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Abstract Within the CHARMM polarizable force field
based on the classical Drude oscillator, atomic polar-
izabilities are derived via fitting to ab initio calculated data
on isolated gas phase molecules, with an empirical scaling
factor applied to account for differences between the gas
and condensed phases. In the development of polarizable
models for the ethers, a polarizability scaling factor of 0.7
was previously applied [Vorobyov et al. ] Comput Chem
3:1120-1133, 2007]. While the resulting force field models
gave good agreement with a variety of experimental data,
they systematically underestimated the liquid phase dielec-
tric constants. Here, a new CHARMM polarizable model is
developed for the ethers, employing a polarizability scaling
factor of 0.85 and including atom-based Thole scale factors
recently introduced into the CHARMM Drude polarizable
force field [Harder et al. J Phys Chem B 112:3509-3521,
2008]. The new model offers a significant improvement in
the reproduction of liquid phase dielectric constants, while
maintaining the good agreement of the previous model with
all other experimental and quantum mechanical data,
highlighting the sensitivity of liquid phase properties to
the choice of atomic polarizability parameters.
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Introduction

Parameters for a polarizable force field model of linear and
cyclic ethers based on the Drude oscillator model [1] have
previously been developed for use within the CHARMM
force field [2]. While calculations performed using these
parameters give results in satisfactory agreement with a
wide range of reference data encompassing liquid phase
thermodynamic properties; gas phase interactions with
water and rare gas molecules, and free energies of
solvation, the final force field systematically underestimates
the liquid phase dielectric constants of the ether molecules.

A key parameter in the CHARMM polarizable force
field is the atomic polarizability, which is obtained through
fitting to a series of ab initio calculated electrostatic
potentials for an isolated gas phase molecule, perturbed
by a point charge [3]. It is well known that the
polarizability of a molecule is dependent on its environ-
ment, [4, 5] and during the development of the Drude
polarizable force field it has become apparent that gas
phase polarizability values are often too large compared to
the values required to obtain accurate condensed phase
properties, [3, 6] with the liquid phase dielectric constant
particularly sensitive to the polarizability [7]. The underly-
ing physical reason for this difference in gas and condensed
phase polarizabilities is still a point of debate. It was first
explained in terms of the Pauli exclusion principle [6, 8]:
with the accurate calculation of molecular polarizabilites by
ab initio methods requiring the use of diffuse functions,
which extend spatially beyond the van der Waals surface of
the molecule, [7] it was suggested that in the condensed
phase, when there are other molecules in close proximity,
these orbitals will overlap with the similarly diffuse orbitals
on neighboring molecules, causing “the Pauli exclusion
principle to qualitatively raise the energies of these basis
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functions, thus reducing their mixing into the ground-state
wave function” [7]. Elsewhere it has been attributed to “the
inhomogeneities of the electric field within the volume of a
water molecule embedded in liquid water” [9]. Other
studies have observed the effect via quantum mechanical
(QM) calculations on water [4, 8, 10] and on a lipid head
group, [11] where the presence of up to eight water
molecules resulted in a decrease of up to 20% in calculated
polarizability, a result attributed to “charge stabilization”
via the formation of H bonds, the authors proposing that
electrons involved in H bonding are more tightly bound
than those not involved in the formation of H bonds and
therefore less able to respond to the presence of an external
field.

In the development of the Drude-based CHARMM
polarizable force field, this effect has been accounted for
by scaling the gas phase atomic polarizabilites by an
empirical scaling factor during the parametrization process
[3]. In the original Drude oscillator model for the ether
molecules, the values of the atomic polarizability, «,
obtained from the charge fitting procedure were systemat-
ically scaled by a factor of 0.7: a value found to be
appropriate in the development of the SWM4-NDP water
model [12]. Since the development of the polarizable force
field model for ethers, however, in a Drude polarizable
model for N-containing heteroaromatics a polarizability
scaling factor of 0.85 was found to be appropriate, [13] in
good agreement with the work of Morita and Kato, [14]
who showed that neutral species show a polarizability
decrease of 13-18% on moving from the gas phase to
aqueous solution. In another study of amides, no scaling
(i.e., 1.0 scaling) was found to be necessary to give the
correct dielectric constant, [15] with the same requirement
for 1.0 scaling also observed in the parameterization of a
Drude model for alkanes [16]. Given the systematic
underestimation of the original ether dielectric constants
and several studies showing that different scaling factors
are appropriate for different classes of molecules, it was
felt that the scaling factor used for the atomic polar-
izabilities in the Drude polarizable force field for ethers
should be re-evaluated.

A second motivation for further optimization of the
polarizable ether model was the inclusion of atom-based
Thole scale factors in the polarizable Drude force field.
Thole scale factors are parameters used to modify the
electrostatic term in the force field to allow 1-2 and 1-3
screened dipole interactions via smearing of the charges
associated with the dipole moments on the Drude particle
and the real atom using a Slater distribution [17]. The Thole
scaling factors dictate the extent of charge smearing and the
standard Thole scaling procedure applies a single scale
factor to all atom pairs. In the CHARMM Drude model a
value of 2.6 was initially selected, based on the reproduction
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of'the anisotropic molecular polarizability of benzene, and this
is the value that was used in the previous work on ethers [2].
However, in subsequent studies on amides it was shown
that the use of a single scale factor for all atom pairs
resulted in a poor reproduction of the ab initio calculated
orientation of the molecular polarizability tensor by the
Drude model. Incorporating atom-based scaling terms into
the Drude models overcame this limitation and, in
combination with an atomic polarizability scaling factor
of 1.0, allowed for reproduction of the dielectric constant
of N-methylacetamide [15]. The use of atom-based Thole
scaling has more recently been shown to facilitate
reproduction of the polarizability tensor of N-containing
heteroaromatics [13].

Based on these advances, re-evaluation of the previously
optimized ether force field was undertaken in the present
study. This effort was primarily focused on the electrostatic
parameters; however, given the interdependence of all
parameters in a force field, it was necessary to optimize
all remaining terms in the energy function. Accordingly, the
objectives of this work are: (1) the development of new
polarizable force field models for linear and cyclic ethers
using a polarizability scaling factor of 0.85 in combination
with atom-based Thole scaling factors, and (2) the
assessment of the impact that the new parameter set has
on calculated values of the dielectric constants.

Methods

All ab initio calculations were performed using the program
Gaussian03, [18] and all force field calculations were
performed using version c35b1 of the program CHARMM
[19-21].

As a first step in the parametrization process, atomic
charges and polarizabilities were obtained by restrained
fitting to B3LYP/aug-cc-pVDZ perturbed electrostatic
potential maps using MP2/6-31G(d) optimized geometries.
This procedure was performed on the same molecular
conformations used in the previous development of Drude
polarizable models for ethers, [2] and the method employed
was identical to that used in the previous work, except for
two modifications. Firstly, a polarizability scaling factor of
0.85 was used in place of the original scaling factor of 0.7.
The second modification was in the assignment of Thole
scaling factors: in the previous work, a set value of 1.3 was
used as the Thole scaling factor for every heavy atom,
which corresponds to the value of 2.6 for each atom pair
determined based on benzene (i.e., a simple additive
combining rule is used for the atom-based Thole scale
factors) [15, 22]. In the present study, atom specific Thole
factors were calculated as part of the charge fitting
procedure. As in the previous work, [2] initial values for
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the atomic charges were taken from the additive CHARMM
model, and initial atomic polarizabilities were taken from
the work of Miller, [23] modified to take account of the
heavy-atom only polarizability model used in this work.
For the cyclic ethers tetrahydrofuran (THF) and tetrahy-
dropyran (THP), such a scheme was sufficient to obtain
usable charge and polarizability parameters. For the linear
ethers, however, it was a requirement that parameters
should be transferable across the series, and only three
distinct C atom types were used: Ca; Cb, and Cg, as shown
in Fig. 1. Charge fitting was initially performed on dimethyl
ether (DME) to obtain charge and polarizability parameters
for O and Ca. Charge fitting was then also performed on
diethyl ether (DEE), with the O parameters restrained to
those obtained during the fitting of DME. This yielded the
required parameters for Cb and Cg, which were then
(along with the Ca and O values from DME) transferred to
1,2-dimethoxyethane (DMOE) and methyl ethyl ether (MEE).

Throughout this process, the Drude force constant is
treated as being isotropic for all C atoms. For the O atoms,
however, the Drude force constant is treated as a tensor,
K™, where the components Ko™, Kyy(D) and K,,®
“determine the stiffness of the atom-Drude bond in three
orthogonal directions” [2] and hence provide an anisotropic
representation of the polarizability. In the previous parametri-
zation of the Drude oscillator model for ethers, the O atomic
polarizability anisotropy was taken directly from that calcu-
lated previously for methanol, [22] with K ™=1100,
K,,?=800 and K,,™=1100 kcal/(molA®). The same
approach was also adopted in this work, with the orientation
of the anisotropy defined relative to the O lone pair atoms
(see below) and a dummy atom connected to the O atom. To
account for the anisotropy in the charge density around the O

Fig. 1 Ether model compounds, A o B 0

. VRN PN
a-f, and test compounds, g-j: Ca Ca Ca Ca
(a) tetrahydrofuran, THF; \ / | |
(b) tetrahydropyran, THP; (c) Cb—Cb Cb Cb
dimethyl ether, DME; (d) methyl Tcgl
ethyl ether, MEE; C O\
(e) diethyl ether (DEE); Ca Ca
(f) 1,2-dimethoxyethane, D A9« Ce
DMOE; (g) methyl propyl Ca Cb
ether, MPE; (h) methyl butyl E Ce _O_ _Ce
ether, MBE; (i) ethyl Cb Cb
propyl ether, EPE; F PN /Cb\ /Ca
(j) 2-(R)-methy] tetrahydrofuran, Ca Cb o

MTHF

atom, two additional “lone pair” point charges are also
included for each O atom within the ether molecules, a
method that has been shown to give a better reproduction of
the anisotropy of interactions between hydrogen bond
acceptor atoms and water molecules when compared to
models including only atom centered charges [22, 24].
While the charges on these lone pair sites were
determined as part of the charge fitting procedure within
this work, their positions were taken directly from the
previous polarizable ether model, where they were
“adjusted manually based on achieving as small as
possible root-mean-square-error of empirical vs. QM
electrostatic potentials (ESP) and the qualitative reproduc-
tion of the local QM ESP around the oxygen atom” [2].
The final values used for the positions of the two lone
pairs around each O atom, defined relative to the O atom
and the two C atoms adjacent to the O atom (for
convenience labeled C1 and C2) are: R(O-LP)=0.35 A,
B(LP-O-C) = 0.35°, ¢p(LP-O-C1-C2)=90°, 270°.

With the electrostatic parameters in place, the next stage
of the parametrization process was the development of
Lennard-Jones parameters. In the previous work, two
different O atom types were used for the ether molecules:
one to describe the O atom in THF, and a second to
describe the O atom in all other ethers (linear ethers and
THP). Here, it was found that improved models of THP and
the linear ethers could be obtained if the restriction that the
O atom in THP should have the same Lennard-Jones
parameters as O in the linear ethers was lifted, and a new
CHARMM atom type, OD306A, was introduced for the O
atom in THP. Initial Lennard-Jones parameters for all atoms
were taken from the previous Drude force field ether model,
and as a first assessment of the quality of Lennard-Jones
parameters, interactions between the ether molecules and a
single water molecule were considered. The method used
was identical to that described in the previous work, [2]
with the O Lennard-Jones parameters modified until a
reasonable agreement with quantum mechanical data was
obtained. Results from these calculations were used to
guide the choice of a range of values for O Lennard-Jones
parameters over which to scan in search of optimal
agreement with experimental liquid phase data. For these
scans, at each combination of the well depth, ¢, and atomic
radii, R,;,/2, a single liquid phase molecular dynamics
simulation of 150 ps starting from a pre-equilibrated box of
128 ether molecules was performed, along with a single gas
phase molecular dynamics simulation of 2.5 ns on an
isolated molecule (simulations performed at the temper-
atures noted in Table 1). From the results of these
simulations, the molecular volume, V,,,, and heat of vapori-
zation, AH,,,, of the molecule were calculated and compared
to known experimental values. The Lennard-Jones parameter
combination that yielded the best agreement with the
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Table 1 Molecular volumes and

heats of vaporizations (V,, in A%, T.K exper D0.7 % err D0.85 % err
AH,,, in kcal mol™)
Tetrahydrofuran (THF)
Vi 298.15 135.6" 134.0+0.8 -1.2 134.8+0.4 -0.6
AHy,,p 298.15 7.65° 7.80+0.06 2.0 7.69+0.03 0.9
Tetrahydropyran (THP)
Vi 298.15 162.3% 165.3+0.3 1.8 163.8+0.8 0.9
AH,,p 298.15 8.26% 8.27+0.02 0.1 8.41+0.04 1.8
Diethyl Ether (DEE)
Vi 298.15 173.9° 171.8+1.0 -1.2 176.9+£1.2 1.9
AHy,p, 298.15 6.48* 6.80+0.10 4.9 6.46+0.06 -0.3
Dimethoxyethane (DMOE)
Vin 298.15 173.6° 176.6+0.8 1.7 178.1+£0.9 2.6
AH,,p 298.15 8.79* 8.79+0.10 0.0 8.67+0.07 -1.4
Dimethyl Ether (DME)
Vi 248.34 104.9° 106.6+0.9 1.6 104.2+0.8 -0.7
. . AH,,, 248.34 5.14* 4.94+0.05 -3.9 5.18+£0.02 0.8
. E};per%mental data from [32] Methyl Ethyl Ether (MEE)
perimental data from [33] Vin 27320 137.5¢ 137.540.6 0.0 140.240.8 2.0
* Experimental data from [34] AH,,, 280.60 5.90° 5.7240.06 3.1 5.8520.04 08

9" Experimental data from [35]

experimental values was then accepted as the final model,
subject to the condition that calculated values of both V,,
and AH,,, must be within 2% of the experimental values.

For THF and THP this approach, in which only the O
Lennard-Jones parameters were varied, was sufficient to
yield models giving good agreement with experimental
data. However, for the linear ethers such an approach was
unsuccessful. While varying only the O Lennard-Jones
parameters was sufficient to give a model that accurately
reproduced experimental liquid phase properties of any one
molecule, it was unable to yield a set of parameters giving
acceptable results across the whole series of linear ethers.
Accordingly, optimization of the O Lennard-Jones param-
eters was followed by optimization of the Lennard-Jones
parameters for C atoms adjacent to the O atoms. This was
again achieved by running scans over ranges of ¢ and R,,;,/
2 parameter values, employing the same criteria for
acceptance as outlined above. In this way, parameter sets
were obtained giving good agreement with experimental
data for all four linear ethers considered. This method also
required the introduction of two new CHARMM atom
types: CD32E, for an sp° hybridized C atom bonded to two
H atoms and adjacent to an ether O atom, and CD33E, for
an sp> hybridized C atom bonded to three H atoms and
adjacent to an ether O atom.

While an assessment of V., and AH,,, for each
molecule had been obtained in the previous step, longer
simulations were required to calculate more precise values
of these thermodynamic properties. For each molecule, ten
liquid phase molecular dynamics simulations were performed
using the parameters obtained in the steps above, each
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simulation of 150 ps. For each molecule, all ten liquid
phase simulations were commenced from an identical
pre-equilibrated box of 128 ether molecules, with a
random number seed used to assign different initial
velocities in each case. For each simulation, the first
50 ps was treated as equilibration, with the remaining
100 ps used for analysis. Volumes and energies were
averaged over all ten simulations, and the gas phase
contribution to the heat of vaporization was calculated
from a single simulation of 2.5 ns, with 0.5 ns used for
equilibration and 2.0 ns for analysis. All simulations
were performed at the temperatures reported in Table 1.

Once a set of parameters had been obtained giving good
agreement with experimental values of V,, and AH,,
longer simulations were performed for the calculation of
dielectric constants, €. For each molecule, four simulations
were run for 5 ns each, with the final 4.5 ns of each
simulation used for analysis. Values of ¢ were calculated as
described before, [4] with the high-frequency optical
dielectric constant ¢;,¢ estimated using the Clausius-
Mossotti equation, and averaged over all four simulations,
with errors calculated as the standard deviations over the
four simulations.

Free energies of aqueous solvation were calculated via
the free energy perturbation method [25] using the staged
protocol of Deng and Roux [26] in a manner analogous to
that described in the previous work, [2] with only minor
differences in the simulation protocol. Specifically, the
simulation time was extended to 10 ps of equilibration and
100 ps of production for a given value of the coupling and/
or staging parameter and a long range correction [27] was
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included to account for errors introduced by the truncation
of Lennard-Jones interactions. For every calculated value of
the free energy of hydration, the long range correction was
calculated from a single simulation of a single solute
molecule in a box of 250 SWM4-NDP [12] water
molecules run for 50 ps of molecular dynamics in the
NVT ensemble, during which coordinates were saved every
1 ps. Following completion of the MD simulation,
coordinates were extracted from the final 30 ps of the
CHARMM trajectory file and energies were calculated for
each set of coordinates using two different non-bonded
interaction cutoff schemes. In the first scheme, nonbond
pair lists were maintained to 16 A with a real space cutoff
of 12 A used for both electrostatic and van der Waals terms,
with the latter truncated via an atom-based force switch
algorithm. In the second scheme, the only differences were
that nonbond pair lists were maintained to 36 A, and a real
space cutoff of 32 A was used. The difference in the van
der Waals interaction energy calculated using the two non-
bonded interaction cutoff schemes, averaged over all sets of
coordinates, was taken as the long range correction.

Results and discussion

The results given below are those obtained using the final
set of optimized parameters (final parameter values are
listed in Table S1). The new model obtained using a
polarizability scaling factor of 0.85 and atom-based Thole
scaling factors is termed DO0.85; the previous model,
obtained using a polarizability scaling factor of 0.7 with a
single Thole scaling factor for all atom pairs, is termed
DO0.7: all results presented for the D0.7 model are taken
from [2]. Allowing the Thole scaling factors to vary, along
with the atomic charges and polarizabilities, during the
electrostatic parameter fitting procedure resulted in signif-
icant differences between the Thole scaling factors used in
the D0.7 and D0.85 models (Table S1). In the D0.7 model,
all atoms were assigned a Thole scaling factor of 1.3, as noted
above. In the D0.85 model, the final Thole scaling factors
ranged from 0.316 for C in THP to 2.046 for O in THP. In
general, Thole scaling factors for C atoms decreased from the
default value of 1.3 (final values ranged from 0.316 to 1.103),
while Thole scaling factors for O atoms increased from the
default value of 1.3 (final values ranged from 1.312 to 2.046).
This pattern is consistent with earlier work on liquid amides,
[15] where fitted Thole scaling factors were consistently
larger for O atoms than for C atoms.

Intramolecular properties

While this work is focused on an examination of the
nonbonded properties of the ether models, it is important to

bear in mind that, within both the polarizable and additive
versions of the CHARMM force field, both the nonbonded
and bonded (ie bond, angle, dihedral) parameters are
developed iteratively to ensure the optimum reproduction
of both the bonded and nonbonded target data. [28]
Therefore, when adjusting nonbonded parameters it is
essential to examine what effect these adjustments have
on the internal properties of the force field models, if
necessary adjusting the bonded parameters before returning
to examine the effect that these subsequent changes have on
the properties used in the parametrization of the nonbonded
parameters. This iterative process should then be repeated
until optimal agreement with the target data is obtained. In
this case, following the development of the nonbonded
parameters, a series of tests were performed to evaluate the
impact of these new parameters on the internal properties of
the molecules. For each molecule, minimum energy
conformations obtained from ab initio calculation at the
MP2/6-31G(d) level were optimized within CHARMM,
and their geometric parameters compared to those obtained
from the ab initio structures as well as experimental data
where available (Tables S4-S9). For the global energy
minima of THF, THP and DEE, vibrational spectra were
also calculated within CHARMM and compared to the
corresponding ab initio calculated vibrational spectra
(Tables S10-S12). As a final test, potential energy surfaces
were calculated for rotations about conformationally im-
portant dihedral angles in THF, THP, DEE and DMOE, and
compared to equivalent potential energy surfaces calculated
at the MP2/cc-pVTZ//MP2/6-31G(d) level of theory
(Figures S1-S11).

Results from these tests show that the changes in the
nonbonded parameters have had little effect on the
geometric properties of the molecules (Tables S4-S9). Bond
lengths are reproduced well by both models, with only the
Cb-Cb bond of DMOE (Table S9) showing a deviation of
greater than 0.02 A from the reference QM data. For bond
angles, the D0.85 model generally performs similarly to the
DO0.7 model, with an RMSD of 0.92° across all molecules
and conformations and a maximum deviation of magnitude
3.8°, compared to an RMSD of 0.93° and a maximum
deviation of magnitude 3.8 ° for the D0.7 model; both
models provide excellent agreement with experimental
data. For dihedral angles, both models again perform well,
with the D0.7 model giving an RMSD of 2.56° over all
molecules and conformations, the D0.85 model giving an
RMSD of 2.45° over all molecules and conformations and
each model giving only one deviation from the reference
data greater than 5°: 6.8° and 6.9° for the Ca-O-Ca-Cb
dihedral of the twist25 conformation of THP with the D0.7
and DO0.85 models respectively (Table S5). Overall, the
results obtained using the D0.85 model are very close to
those obtained using the D0.7 model, with both being in
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Table 2 Dielectric constants of

neat liquids Molecule T/K exper D0.7 error D0.85 error
THF 298.15 7.43 6.80+0.78 -0.63 7.13+0.06 -0.30

THP 298.15 5.54 5.03+£0.20 -0.51 5.39+0.10 -0.15

DEE 298.15 4.24 3.53+0.34 -0.71 4.55+0.05 0.31
DMOE 298.15 7.22 5.61£0.82 -1.60 6.58+0.14 -0.64

DME 248.34 6.53 6.36+0.18 -0.17 7.34+0.12 0.81

RMSD 0.87 RMSD 0.50

Experimental data from [32]

good agreement with the reference quantum mechanical
data.

In the development of the original Drude force field for
ethers, “sacrifices were made in the vibrational data to
allow for better reproduction of the relative energies of
different conformations of the target molecules” [2]. For
this reason, neither the D0.85 nor the D0.7 model gives
perfect agreement with the quantum mechanical results.
However, the agreement between the vibrational spectra
calculated using the DO0.85 and D0.7 models is good,
(Tables S10-S12) indicating that the intermolecular proper-
ties of the molecules have not been adversely affected by
the new nonbonded parameters. Dihedral angle rotational
profiles calculated using both the D0.7 and D0.85 models
give good agreement with the results from quantum
mechanical reference calculations, (Figures S1-S11) sup-
porting the conclusion that the new nonbonded parameters
have not adversely affected the overall models. The final
conclusion from these three sets of calculations is that no
further reparameterization of the bonded parameters is
required.

Intermolecular properties

In general, the D0.85 model gives good agreement with
experimental and quantum mechanical reference data
(Tables 1, 2, 3, and 4), usually at a level comparable to
that obtained with the DO0.7 model for the ethers. The
largest difference occurs in the calculated values of the
dielectric constant (Table 2). While the D0.7 model
systematically underestimates the dielectric constants of
the ether molecules (with errors ranging from -1.60 to
-0.17, an average error of -0.72 and an RMSD of 0.87), the
errors in the dielectric constant values obtained using the
DO0.85 model range from -0.30 to 0.81, with an average
error of 0.01 and an RMSD of 0.50, suggesting that the
D0.85 model yields atomic polarizabilities that are appro-
priate for condensed phase simulations.

In the reproduction of other properties, the D0.7 and
DO0.85 models generally perform similarly, though there are
some small differences. The D0.85 model performs slightly
better than the DO0.7 model in the reproduction of
experimental values of V,, and AH,,, (Table 1). The
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D0.85 model yields only one value that falls outside the
target region (experimental datum £2%), with a V,, error of
2.6% for DMOE. The D0.7 model gives three values that
do not fall within 2% of the experimental data: DEE, DME
and MEE show errors in AH,,, of 4.9%, -3.9% and 3.1%
respectively. Notable is the fact that these errors all occur
in the linear ethers, for which transferability of parameters
was a key consideration. The improvement shown by the
DO0.85 model is likely due to the increased flexibility in
the parametrization process, where the O parameters were
not required to be identical to those in THP, and the
Lennard-Jones parameters on C atoms adjacent to O atoms
were also optimized. In the development of the DO0.7
model, O parameters were required to be the same in both
THP and the linear ethers, and only O Lennard-Jones
parameters were optimized.

The DO0.7 model performs noticeably better than the
DO0.85 model in the reproduction of experimental free
energies of solvation for THF and THP (Table 3). In the
development of the D0.85 model, accurate reproduction of
this value was not considered a fundamental requirement
(though approximate reproduction was), with priority
placed on the reproduction of liquid phase properties
instead. The reason that the accurate reproduction of free
energies of solvation was not considered a requirement in
this work was that, in the development of Drude polarizable
force field parameters for alkanes, [16] alcohols [29] and
N-containing aromatic heterocycles, [13] it was found that a
force field giving a good representation of liquid phase
properties yields free energies of hydration that are too

Table 3 Solvation free energies in aqueous solution. All values in
keal mol™!

exper DO0.7 diff D0.85 diff
THF -3.47 -3.78+0.15 -0.31 -4.80+0.08 -1.33
THP -3.12 -3.20+0.83 -0.08 -5.34+0.27 -2.22
DEE -1.76 -1.60+0.11 0.16 -2.77+0.10 -1.01
DMOE -4.84 -3.78+0.59 1.06 -5.61+0.54 -0.77
DME -1.92 -1.25+0.22 0.67 -1.97+0.13 -0.05
MEE -2.10 -1.38+0.16 0.72 -2.27+0.25 -0.17

Experimental data from [36, 37]
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Table 4 Gas-phase relative
conformational energies and di- Relative energies Dipole moments
pole moments. Relative energies
are in kcal mol-1, dipole QM DO.7 DO0.85 exper (0)\%1 D0.7 DO0.85
moments in Debye
Tetrahydrofuran (THF)
C2 0.00 0.00 0.00 1.75 1.78 1.69 1.68
Cs 0.15 0.15 0.12 1.75 1.56 1.78 1.78
C2v 4.47 2.84 3.09 1.77 1.70 1.72
Tetrahydropyran (THP)
chair 0.00 0.00 0.00 1.58 1.44 1.58 1.61
twist25 5.67 522 5.58 1.43 1.61 1.62
twist14 6.74 6.48 6.70 1.63 1.67 1.74
boat25 6.76 6.42 6.75 1.33 1.62 1.70
boat14 7.48 6.41 6.89 1.62 1.64 1.65
Diethyl Ether (DEE)
tt 0.00 0.00 0.00 1.15 1.11 1.20 1.35
gt 1.36 1.52 1.48 1.21 1.23 1.32
gg 2.66 3.24 3.17 1.19 1.21 1.27
Methyl Ethyl Ether (MEE)
t 0.00 0.00 0.00 1.17 1.19 1.25 1.35
g 1.38 1.53 1.45 1.30 1.27 1.30
Dimethyl Ether (DME)
s 0.00 0.00 0.00 1.30 1.29 1.30 1.33
Dimethoxyethane (DMOE)
ttt 0.00 0.00 0.00 0.00 0.00 0.00
gg't 0.21 0.37 0.44 1.64 1.45 1.58
tgt 0.26 0.03 0.24 1.35 1.67 1.76
gott 1.41 1.19 1.20 1.64 1.66 1.70
tgg 1.50 1.29 1.53 2.40 2.46 2.55
QM results are from [2] and ggg 1.51 2.35 2.61 1.20 1.86 1.97
were calculated at the MP2/cc- geg’ 1.68 1.62 1.69 1.91 1.84 1.91
pVTZ//MP2/6-31G(d) level of gtg' 2.84 2.41 2.45 0.00 0.00 0.00
theory. Experimental data from gtg 291 2.30 2.31 2.19 2.12 2.16

[32]

favorable, as is also observed in this work (Table 3); the
same result was also seen in the development of alkane
parameters [30] for a CHARMM fluctuating charge [31]
polarizable force field. For alcohols and N-containing
aromatic heterocycles, accurate reproduction of the free
energies of hydration with the CHARMM Drude polariz-
able force field has required the introduction of atom-pair
specific Lennard-Jones parameters between the water O
atom and the relevant solute atoms using the NBFIX
keyword of CHARMM [13]. This method could also be
used to obtain accurate free energies of hydration for the
ethers. Current efforts toward a systematic approach to the
development of NBFIX parameters within the CHARMM
Drude polarizable force field are ongoing and will be
published elsewhere.

In the reproduction of gas phase interactions with water
molecules (Table S3), the D0.85 model does a better job of
reproducing interaction energies in all cases except THF,

but systematically gives a shorter minimum interaction
distance than does the D0.7 model, which already gave an
interaction distance shorter than that obtained from quan-
tum mechanical calculation: this underestimation of gas
phase water interaction distances has previously been
shown to be a requirement for the accurate reproduction

Fig. 2 Atom typing in Ceo
2-(R)-methyltetrahydrofuran: A J/ 0 N “\\\\\\\ °
(a) Original atom typing used in Ca Ca
previous work [2]; (b) Revised \ /
atom typing used in this work Cb— Cb
Ceo
B 00 W
Ca Cd
Cb—Cb
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Table 5 Pure solvent properties of test compounds (MPE=methyl
propyl ether, MBE = methyl butyl ether, EPE=ethyl propyl ether,
MTHF=2-methyl tetrahydrofuran). (V,, in A%, AH,,, in kcal mol™)

exper DO0.7 % err DO0.85 % err

Molecular Volumes

MPE 171.3* 172.8+1.1 0.9 174.5+0.9 1.9
MBE 198.0% 199.0£0.7 0.5 201.0+0.9 1.5
EPE 200.3" 199.6£09  -0.3 204.4+0.8 2.0
MTHF 166.7° 162.5+£0.4 -2.5 167.5+0.6 0.6
Heats of Vaporization
MPE 6.60° 6.60+0.12 0.0 6.46+0.03 -2.1
MBE 7.74° 7.75+0.12 0.1 7.57£0.04 22
EPE 7.51° 7.80+0.12 3.8 7.33£0.04 24
MTHF 8.13¢ 8.82+0.05 8.5 8.08+0.03 -0.6

# Experimental data from [38]
® Experimental data from [33]
¢ Experimental data from [32]
d Experimental data from [39]

of condensed-phase properties, [28] and could also be
improved by the inclusion of appropriate NBFIX parame-
ters. The major contribution to the improvement shown by
the D0.85 model in reproducing the interaction energies
comes from the linear ethers, again suggesting that by
removing some of the constraints imposed during the
parametrization of the D0.7 model, an improved model
has been obtained. Despite this, however, all of the linear
ethers still perform worse than either THF or THP,
providing evidence for the compromise in accuracy
necessary to achieve parameter transferability.

Another area in which the D0.7 model outperforms the
DO0.85 model is in the reproduction of gas phase dipole
moments (Table 4), where the D0.85 generally provides an
overestimate. In the calculation of the relative energies of
the minimum energy conformations (Table 4), however, the
D0.85 model generally gives a better reproduction of the ab
initio calculated values.

Test compounds

To test the transferability of the obtained parameters,
simulations were performed on another four ether mole-
cules: methyl propyl ether (MPE); methyl butyl ether
(MBE); ethyl propyl ether (EPE), and 2-(R)-methyl
tetrahydrofuran (MTHF) (Fig. 1). For the linear ethers, all
parameters used in these simulations were taken directly
from those developed in the steps described above, with
only minor modifications to the C charges as required to
maintain charge neutrality in the molecules. For example, to
construct a model for methyl propyl ether (MPE) (structure
G, Fig. 1), an additional CH, group was inserted between
the existing CH, and CHj groups of methyl ethyl ether
(MEE) (structure D, Fig. 1). The H atoms in this new CH,
group were assigned the standard Hb charge of 0.060
(Table S1) with the C atom charge then determined so as to
ensure a total molecular charge of 0: in this case resulting in
a C atom charge of -0.120, rather than the standard Cb
charge of -0.004 (Table S1). For MTHEF, the situation was
more complicated. In the development of the original Drude
force field model for ethers, all C atoms within MTHF were
treated as being equivalent, (Fig. 2) an approach that is not
consistent with standard CHARMM atom typing, which
would require the C atom in the 2 position of MTHF
(bonded to the methyl group: Cd in Fig. 2 and henceforth
termed C1) to have a different atom type to the other ring C
atoms. In this case it was decided that new parameters
should be included to represent more accurately the atom
types present in the model. Accordingly, two new atom
types were introduced, CD315B to represent Cl and
HDAIRS to represent H1, the H atom bonded to CI.
New parameters introduced for angle and dihedral terms
were taken from the previous work on ethers, [2] with
Lennard-Jones parameters taken directly from the equiva-
lent alkane atoms [16]. All bonding parameters were
identical to those used in the previous work, with
electrostatic parameters taken directly from those developed
in the steps above for THF C atoms. The resulting
parameters are detailed in Table S2 of the supplementary

Table 6 Liquid phase proper-

D0.7

% err DO0.85 % err D0.9 % err

ties calculated using a Drude T/K EXper

polarizable force field with po-

larizability scaling factors of Tetrahydrofuran (THF)

0.7, 0.85 and 0.9 (V,, in A%, Vi 298.15 135.6

. —1

AHyap in keal mol ) AHy, 29815  7.65

3 298.15 7.42
Tetrahydropyran (THP)

Vi 298.15 162.3
AH,,p 298.15 8.26
€ 298.15 5.54

Experimental data from [32]

134.0+0.8 -1.2
7.80+0.06 2.0
6.80+0.78 -8.4

165.3+£0.3 1.8
8.27+0.02 0.1
5.03+0.20 9.2

134.8+0.4 -0.6
7.69+0.03 0.9
7.13£0.06 -39

134.7+0.6 -0.6
7.58+0.03 -0.9
7.49+0.13 0.9

163.8+0.8 0.9
8.41+0.04 1.8
5.39+0.10 -2.7

163.8+0.8 0.9
8.45+0.04 2.3
5.48+0.09 -1.1
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material. Following construction of the models, for each
molecule 10 liquid phase molecular dynamics simulations
were performed at 298.15 K, following the protocol
outlined above, from which averages and standard devia-
tions of the V,, and AH,,, were obtained. Reasonable
reproduction of experimental values for these quantities
was considered to signify acceptable levels of transferability
for the derived parameters, indicating that they are applicable
across a range of ether molecules.

The results of the calculations of liquid phase
properties are shown in Table 5. For the linear ethers,
the values of V,, and AH,,, calculated with the D0.85
model are comparable to those obtained with the original
ether model and agreement with experimental data is
generally good. The largest improvement occurs for
MTHEF, which now shows deviations from the experimen-
tal values within the target of 2% for the D0.85 model: it
had been significantly outside the target range using the
DO0.7 model. Most of this improvement can be attributed to
the change in the parameters for atoms C1 and HI.
Simulations performed using the original methodology (ie
C1, H1 atom types the same as other C and H atoms in the
THF ring) but the newly calculated electrostatic parame-
ters gave AH,,,=8.74+0.03 kcal mol™ (% err=7.5 %)
and V,,=163.19+0.5 A (% err=-2.1%), providing a vivid
illustration of the importance of accurate atom type
selection in the construction of new compounds for
inclusion within a force field.

Polarizability scaling factor 0.9

As a final test of the impact of polarizability scaling on the
calculated dielectric constant, a series of simulations were
performed using parameter sets in which atomic polar-
izabilities were scaled by 0.9 rather than 0.85. In this case
no additional charge fitting was performed. Rather, the
models obtained for THF and THP via the procedures
described above had their atomic polarizabilities rescaled to
values of 0.9 rather than 0.85. The charges within the
corresponding models were unaltered, which would be
expected to have a negative impact on the dipole moments
of the model compounds [3] (since the charge on the Drude
particle depends on the atomic polarizability), and all
Lennard-Jones parameters were also unaltered. With the
new models in place, simulations were performed as
described above to evaluate liquid phase properties (Table 6).
For THP, the new parameters resulted in a value of AH,,,
with an error outside of the 2% range considered acceptable,
while for THF, the new parameters resulted in V,, and
AH,,, values within the acceptable range. For both
molecules, further calculations were performed to evaluate
the dielectric constants, which were, in both cases, in good
agreement with the experimental values: comparison of the

values calculated using the D0.9 model with the
equivalent values obtained using the D0.7 and DO0.85
models provides a good illustration of the sensitivity of
the calculated dielectric constant to the magnitude of the
atomic polarizabilities, and supports the assumption that
increasing the atomic polarizability increases the calcu-
lated dielectric constant.

Summary

A Drude polarizable force field model for linear and cyclic
ethers has been parameterized based on the molecules THF,
THP, DEE, DMOE, DME, and MEE. Where a previous
Drude polarizable force field model for the ethers was
developed by scaling the atomic polarizabilities by a factor
of 0.7 in the initial charge fitting procedure and using a
uniform Thole scaling factor for all atom pairs, here the
atomic polarizabilites were scaled by a factor of 0.85 and
atom-based Thole scaling factors were employed. The
newly developed parameters, which included additional
optimization of the LJ parameters, have been used to
calculate a variety of properties of the ether molecules,
and have generally been found to give good agreement
with experimental and quantum mechanical reference
data. While the DO0.7 model for ethers systematically
underestimated the dielectric constants of these mole-
cules, the D0.85 model corrects for this underestimation.
Multiple tests were performed with the D0.85 model to
evaluate the intramolecular properties of the ether
molecules, giving results very similar to those obtained
with the previously published DO0.7 model, indicating
that no further modification of the bonded parameters is
required.

The D0.85 model has also been used to calculate liquid
phase properties for a series of ether molecules not
considered in the parametrization process: MPE; MBE;
EPE, and MTHEF. In these cases the new model yields an
acceptable reproduction of experimental properties, sug-
gesting that the new model is broadly transferable across
the ethers.

A subsequent test with force field models of THF and
THP in which atomic polarizabilities were scaled by a
factor of 0.90 yielded dielectric constants even higher than
those obtained with the D0.85 model which, when taken
with the previous results, illustrates the sensitivity of
calculated values of the liquid phase dielectric constant to
the magnitude of the atomic polarizability.
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