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ABSTRACT: The calculation of molecular electric moments, polarizabilities, and electrostatic potentials is a widespread
application of quantum chemistry. Although a range of wave function and density functional theory (DFT) methods have been
applied in these calculations, combined with a variety of basis sets, there has not been a comprehensive evaluation of how
accurate these methods are. To benchmark the accuracy of these methods, the dipole moments and polarizabilities of a set of 46
molecules were calculated using a broad set of quantum chemical methods and basis sets. Wave function methods Hartree−Fock
(HF), second-order Møller−Plesset (MP2), and coupled cluster-singles and doubles (CCSD) were evaluated, along with the
PBE, TPSS, TPSSh, PBE0, B3LYP, M06, and B2PLYP DFT functionals. The cc-pVDZ, cc-pVTZ, aug-cc-pVDZ, aug-cc-pVTZ,
and Sadlej cc-pVTZ basis sets were tested. The aug-cc-pVDZ, Sadlej cc-pVTZ, and aug-cc-pVTZ basis sets all yield results with
comparable accuracy, with the aug-cc-pVTZ calculations being the most accurate. CCSD, MP2, or hybrid DFT methods using
the aug-cc-pVTZ basis set are all able to predict dipole moments with RMSD errors in the 0.12−0.13 D range and polarizabilities
with RMSD errors in the 0.30−0.38 Å3 range. Calculations using Hartree−Fock theory systematically overestimated dipole
moments and underestimate polarizabilities. The pure DFT functionals included in this study (PBE and TPSS) slightly
underestimate dipole moments and overestimate polarizability. Polarization anisotropy and implications for charge fitting are
discussed.

■ INTRODUCTION

The electric properties of molecules have importance across all
the branches of chemistry. Features such as the dipole and higher
electric moments are the basis for understanding and quantifying
intermolecular interactions.1,2 Polarizability is also an important
parameter in molecular electronics.3 Further, the electric
properties of molecules provide one of the most direct relations
between the electronic structure of molecules and spectroscopi-
cally observable quantities and are a means to assess the accuracy
of a quantum chemical method.
Computational methods for calculating electric moments of

molecules from the electronic structure are well-developed.
Straightforward expressions for the molecular dipole moment
have been derived for most wave function and density functional
theory (DFT) methods. Molecular polarizabilities can be
determined using the coupled-perturbed Hartree−Fock equa-
tions (CPHF).4 For methods such as coupled cluster theory,
where this method is not available, the polarizability can be
computed using the linear response approximation.5−7

In addition to molecular electric moments and polarizabilities,
quantum chemical methods are often used to calculate the

electrostatic potential (ESP) on a surface around a molecule.
This surface can be used to qualitatively identify sites of a
molecule that will engage in intermolecular electrostatic
interactions or chemical reactions, but perhaps its most
successful application is in the assignment of partial atomic
charges. Broadly, these methods determine the set of partial
atomic charges that best reproduce the quantum chemical ESP in
the space around the molecule. A method based on this strategy
was originally proposed by Singh et al.8 and was later refined by
Breneman et al. in the CHELPG method.9 This type of method
has been used extensively to assign partial atomic charges within
molecular mechanical force fields and a variety of quantum
chemical methods have been used to compute the target ESP
surfaces: HF/6-31G(d) was used to define charges for GAFF,10

B3LYP/cc-pVTZ//HF/6-31G(d) was used to define charges for
the AMBER ff03 force field,11 B3LYP/aug-cc-pVDZ was used to
fit charges and polarizabilities of the Drude force field,12 and
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MP2/aug-cc-pVTZ has been used to fit the atomic electric
moments of the AMOEBA force field.13 There is no direct way to
assess the accuracy of the ESP surface calculated using a given
quantum chemical method with respect to experimental data;
however, we can infer that a quantum chemical method that can
accurately calculate observable electric properties, like molecular
dipoles and polarizabilities, will also yield accurate ESP surfaces.
Beyond the isotropic polarizability, the calculation of the

polarization anisotropy of a molecule is also of interest. The
three-dimensional arrangement of atoms and the bonding
between them causes the dipole of the molecule to respond to
an electric field anisotropically. This is particularly significant in
molecules with a π-bonding system, as these molecules tend to be
much less polarizable along the axis normal to the molecular
plane than along axes where the σ-bonding network is polarized.
In recent years, these effects have also been incorporated into
polarizable force fields, creating a need for accurate QM target
data.14

The advent of more efficient quantum chemical algorithms
and massively parallel computing codes has made it possible to
employ more rigorous quantum chemical methods and larger
basis sets in the calculation of molecular electric properties.
Although there have been a number of studies that have tested
the accuracy of individual quantum chemical methods for the

calculation of the electric properties of small sets of
molecules,12,15−20 there has not been a comprehensive
evaluation of how well the available wave function and DFT
methods perform in the calculation of molecular electric
properties for a large and diverse set of molecules. Using
automated job submission and processing on supercomputing
facilities, it is now possible to perform a more comprehensive
analysis.
In this paper, we compare the results of 7 popular DFT

functionals, Hartree−Fock (HF) theory, second-order Møller−
Plesset (MP2) theory,21 and the coupled clusters-singles and
doubles (CCSD) method for the calculation of the dipole
moments and polarizabilities of a set of small molecules
composed of elements from the first two rows of the main
group. Basis set convergence is also a significant issue in the
calculation of molecular electric properties, so we also examined
the effect of the basis set on the accuracy of these methods,
including the effect of diffuse functions and double vs triple-ζ
basis sets. Experimental values were taken from refs 22 and 23. As
experimental data are most reliable and widely available for
molecular dipole moments, we only report benchmarks of these
moments, although quadrupole and higher moments can also be
computed. Likewise, we only evaluate these methods for

Figure 1. Molecular structures of the molecules included in the test set.
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calculating the molecular polarizabilities, although higher order
terms like the hyperpolarizability are also of interest.

■ THEORY AND METHODS
HF and MP2 calculations were performed using Gaussian 09
C.01.24 The frozen core approximation was applied in the MP2
calculations. The geometry of each molecule was energy-
minimized for each method/basis set combination. The dipole
moment (μ) and isotropic polarizability (α) of each molecule
was calculated at this optimized structure. The polarizability was
calculated by solving the coupled-perturbed Hartree−Fock
(CPHF) equations.4

Coupled cluster-singles and doubles (CCSD) calculations
were performed at the MP2/aug-cc-pVTZ minimum-energy
geometry using the tensor contractor engine (TCE) module of
NWChem 6.1.25 The frozen core approximation was used in all
CCSD calculations. Polarizabilities were calculated using the
linear response (LR) approximation.5−7

We also evaluated seven DFT functionals. As a very large
number of DFT functionals have been formulated, we
considered only some of the more popular functionals. We
tested the PBE pure functional,26 the TPSS meta functional,27

the PBE0 hybrid functional,28 the B3LYP hybrid functional,29 the
TPSSh hybrid meta functional,27 the M06 empirical hybrid
functional,30 and the B2PLYP double-hybrid functional.31 All
DFT calculations were performed using Gaussian 09 C.01. DFT
polarizabilities were calculated by solving the CPHF equations.
To provide an initial indication of basis set convergence, we

calculated the dipole moments and polarizabilities of a small set
of small molecules using the HF, MP2, B3LYP, and CCSD
methods using the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-
pVQZ basis sets. The test set was limited to hydrogen sulfide,
ammonia, hydrogen fluoride, dinitrogen, dioxygen, and carbon
monoxide. For each method, the dipole moments and polar-
izabilities converged when an aug-cc-pVTZ basis set was used
and the calculations were only slightly more accurate when a aug-
cc-pVQZ basis set was used. These data are included in the
Supporting Information.
On the basis of these calculations, four Dunning-type basis sets

were tested for each method: the double-ζ cc-pVDZ basis set, the
triple-ζ cc-pVTZ basis set, and their diffuse function augmented
variants, aug-cc-pVDZ and aug-cc-pVTZ.32,33 We also evaluated
the Sadlej basis set, which is the cc-pVTZ basis set augmented
with additional basis functions specifically for the calculation of
molecular polarizabilities.34 HF/6-31G(d) was also evaluated
because this method is used to calculate the target ESP for fitting
atomic charges in the GAFF force field.10

We note that we have only calculated static dipole moments
and polarizabilities. Experimentally, the static polarizability must
be extrapolated from dynamic polarizabilities measured at a
series of wavelengths of polarizing radiation, which introduces an
additional source of uncertainty. For some nonvolatile
molecules, the experimental measurements were made in
solution, although all our calculations reflect gas phase
conditions. Further, we make no correction for vibrational
effects, because these effects are typically small unless the
vibrations are strongly anharmonic. As these approximations
limit the accuracy of our calculations, we generally only discuss
general trends in the computed values.
We chose a broad selection of molecules composed of main

group elements for which experimental dipole and polarizability
data had been reported. These molecules were selected to
include elements C, Cl, F, N, H, O, P, and S in a variety of

hybridizations and topologies. The test set molecules were
selected to include those relevant to chemical processing,
pollution, biochemistry, and energy. The names and structures
of these molecules are presented in Figure 1. Some highly
conjugated molecules, like polyacetylenes, are challenging for
conventional DFT functionals.35 We have not included this type
of molecule in this test set because we are primarily concerned
with charge fitting for small organic molecules.

■ RESULTS AND DISCUSSION
A total of 240 method/basis set combinations were evaluated.
The dipole moment and polarizability of the 46 molecules in the
test set were calculated for each of these combinations. Tables of
these data are presented as Tables S1−S53 in the Supporting
Information. Using these data, we calculated the root-mean-
square deviation (RMSD) and mean absolute error (MAE) of
the dipole moments and polarizabilities for each method/basis
set combination with respect to the experimental values. To
identify systematic errors, we also performed a least-squares fit of
the calculated data to the experimental data, determining the
regression coefficient (m) and coefficient of determination (R2)
value. To provide another point of comparison, we also
calculated the RMSDs with respect to the CCSD/aug-cc-
pVTZ calculations. The aggregated data from these calculations
are presented in the following sections.

Basis Set Convergence. Basis set convergence is known to
be an important factor in the calculation of molecular electric
properties, particularly for the calculation of polarizabilities. To
examine this, we compare the RMSDs for the dipole moments
and polarizabilities for the HF, MP2, CCSD, and B3LYP
calculations using all five basis sets. These data are presented in
Figure 2 and Table 1. Only the results for the B3LYP function are
presented because the effect of the basis set was consistent for all
the other DFT functionals evaluated in this study.
The trend in basis set convergence is apparent in the plots of

the CCSD data vs experiment in Figure 3. Dipole moments and
polarizabilities calculated using the cc-pVDZ basis set were the
least accurate; the RMSDs were 0.22 D and 1.57 Å3 for dipole
moments and polarizabilities, respectively. The use of the triple-ζ
Dunning basis set, cc-pVTZ, showed some improvement over
the cc-pVDZ basis set for both properties; for CCSD, the
RMSDs are reduced to 0.13 D and 0.91 Å3 for dipole moments
and polarizabilities, respectively. Augmentation of the basis sets
with diffuse functions led to a large improvement, particularly for
polarizabilities; the RMSDs for values calculated using the aug-
cc-pVDZ basis were 0.12 D and 0.41 Å3 for dipole moments and
polarizabilities, respectively. The calculations using the aug-cc-
pVTZ basis set are of comparable accuracy for polarizabilties,
with RMSDs errors less than 0.38 Å3, a small but significant
improvement over the aug-cc-pVDZ basis set.
This error due to basis incompleteness is largely systematic.

This is apparent in the least-squares fitting of the CCSD-
calculated vs experimental values for the cc-pVDZ, cc-pVTZ, and
aug-cc-pVTZ basis sets, plotted in Figure 3. Although we only
show plots for the CCSD data, the other methods show the same
trend. The CCSD-calculated dipole moments using the cc-pVDZ
basis set underestimate the experimental value (m = 0.94),
whereas the cc-pVTZ and aug-cc-pVTZ basis sets have
regression coefficients of m = 0.98 and m = 1.00, respectively.
A stronger systematic effect is apparent in the calculated
polarizabilities, which are significantly underestimated by the
cc-pVDZ and cc-pVTZ basis sets (m = 0.78 and m = 0.88,
respectively). The augmentation of the basis sets with diffuse
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functions largely eliminates this error; the regression coefficient
for the aug-cc-pVTZ basis set is m = 0.98. This effect can be
interpreted by considering the definition of polarizability as a
sum over electronic states; excited states are commonly more
diffuse, so a basis set that lacks diffuse functions will
underestimate the contribution of these states. This effect was
noted by Ansimov et al.12 and Kaminski et al.36

The Sadlej basis set yields results that are improved over the
cc-pVTZ basis set and have effectively the same accuracy as the
aug-cc-pVTZ basis set. For instance, for the CCSD calculations
the RMSDs for dipoles and polarizabilities are 0.12 D and 0.38 Å3

for both basis sets. As the Sadlej basis sets are of intermediate size,
they provide an economical alternative in calculations where a
fully augmented basis set is impractical. The improved accuracy
of the calculations using the Sadlej basis set over the cc-pVTZ
basis set shows that augmenting a basis set with functions
specifically chosen to increase the accuracy of polarizability
calculations is a sound strategy.
Relative Accuracies of Wave Function and DFT

Methods. Comparison to Experiment. In this section, we
compare the accuracy of the quantum chemical methods on the
basis of their accuracy with respect to the experimental dipole
moments and polarizabilities reported in the literature. The
comparisons in this section refer to calculations performed using
the aug-cc-pVTZ basis set, the most complete basis set evaluated
in this study. The relative accuracy of these methods using the
other basis sets generally show the same trends.
The RMSD of the dipole moments and polarizabilities

calculated with HF, MP2, CCSD, and the DFT methods using
the aug-cc-pVTZ basis set is presented in Figure 4. To determine

if any of these methods show a systematic error, we performed
linear regression analysis. The RMSDs, regression coefficients,
and coefficients of determination are presented in Table 2.
The RMSDs for dipoles and polarizabilities calculated with

HF/aug-cc-pVTZ are 0.22 D and 0.58 Å3, respectively. These

Figure 2. RMSD of the dipole moments and polarizabilities calculated
using HF, MP2, B3LYP, and CCSD for the basis sets evaluated.

Table 1. RMSDs and MAEs of the Calculated Dipole
Moments and Polarizabilities with Respect to the
Experimental Values

dipole moment polarizability

method/basis RMSD MAE RMSD MAE

HF/6-31G(d) 0.26 0.22 1.89 1.77
HF/cc-pVDZ 0.23 0.16 1.65 1.56
HF/cc-pVTZ 0.20 0.15 1.13 1.07
HF/aug-cc-pVDZ 0.27 0.19 0.55 0.48
HF/Sadlej pVTZ 0.24 0.17 0.53 0.45
HF/aug-cc-pVTZ 0.22 0.16 0.58 0.51
MP2/cc-pVDZ 0.28 0.19 1.50 1.41
MP2/cc-pVTZ 0.17 0.10 0.95 0.87
MP2/aug-cc-pVDZ 0.15 0.10 0.44 0.31
MP2/Sadlej pVTZ 0.15 0.09 0.38 0.25
MP2/aug-cc-pVTZ 0.13 0.08 0.38 0.27
CCSD/cc-pVDZ 0.22 0.15 1.57 1.47
CCSD/cc-pVTZ 0.13 0.08 0.91 0.84
CCSD/aug-cc-pVDZ 0.12 0.08 0.41 0.29
CCSD/Sadlej pVTZ 0.12 0.07 0.38 0.25
CCSD/aug-cc-pVTZ 0.12 0.07 0.38 0.27
PBE/cc-pVDZ 0.28 0.20 1.23 1.14
PBE/cc-pVTZ 0.19 0.12 0.66 0.60
PBE/aug-cc-pVDZ 0.13 0.10 0.46 0.31
PBE/Sadlej pVTZ 0.14 0.09 0.48 0.33
PBE/aug-cc-pVTZ 0.14 0.09 0.41 0.26
TPSS/cc-pVDZ 0.25 0.17 1.28 1.19
TPSS/cc-pVTZ 0.16 0.10 0.72 0.66
TPSS/aug-cc-pVDZ 0.12 0.08 0.41 0.25
TPSS/Sadlej pVTZ 0.13 0.08 0.40 0.24
TPSS/aug-cc-pVTZ 0.12 0.08 0.36 0.21
PBE0/cc-pVDZ 0.21 0.14 1.41 1.33
PBE0/cc-pVTZ 0.14 0.10 0.85 0.78
PBE0/aug-cc-pVDZ 0.14 0.10 0.33 0.23
PBE0/Sadlej pVTZ 0.13 0.10 0.30 0.19
PBE0/aug-cc-pVTZ 0.12 0.09 0.31 0.22
TPSSh/cc-pVDZ 0.22 0.15 1.35 1.26
TPSSh/cc-pVTZ 0.14 0.09 0.79 0.73
TPSSh/aug-cc-pVDZ 0.13 0.09 0.36 0.22
TPSSh/Sadlej pVTZ 0.12 0.09 0.33 0.19
TPSSh/aug-cc-pVTZ 0.12 0.08 0.32 0.19
B3LYP/cc-pVDZ 0.22 0.15 1.37 1.29
B3LYP/cc-pVTZ 0.13 0.09 0.81 0.74
B3LYP/aug-cc-pVDZ 0.14 0.10 0.34 0.21
B3LYP/Sadlej pVTZ 0.13 0.10 0.33 0.19
B3LYP/aug-cc-pVTZ 0.12 0.09 0.30 0.18
M06/cc-pVDZ 0.21 0.15 1.42 1.34
M06/cc-pVTZ 0.15 0.10 0.82 0.76
M06/aug-cc-pVDZ 0.16 0.12 0.34 0.25
M06/Sadlej pVTZ 0.14 0.11 0.32 0.20
M06/aug-cc-pVTZ 0.13 0.09 0.32 0.20
B2PLYP/cc-pVDZ 0.23 0.15 1.42 1.34
B2PLYP/cc-pVTZ 0.13 0.08 0.87 0.79
B2PLYP/aug-cc-pVDZ 0.14 0.09 0.36 0.24
B2PLYP/Sadlej pVTZ 0.13 0.08 0.34 0.21
B2PLYP/aug-cc-pVTZ 0.11 0.08 0.33 0.21
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errors are larger than those for any other method evaluated in this
study. Linear regression analysis shows that the dipole moments
are systematically overestimated by a factor of 1.07 and
polarizabilities are systematically underestimated by a factor of
0.93. Significantly, RMSD for calculated dipole moments using a

basis set like cc-pVTZ are actually smaller than those calculated
using aug-cc-pVTZ, showing that this method actually becomes
less accurate when larger basis sets are used. This indicates that
the neglect of electron correlation leads to sizable errors in the
calculation of electric properties.

Figure 3. Plots of the molecular dipole moments (left) and polarizabilities (right) calculated using CCSD and the cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ
basis sets vs the experimentally determined values.
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The treatment of electron correlation using the MP2 method
results in a large improvement in accuracy; the RMSDs are
reduced to 0.13 D and 0.38 Å3 for dipole moments and
polarizabilities, respectively. Calculations using CCSD have an
accuracy similar to that of MP2, with RMSDs of 0.12 D for dipole
moments and 0.38 Å3 for polarizablities.
The DFT methods show some variety in accuracy depending

on the exchange−correlation functional. The PBE functional
underperforms all other DFT methods for both dipole moments
and polarizabilities, with RMSDs of 0.14 D for dipole moments
and 0.41 Å3 for polarizabilities. There is a small tendency for this
functional to underestimate dipole moments (m = 0.98) and

overestimate polarizabilities (m = 1.03). Some improvement was
seen for the TPSS meta-functional, although this method still
underperforms the other DFT functionals that were tested. Both
of these functionals are “pure”, as they do not include a
component of exact exchange in the exchange functional. Hybrid
functionals, which include a component of exact exchange in the
exchange functional, generally show good performance; the
B3LYP, TPSSh, M06, PBE0, and B2PLYP functionals have
modest RMSDs for both dipoles and polarizabilities, ranging
from 0.11 to 0.13 D for dipoles and from 0.30 to 0.32 Å3 for
polarizabilities. The regression coefficients calculated for these
methods are near 1 (m = 0.98−1.02), indicating that there are no
large systematic errors for these methods. This trend indicates
that the inclusion of exact exchange in the exchange-correlation
functional results in a significant increase in accuracy, particularly
for polarizability. Generally, any of these hybrid functionals show
comparable performance for the calculation of dipole moments
and polarizabilities.
The calculated dipole moment and polarizability of cytosine

was a notable outlier for most methods, which generally predict
dipole moments of 6.3−6.6 D and polarizabilities of 11.3−12.1
Å3, whereas the experimental values are 7.0 D and 10.3 Å3,
respectively. Even the most accurate method we tested, CCSD/
aug-cc-pVTZ, predicts a dipole moment of 6.5 D and a
polarizability of 11.7 Å3. Errors of this magnitude did not occur
for thymine, the other pyrimidine in the test set. Though this
might reflect an inherent limitation of our computational
methods, the experimental values deserve reexamination.

Comparison to CCSD. The neglect of vibrational quantum
and solvent effects in our calculations and experimental

Figure 4. RMSD of dipole moments and polarizabilities calculated using various quantum chemical methods with respect to the experimental data. All
calculations employ the aug-cc-pVTZ basis set.

Table 2. Linear Regression Coefficients (m) andCoefficient of
Determination (R2) for Dipole Moments and Polarizabilities
Calculated with the GivenMethod and the aug-cc-pVTZ Basis
Set with Respect to the Experimental Values

dipole moment polarizability

method m R2 m R2

HF 1.07 0.9960 0.93 0.9921
MP2 1.00 0.9967 0.98 0.9922
CCSD 1.00 0.9973 0.98 0.9914
PBE 0.98 0.9967 1.03 0.9924
TPSS 0.98 0.9972 1.02 0.9922
PBE0 1.00 0.9971 0.98 0.9927
TPSSh 0.99 0.9974 1.00 0.9924
B3LYP 1.01 0.9972 1.00 0.9925
M06 0.98 0.9967 0.99 0.9922
B2PLYP 1.00 0.9975 0.99 0.9922
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uncertainty creates a limit on how closely our calculations can
match the experimental values; even CCSD/aug-cc-pVTZ, the
most rigorous method we use, has RMSDs that are similar in
magnitude to those of other methods. In an attempt to rank the
accuracy of these methods more conclusively, we also calculated
the RMSD of the values calculated with the DFT and wave
function methods with respect to those calculated using CCSD/
aug-cc-pVTZ (Figure 5).
The RMSDs for dipole moments and polarizabilities for this

comparison to CCSD follow the same trends as RMSDs with
respect to the experimental values, although we see a clearer
distinction between the methods. We present this comparison
only for the aug-cc-pVTZ basis set because the trend holds for all
other basis sets. MP2 and B2PLYP are in close agreement with
CCSD for both dipole moments and polarizabilities. HF
underperforms all the other methods by a significant margin
for dipole moments but outperforms the pure DFT functionals
for the calculation of polarizabilities. The hybrid DFT functionals
generally show a substantial improvement over the pure DFT
functionals (PBE and TPSS), especially for polarizabilities. For
example, the RMSD with respect to CCSD for the PBE
functional is 0.4 Å3 but it is only 0.3 Å3 for PBE0, the hybrid
variant of PBE. This illustrates the importance of the treatment of
electron exchange in the calculation of polarizability. In general,
MP2 or any of the hybrid DFT functionals tested here are good
approximations to CCSD for the calculation of both dipole
moments and polarizabilities.
The larger errors observed in the calculation of polarizabilities

using the “pure” functionals PBE and TPSS are consistent with
previous reports.20,37 Calculations of the polarizability of highly
conjugated linear molecules, such as polyacetylene, are a

challenge for DFTmethods.35,37,38 Pure functionals overestimate
the polarizabilities of these systems along the longitudinal axis, an
error that is largely improved when hybrid functionals with a
large component of exact exchange are used. This error has been
attributed to the “locality” of conventional exchange−correlation
functionals. For these functionals, the exchange−correlation
energy at a point in space is a function of only the electron
density and its derivatives at that point, so the influence of distant
parts of the molecule is not always described accurately. These
calculations are also affected by self-interaction error,39 which
results in more delocalized electron density distributions that
reduce this spurious electron self-repulsion.40−43 This error
generally manifests itself as a systematic underestimation of
polarizability because polarized electron density distributions
tend to be more delocalized. It should be noted that the
magnitude of this error is modest for the molecules included in
this test set; the catastrophic failures for the calculation of
polarizabilities of linear oligomers are not evident in any of the
molecules studied here. Even a PBE, a pure DFT functional, can
generally provide an estimate of molecular polarizability within
0.41 Å3.

Polarization Anisotropy. In this section, we evaluate the
accuracy of the quantum chemical methods for the calculation of
polarization anisotropies for the molecules where an exper-
imental polarization anisotropy has been reported. The isotropic
polarizability can be calculated from the trace of the polarization
tensor,

α α α α= + +1
3

( )xx yy zz (1)

Figure 5. RMSD of dipole moments and polarizabilities calculated using various quantum chemical methods with respect to the CCSD-calculated data.
All calculations employ the aug-cc-pVTZ basis set.
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The polarization anisotropy (γ) is calculated using the
equation,

γ α α α α α α

α α α

= − + − + −

+ + +

1
2

[( ) ( ) ( )

6( )]

xx yy yy zz zz xx

xy yz zx

2 2 2

2 2 2 1/2
(2)

These molecules can be divided into two subsets: small
molecules and aromatic molecules. The small molecule set is
composed of water, hydrogen sulfide, carbon dioxide, and
ethene. The aromatic set is composed of benzene, furan,
thiophene, pyrrole, and pyridine. For simplicity, we present only
the results of the calculations using B3LYP, MP2, and CCSD
with the aug-cc-pVTZ basis set. The calculated and experimental
polarization components, isotropic polarizabilities, and polar-
ization anisotropies of the small molecule set are collected in
Table 3, and the data for the aromatic set are collected in Table 4.

Generally, all the methods considered perform well for
predicting the polarization anisotropy (γ) of small molecules,
with errors ranging from 0.01 to 0.22 Å3 for small molecules. The
calculated polarization anisotropies of the aromatic molecules
had greater deviations, with errors in the range 0.12−0.94 Å3. All
the methods we compare here have errors in similar ranges, so
there is no clear advantage in terms of accuracy for any of them.
Implications for Atomic Charge and Polarizability

Fitting. Under the assumption that quantum chemical methods
that accurately predict dipole moments and polarizabilities will
also provide more accurate ESP surfaces, we can make some
inferences about the suitability of these methods for the
assignment of atomic charges and polarizabilities. Basis sets
that lack diffuse functions systematically underestimate molec-
ular polarizabilities. The use of triple-ζ basis sets with diffuse
functions yields improved accuracy. Calculations using hybrid
DFT functionals (PBE0, B3LYP, TPSSh, and M06) were only
incrementally less accurate than those calculated using MP2
theory. Short of computationally demanding CCSD/aug-cc-

pVTZ calculations, we expect MP2/aug-cc-pVTZ to yield the
most accurate ESP surfaces of the methods evaluated in this
study.
The systematic error of HF/6-31G(d) is of particular interest,

as it is widely used in the fitting of atomic charges with the RESP
method. This was one of the least accurate methods we
evaluated, with an RMSD of 0.26 D for dipole moments and 1.89
Å3 for polarizabilities. The MAEs are particularly high as well;
0.22 D and 1.77 Å3 for dipole moments and polarizabilities,
respectively. This method systematically tends to overestimate
the dipole moment of molecules, with a linear regression
coefficient ofm = 1.08. This exaggerated polarity appears to be an
intrinsic feature of HF theory rather than a basis set effect
because the regression coefficient for HF/aug-cc-pVTZ is m =
1.07. This systematic error mimics the effect of solvent-induced
polarization, so this method has been used to assign charges for
force fields intended to be used for molecules in aqueous
solution, although this factor is not necessarily optimal.
Polarizabilities are substantially underestimated by this method;
the linear regression coefficient is m = 0.73.
Atomic polarizability parameters determined by empirical

fitting of polarizable force fields tend to be lower than the
corresponding experimental gas phase molecular polarizabil-
ity.44−46 Friesner and co-workers chose to use basis sets without
diffuse functions expressly because these methods tended to
predict lower molecular polarizabilities.36,47 This was rational-
ized by noting that electron density occupying orbitals with
diffuse character would experience Pauli repulsion with the
electron density of neighboring molecules in condensed phases.
Although using a basis set that does not include diffuse functions
is effective in providing systematically lower polarizabilities, these
polarizabilities do not necessarily correspond to the optimal

Table 3. Calculated and Experimental Polarization
Anisotropies of Small Moleculesa

method αxx αyy αzz α γ

Water
B3LYP 1.44 1.39 1.49 1.45 0.111
MP2 1.42 1.37 1.49 1.42 0.099
CCSD 1.40 1.35 1.49 1.41 0.121
exptl49 1.467 1.415 1.528 1.470 0.098

Hydrogen Sulfide
B3LYP 3.79 3.68 3.66 3.71 0.12
MP2 3.68 3.59 3.57 3.61 0.10
CCSD 3.65 3.57 3.59 3.60 0.08
exptl50 4.273 4.156 4.171 4.200 0.110

Carbon Dioxide
B3LYP 1.89 3.86 1.89 2.55 1.97
MP2 1.92 4.14 1.92 2.66 2.23
CCSD 1.90 4.16 1.90 2.65 2.25
exptl51 1.93 4.03 1.93 2.63 2.10

Ethene
B3LYP 3.77 3.37 5.31 4.15 1.78
MP2 3.70 3.33 5.07 4.03 1.59
CCSD 3.86 3.25 5.08 4.00 1.66
exptl52 3.86 3.40 5.40 4.22 1.81

aAll calculations use the aug-cc-pVTZ basis set.

Table 4. Calculated and Experimental Polarization
Anisotropies of Aromatic and Heteroaromatic Moleculesa

method αxx αyy αzz α γ

Benzene
B3LYP 12.09 12.09 6.64 10.27 5.42
MP2 12.02 12.02 6.67 10.24 5.31
CCSD 11.86 11.86 6.59 10.11 5.27
exptl53 11.73 11.73 6.54 10.0 5.19

Thiophene
B3LYP 11.51 10.56 6.62 9.56 4.46
MP2 11.30 10.50 6.64 9.48 4.32
CCSD 11.45 10.45 6.59 9.50 4.44
exptl54 13.1 11.7 7.28 10.7 5.26

Furan
B3LYP 7.91 8.67 5.19 7.26 3.10
MP2 7.78 8.52 5.18 7.16 2.97
CCSD 7.89 8.46 5.13 7.16 3.08
exptl54 8.79 9.76 5.75 8.10 3.62

Pyrrole
B3LYP 5.81 9.10 9.51 8.14 3.07
MP2 5.83 9.04 9.42 8.09 2.97
CCSD 5.77 9.11 9.37 8.08 3.48
exptl55 6.46 9.68 10.34 8.83 3.60

Pyridine
B3LYP 11.54 10.84 6.04 9.47 5.19
MP2 11.45 10.81 6.07 9.44 5.09
CCSD 11.41 10.78 6.05 9.42 5.07
exptl56 11.87 10.83 5.78 9.49 5.64

aAll calculations use the aug-cc-pVTZ basis set.
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effective “solution” polarizabilities; the regression coefficient for
CCSD/cc-pVTZ-calculated vs experimental polarizabilities is
0.88, but optimal solution phase atomic polarizabilities in
polarizable force fields are typically about 70% of the gas phase
value.45,46

Although these data show the relative accuracy of these
methods for the calculation of electric properties, it is not
immediately clear if their use in charge fitting will result in more
accurate force fields. Mobley et al. evaluated a large number of
quantum chemical methods in charge fitting and found that
fitting atomic charges to an ESP surface calculated with a more
rigorous QM model did not result in more accurate computed
solvation free energies.48 It should be noted that intermolecular
forces calculated using a molecular mechanical force field depend
on both the atomic charges and the Lennard-Jones parameters.
In particular, the Lennard-Jones radius, σ, largely determines the
distance between the solute and solvent atomic charges, which
has a large effect on solvation free energies. Ideally, the Lennard-
Jones parameters of a force field should be reoptimized for each
charge model. Determination of charges using one of the
quantum chemical methods found to be accurate (e.g., MP2/
aug-cc-pVTZ) combined with optimization of Lennard-Jones
parameters is a potentially viable strategy for developing a more
accurate force field.

■ CONCLUSION
The dipole moments and polarizabilities for set of 46 molecules
containing elements C, Si, N, O, S, F, and Cl were calculated
using a range of common quantum chemical methods. The effect
of basis set and quantum chemical method on the accuracy of
these calculations was evaluated.
The calculated electric properties are sensitive to the basis set

used. The augmentation of the basis sets with diffuse functions
led to a large improvement in accuracy, particularly in terms of
polarizabilities. A triple-ζ basis set augmented with diffuse
functions (i.e., aug-cc-pVTZ) provided the most accurate results.
The choice of quantum chemical method was also examined.

CCSD/aug-cc-pVTZ was in good agreement with experiment
for both properties; however, MP2/aug-cc-pVTZ was generally
of comparable accuracy at a much lower computational cost. HF
performs worse than any of the other methods. For the DFT
methods, pure functionals were generally less accurate than the
hybrid functionals. Among the hybrid functionals considered,
none was decisively more accurate and all had accuracies
comparable to those of CCSD andMP2. A more exact ranking of
the DFT functionals is difficult because this type of calculation
neglects effects vibrational effects and the uncertainty on the
experimental data is of the order of the deviation, although a
comparison to CCSD/aug-cc-pVTZ data was generally con-
sistent.
For the purposes of charge/polarizability fitting, we expect that

fitting charges to ESP surfaces calculated using HF theory should
yield more polarized atomic charges and smaller atomic
polarizabilities. When a sufficiently complete basis set is used,
MP2 theory and hybrid DFT functionals should provide very
accurate target data for this fitting.
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