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Abstract

We have assessed integration grid errors arising from the use of popular DFT quadrature schemes

for a set of 34 organic reaction energies. The focus is primarily on M05-2X and the M06 suite of

functionals (M06-L, M06, M06-2X, and M06-HF). M05-2X, M06, and M06-2X outperform popular

older DFT functionals for the reaction energies studied, and offer accuracies comparable to results

from perturbative hybrid DFT functionals. However, these new functionals are more sensitive to the

choice of quadrature grid than previous generations of DFT functionals. Errors in predicted reaction

energies arising from the use of the popular SG-1 grid, which is the default in the Q-Chem package,

are significant. In particular, M06-HF reaction energies computed with the SG-1 grid exhibit errors

ranging from −6.7 to 3.2 kcal mol−1 relative to results computed with a very fine integration grid.

This grid-sensitivity is not a problem for meta-GGA functionals in general, but is instead due to the

specific functional forms used in these functionals. The large grid errors are traced to the kinetic

energy density enhancement factor utilized in the exchange component of the M05-2X and M06

functionals. This term contains empirically adjusted parameters that are of large magnitude for all

of the M06 functionals and for M06-HF in particular. The product of these large constants with

modest integration errors for the kinetic energy density results in very large errors in individual

contributions to the exchange energy. This gives rise to the troubling large errors exhibited by these

functionals for certain integration grids.

I. Introduction

Kohn-Sham density functional theory (DFT) has emerged as the preeminent choice for the

computational study of organic reactions. The popularity of DFT over traditional ab initio

methods in this context stems from a number of factors, including favorable scaling with system

size combined with relatively high-accuracy, widespread availability of analytic first and

second energy derivatives for efficient geometry optimizations and vibrational frequency

computations, and efficient implementations in popular electronic structure theory packages.

Because the necessary integrals over exchange-correlation functionals cannot be evaluated in

closed form, Kohn-Sham DFT computations typically rely on numerical quadrature schemes.

In most quantum chemistry programs, these integrals are approximated as a sum of

contributions from atom-centered grids,
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where wg are the quadrature weights at the corresponding grid points rg, and the atomic

partitioning function, pA (rg), is defined such that  at each point in space.

Various quadrature methods and atomic partitioning functions have been devised, several of

which enjoy widespread use.1-5 It has long been known (though not always appreciated!) that

the choice of integration grid can significantly affect computed molecular properties.6-9

Martin, Bauschlicher, and Ricca6 studied the grid-sensitivity of B3LYP-computed molecular

properties and highlighted problems with popular grids for several third-row transition metal

systems and simple hydrocarbon radicals. More recently, Papas and Schaefer7 compared BLYP

and B3LYP energies from the Gaussian, Molpro, NWchem, Q-Chem, and GAMESS packages

using default and finer integration grids to assess the precision that can be expected from the

integration schemes in these packages. Dressler and Thiel8 analyzed the effect of integration

grids on DFT-computed anharmonic force fields, and Termath and Sauer9 examined their effect

on DFT-based direct molecular dynamics simulations.

Some recently developed DFT functionals that explicitly depend on the kinetic energy density

(meta-GGAs) offer some significant advantages over previous generations of functionals.10,

11 A shortcoming of these functionals that is often neglected, however, is the increased

sensitivity to the choice of integration grid. By default, popular electronic structure programs

utilize quadrature grids that were developed and refined based on previous generations of DFT

functionals. Unfortunately, some integration grids that proved adequate for these older

functionals can lead to significant errors when utilized with new meta-GGAs.12-17

In 2004, Johnson et al.12 demonstrated that potential energy curves for dispersion-bound

complexes computed with VS9818 and other meta-GGA functionals are prone to spurious

oscillations unless very large integration grids are used. Gräfenstein and Cremer subsequently

proposed17 the use of locally augmented radial integration grids to combat these issues in a

cost-effective way. In 2009, Johnson and co-workers13 revisited these grid errors and showed

that the grid sensitivity originates from singularities near the intermonomer midpoint in kinetic

energy density-dependent functional forms present in many meta-GGAs. Similarly,

Gräfenstein, Izotov, and Cremer14 attributed irregularities in certain meta-GGA energies for

stretched covalent bonds to singularities in the self-interaction correction term present in the

correlation part of these functionals.

The oscillations in meta-GGA-computed interaction potentials for dispersion-bound

complexes12 was addressed in the design of the M06 suite of functionals through the

elimination of problematic terms in the VS98 functional, on which the M06 functionals are in

part based.10 The resulting changes in the M06 functionals offer improved performance in this

regard, although with some popular grids problems still arise.13,15,16 For example, Merz and

co-workers15 recently analyzed the performance of a number of methods for the prediction of

potential energy curves for model non-covalent interactions. The M06-2X and M06-L DFT

functionals outperformed the other methods tested, but yielded discontinuous energy curves

when used with the popular SG-1 integration grid.16

Grid issues with these meta-GGA functionals are not limited to dispersion-bound complexes.

For example, Csonka and co-workers19 benchmarked a variety of DFT functionals for the

prediction of geometries and conformational energies of a series of saccharides. Although

M05-2X yielded the most reliable results of the tested methods when a dense integration grid

was used, results computed using the default integration grid in the Jaguar program package

lead to larger errors in energies and problems in geometry optimizations. Similarly, Scuseria

and co-workers20 recently reported geometry optimization convergence problems and spurious

imaginary frequencies when pairing functionals from the M06 suite with various popular

integration grids.
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In the present work we focus on the grid requirements for meta-GGA-predicted energies for a

set of 34 organic isomerization reactions recently published by Grimme and co-workers.21 This

set, shown in Scheme 1, constitutes a diverse collection of reactions that are small enough for

the application of accurate benchmark computations yet representative of the diverse changes

in bonding that occur in organic reactions. Reference “experimental reaction energies” were

derived from standard enthalpies of formation corrected for zero-point vibrational and thermal

effects by Grimme.21 All of the reactions are endothermic as written. Our primary focus is on

grid errors for M05-2X and the M06 family of functionals,10 which have emerged as promising

new functionals for diverse chemical applications.22

II. Theoretical Methods

Single point energies were computed for the molecular species in Scheme 1 using five meta-

GGA DFT functionals paired with various DFT integration grids. The TZV(2df,2pd) basis

set23,24 was used for all computations, which were executed at B3LYP/TZV(p,d) optimized

geometries taken from Ref 21. The TZV(2df,2pd) basis set comprises the Alrichs TZV triple-

ζ quality basis set23 plus polarization functions from the cc-pVTZ basis set.24 Grid errors for

other popular basis sets are expected to be similar. The meta-GGAs tested are VS98,18 M05-2X,
25 M06-L,26 M06-HF,27 M06,10 and M06-2X.10 For comparison, grid errors for B3LYP,28

PBE,29,30 and TPSS31 are also presented.

The atom-centered grids utilized in popular DFT codes are constructed as a direct product of

sets of Nr radial and NΩ angular grid points,

(2)

Defining an integration grid requires a choice of atomic partitioning function and the number,

weights, and distribution of radial and angular grid points.

Four popular integration grids were tested (see Table 1). Grids labeled “Q-Chem”,

“NWChem”, and “Gaussian” are equivalent to the default grids in those packages.32-35 The

default Q-Chem grid is the popular SG-1 grid of Gill, Johnson, and Pople.16 All of the tested

grids rely on Lebedev's angular quadrature.1 The radial components of these grids are from

either an Euler-Maclaurin quadrature with the coordinate transformation of Murray, Handy,

and Laming (Euler)2 or the modification of the Murray-Handy-Laming scheme published by

Mura and Knowles (MK).3 For the atomic partitioning functions, the tested grids use the

scheme of Becke,5 the modification introduced by Stratmann, Scuseria, and Frisch (SSF),4 or

an unpublished modification of the SSF scheme (Erf1) implemented in NWChem33,34 in which

the partition function weights are written in terms of products of error functions.

Most program packages utilize automatically pruned integration grids, in which the number of

angular points is dependent on the radial coordinate.16 This leads to significant reductions in

computational cost with minimal loss in accuracy compared to the use of the unpruned grid.

The effect of pruning was tested for selected reaction energies. Errors arising from pruning

were less than 0.1 kcal mol−1 across all grids considered and are considered inconsequential.

Presented results are based on pruned grids.

Energies computed using the NWChem “Xfine” grid (see Table 1) were used as a benchmark

[i.e.: ]. To confirm that reaction energies computed using this grid are

converged with respect to integration grid density, the M06-2X reaction energies, which are
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the most sensitive to the choice of grid, were also computed using a grid with 300 radial points

and 1202 angular points. The mean absolute deviation in reaction energies between the Xfine

grid and this very large integration grid was only 0.0003 kcal mol−1; the maximum deviation

is 0.003 kcal mol−1. With these meta-GGA functionals, use of default convergence criteria

sometimes lead to convergence problems and resulted in erratic and seemingly irreproducible

grid errors. This was particularly true for the less dense grids and the M06-HF functional. Care

was taken to ensure that all energies are converged to the correct Kohn-Sham solution to a

precision of at least 10−10 au. Converging DFT energies to this precision is often hampered by

screening thresholds for integrals and the electron density employed by popular DFT programs.

In this work, screening thresholds of at least 10−14 au were used.36 Much larger errors than

reported here could be encountered with these functionals if care is not taken to tightly converge

results.

All computations were carried out using a locally modified version of NWChem 5.1.33,34

III. Results and Discussion

The present work is primarily concerned with grid errors in computed reaction energies, not

the error in the reaction energies themselves or the grid errors in absolute energies. However,

since the accuracy of most of the tested functionals has not been previously assessed for the

reactions in Scheme 1, a brief analysis of the reaction energy errors compared to experiment

is presented first. This allows the subsequent analysis of grid errors to be put into the perspective

of the inherent error in the DFT computations.

A. Performance of meta-GGA Functionals for Reaction Energies

Errors in DFT-computed reaction energies, relative to experimental results,21 are shown in

Table 2. These values were computed using the XFine integration grid. Mean signed deviations,

mean absolute deviations, and the range of deviations from experiment are plotted in Fig. 1.

Of the functionals tested here, the M05-2X, M06, and M06-2X functionals offer the best

performance, although even these functionals exhibit errors approaching ±5 kcal mol−1 for

selected reactions. The mean deviations for the M05-2X, M06, and M06-2X functionals are

comparable to those from mPW2-PLYP,37 B2-PLYP,38 and BMK39 for this test set.21 The

B3LYP, PBE, TPSS, M06-L, and M06-HF functionals perform less well and are all

comparable. VS98 performs more poorly for these reactions, delivering the largest mean error

and a very large error for reaction (11).

B. Errors with Popular Integration Grids

Integration grid errors have been assessed for the 34 organic isomerizations in Scheme 1. The

grid errors for four popular quadrature grids are summarized in Table 3. Details for each

reaction are provided in Supporting Information (SI). Normalized error distributions for the

B3LYP, PBE, and TPSS functionals are shown in Fig. 2. Analogous plots for VS98, M05-2X,

and the four M06 functionals are shown in Fig. 3. For B3LYP, PBE and TPSS, grid errors

arising from the use of the NWChem, Gaussian, and Fine grids are negligible, never exceeding

±0.1 kcal mol−1. The errors are slightly larger for the Q-Chem grid, and there is one outlier

[reaction (11)] at 0.7 kcal mol−1, 0.8 kcal mol−1, and 0.8 kcal mol−1 for B3LYP, PBE, and

TPSS, respectively. Overall, the grid requirements for these three functionals are modest and

the errors resulting from any of these grids are far less than the errors in the computed reaction

energies (compare Tables 2 and 3).

For VS98, M05-2X, and the four M06 functionals (Fig. 3), the grid errors are significantly

larger than for B3LYP, PBE, or TPSS. Even so, the errors arising from the use of the Gaussian

and Fine integration grids are tightly grouped around zero and never exceed 0.15 kcal mol−1
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for M05-2X or the M06 suite of functionals. For the NWChem grid, the errors are only slightly

larger than the Gaussian and Fine grid results, although the magnitude exceeds 0.5 kcal

mol−1 in several cases. The most troubling results arise from use of the Q-Chem (SG-1) grid,
16 which leads to significant errors in computed reaction energies. The problems are most

severe for the M06-HF functional, for which the grid errors range from −6.7 to 3.2 kcal

mol−1. For M06-HF computations employing this popular grid, these grid errors will be the

dominant source of error and predicted reaction energies will generally be qualitatively

different than those computed with finer integration grids.

Across all of these functionals, the largest grid errors occur for reaction (10) followed by (11).

However, not all functionals behave uniformly. For example, with the Q-Chem grid, the M06-

HF predicted energy for reaction (11) is within 1.7 kcal mol−1 of the Xfine reference, while

the energy for reaction (10) deviates by 5.6 kcal mol−1. For the M05-2X functional, the energy

for reaction (11) falls 0.4 kcal mol−1 from the reference value, even though the value for

reaction (10) is in error by only −0.1 kcal mol−1. This non-systematic behavior is indicative of

an underlying cancelation of more sizeable errors, which is discussed in detail below. Reaction

(10) has been highlighted previously16 as a case prone to grid errors. Gill and co-workers16

attributed this to the large difference in shape of the two isomers of pentane. Essentially, for

more “compact” molecules (e.g.: neopentane), the same number of grid points covers a smaller

amount of space, so the grid error in the absolute energy should be reduced compared to the

error for less compact species (e.g.: n-pentane).

C. Effects of Atomic Partitioning Function and Radial Quadrature Methods

To quantify the effect of different atomic partitioning functions and radial quadrature schemes,

the errors associated with grids comprising 50 radial points and 194 angular points are

examined more closely. Errors for six combinations of atomic partitioning function and radial

quadrature scheme are summarized in Table 4. The leftmost column (Becke/Euler) is the Q-

Chem (SG-1) grid.16 Normalized error distributions for the six meta-GGAs paired with these

six grids are shown in Fig. 4. The Euler and MK radial quadrature schemes2,3 perform similarly,

regardless of the partitioning function. The MK scheme provides a minimal reduction in mean

grid errors compared to the Euler method. On the other hand, the choice of partitioning function

has a significant impact on grid errors for all functionals considered. The SSF or Erf1

partitioning functions4 result in significantly smaller mean errors compared to the Becke

results.5 These results are in accord with previous findings of Martin et al.6 and the assertion

by Scuseria and co-workers4 that the SSF scheme4 is numerically more stable than that of

Becke.5 However, for the M06-HF functional, none of these grids tested delivers reaction

energies with errors consistently below 0.5 kcal mol−1.

D. Origin of Grid Errors

In order to unravel the origins of the large grid errors arising from the use of the Q-Chem (SG-1)

grid,16 the contributions to these errors are examined in more detail. Normalized error

distributions for the exchange (Ex) and correlation (Ec) components of the reaction energies

are shown in Fig. 5.40 Mean grid errors in Ex and Ec are given in SI Table S2. For all but the

VS98 functional, the errors in Ex swamp those arising from Ec, for which the MADs are less

than 0.1 kcal mol−1. For the VS98 functional, the situation is reversed; in this case Ec exhibits

a larger MAD than Ex. Regardless, the unsettling grid errors exhibited by M05-2X and the

M06 functionals arise from the exchange energies.

The exchange functional utilized for the M06 suite10 is a linear combination of the functional

forms of the M05-2X25 and VS9818 exchange functionals,

Wheeler and Houk Page 5

J Chem Theory Comput. Author manuscript; available in PMC 2011 February 9.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



(3)

 is the PBE exchange functional, , multiplied by a kinetic energy density-

dependent term, f (wσ). This function is referred to by Truhlar and co-workers10 as the “kinetic

energy density enhancement factor”, and is written as a power series in wσ. wσ in turn is a

function of the spin kinetic energy density.41 The form for the M06 exchange functional is

given in Eq (4), where ρσ, ∇ρσ, and τσ are the spin-density, gradient, and kinetic energy density,

respectively, and di and ai are empirically determined parameters. Setting a0 to 1.0 and the

other ai and di constants to zero gives the standard PBE GGA exchange functional, while setting

the ai constants to zero (and the di to the appropriate values) yields VS98 exchange. The

M05-2X exchange functional is obtained by setting the di constants to zero, and the ai to the

appropriate values.

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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(11)

Errors arising from the use of the Q-Chem grid for each term in Eq (4) are summarized in SI

Tables S2 and S3. These were computed using converged densities from XFine computations

with a locally modified version of NWChem 5.1.33,34 Distributions of grid errors arising from

the two main components of the M06-HF exchange functional,  and , are

shown in Fig. 6a. The grid errors arise primarily from the M05-2X component.

Normalized grid error distributions for each power of wσ in f (wσ) are plotted in Fig. 6b with

all of the ai constants set to unity [i.e.: ]. The grid errors for each term

are modest and exceed 0.5 kcal mol−1 for only a few reactions. The tendency is for the

magnitude of the integration error to gradually increase with the power of wσ, although for

some reactions the integration errors are negligible for all powers of wσ (errors for

representative reactions are shown in Fig. 6c). The empirical constants ai, on the other hand,

vary considerably in magnitude and oscillate between negative and positive values (see Table

5). The grid errors for each term in  will be the product of the ai constant with the

integration error for the corresponding power of wσ. Because the magnitudes of the ai constants

are large, grid errors for the individual contributions to f (wσ) are enormous. For example, for

reaction (10) the errors in the  and  terms are +82 and −132 kcal mol−1, respectively.

These sizeable errors mostly cancel due to the almost monotonic change in grid errors with

each power of wσ (see Fig. 6c) combined with the oscillations in the ai constants. This

cancelation is incomplete, of course, and gives rise to the troubling spread of grid errors

discussed above. The substantial grid errors exhibited by the M06-HF functional in particular

are a result of the very large ai constants defining that functional (in particular, see the a7 and

a9 constants for M06-HF in Table 5).

The attribution of these errors to the particular functional form used in the M06 suite of

functionals is further supported by the qualitatively different grid-dependence exhibited by the

meta-GGA functional TPSS. This functional, which does not contain a polynomial expansion

in terms of the kinetic energy density, exhibits very modest dependence on the choice of

integration grid; TPSS grid errors are on par with those from popular GGAs.

These grid errors are qualitatively different from those underlying the discontinuities in meta-

GGA-computed potential energy curves for dispersion-bound complexes,12 which arise from

singularities in the τ-dependent functional forms.13 The grid errors in reaction energies arise

from modest errors in the integration of wσ amplified by the large empirical ai constants. One

consequence is that these errors vary smoothly across potential energy surfaces. This is

demonstrated for neopentane in SI Figs. S1 and S2, in which grid errors in the M06-HF energy

computed with the Q-Chem grid are plotted as a function of the C–C and C–H bond lengths.

IV. Summary and Conclusions

DFT is invaluable in the computational study of organic reactions, and can provide accurate

energies for large molecular systems that are beyond the reach of traditional ab initio methods.

New DFT functionals offer increased accuracy and broader applicability compared to previous

generations of functionals and have enabled the application of DFT to myriad new problems

in organic chemistry and molecular biology. However, these new functionals are not without
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drawbacks, one of which is the increased sensitivity of energies and other properties to the

choice of integration grid. Previously documented12-16 grid-sensitivities exhibited by these

functionals include the prediction of potential energy curves for dispersion-bound complexes

with spurious oscillations, as well problems with predicted energies, geometries, and

vibrational frequencies.19,20 We have quantified integration grid errors for six meta-GGA

functionals (VS98, M05-2X, M06-L, M06, M06-2X, and M06-HF) paired with popular

integration grids for 34 organic isomerization energies. The popular SG-1 grid,16 which is the

default in the Q-Chem package, leads to large errors for all of these functionals, and very large

errors for M06-HF. This grid should not be used with any of these functionals. By contrast,

the grid errors in B3LYP, PBE, and TPSS computed energies are small for all of the grids

tested. Use of the SSF4 or Erf1 atomic partitioning functions reduces grid errors compared to

the standard SG-1 grid,16 which utilizes the partitioning function of Becke.5 However, the

M06-HF functional still exhibits grid errors exceeding 0.5 kcal mol−1 for several of the

reactions.

The grid errors exhibited by the M06 suite of functionals arise from integration errors in the

exchange component of the energy. In particular, the significant errors arising from the use of

the Q-Chem (SG-1) grid are due to the large empirical constants in the kinetic energy density

enhancement factor. Some of these constants are of considerable size, and amplify modest

errors in the integration of the kinetic energy density. This is not a general weakness of meta-

GGAs, but a problem arising from the particular functional form used in the M06 suite of

functionals.

Zhao and Truhlar recently published11 the M08-HX and M08-SO functionals, which

incorporate more flexible functional forms than members of the M06 suite and contain an

altered self-interaction correction term that avoids the numerical instabilities discussed by

Gräfenstein, Izotov, and Cremer.14 Although the grid errors associated with these new

functionals were not tested here, the kinetic energy density enhancement factor in M08-HX

and M08-SO is the same as in the M06 functionals. Moreover, the empirical coefficients in

this factor are larger than in any of the M06 suite of functionals, so M08-HX and M08-SO grid

errors computed with the SG-1 grid are expected to be even more severe than observed for

M06-HF.

The popularity of DFT and ease with which many computational chemistry program packages

can be used has lead to a continued increase in the application of DFT to chemical problems

by non-specialists. While this is certainly a welcome development and a testament to the

maturity of the field of Kohn-Sham DFT, the present results offer a poignant reminder of the

dangers of employing “default” options in any program package. These defaults are not suitable

for all applications, and in the case of DFT integration grids the defaults in some cases are

woefully inadequate for some meta-GGA functionals. In particular, use of the SG-1 integration

grid with M05-2X or the M06 suit of functionals can result in significant errors in predicted

reaction energies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mean absolute deviations (MAD), mean signed deviations (MSD), and range of deviations

from experiment for computed energies of the reactions in Scheme 1 (kcal mol−1).
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Figure 2.

Normalized distributions of grid errors (kcal mol−1) for the energies of the reactions in Scheme

1, computed using four popular quadrature grids paired with the B3LYP, PBE, and TPSS

functionals. Grids labeled “Q-Chem”, “NWChem”, and “Gaussian” are equivalent to the

default grids in those packages. All computations were carried out using the NWChem

program.33,34
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Figure 3.

Normalized distributions of grid errors (kcal mol−1) for the energies of the reactions in Scheme

1 using four popular quadrature grids.
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Figure 4.

Normalized distributions of grid errors (kcal mol−1) for the energies of the reactions in Scheme

1 using six combinations of partitioning functions (Becke,5 SSF,4 or Erf1) and radial quadrature

schemes [Euler-Maclaurin (Euler)2 or Mura-Knowles (MK)3]. All grids are pruned and have

50 radial points and 194 angular points. The Becke/Euler combination corresponds to the

default Q-Chem (SG-1) grid.16
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Figure 5.

Normalized distributions of grid errors (kcal mol−1) for the contribution of Ex and Ec to the

total energies for the reactions in Scheme 1, computed with the Q-Chem grid.
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Figure 6.

(a) Normalized Q-Chem grid error distributions for the  and  components of

M06-HF; (b) Q-Chem grid error distribution for each power of wσ in

 in the M06-HF functional (c) Q-Chem grid errors for each power of

wσ in  for representative reactions from Scheme 1.
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Scheme 1.
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Table 1

Partitioning function, radial quadrature method, and number of radial and angular points for tested grids. All

grids are pruned and utilize Lebedev's angular quadrature.1

Partitioning Radial Quadrature Radial Points Angular Points

Q-Chem Becke Euler-Maclaurin 50 194

NWChem Erf1 Mura-Knowles 49 434

Gaussian03 SSF Euler-Maclaurin 75 302

Fine Erf1 Mura-Knowles 70 590

Xfine Erf1 Mura-Knowles 100 1202

J Chem Theory Comput. Author manuscript; available in PMC 2011 February 9.
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Table 3

Analysis of grid errors for the energies of the reactions in Scheme 1 for four popular DFT integration grids. Grid

errors are relative to Xfine results. All values are in kcal mol−1.

Q-Chem NWChem Gaussian Fine

B3LYP

MAD 0.08 0.00 0.01 0.00

MSD 0.04 0.00 0.00 0.00

Min −0.17 −0.02 −0.02 −0.01

Max 0.69 0.04 0.08 0.01

PBE

MAD 0.10 0.00 0.01 0.00

MSD 0.05 0.00 0.00 0.00

Min −0.21 −0.02 −0.03 −0.01

Max 0.85 0.05 0.10 0.01

TPSS

MAD 0.09 0.01 0.01 0.00

MSD 0.05 0.00 0.00 0.00

Min −0.19 −0.03 −0.03 −0.01

Max 0.85 0.05 0.09 0.01

VS98

MAD 0.25 0.03 0.04 0.01

MSD 0.13 0.00 0.00 0.00

Min −0.38 −0.13 −0.22 −0.07

Max 2.80 0.21 0.37 0.05

M05-2X

MAD 0.16 0.05 0.01 0.01

MSD 0.02 −0.02 0.01 0.00

Min −0.39 −0.45 −0.02 −0.03

Max 0.52 0.10 0.10 0.02

M06-L

MAD 0.20 0.05 0.02 0.01

MSD 0.09 0.03 0.00 0.00

Min −0.84 −0.07 −0.10 −0.02

Max 0.76 0.65 0.11 0.03

M06

MAD 0.25 0.04 0.02 0.00

MSD 0.06 0.02 0.01 0.00

Min −1.04 −0.10 −0.08 −0.01

Max 0.75 0.31 0.12 0.02

M06-2X

MAD 0.29 0.08 0.02 0.01

MSD 0.03 −0.02 0.00 0.00

Min −2.02 −0.39 −0.09 −0.02
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Q-Chem NWChem Gaussian Fine

Max 0.81 0.23 0.11 0.02

M06-HF

MAD 1.20 0.20 0.03 0.02

MSD 0.05 −0.07 0.01 0.00

Min −6.70 −1.51 −0.12 −0.05

Max 3.21 0.42 0.13 0.06
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