconds)16,92 for systems and processes of
high complexity (involving e.g. protein activation or membrane transport).17,93

However, the reliability of molecular simulation outcomes still heavily depends
on the accuracy of the description of non-bonded interatomic interactions by
the applied potential energy model or force field. Most force fields used in
biomolecular simulation employ a pairwise additive Coulomb function to de-
scribe the electrostatic interactions,94,95 leaving out electrostatic e↵ects such as
electronic polarization.26 In the past decades, several non-polarizable biomolec-
ular force fields (such as Amber,21,96,97 CHARMM,23,98,99 OPLS22,100,101 and
GROMOS24,102,103) have been under constant development and have reached
high accuracy in describing thermodynamic and other relevant properties of
biomolecular systems. However, the omission of explicitly accounting for elec-
tronic polarization may lead to limitations in correctly describing the balance of
molecular interactions in environments of di↵erent polarity,25 which plays a key
role in determining thermodynamic equilibria typically studied in biomolecular
simulation.10 For example, Oostenbrink et al. showed the di�culty of generating
a single set of force-field parameters for condensed-phase protein simulation,
resulting in two distinct (non-polarizable) versions of the GROMOS force field,
GROMOS 53A5 and 53A6.24 As another example, polarizable force fields typ-
ically bring clear improvement in correctly describing kinetic and dielectric
properties of polar solvents, such as water104 or N-methyl acetamide.105

The inducible dipole (ID) or point polarizable dipole (PPD) model29–31 and
the drude oscillator (DO) or charge-on-spring (COS) approach32,33 are two
of the most widely applied methods to include explicit electronic polarization
in polarizable force fields. A third one, designated as the fluctuating charge
(FQ) model,27,28 includes electronic polarization e↵ects by allowing atomic point
charge distributions of molecules (or molecular building blocks) to adapt to the
external electric field. In contrast, the PPD/ID and DO/COS methods assign
an inducible dipole moment �µi to (heavy) atoms i, which adapts its magnitude
and direction in response to the external electric field �Ei, depending on its
polarizability tensor ↵i. Linear response is usually assumed and the �µi’s are
determined using Equation (2.1).26,41

�µi = ↵i (4⇡✏0) �Ei

⌥⌃ ⌅⇧2.1

In the PPD method, �µi is represented by a point dipole, whereas the COS
method introduces two additional point-charges attached by a spring with a force
constant directly depending on ↵i. In both methods, additional interactions are
to be evaluated during simulation (i.e., those involving the introduced dipole
moments or point charges, respectively), which raises computational costs when

29



QM/MM-based fitting of atomic polarizabilities for use in condensed-phase biomolecular simulation

compared to use of non-polarizable force fields. In both the COS/DO and
PPD/ID models, as well as in the FQ method, an iterative scheme34,35 (or an
extended Lagrangian formalism)28,36–38 is usually employed to energy minimize
(or follow in time) the molecular charge distributions (in the FQ model), induced
dipole moments (PPD/ID method) or the positions of the Drude particle (charge-
on-spring) due to the external electric field. Typically, the use of an iterative
scheme leads to an additional increase in computational costs by a factor of 2-3 in
simulations employing the COS model (when compared to simulations with non-
polarizable force fields), because this is the number of iterations usually needed to
obtain convergence.35 The assignment of low fictitious masses to the additional
degrees of freedom commonly introduced in extended-Lagrangian based methods
(i.e., to the inducible dipoles, Drude particles or charge distributions) may require
use of smaller time steps in simulation. However, the use of low temperature
baths to which the Drude particles can be separately coupled has in addition
been introduced,28,106 which removes the requirement to decrease the time step.

Table 2.1. Values for the polarizability ↵ and the dielectric permittivity ✏s for selected
polarizable water models, together with experimental (exp) and theoretical (theor) estimates.

model ↵ [nm3] ✏s

exp107 1.45 78.4
theor39 1.41 -
RPOL108,109 1.47 106
TIP4P-FQ28 1.123 79
SW-RIGID104 1.47 100
POL5/TZ110 1.291 98
STR/133 1.445 143

model ↵ [nm3] ✏s

exp107 1.45 78.4
theor39 1.41 -
SWM4-DP45 1.042 79
SWM4-NDP111 0.978 79
STR/RF35 1.445 127
COS/B235 0.93 122
COS/G2112 1.255 88

Table 2.2. Literature values for the polarizability ↵ and the dielectric permittivity ✏s for
selected polarizable and methanol models, together with experimental (exp) and theoretical
(theor) estimates. ↵mol refers to the molecular polarizability of methanol, and was obtained
for the CHARRM-DO (C-DO) and COS/M models from the sum of the atomic polarizabilities
↵C and ↵O for carbon and oxygen, respectively.

model ↵mol [nm3] ↵C [nm3] ↵O [nm3] ✏s

exp113 3.31 - - 32.6
theor39 3.26 - - -
C-DO47 2.0 1.0 1.0 30.1
COS/M114 1.31 - 1.31 31.1

Compared to non-polarizable force fields, the ↵i’s represent additional pa-
rameters. They must be compatible with the non-bonded parameters, which
usually need recalibration upon introducing polarizabilities. Inital guesses for
atomic polarizabilities are typically derived from gas-phase estimates of molecular
polarizabilities (using additive rules, see for example references 39 and 40) or
from fitting atomic dipole moments to best describe the quantum-mechanically
determined change in the molecular electrostatic potential upon introducing an
external electric field.44 From previous polarizable force field parameterization
studies, it is known that use of gas-phase estimates for ↵i’s typically leads
to overpolarization (too large values for and fluctuations in molecular dipole
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Chapter 2

moments) in simulations of condensed-phase systems.35,45–47 Table 2.1 compares
model parameters and calculated dielectric permittivities (✏s) with gas-phase and
experimental estimates, respectively for selected polarizable models for liquid
water and methanol. Note, only two methanol force fields were included in
Table 2.1, this is because several other parameterization e↵orts of polarizable
methanol models did not report dielectric permittivities.48–51 Only models for
which ↵i’s sum up to significantly lower values for the molecular polarizability
(when compared to its gas-phase estimate) and show calculated ✏s values close
to experiment are reported in Table 2.1. Pauli exclusion e↵ects45 and local
variations in electric field within the solute’s molecular volume115 have been
proposed as possible explanations for the need for lower e↵ective polarizabilities
for use in the condensed phase, compared to the gas-phase value.

Recently, Kunz and van Gunsteren43 proposed a polarizable force field for
liquid water in which the polarizability of the oxygen atom was made dependent
on the magnitude of the electric field at the atom, to allow for damping of the
polarization e↵ect at high electric fields. In this way, a polarizable water model
(designated as COS/D) could be obtained which used the gas-phase molecular
dipole moment and in which the polarizability was close to the experimentally or
theoretically obtained estimates, but which did not show overpolarization in the
condensed phase (as illustrated by the model’s dielectric permittivity of liquid
water (69.8) being close to the experimental estimate of 78.5).43 This approach
introduces an additional level of complexity by means of two new force-field
paramaters, one to describe the damping e↵ect, and the second to describe the
dependence of the self-polarization energy term on the local electric field.

In the context of their comprehensive e↵orts to parameterize the AMOEBA
polarizable force field,116,117 Ponder and Ren have succeeded in developing
parameter sets for water and methanol (as well as for other polar solvents)
that correctly describe a wide range of solvent properties, including dielectric
permittivities.117 In AMOEBA, atomic polarizabilities are used based on the
QM estimates of Thole,42 together with the Thole damping model42 to describe
intra- as well as intermolecular damping e↵ects. For this purpose, a damping
factor is introduced such that e↵ectively, molecular polarizabilities are lower
than the experimental or theoretical gas-phase estimates.117 In addition, the
AMOEBA model includes the use of permanent atomic dipole and quadrupole
moments.

For the sake of simplicity, most polarizable force fields for polar liquids such
as water and methanol rely on linear polarization (Equation (2.1)) and on the
use of partial atomic charges to describe static electrostatic interactions. To
parameterize such models, gas-phase estimates of atomic polarizabilities have
to be scaled down based on the results of condensed-phase simulation. In this
way, parameter sets can be obtained that reproduce relevant thermodynamic
and kinetic properties of the liquids while circumventing overpolarization (as
illustrated by the agreement between calculated and experimental values for ✏s,
see Tables 2.1 and 2.2). Parameterization based on condensed-phase simulations
usually relies on trial-and-error procedures and can be an elaborate task. In
addition, polarizabilities for di↵erent atom types may require di↵erent scaling
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factors, which may in turn depend on the local molecular environment.118

In the current work, we have evaluated the use of a combined QM/MM-based
approach to estimate appropriate values for atomic polarizabilities for use in
condensed-phase simulations. For an ensemble of (MM) solvent configurations
around a (QM) solute as obtained from classical simulation, DFT calculations
are performed to determine the response of the solute’s electron configuration
to the electric field generated by the solvent point charges. For every solvent
configuration, atomic dipole moments are fitted that best reproduce the accompa-
nying change in electrostatic potential around the solute. From the fitted dipole
moment ( �µi) and electric field ( �Ei) at the atomic centers i and by assuming
linear response, the atomic polarizabilities ↵i that best reproduce the response
in electron configuration are determined.

The use of a fitting scheme for induced atomic dipole moments distinguishes
our QM/MM approach from the work of Schropp and Tavan,115 who recently
investigated the response of the dipole moment of a QM (water) solute in an
ensemble of MM (water) solvent molecules to estimate a condensed-phase value
for its molecular polarizability. In the current work, we have determined which set
of atomic polarizabilities best describe the induced dipole moment for methanol
(as a mimic of the simplest of the polar amino-acid side chains) and a water
solute in aqueous environment, as well as for a methanol solute in solvents of
medium (methanol) and low (chloroform) polarity. In addition, we evaluate the
validity of assuming linearity in and isotropy of the atomic polarizabilities in
these condensed-phase systems. By considering di↵erent numbers of polarizable
centers (i.e., di↵erent numbers of inducible atomic dipole moments) to mimic the
response of the molecular dipole moment to the external electric field due to the
solvent point charges, a quantitative measure has been obtained to determine the
optimal number of polarizable atomic centers to describe the induced molecular
dipole moment. Interestingly, for methanol in water we find distributions of
optimum ↵i values which show maxima close to the values for ↵O and ↵C as
used in the COS/M model of Yu et al. and the DO model of Anisimov et al.47,114

These polarizable models contain one (at O) and two (at C and O) polarizable
centers, respectively, and were carefully calibrated based on condensed-phase
properties. Thereby, special van der Waals parameters were introduced to
describe the methanol interactions with water molecules. Here we show that
by using our QM/MM estimate for ↵O, a polarizable methanol model could be
obtained using a single set of force-field parameters that is directly transferable
between environments of di↵erent polarity.

2.2 Computational details

2.2.1 QM/MM based atomic polarizabilities

As shown in Figure 2.1, our approach for the condensed-phase fitting of
atomic polarizabilities for the two solutes considered (water and methanol)
consists of three consecutive steps:
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I. Generation of solvent configurations.

II. Determination of the change in the external electrostatic potential of the
(QM) solute due to the electric field generated by the (MM) solvent.

III. Fitting of the atomic polarizabilities ↵i.

Ensemble of 500 
configurations

(MM) solvent point charges 
around (QM) solute

Calculation of Δφn
 (eq. 2 ) 

500 ... 2 1
B3LYP/aug-cc-

pVTZ
determination 

of φgas,n 

at grid points n

500 ... 2 1
B3LYP/aug-cc-

pVTZ
determination 

of φsolv,n 

at grid points n

500 ... 2 1
Fitting of 

induced atomic  
dipole 

moments μind,i 

on atomic 
centers i

500 ... 2 1
Calculation of 
electric field Ei

at atomic 
centers i 
(eq. 5)

500 ... 2 1
Determination 
of atomic αi’s
(eqs. 6 and 7)

B3LYP/aug-cc-pVTZ 
geometry optimization 

of the solute

Molecular Dynamics 
simulation 

of solute in solventI

II

III

Integration 
of gaussian 
distribution

{αi}

Figure 2.1. QM/MM-based scheme to obtain (sets of) atomic polarizabilities ↵i that best
reproduce the response of the solute’s electron configuration to its environment in the condensed
phase. Latin numbering refers to the latin numbering adopted in Section 2.2.1.

Generation of solvent configurations

During the generation of the ensemble of solvent configurations around the
solute, the solute’s molecular geometry was kept constrained to its gas-phase

33



QM/MM-based fitting of atomic polarizabilities for use in condensed-phase biomolecular simulation

optimized geometry, to enable direct comparison between the solute’s external
electrostatic potential in the gas and condensed phase (step II). The gas-phase
optimized geometries of water and methanol were obtained from DFT calculations
at the B3LYP level of theory119–121 using Dunning’s aug-cc-pVTZ basis set122

and the GAMESS-US software package.123,124

The optimized geometries were then used in classical molecular dynamics
(MD) simulations to obtain ensembles of solvent configurations around the solutes.
The methanol solute was solvated in periodic cubic boxes consisting of 1399 SPC
water molecules,125 1418 SPC/E water molecules,126 642 methanol molecules
(described by the B3 force field of Walser et al.127), 629 methanol molecules
(described by the Kirkwoord-Bu↵ (KB) force field of Weerasinghe et al.128) or
335 chloroform molecules (described by the force field of Tironi et al.129). The
SPC solute was solvated in a cubix box containing 999 SPC solvent molecules,
the SPC/E solute was solvated in 985 SPC/E solvent molecules. For this purpose,
the solute was solvated in pre-equilibrated cubic boxes with minimal box lengths
of 3.0 nm (with a box volume corresponding to the reported liquid density of
the solvent model used), after which all solvent molecules were removed that
showed atomic overlap within 0.23 nm of any of the solute atoms. In the MD
simulations, the water solute was described by either the SPC or SPC/E model
and the methanol solute was described by either the GROMOS 53A5 or 53A6
parameter set of Oostenbrink et al.24 Aliphatic hydrogen atoms of the methanol
solute were included as dummy atoms during simulation.

After steepest-descent energy minimization, initial atomic velocities were
randomly assigned from a Maxwell-Boltzmann distribution (corresponding to a
temperature of 300K). In the MD simulations, Newton’s equations of motion
were integrated using the leap-frog algorithm,130 with a time step of 2 fs. An
equilibration run of 0.5 ns was followed by 0.5 ns of production, during which
atomic configurations were written out every ps, yielding in total 500 configu-
rations for every system considered for further use in the QM/MM and fitting
protocols (steps II and III). During the simulations, the temperature was kept
constant at 300K using a Berendsen thermostat131 with a coupling time of 0.1 ps.
Only in the simulations with methanol as a solute, also the pressure was kept
constant (at 1 atm) using a Berendsen barostat,131 with a coupling time of 0.5 ps
and an isothermal compressibility set to 4.574 × 10−4(kJmol−1 nm−3)−1 . In the
simulations involving the water solute, the solute was positionally constrained
using a molecular orientation as depicted in Figure 2.2A, to facilitate the analysis
of the individual components of the fitted polarizabilities (see Section 2.2.1).
The system’s volume of the pure water simulations was kept constant to a value
corresponding to the equilibrium density of the solvent model employed (971
and 997 kgm−3 for SPC and SPC/E, respectively). Geometries of the solvent
molecules and of the methanol solute were constrained by keeping interatomic
distances constant using the SHAKE algorithm,132 with a geometric tolerance
of 10−4. Non-bonded interactions within a short-range cuto↵ of 0.8 nm were
evaluated every time step, from a grid-based pair-list that was updated every
five time steps. Interactions between 0.8 and 1.4 nm were calculated every fifth
time step as well and kept constant in between. Beyond the long-range cuto↵ of
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1.4 nm, a reaction field correction133 was applied, using a dielectric constant of
61.0.134

A B

Figure 2.2. Molecular orientation of (A) the water solute during molecular dynamics (MD)
simulations, and (B) the methanol solute after rotational fitting of the MD configurations.

Determination of the change in the solute’s external electrostatic po-
tential due to the solvent’s electric field

Solvent configurations as generated during the MD simulation were subse-
quently prepared for DFT calculations to determine the grid-based external
electrostatic potential around the solute in the absence (�gas) and in the pres-
ence (�solv) of the solvent molecules. Only those solvent molecules are kept for
which the oxygen (of water and methanol solvent molecules) or carbon atom (of
chloroform) is within 1.4 nm of any of the solute atoms. Atomic positions for
these solvent molecules and the corresponding partial charges are stored as MM
input in the DFT/MM calculations of �solv. First, configurations obtained for
the systems with methanol as a solute are rotated such that it adapts a molec-
ular orientation as depicted in Figure 2.2B. Subsequently, a Connolly grid135

of four layers is defined around the water and methanol solutes, using default
GAMESS-US values for the atomic radii, distances between layers that are set to
0.2 times the applied Lennard-Jones radii, and a density of 50 au−2. Values for
the electrostatic potential at the grid points were determined at the B3LYP level
of DFT,119–121 using the aug-cc-pVTZ basis set.122 The B3LYP/aug-cc-pVTZ
level of theory was used because it has been shown to give dipole and quadrupole
moments close to experiment for small molecules136 and a gas-phase value for
the polarizability of methanol that is within 0.13 × 10−3 nm3 from experiment.137

External potentials were calculated using a special version of the GAMESS-US
software,123,124 which was adapted to enable electrostatic potential calculations
with inclusion of point charges with non-integer and negative values. Direct
contributions of the MM point charges to �solv were not included. The di↵erence
�� (Equation (2.2)) was used to fit the induced atomic dipoles that best describe
the response of the wave function to the configuration of solvent molecules (step
III).

�� = �solv − �gas

⌥⌃ ⌅⇧2.2
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Fitting of atomic polarizabilities

For every system and for every solvent configuration, sets of induced atomic
dipole moments �µi were determined from a least square fitting procedure in which
the squared di↵erence �2 between the QM/MM-determined induced external
electrostatic potential�� (Equation (2.2)) and the external electrostatic potential
�µ from the induced atomic dipole moments was minimized:

�2 =�
n

(��n − �µ,n)2 ⌥⌃ ⌅⇧2.3

In Equation (2.3), summation goes over the Connolly grid points n for which ��
was estimated, and �µ,n is the electrostatic potential due to the fitted induced
dipole moments at n:

�µ,n =�
i

1

4⇡✏
0

�µi ⋅ �rin
r3in

⌥⌃ ⌅⇧2.4

where �rin is the vector connecting the grid point n and the atomic center i, and
rin is its norm. By calculating the electric field �Ei at the atomic centers due to
the point charges qm of the solvent atoms m,

�Ei =�
m

qm
4⇡✏

0

�rim
r3im

⌥⌃ ⌅⇧2.5

(with �rim the vector connecting i and m, and rim the distance between i and m),
and by assuming linear response (Equation (2.1)), the atomic polarizabilities
↵i that best reproduce the response of the solute’s electron configuration to
the solvent’s electic field can be determined. For this purpose it is assumed
that o↵-diagonal elements of the polarizability tensor are zero, which is for the
considered solutes probably true when averaging over the ensemble of solvent
configurations. A three-dimensional vector with elements

↵i,k = µi,k

Ei,k

⌥⌃ ⌅⇧2.6

is thus determined (where k = x, y, z). From a comparison between the x-, y- and
z-elements, a measure for the (an)isotropy of the ↵i’s can be obtained. Assuming
isotropy, ↵i,x, ↵i,y and ↵i,z can be averaged to obtain a value for ↵i for use in
Equation (2.1):

↵i = ↵i,x + ↵i,y + ↵i,z

3

⌥⌃ ⌅⇧2.7

For the ensemble of solvent configurations, a distribution of atomic polarizabilities
is thus obtained, which requires additional averaging to obtain a single value for
↵i for use in simulation. For this purpose, a Gaussian curve was fitted to the
distribution of ↵i values, from which a mean value was obtained corresponding
to the ↵i value for which the integral over the Gaussian sums up to half of the
total integral. For the systems considered, this value was found to be within
0.2 × 10−3 nm3 from the location of the maximum of the Gaussian.
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2.2.2 Parameterization of a polarizable methanol force field

Using our condensed-phase estimates for the ↵i’s and using point-charges
based on fitting to the gas-phase external electrostatic potential of methanol at
the B3LYP/aug-cc-pVTZ level of theory, a united atom polarizable force-field
parameter set was optimized to reproduce in simulation experimental values
for the density ⇢ and heat of vaporization �Hvap of the pure liquid. The
charge-on-spring (COS) approach was used to include electronic polarizability
e↵ects,32,33,35,138 by assigning atomic polarizabilities to methanol’s carbon and
oxygen atom.

A cubic box with a box length of 3.2624 nm was filled with 512 methanol
molecules, resulting in a density of 784.6 kgm−3, which is within 0.3% of the
experimental density of methanol at 298.15K and 1 atm.113 Molecular dynam-
ics simulations were performed under NpT conditions using the GROMOS96
package,102,139 modified to incorporate use of the COS model.35,138 Geometries
of all molecules were kept rigid using the SHAKE algorithm,132 with a relative
geometric tolerance of 10−4. The temperature was weakly coupled131 to a bath of
298.15K with a relaxation time of 0.1 ps. The pressure was weakly coupled131 to
a bath of 1 atm with a relaxation time of 0.5 ps, and the isothermal compressibil-
ity was set to 7.513 × 10−4(kJmol−1 nm−3)−1. Newton’s equations of motion were
integrated using the leap-frog algorithm130 with a time step of 2 fs. Triple-range
cutoff radii of 0.8 and 1.4 nm were used to treat van der Waals and electrostatic
interactions. Interactions within the first cut-off range were calculated every
time step. Intermediate range interactions where evaluated every fifth time step,
coinciding with the update of the pair list. Long-range electrostatic interactions
beyond the cuto↵ were represented by a reaction field133 using model parameters
for "RF of 32.6 for simulations of pure methanol,114 4.81 for simulations in
chloroform140 and 78.5 for simulations in COS/G2 water.112 At the start of
every simulation, initial velocities were assigned from a Maxwell-Boltzmann
distribution at the given temperature. For simulations of the pure methanol
liquid, 5 ps of equilibration was followed by 500 ps production from which the
enthalpy of vaporization (�Hvap), the density (⇢), the self-di↵usion coe�cient
(D), the heat capacity (Cp), the isothermal compressibility (T ) and the static
dielectric permittivity (✏s) were calculated, using methods described in reference
141. To calculate Cp, two additional NpT simulations at 273 K and 313 K were
performed. To calculate T , three additional NVT simulations were performed
with ⇢ set to 737, 787 and 837 kgm−3. ✏s was calculated from 10 separate
simulations of 10 ns each to obtain a converged average. In all simulations,
atomic configurations were written out every ps, and energies every 0.2 ps.

Heats and volumes of mixing of our methanol model with COS/G2 water112

were evaluated by simulating aqueous mixtures at compositions given in Table 2.3,
using equations given in reference 114. No additional parameters were used to
describe water-alcohol interactions. Configurations as well as energies of the
mixtures were written out every 0.2 ps. "RF was made a linear combination
of the "RF values of COS/G2 and our methanol model, as a function of the
mole fraction. To evaluate the quality of the model further, the free energy of
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hydration (�Ghydr) and the free energy of solvation in chloroform (�Gsolv,CHCl
3

)
were calculated from simulations using the methodology and settings given in
reference 25. For chloroform, the COS/C model of Lin et al. was used.140

Table 2.3. Mixture compositions in simulations of aqueous methanol mixtures at di↵erent
mole fractions methanol (�MeOH). NH

2

O refers to the number of water molecules, NMeOH

to the number of methanol molecules, and rB is the box length of the cubic periodic box
containing the mixtures.

�MeOH 0 0.25 0.5 0.75 1
NH

2

O 1000 1500 1085 500 0
NMeOH 0 500 1085 1500 512
rB (nm) 3.10 4.24 4.69 4.85 3.26

2.3 Results and discussion

Figure 2.3, panels A and B present results for our QM/MM based fitting of
↵i at water’s oxygen atom for configurations of a QM solute in MM water, using
the SPC water model125 in the MD simulations to generate the configurations.
Use of the SPC/E model126 (which has both a higher density and molecular
dipole moment than SPC water) for either the solute, solvent, or both, was
found to neither qualitatively nor quantitatively change the following discussion.
Figure 2.3, panel A shows that ↵i values are clustered around a constant value,
independent of the size of the local electric field at the oxygen atom. This
indicates that linear response (Equation (2.1)) is a suitable approach to describe
electronic polarization e↵ects in aqueous environment, which is confirmed by
Figure 2.4 (panels A-C) which demonstrates the obtained linear correlation
between the separate vector elements of the fitted dipole moments and electric
fields at the solute’s oxygen (with a correlation coe�cient R2 being higher than
0.9).

Figure 2.3, panel B presents the number distribution of ↵i values obtained for
the water solute in SPC water. A Gaussian curve was fitted to this distribution,
from which a mean value for ↵i of 1.1 × 10−3 nm3 was obtained. This value is close
to the value used in polarizable water models for which dielectric permittivities
have been reported that are close to the experimental estimate (Table 2.1). It is
also close to the mean value of 1.08 × 10−3 nm3 obtained by Schropp and Tavan
in their DFT/MM study on the optimal value for the molecular polarizability in
TIP3P and TIP4P water,115 confirming the validity of our settings and approach.
In the remaining we will study the electronic polarizability of a methanol solute
(as a mimic of the simplest polar amino acid side chain) in environments of
di↵erent polarity.
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Figure 2.3. QM/MM determination of atomic polarizabilities ↵i (as obtained from electric
fields �Ei and fitted atomic dipole moments �µi at atomic centers i, using Equations (2.6)
and (2.7)), for 500 configurations taken from MD simulations of (A, B) a water solute in
water (described by the SPC model), (C,D) a methanol solute (described by the GROMOS
53A6 force field in MD) solvated in SPC water, and (E-H) a methanol solute (described by
the GROMOS 53A5 force field in MD) solvated in (E,F) B3 methanol and (G,H) chloroform.
To fit the �µi’s, one polarizable center was assigned to the water solute (oxygen) and two
polarizable centers to the methanol solute (oxygen and carbon). Panels (A,C,E,G) show the
correlation between the fitted polarizabilities and the size of the electric field at i. Panels
(B,D,F,H) show counted distributions of ↵i (thin lines), and Gaussian curves fitted to these
distributions (thick lines), which were used to obtain, at half the integral of the gaussian curve,
the mean values of ↵i (in 10−3 nm3) which are together with the Gaussian standard deviation
� given in the legend boxes. Horizontal lines are drawn in all panels at the mean values of
↵i to guide the eye. ↵i values and distributions are given in red for water’s and methanol’s
oxygen, and in black for methanol’s carbon atom.
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2.3.1 Fitting of atomic polarizabilities for a methanol so-
lute

Inducible dipole moments were fitted to best reproduce the change ��
(Equation (2.2)) in the external electrostatic potential of methanol, due to the
fields of point charges in water, methanol and chloroform solvent configurations,
as determined at the B3LYP/aug-cc-pVTZ level of theory. Fitting to ��
of the inducible solute dipole moments was performed by assigning either a
single inducible dipole moment (to the oxygen atom), two inducible dipole
moments (to both heavy atoms C and O), or three inducible dipole moments
(to the carbon, oxygen and hydroxyl hydrogen atom). Most polarizable force
fields assign inducible dipole moments to heavy atoms only. Panels C-H of
Figure 2.3 present distributions of C and O polarizabilities determined from
the fitted dipole moments at these two centers, in the three solvents considered.
The results for methanol in water as presented in Figure 2.3, panels C and D
were generated from MD simulations using the GROMOS 53A6 force field24

(optimized to describe hydration free energies of polar amino acid side chains
in SPC water) to represent the solute, in combination with the SPC model for
water.125 Distributions shown in Figure 2.3, panels F and G are based on MD
simulations of methanol with GROMOS 53A5 solute parameters24 (optimized
based on thermodynamic properties of pure liquids for the polar amino acid
side chain moieties) and the B3 methanol solvent model of Walser et al.127

Because of the possible influence of force-field parameters on thermodynamic and
structural properties,127,128 the e↵ect of using di↵erent force fields to generate
solvent configurations on the fitted dipole moments and atomic polarizabilities
was evaluated by comparing results generated from simulations using either
GROMOS 53A5 or 53A6 solute parameters, either the SPC or SPC/E water
model,125,126 and either the methanol B3 or KB solvent models.127,128 Similar
distributions for atomic polarizabilities were obtained when comparing results
based on use of di↵erent force-field parameter sets. This is reflected in Figure 2.6
by the small di↵erences in the mean values for the obtained distributions. The
largest di↵erences in mean ↵i values due to the use of di↵erent force-field
parameter sets were observed between use of either the B3 or KB solvent models
in the pure methanol simulations, especially when comparing the results for
the carbon atom (Figure 2.6, panels B and D). In this case, the widest of all
distributions was obtained (with a width of the fitted Gaussian being on the
same order as the integrated value, see Figure 2.3, panel F). As a result, the
e↵ect of the force field on di↵erences in obtained ↵i values and distributions was
not found to a↵ect the discussion in the remaining of this section. Note that
based on a comparison of the obtained atomic ↵i’s for methanol in water (when
using either GROMOS 53A5 or 53A6 parameters for methanol and either the
SPC or SPC/E solvent model), we do not expect that explicit inclusion of MM
polarization in our MD simulations and in the QM/MM electrostatic potential
calculations will significantly a↵ect the results of the polarizability fitting. Both
the SPC and SPC/E water models and the GROMOS 53A5 and 53A6 methanol
parameters di↵er with respect to the size of their atomic partial charges (and
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consequently, their molecular dipole moments).24,126 This di↵erence between the
methanol models e↵ectively accounts for di↵erences in molecular polarization
to best describe non-bonded interactions of the methanol solute with either
methanol (53A5) or water (53A6) solvent molecules.24 Similarly, the di↵erence
in point charges between the SPC and SPC/E water model e↵ectively accounts
for the self-polarization energy of the water solvent molecules.126 Because of
these substantial di↵erences in the (implicit) account for polarization e↵ects in
both pairs of force-field parameter sets, and because use of any combination of
parameter sets for the methanol solute in water led to similar results in the fitted
atomic polarizabilities (especially at methanol’s oxygen atom, see Figure 2.6),
we do not expect that explicit inclusion of MM polarization will significantly
change the outcomes of our QM/MM based fitting scheme.

Figure 2.3, panels C and E show that values for ↵O cluster around its mean
value, independent of the size of the electric field at O. This indicates that also
for methanol’s oxygen atom in polar environment, linear response of its inducible
dipole moment can be assumed. The linear correlation between the x -, y- and
z -components of the fitted dipole moments and of the electric fields at methanol’s
oxygen (with R2 > 0.8, see Figure 2.4, panels D-I) confirms the validity of this
assumption.

For ↵C (as well as for ↵O in the apolar chloroform environment), the linear
behavior over the range of Ei values is less obvious, considering the large spread
in fitted values in Figure 2.3, panels C-H. In addition, the occurence of negative
values for ↵i seems unphysical. It should be realized however that the ↵i’s
(�µi’s) are e↵ective parameters (descriptors) to describe the total response of
the solute’s electronic configuration to the external electric field. As such, it
also accounts for changes in quadrupole and higher multipole moments of the
solute. This might explain why negative ↵i’s are especially observed for carbon
and when using more than one polarizable center. Whereas the inducible dipole
moment at O may predominantly account for the change in overall molecular
dipole moment, the fitted �µC may well adopt opposite direction, to e↵ectively
induce a quadrupole moment in order to further improve the fit. Despite of the
relatively wide spread in ↵C values and the occurence of negative polarizabilities,
also for carbon (and O in chloroform) correlation was obtained between fitted�µi and the �Ei components, with R2 values ranging from 0.55 to 0.92 (Figure 2.4,
panels D-L).

From Figure 2.3, panels C and E, it can be seen that in the water and methanol
solvents, typical electric fields at methanol’s oxygen atom are significantly higher
than at the solute’s carbon atom. This is not surprising when considering the
strong interactions with and directionality of hydrogen bonding solvent molecules
towards the oxygen atom. Simultaneously, panels D and F of Figure 2.3 show a
much smaller spread in ↵i values for methanol’s oxygen than for its carbon atom.
A possible explanation for the larger spread in ↵i values at small Ei values (also
reflected by the ↵i distributions for both C and O in chloroform, see Figure 2.3,
panel G) is o↵ered by the fact that the change �� in the molecular external
potential compared to the gas phase is largely due to strong and directional
interactions of solvent molecules with the solute’s hydroxyl group.

41



QM/MM-based fitting of atomic polarizabilities for use in condensed-phase biomolecular simulation

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

µ
i,
k

[n
m

·e
]

A

R2
O=0.92

B

R2
O=0.92

C

R2
O=0.95

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

µ
i,
k

[n
m

·e
]

D

R2
C=0.90

R2
O=0.93

F

R2
C=0.55

R2
O=0.87

E

R2
C=0.66

R2
O=0.80

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

µ
i,
k

[n
m

·e
]

G

R2
C=0.92

R2
O=0.93

I

R2
C=0.64

R2
O=0.83

H

R2
C=0.60

R2
O=0.88

�1500 0 1500

Ei,x [kJmol�1nm�1e�1]

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

µ
i,
k

[n
m

·e
]

J

R2
C=0.90

R2
O=0.88

�1500 0 1500

Ei,y [kJmol�1nm�1e�1]

L

R2
C=0.74

R2
O=0.64

�1500 0 1500

Ei,z [kJmol�1nm�1e�1]

K

R2
C=0.75

R2
O=0.69

Figure 2.4. Correlation between x- (panels A, D, G and J), y- (panels B, E, H and K) and
z- (panels C, F, I and L) elements k of fitted dipole moments �µi and of electric fields �Ei at
atomic centers i (oxygen: red, carbon: black) of a water (panels A-C) and a methanol solute
(panels D-L), for ensembles of 500 solvent configurations obtained in SPC water (panels A-F),
B3 methanol (panels G-I) and chloroform (panels J-L). Solid lines present linear fits for the
obtained correlation between µi,k and Ei,k, the corresponding correlation coe�cient R2 is
given in the legend boxes.

Therefore, the change in electron configuration around the carbon atom
may well depend on the strength of solute-solvent hydrogen bonding interac-
tions and the resulting intramolecular polarization, instead of on the electric
field due to the solvent at the methyl group itself. This is confirmed by the
large components of the fitted ↵C polarizabilities along the C-O bond (↵i,x),
see Section 2.3.2. In other words, intramolecular interactions may well be
dominant in polarizing the apolar CH

3

group, whereas use of the external
electric field in Equation (2.1) rather implies that electronic polarization ef-
fects are depending on intermolecular interactions. The resulting scattering
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in ↵C values leads to a significant reduction in the obtained mean value for
↵C , when compared to the gas-phase estimate of Miller39 or MacKerell47 of
2.3 × 10−3 nm3 and 1.9 × 10−3 nm3, respectively (Figure 2.6, panels B and D).
This e↵ect is stronger in the hydrogen bonding solvents water and methanol
(mean ↵C value of 1.1 × 10−3 nm3) than in chloroform (1.7 × 10−3 nm3). In con-
clusion, intramolecular polarization o↵ers an additional explanation for the
need of lower values of atomic polarizabilities in the condensed phase compared
to gas-phase estimates, which was recently suggested to be due to Pauli ex-
clusion e↵ects,45 or explained by the observation that for a solute molecule
such as water, the electric field at the chosen polarizable center is typically
significantly higher than within the remaining part of the molecular volume.115
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Figure 2.5. Values of �2 for the fitted solvent
configurations calculated from Equation (2.3) for
fitting of the external electrostatic potential of a QM
methanol solute in SPC water, using 1 (at oxygen,
in black), 2 (at oxygen and carbon, in red) or 3
(at oxygen, carbon and hydroxyl hydrogen, in blue)
atomic centers to fit induced dipole moments on.

The value for ↵O adopts rela-
tively constant values in the sol-
vents of di↵erent polarity consid-
ered (about 1.1 × 10−3 nm3, Fig-
ure 2.3). Interestingly, this ↵O

value as well as our mean ↵C

value in polar (water, methanol)
environment (1.1 × 10−3 nm3, Fig-
ure 2.3) are close to the value of
1.0 × 10−3 nm3 as presented for ↵C

and ↵O by Anisimov et al.47 in
their parameterization of DO alco-
hol models (which started from
gas-phase estimates of ↵C and
↵O, and recalibrated polarizabil-
ities and other force-field param-
eters based on condensed-phase
properties). Similarly, from our
QM/MM fitting of a single polar-
izability at the oxygen to repre-
sent the response of the molecular
dipole moment to the methanol
and water solvents (Figure 2.6,
panel A), we obtained values close to the value used in the COS/M model
of Yu et al.114 (of 1.32 × 10−3 nm3, Table 2.2). We have also fitted induced dipole
moments and polarizabilities to �� by assigning three polarizable centers (i.e.,
at C, O as well as the hydroxyl hydrogen atom). Figure 2.6, panels D-F present
mean values obtained from the distributions of the three ↵i values in di↵erent
solvents. The largest spread is again obtained in ↵C values, and only small
values were obtained for ↵H . Because of the increased computational cost and
the increased chance on a polarization catastrophe (polar hydrogens often do not
carry (repulsive) van der Waals parameters), hydrogen atoms are usually omitted
when assigning polarizable centers. Here we show that use of an additional
polarizable center at hydrogen only brings small improvement in describing the
response of the molecular electrostatic potential to the field of solvent point
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charges, when compared to the situation of using polarizabilities at C and O
only. Figure 2.5 presents �2 values (calculated from Equation (2.3)) for the fits
of 1, 2 or 3 induced dipole moments on the methanol solute in water. From
Figure 2.5 it can be seen that a significant gain in accuracy (i.e., decrease in
�2 values) can be obtained when introducing a second polarizable center at the
carbon atom. However, the additional decrease in �2 values upon introducing
a third polarizable center (at the hydroxyl hydrogen atom) is less significant
(Figure 2.5).
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Figure 2.6. Vacuum estimates (black bars) for atomic polarizabilities ↵i, as well as
(averaged) values for ↵i for a methanol solute in water (described by the SPC or SPC/E
model), methanol (described by the KB or B3 model) or chloroform, as obtained from our
QM/MM approach from MD simulations using GROMOS 53A5 (grey bars) or 53A6 (hashed
bars) to describe the solute. ↵i values in panel A are obtained by fitting a single atomic
polarizability (on methanol’s oxygen), ↵i values in panels B and C are obtained by fitting on
two atomic sites (on methanol’s carbon (B) and oxygen (C)), and the ↵i values in panels D-F
are obtained by fitting on three centers (carbon (D), oxygen (E) and hydrogen (F)). Vacuum
estimates are the sum of gas-phase atomic polarizabilities (taken from reference 39), for all
atoms (panel A), for the methyl group (panels B and D), for the hydroxyl group (panel C), or
for the oxygen atom (panel E) or hydrogen atom only (panel F).
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Figure 2.7. QM/MM determination of x-, y- and z-components of the atomic polarizability
elements ↵i,k, (as obtained from electric fields �Ei and fitted atomic dipole moments �µi at
atomic centers i, using Equations (2.6) and (2.7)), for 500 configurations taken from MD
simulations of (A,B) a water solute in water (described by the SPC model), (C-H) a methanol
solute described by the GROMOS 53A6 force field in MD solvated in SPC water. To fit
the �µi’s, one (A-D) or two (E-H) polarizable centers were assigned to the solute (oxygen,
or oxygen and carbon, respectively). The left panel shows the correlation between the fitted
polarizabilities and the size of the electric field at i. The right panel shows counted distributions
of ↵i,k (thin lines), and Gaussian curves fitted to these distributions (thick lines), which were
used to obtain, at half the integral of the gaussian curve, the mean values of ↵i,k (in 10−3
nm3) which are together with the Gaussian standard deviation � given in the legend boxes.
Horizontal lines are drawn in all panels at the mean values of ↵i,k to guide the eye. ↵i,k

values and distributions are given in black for the x-direction, red for the y-direction, and blue
for the z-direction (as defined in Figure 2.2).
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2.3.2 Isotropy of the obtained atomic polarizabilities

Accounting for anisotropy can enhance the accuracy of the treatment of
electronic polarization e↵ects in simulation,105 but it also needs computationally
costly matrix operations and can introduce torques. In the case of water, gas-
phase values for the diagonal elements of the polarizability tensor deviate only
4% form their average (isotropic) value,26 which implies that isotropic treatment
of oxygen’s polarizability in water is su�ciently accurate. From the condensed-
phase distributions for x -, y- and z -elements of the fitted polarizabilites for
water’s oxygen atom in aqueous solution (Figure 2.7, panels A and B), mean
values for ↵x, ↵y and ↵z are obtained that are within 10% of the average value for
↵O (of 1.1 × 10−3 nm3). Moreover, the separate distributions for ↵x, ↵y and ↵z

show significant overlap (Figure 2.7, panel B), which is an additional validation
of assuming isotropy. A similar conclusion can be drawn for fitted ↵x, ↵y and ↵z

values for methanol’s oxygen atom (obtained in water) when including a single
(Figure 2.7, panels C and D) or two polarizable centers (Figure 2.7, panels G and
H), although di↵erences between individual ↵ elements and its mean value (of
1.4 × 10−3 nm3 and 1.1 × 10−3 nm3, respectively) may sum up to 25% and 15%,
respectively. For methanol’s carbon atom, large deviations in individual x -, y-
and z -values of the fitted polarizabilities are obtained. Such a large anisotropy
in ↵C can be understood from the large intramolecular contribution of electronic
polarization along the C-O bond, as reflected by the high value of ↵i,x for C in
Figure 2.7, panel F. This is probably due to the strong intermolecular (hydrogen
bonding) electrostatic interactions involving the hydroxyl group when compared
to the small electrostatic fields at the methyl group.

2.3.3 Use of the optimal value for ↵O to parameterize a
polarizable methanol force field

Based on the MD simulations in SPC water using the GROMOS 53A6
parameters for the solute, our QM/MM estimate for the condensed-phase fitting
of ↵O was 1.1 × 10−3 nm3, which is slightly higher than the gas-phase estimates of
1.0 × 10−3 nm3 by both Miller39 and Anisimov et al.47 This estimate for ↵O was
used to reparameterize a methanol force field with two polarizable centers. In the
parameterization procedure, ↵C was treated as an e↵ective, variable parameter,
because of the large spread in obtained ↵C values (Figure 2.3), the variation
in mean values within environments of di↵erent polarity (Figure 2.6) and the
di↵erences in the separate ↵C,x, ↵C,y and ↵C,z values (Section 2.3.2). Starting
from the mean value for ↵O determined in water (1.1 × 10−3 nm3, Figure 2.3)
and from the COS/M van der Waals (vdW) parameters,114 and by using gas-
phase estimates for partial charges and the COS/M methanol geometry, ↵C

and vdW parameters were varied to obtain methanol models that reproduce
experimental values for the heat of vaporization �Hvap and the density ⇢ of
the pure liquid in simulation. From the various combinations of ↵C and vdW
parameters reproducing �Hvap and ⇢ of the liquid, the parameter set with ↵C

= 0.95 × 10−3 nm3 showed a value of the dielectric permittivity ✏s that is close
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to experiment, whereas models with a higher ↵C still show overpolarization (as
indicated by a significant overestimation of ✏s, results not shown). Our final
methanol parameter set (with ↵O = 1.1 × 10−3 nm3, ↵C = 0.95 × 10−3 nm3 and
gas-phase partial charges) is presented in Table 2.4 and is designated as CPC.
Tables 2.4 and 2.5 compare CPC parameters and properties with experiment and
with data for other methanol models that use atomic-centered polarizabilities,
including the COS/M model of Yu et al.114 (which has one polarizable center at
O) and the CHARMM-DO model of Anisimov et al.47 (having two polarizable
centers, at C and O). CPC and COS/M both have a fixed geometry and three
atomic interaction sites (the only di↵erence in number of force-field parameters
being the number of polarizable centers). The CHARMM-DO model shows a
higher degree of complexity in terms of the number of interaction sites (Table 2.4).

Values for pure-liquid thermodynamic properties of the CPC model are in
good agreement with experiment and show slight improvement over COS/M in
terms of the pure-liquid density and heat capacity, and over CHARMM-DO in
terms of the isothermal compressibility, see Table 2.5. Structural properties of
the CPC model were compared in terms of the radial distribution functions g(r),
both with experimentally derived g(r) data142,143 and with the local structure
in COS/M methanol (Figure 2.9). This comparison shows a similar match with
experiment when compared to COS/M. However, Table 2.5 also shows a too low
di↵usion constant for the CPC model, which makes the CPC model less suited
for the description of kinetic properties of the pure liquid, but will not a↵ect the
thermodynamic properties that drive biologically relevant processes.

Mixing properties of CPC methanol with COS/G2 water112 were evaluated
as well, see Figure 2.8. Heats of mixing are within 0.4 kJmol−1 and volumes
of mixing are well within 0.1mLmol−1 from experiment, which is an excellent
match, and a further improvement over the performance of COS/M (Figure 2.8).
Note that the maximum error in�Hmix of 0.4 kJmol−1 (at �MeOH = 0.75) is well
within k

B

T (which is 2.5 kJmol−1 at 300K and can be considered as a measure
for typical fluctuations in the kinetic energy of the system). In addition, the
computed heat of vaporization of the mixture at �MeOH = 0.75 is within 1% from
the experimental value (which was derived from experimental values for the heat
of mixing144 and the heats of vaporization of liquid water145 and methanol113).
Interestingly, no special van der Waals parameters had to be introduced to obtain
this match with experiment for the aqueous mixture properties, whereas such
special parameters were previously introduced for COS/M and CHARMM-DO
(see references 47 and 114, respectively). Finally, free energies of solvation of
CPC methanol in COS/G2 water and in chloroform (described by the COS/C
model of Lin et al.140) were computed. Values were obtained within 1.7 kJmol−1
of experiment (i.e., within k

B

T , see Table 2.5), which validates the use of the
CPC parameter set for use in biomolecular simulation, because the balance in
interactions in environments of such a di↵erent polarity is what usually drives
processes of biochemical and biophysical interest.10
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Table 2.4. Values for the partial atomic charges (q, in e), inter-atomic distances (d, in
nm), bond angles (∠, in °), permanent dipole moment (µ0, in D), atomic polarizabilities
(↵, in 10−3 nm3), and van der Waals parameters (C6 and C12, in (kJmol−1nm6)1�2 and
10−3 (kJmol−1nm12)1�2 resp.) for the CPC, COS/M and CHARMM-DO polarizable methanol
models. O refers to methanol’s oxygen atom, lp to virtual lone-pair sites (in the CHARMM-DO
model, positioned at a distance of 0.035 nm from the oxygen center), H to the hydroxyl
hydrogen atom, Me to the united atom CH3 group, C to the carbon atom, and HC to explicit
aliphatic hydrogen atoms. The presented van der Waals parameters of the CHARMM-DO
model were derived from Lennard-Jones parameters given in references 47 and 146 (in com-
bination with the potential energy term for Lennard-Jones interactions given in reference 147).

CPC COS/M114 Charmm-DO47 exp113

q(O) -0.55 -0.53 0.00 -
q(lp) - - -0.23 -
q(H) 0.34 0.36 0.36 -
q(Me) 0.21 0.17 - -
q(C) - - -0.14 -
q(HC) - - 0.08 -
d(O-H) 0.1000 0.1000 0.0970 0.095
d(Me-O) 0.1430 0.1430 - -
d(C-O) - - 0.1430 0.142
d(H-Me) 0.1988 0.1988 - -
d(HC -C) - - 0.1110 0.109∠ C-O-H - - 107.6 108.53∠ HC -C-O - - 109.9 -∠ HC -C-HC - - 109.1 108.63
µ0 1.80 1.75 1.83 1.70
↵mol - - - 3.32
↵O 1.100 1.320 1.0 -
↵Me 0.950 - 1.0 -

(C12(O))1�2 1.475 1.615 1.533 -
(C12(H))1�2 - - 5.4⋅10−5 -
(C12(C))1�2 - - 3.129 -
(C12(HC))1�2 - - 0.142 -
(C12(Me))1�2 5.685 4.400 - -

(C6(O))1�2 0.04720 0.04760 0.04928 -
(C6(H))1�2 - - 0.00015 -
(C6(C))1�2 - - 0.06516 -
(C6(HC))1�2 - - 0.01042 -
(C6(Me))1�2 0.11161 0.09421 - -
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Table 2.5. Values for the density (⇢), enthalpy of vaporization (�Hvap), self-polarization
energy (Uselfpol), average and induced dipole moments (< µliq > and < µind >), dielectric per-
mittivity (✏s), self-di↵usion constant (D), isothermal compressibility (kT ), heat capacity (Cp),
free energy of hydration �Ghydr and free energy of solvation in chloroform (�Gsolv,CHCl

3

)
at 298.15 K and 1 atm., calculated from simulations using CPC, COS/M and CHARMM-DO
polarizable methanol models, or taken from experiment (exp).

CPCa COS/Mb Charmm-DOc exp
⇢ [kg⋅ m−3] 794.0 774.6 791.6 786.9d

�Hvap [kJ⋅ mol

−1
] 36.8 37.8 37.4 37.4e

Uselfpol [kJ⋅ mol

−1
] 9.12 15.4 - -< µliq > [D] 2.43 2.52 - 2.87f

< µind > [D] 0.63 0.80 - -
✏s 34.4 31.1 30.1 32.6e

D [10

−9
m

2 ⋅ s−1] 1.1 1.7 2.6 2.4g

kT [10

−6 ⋅ atm−1] 119 129 87h 123e,i

CP [J⋅ mol

−1 ⋅ K−1] 62.9 113 - 81.1e

�Ghydr [kJ⋅ mol

−1
] -19.6 -19.7 -19.4 -21.3j

�Gj
solv [kJ⋅ mol

−1
] -12.6 - - -13.9k

acurrent work; breference 114; creference 47; dreference 148; ereference 113
f reference 149; greference 150; hvalue at 313.15 K; ivalue at 293.15 K

j in Chloroform; kreference 151.
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Figure 2.8. Heat (�Hmix) and volume (�Vmix) of mixing of water-methanol mixtures at
di↵erent methanol mole fractions (�MeOH) at 300 K and 1 atm., calculated from simulations
using the CPC (in green) and COS/M (in red) polarizable models for methanol, and the
COS/G2 model for water. Experimental values are given as well (in black, taken from
references 144 and 148, respectively).
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Figure 2.9. Radial distribution functions g(r) for pairs of atoms involving the carbon (C),
oxygen (O) and hydroxyl hydrogen (H) atoms of methanol in the pure liquid, obtained from
simulations using the CPC (in green) and COS/M (in red) models. Experimental values are
given as well (in black, taken from references 142 and 143).
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2.4 Conclusion

In the current work, we have used a QM/MM based fitting approach to deter-
mine values for atomic polarizabilities for use in condensed-phase (bio)molecular
simulation. Ensembles of configurations of (MM) solvent molecules around a
(QM) solute were obtained from classical MD simulations, after which induced
atomic dipole moments were fitted to mimic the response of the solute’s external
electrostatic potential to the electric field generated by the solvent point charges
(determined at the B3LYP/aug-cc-pVTZ level of theory). Fits were performed
by assigning inducible dipole moments to the heavy atoms of a water and a
methanol solute, in ensembles of solvent configurations of di↵erent polarity
(water, methanol and chloroform solvents). A comparison of the accuracy of the
fitted electrostatic potentials around the methanol solute when fitting at either 1
(at O), 2 (at C and O) or 3 (C, O and hydroxyl H) atomic centers, showed that
use of two polarizable centers in the condensed phase is a good trade o↵ in terms
of accuracy on one hand, and computational costs and risk for the polarization
catastrophe on the other hand.

From the induced atomic dipole moments, e↵ective condensed-phase atomic
polarizabilities ↵i were derived, by assuming linear response. Using our approach,
the linear-response assumption was validated for the polarizable oxygen atom
of the water and methanol solute in polar environments (water and methanol
solvents). For these atom types, isotropy of the electronic polarization was shown
to be a valid approximation as well: the condensed-phase estimates for ↵i,x, ↵i,y

and ↵i,z elements were within 10-15% of the e↵ective, averaged ↵i value. For
atoms exposed to relatively low electric fields (such as the carbon atom of the
methanol solute, and the oxygen atom in chloroform), validation of assuming
isotropy and linear response was less obvious, because wide distributions of
fitted atomic polarizabilities were obtained in these cases. The relatively large
anisotropy in obtained ↵i,x, ↵i,y and ↵i,z values for the carbon atom in polar
environments can be explained by the strong polarization of the methanol solute
due to (hydrogen-bonding) interactions involving its hydroxyl group (instead
of its methyl group) and the resulting intramolecular polarization. This may
also o↵er an explanation for the need of using a low atomic polarizability for
the carbon atom in condensed-phase systems (when compared to the gas phase
estimate of ↵C) to prevent molecular overpolarization e↵ects. This need is
illustrated by the distributions of ↵C values that are scattered such that mean
values were found well below the gas-phase estimate.

Based on the integration of Gaussian curves fitted to the distributions of
obtained ↵i values for the oxygen and carbon atoms in the water and methanol
solutes, we obtained ’optimal’ values for ↵O of 1.1 × 10−3 nm3 both for water and
methanol, and of 0.95 × 10−3 nm3 for methanol’s ↵C . These values are close to
the e↵ective values for atomic polarizabilities typically used for polarizable water
and methanol models. The use of di↵erent combinations of solute or solvent
force-field parameter sets in our simulations to generate the solvent configurations
for use in the QM/MM calculations was not found to significantly a↵ect these
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results. The obtained optimal value for ↵O was used (together with the gas-
phase estimate of partial charges) to parameterize a charge-on-spring (or Drude
Oscillator) based polarizable united-atom force field for methanol. Because of
the wide spread in fitted ↵C values, ↵C was still treated as an e↵ective, variable
parameter in the parameterization procedure. The final model (designated as
CPC), reproduces experimental data for thermodynamic properties of the pure
liquid, as well as the mixing and solvation properties of methanol in water and
chloroform. For this purpose, no special van der Waals parameters had to be
introduced for interactions with the polar or apolar solvents considered.
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