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The MC-DFT Approach Including the SCS-MP2 Energies to
the New Minnesota-Type Functionals

Po-Chun Liu and Wei-Ping Hu*

We have applied the multicoefficient density functional theory
(MC-DFT) to four recent Minnesota functionals, including M06-
2X, M08-HX, M11, and MN12-SX on the performance of ther-
mochemical kinetics. The results indicated that the accuracy
can be improved significantly using more than one basis set.
We further included the SCS-MP2 energies into MC-DFT, and
the resulting mean unsigned errors (MUEs) decreased by
approximately 0.3 kcal/mol for the most accurate basis set

Introduction

In the past two decades, density functional theory (DFT)™ has

been the most popular theoretical method in the fields of
chemistry, physics, and material sciences. On some systems,
recently developed DFT methods can achieve accuracies that
traditionally could only be obtained by much more expensive,
wavefunction-based methods.”®! The basis-set effects in con-
ventional DFT were known to be smaller than the
wavefunction-based methods that include high-level electron
correlation. However, for many hybrid DFT, the sizes of the
basis sets did affect the accuracy considerably.!*! A few years
ago, we developed the multicoefficient density functional
theory (MC-DFT) approach™®” as a convenient way to extrapo-
late the basis set to an optimal size in a DFT calculation. In
the MC-DFT approach, the calculation was performed with two
or three basis sets of different sizes. The differences in the cal-
culated energies were scaled by coefficients which were deter-
mined to minimize the mean unsigned errors (MUEs) with
respect to a set of accurate database values. We found that
the MC-DFT methods can in most cases lead to better per-
formance than using a single large basis set.®”) The philoso-
phy behind the approach was similar to many other multilevel
or multicoefficient methods that this type of semiempirical
parameterization of the scaling coefficients for electron corre-
lation or basis set extrapolation is the most efficient way to
achieve higher accuracy.®' In previous studies,®” we have
tested the MC-DFT approach on several functionals, including
B3LYR!™ B2K-PLYR''® B2T-PLYP'® and MO06-2X.""" In  this
study, we applied the MC-DFT approach to the more recently
developed Minnesota functionals, M08-HX,!"® M11,1"®! and
MN12-5X,2”" and we compared their performance with that of
MO06-2X and B3LYP. Following the success of the M06 series of
functionals,"’~'! Zhao and Truhlar developed two new more
accurate functionals, MO8-HX and M08-SO.""® In 2011, Peverati
and Truhlar developed a new density functional, called M11
using range-separated Hartree-Fock exchange!'” which con-
tained 100% of Hartree-Fock exchange at long range and an
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combinations. The MO06-2X functional with the simple [6-
311+G(d,p)/6-311+G(2d,2p)] combination gave the best per-
formance/cost ratios for the MC-DFT and MC-SCS-MP2|MC-DFT
methods with MUE of 1.58 and 1.22 kcal/mol, respectively.
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optimum 42.8% at short range. More recently, they proposed
a new density functional N12" with a nonseparable gradient
approximation. The N12 functional depends only on the spin-
labeled electron densities and their reduced gradients. It was
the first density functional that provided good accuracy for
both molecular energetics and solid-state lattice constants.
They then added a kinetic energy density term to N12 to
obtain a more accurate functional MN12-L.% Furthermore,
they added a screened Hartree-Fock exchange term to the
N12 and MN12-L and yielded two new functionals, N12-5X12
and MN12-SX. These two new functionals provided very accu-
rate performance for both chemistry and solid-state physics.'*”
In addition to test the MC-DFT approach on the new Minne-
sota functionals, in the current study, we further added the
MP2 and SCS-MP2 correction energies into our MC-DFT meth-
ods. The spin-component-scaling MP2 (SCS-MP2) was first pro-
posed by Grimme?' where the parallel (same)- and
antiparallel (opposite)-spin correlation energies were separately
scaled. The SCS-MP2 method provided a new way to increase
the accuracy of the MP2 theory™®* without additional cost. The
idea of combining DFT and MP2 energies was first proposed
by Truhlar and coworkers,!"*! and their “doubly hybrid” MC3BB
and MC3MPW methods gave excellent performance/cost ratios
as compared to wavefunction-based and several accurate
hybrid DFT.">' |n principle, the doubly hybrid approach can
be applied directly to any functionals. Another similar
approach called “double-hybrid DFT” was later developed by
Grimme and coworkers.**=2%! |n this approach, the MP2 correc-
tion energies were obtained from the converged Kahn-Sham
orbitals, and no additional wavefunction-based calculation was
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needed. This could be both an advantage and a disadvantage.
The double-hybrid approach can only be directly applied to
those functionals with separable exchange and correlation parts,
such as the Becke's exchange functional®” and the LYP correla-
tion functionals.”® The double-hybrid approach, however, can-
not be easily applied to the newer functionals such as B98,?"
Boese-Martin functional for kinetics (BMK),*® M06,"”’ and so
forth. The double-hybrid DFT showed significant performance
improvement on predicting thermochemical kinetics.['62%2>31
Very recently, Kozuch and Martin proposed a series of more
accurate double-hybrid functional called dispersion corrected,
spin-component scaled double hybrid DFT (DSD-DFT) which
included the SCS-MP2 energies and empirical dispersion correc-
tions.*? The DSD-PBEhB95 and DSD-PBEBP86 functionals gave
the overall best results. The MC-DFT tests on the DSD-DFT will
be described in a forthcoming article.

As a further note to the current approach, the empirical basis
set extrapolation in the MC-DFT method focused entirely on the
electronic energies, which was also true in other basis set
extrapolation methods®**# and in various composite or multi-
coefficient methods such as Gaussian-n,?3*! G3S® complete
basis set (CBS),***”" wn,P#3% ccCA 04" HEAT** MCG3-
DFT,[M] and multi-level with scaled energy-DFT (MLSE—DFT).“O]
Extrapolation of the basis set effects has been known to be
most crucial and most successful for predicting accurate bond
energies, and, thus, it was applied primarily on the study of
thermochemistry and chemical kinetics. While many recently
developed all-purpose density functionals!'’—2%24261[30-32.44]
have been benchmarked for a varieties of other properties such
as weak interactions, molecular geometries, vibrational frequen-
cies, and excitation energies, the prediction of these properties
and the corresponding computational efficiency is not expected
to be significantly improved by the current MC-DFT approach in
its current form. This study thus focused on applying the MC-
DFT approach to the recently developed Minnesota functionals
and on the inclusion of SCS-MP2 energies for performance
improvement on thermochemical kinetics.

Method

The density functionals tested included the M06-2X, M08-HX, M11,
MN12-SX, and the popular B3LYP functionals. Four Dunning-type
basis sets: cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ 4> five
Pople-type  basis  sets: 6-311+G(dp), 6-311+G(2d,2p),
6-311+(2df2pd), 6-311+G(3df2pd),*” and the MG3S basis set
(G3large basis set without core polarization functions and without
diffuse functions on hydrogens) were used.""*®4%! The following
abbreviations for basis sets were used in this article:

pdz cc-pvDZ

apdz aug-cc-pVDZ

ptz cc-pVTZ

aptz aug-cc-pVTZ

Pop-dp 6-311+G(d,p)

Pop-2d2p 6-311+G(2d,2p)

Pop-2df2pd  6-311+G(2df,2pd)
(

Pop-3df2pd  6-311+G(3df,2pd)

The MC-DFT energy using the [B1/B2/B3] basis set combina-
tion was defined as:
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E3s(MC-DFT) = E(DFT/B1)+c; [E(DFT/B2)—E(DFT/B1)]
+¢,[E(DFT/B3)—E(DFT/B1)]

where “DFT” was any of the functionals listed above, and B2
and B3 were basis sets larger in size than that of B1, and ¢,
and ¢, were scaling coefficients. In cases where only two basis
sets were used the last term in eq. (1) was omitted. We further
included the SCS-MP2 energies into the MC-DFT methods. For
example, if apdz was used for the SCS-MP2 calculation and B1
was used for the DFT calculation, the combined SCS-MP2|DFT
energy was

E15(SCS-MP2|DFT) = ¢;(HF/apdz+c,Eg, /apdz
+¢sE¢,/apdz)+(1—c;)E(DFT/B1)

where Eg, and E, were the opposite- and same-spin correla-
tion energies with scaling coefficients ¢, and ¢, respectively.
Accordingly, the SCS-MP2|MC-DFT energy calculated using
three basis sets for DFT calculation was:

E3g(SCS-MP2|MC-DFT) = ¢ (HF /apdz+c,Eg, /apdz
+¢sEg, /apdz) +(1—¢;) {E(DFT/B1)
+¢,|E(DFT/B2)—E(DFT/B1)]
+c3[E(DFT/B3)—E(DFT/B1)]}

. 3)

In cases where only two basis sets were used for DFT cal-
culation, the last term in eq. (3) was omitted. Similar to the
MC-DFT approach, the MP2 energies can also be calculated
using a basis set combination, which is called the MC-MP2
approach. If the basis set combination [pdz/apdz/ptz] was
used then

E(MC-MP2) = HF /pdz+c; Eg, /pdz
+¢,(HF /apdz—HF /pdz)
+¢3(HF/ptz—HF /pdz) 4
+c4|Ee /apdz—Egy /pdz]
+cs|Ega /ptz—Egy /pdz]}

where Eg; were the total second-order perturbation energies.
We can also combined the SCS-MP2 method and the MC-MP2
approach to create the MC-SCS-MP2 method. If the combina-
tion of [pdz/apdz/ptz] was used then

E(MC-SCS-MP2) = HF /pdz+coEg, /pdz-+c;E, /pdz
+¢;(HF /apdz—HF /pdz)
+c,(HF /ptz — HF/pdz)
+cs[(cokg, /apdz+csEg, /apdz)  (5)
—(coER, /pdz+csEE, /pdz)]
+ca[(coEd, /ptz+csEE, /ptz)
—(CoEg, /pdz+csEg, /pdz)]

Note that the same ¢, and ¢, were used for different basis
sets. It was also possible to combine the MC-DFT and MC-SCS-
MP2 approaches in the following ways. If only one basis set
(B1) was used for the DFT and the combination [pdz/apdz/ptz]
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Table 1. Mean unsigned errors (kcal/mol) of the DFT and MC-DFT
methods.
Basis set combination B3LYP MO06-2X MO08-HX M11 MN12-SX
pdz 11.46 8.37 8.00 8.87 6.87
apdz 9.22 6.03 6.11 6.63 6.00
ptz 5.50 2.92 3.17 2.92 3.71
pdz/ptz 4.22 2.22 1.85 2.37 291
pdz/apdz/ptz 3.96 1.54 1.81 2.13 2.86
aptz 4.83 1.99 2.57 2.11 3.06
pdz/ptz/aptz 3.88 1.55 1.70 1.99 2.67
MG3S 4.33 1.76 1.66 1.94 1.96
pdz/MG3S 3.87 1.53 1.59 1.94 1.95
Pop-dp 7.36 4.84 491 5.02 4.23
Pop-2d2p 545 2.66 248 243 2.39
Pop-dp/Pop-2d2p 3.78 1.58 1.66 2.04 223
Pop-2df2pd 4.40 1.85 1.75 2.04 2.12
Pop-dp/Pop-2df2pd 3.59 1.75 1.56 2.04 2.12
Pop-2d2p/Pop-2df2pd 3.62 1.81 166 203 2.12
Pop-dp/Pop-2d2p/ 3.59 1.58 1.53 2.01 2.12
Pop-2df2pd
Pop-3df2pd 4.02 1.83 1.68 2.23 2.20
Pop-dp/Pop-3df2pd 3.58 1.82 1.68 2.10 2.16
Pop-2df2pd/Pop-3df2pd  3.70 1.81 164 204 2.10
Pop-dp/Pop-2d2p/ 3.57 1.57 1.54 2.01 215
Pop-3df2pd

was used for the SCS-MP2 calculation, the MC-SCS-MP2|DFT
energy can be written as:

E1g(MC-SCS-MP2|DFT) =
¢ {HF /pdz+c,E¢, /pdz
+¢sEE, /pdz+c, (HF /apdz—HF /pdz)
+c3(HF/ptz—HF /pdz)
+c4[(coES, Japdz+csEE, Japdz)
—(CoEp, /pdz+c R, /pdz)]
+¢s[(cokg, /ptzt+csEL, /ptz)
—(coEQ /pdz+csEE, /pdz)] }+(1—c1)E(DFT/B1)

If three basis sets, for example the combination [pdz/apdz/
ptz], were used for both the DFT and MP2 calculation, then
the MC-SCS-MP2|MC-DFT energy was obtained by:

E35(MC-SCS-MP2|MC—DFT) =
¢1{HF/pdz+c,Eg, /pdz
+¢sE, /pdz+c, (HF /apdz—HF /pdz)
+c3(HF/ptz—HF /pdz)
+c4[(coEg,/apdz+cEE, /apdz)
—(cobgy/pdz+csEg, /pdz)] @)
+cs[(coEg,/ptz+csEE, /ptz)
—(coEg, /pdz+cEE, /pdz)]}
+(1—c1){E(DFT/pdz)
+cg[E(DFT/apdz) —E(DFT/pdz)]
+¢7[E(DFT/ptz)—E(DFT/pdz)|}

The coefficients in egs. (1)-(7) above were determined by

minimizing the MUE to the 211 accurate thermochemical
kinetics data compiled by Truhlar and coworkers*°? The

1562 Journal of Computational Chemistry 2014, 35, 1560-1567

HEMISTRY

database included 109 atomization energies from the
MGAE109/11 database,®® 38 hydrogen transfer and 38 nonhy-
drogen transfer barrier heights from the HTBH38/08 and
NHTBH38/08 databases,”" and 13 ionization potentials and 13
electron affinities from the IP13/3 and EA13/3 databases.* All
the electronic structure calculations, except for the MO08-HX
calculations, were performed using the Gaussian 09 pro-
gram.”! The M08-HX energies were obtained using the Mol-
pro program.”* The computational cost was evaluated from
the sum of the CPU time required for calculating the energies
of eight molecules including CsHsN, C,Cls, C4HZ0, C4H,S,
C4HsN, CF3CN, and SiCly.

Results and Discussion
Performance of the MC-DFT methods

B3LYP Functional. Table 1 showed the performance of the
MC-DFT on the tested functionals. For the popular B3LYP func-
tional, the large single basis sets aptz, MG3S, Pop-2df2pd, and
Pop-3df2pd gave MUEs of 4.83, 4.33, 4.40, and 4.02 kcal/mol,
respectively, which were notably smaller than those obtained
using single smaller basis sets. The combinations that included
these large basis sets [pdz/ptz/aptz], [pdz/MG3S], [Pop-dp/Pop-
2df2pd], and [Pop-dp/Pop-2d2p/Pop-3df2pd] gave MUEs of
3.88, 3.87, 3.59, and 3.57 kcal/mol, respectively. For the Pople-
type basis sets, it seemed that the combinations of two basis
sets that included Pop-2df2pd were sufficient. The B3LYP func-
tional did not perform satisfactorily for thermochemical
kinetics, but the MC-DFT approach did improve the accuracy
as compared to the single-basis-set results. For example, the
combination [pdz/apdz/ptz] gave a significantly smaller (by
~1.5 kcal/mol) MUE than using only ptz. Similarly, the combi-
nation [Pop-dp/Pop-2df2pd] gave a smaller (by ~0.8 kcal/mol)
MUE than using only Pop-2df2pd. Both the combinations gave
results more accurate than the largest basis sets aptz and Pop-
3df2pd. This illustrated the most essential advantage of the
MC-DFT approach that the basis set combinations using
smaller basis sets can often produce equally accurate or better
results at less computational cost.

MO06-2X Functional. The aptz, MG3S, and Pop-3df2pd basis
sets gave MUEs of 1.99, 1.76, and 1.83 kcal/mol, respectively,
which were significantly smaller than the B3LYP functional. The
combinations [pdz/apdz/aptz], [pdz/MG3S], and [Pop-dp/Pop-
2d2p/Pop-2df2pd] gave impressively small MUEs of 1.55, 1.53,
and 1.58 kcal/mol, respectively. Notably, the [pdz/apdz/ptz]
combination gave an MUE of 1.54 kcal/mol which was signifi-
cantly better than that using aptz alone and was equally accu-
rate to the more expensive combination [pdz/ptz/aptz]. The
[pdz/MG3S] combination improved the already very accurate
MO06-2X/MG3S method by 0.2 kcal/mol. The very economical
[Pop-dp/Pop-2d2p] combination gave results as accurate as the
more expensive combination [Pop-dp/Pop-2d2p/Pop-3df2pd].

MO08-HX Functional. The single large basis sets MG3S, Pop-
2df2pd, and Pop-3df2pd gave slightly more accurate results
than the M06-2X functional. The best basis set combination
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Table 2. Mean unsigned errors (kcal/mol) of the SCS-MP2|DFT and SCS-
MP2|MC-DFT method (MP2 basis set: apdz).
Basis set combination B3LYP MO06-2X MO08-HX M11 MN12-SX
pdz 4.68 4.48 4.35 4.53 4.01
apdz 413 2.86 3.11 3.49 2.87
ptz 3.66 2.51 2.24 2.63 2.71
pdz/ptz 2.58 1.71 1.71 1.92 243
pdz/apdz/ptz 254 1.51 1.64 1.92 2.09
aptz 3.23 1.68 1.71 2.03 1.98
pdz/ptz/aptz 257 143 1.49 1.81 1.96
MG3S 3.00 1.56 1.54 1.91 1.80
pdz/MG3S 2.88 1.41 1.53 1.91 1.78
Pop-dp 3.76 2.69 2.72 3.06 244
Pop-2d2p 3.29 1.93 1.88 2.16 2.10
Pop-dp/Pop-2d2p 2.76 1.32 1.44 1.77 2.07
Pop-2df2pd 3.09 1.70 1.66 1.95 1.94
Pop-dp/Pop-2df2pd 271 1.51 1.51 1.83 1.93
Pop-2d2p/Pop-2df2pd 2.78 1.64 162 1.92 1.92
Pop-dp/Pop-2d2p/ 2.71 1.32 1.40 1.75 1.92

Pop-2df2pd
Pop-3df2pd 3.05 1.68 1.63 2.00 2.01
Pop-dp/Pop-3df2pd 2.81 1.61 1.59 1.98 2.00
Pop-2df2pd/Pop-3df2pd  3.03 1.68 162 1.95 191
Pop-dp/Pop-2d2p/ 2.76 1.32 1.40 1.77 2.00

Pop-3df2pd

was found to be [Pop-dp/Pop-2d2p/Pop-2df2pd] which yielded
an MUE of 1.53 kcal/mol. The MC-DFT approach also signifi-
cantly lowered the MUEs than using only a single basis set. In
this test, the MC-M08-HX results were very similar to those of
the MC-M06-2X, and both functionals performed significantly
better than B3LYP.

M11 and MN12-SX Functionals. These more recent functionals
were optimized to much broader types of energies,!'*?% they
gave much more balanced performance for a wider range of
interactions. As a result, their performance on main-group
thermochemical kinetics was not expected to be as impressive
as M06-2X or M08-HX. For the M11 and MN12-SX functional,
the best single basis set MG3S yielded MUEs of 1.94 and 1.96
kcal/mol, respectively. Apparently, the increase of accuracy by
the MC-DFT approach for M11 and MN12-SX was less signifi-
cant than the other three functionals. As seen in Table 1, the
performance of M11 and MN12-SX was quite similar, with
MUEs approximately 0.3-0.4 kcal/mol higher than M06-2X and
MO08-HX but was nonetheless ~1 kcal/mol more accurate than
B3LYP.

Performance of SCS-MP2|MC-DFT methods

Table 2 showed that performance of the SCS-MP2|MC-DFT
methods. The idea of combing DFT functional and MP2 theory
was similar to the Ns multicoefficient methods developed by
Truhlar and coworkers."®! However, the MC-DFT approach was
used here for the DFT part, and the SCS-MP2 energies using
the apdz basis set were used for the MP2 part. The reduction
on the MUEs (relative to MC-DFT) for the best combinations
was 1.5 kcal/mol for the B3LYP functional and 0.2-0.3 kcal/mol
for other functionals. For B3LYP, the best combination [pdz/
apdz/ptz] yielded an MUE of only 2.54 kcal/mol with the
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SCS-MP2 energies, which was compared to the MUEs of 5.50
kcal/mol for the B3LYP/ptz method and 3.96 kcal/mol using
the same combination but without the SCS-MP2 energies. The
MUEs of other basis set combinations for the B3LYP functional
were also significantly reduced. For the M06-2X functional, the
combination [Pop-dp/Pop-2d2p] with SCS-MP2 energies
yielded an MUE of 1.32 kcal/mol which was 0.26 kcal/mol
smaller than that from the corresponding MC-DFT. For the
MO08-HX functional, the basis sets combination [Pop-dp/Pop-
2d2p/Pop-2df2pd] yielded an MUE of 1.40 kcal/mol while the
more cost effective [Pop-dp/Pop-2d2p] combination gave a
similar MUE of 1.44 kcal/mol which was 0.22 kcal/mol lower
than the MC-DFT results. For the M11 functional, the best
combinations were [Pop-dp/Pop-2d2p] and [Pop-dp/Pop-2d2p/
Pop-2df2pd] with MUEs of 1.77 and 1.75 kcal/mol, respectively.
The MN12-SX functional yielded the lowest MUE of 1.78 kcal/
mol with the [pdz/MG3S] combination. For the best basis set
combinations, the SCS-MP2 lowered the MUEs of M11 and
MN12-SX by ~0.2 kcal/mol. By including the SCS-MP2 energies,
the differences in accuracy between the B3LYP and the Minne-
sota functionals were significantly reduced. The current results
can also be compared to the similarly formulated N° multicoef-
ficient methods such as MC3BB, MC3TS and MC3MPW.[" For
the MGAE109 database, these N°> methods gave MUEs of 2.87,
3.25, and 3.89 kcal/mol, respectively."* In our test, the M06-2X
and M08-HX functionals with the [Pop-dp/Pop-2d2p] combina-
tion and SCS-MP2 energies yielded the much smaller MUEs of
1.15 and 1.67 kcal/mol, respectively.

Performance of MC-SCS-MP2 and MC-SCS-MP2|MC-DFT
methods

Since the MC-type approach was a very general way to extrap-
olate the basis set effects, it was expected that the MC-MP2
method would also improve the performance of the MP2
method. The test results by the MC-MP2 and MC-SCS-MP2
methods were included in the supporting information. As
shown in Supporting Information Table S1, for every basis set
combination the MP2 method was less accurate than all the
functionals tested, which was expected from previous stud-
ies.231 The MC-MP2 approach did improve the performance
of MP2 method. For example from ptz to the [pdz/apdz/ptz]
combination, the MUE was reduced by 1.5 kcal/mol which par-
alleled the MC-DFT trends of B3LYP, M06-2X, and M08-HX. The
accuracy limit of MC-MP2 seemed to be slightly over 5 kcal/
mol. Supporting Information Table S1 also showed that there
was a dramatic error reduction going from MC-MP2 to MC-
SCS-MP2. The reduction was in most cases more than 1.5 kcal/
mol. The MC-SCS-MP2 accuracy limit seemed to be slightly
below 4 kcal/mol and was found to be as accurate as the MC-
B3LYP methods. The [pdz/apdz/ptz] and [Pop-dp/Pop-2df2pd]
seemed to be the most cost-effective combinations for the
MC-SCS-MP2 methods, and thus we used the [pdz/apdz/ptz]
combination for the MC-SCS-MP2 energies in subsequent MC-
SCS-MP2|MC-DFT tests. Table 3 showed the performance of
the MC-SCS-MP2|MC-DFT approach. We noticed that very sig-
nificant improvement has been achieved as compared to the
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Table 3. Mean unsigned errors (kcal/mol) of the MC-SCS-MP2|DFT and
MC-SCS-MP2|MC-DFT methods (MP2 basis set: pdz/apdz/ptz).

Basis set combination B3LYP MO06-2X MO08-HX M11 MN12-SX
pdz 235 2.06 2.21 2.77 2.13
apdz 1.97 1.77 1.82 2.30 1.93
ptz 2.18 1.69 1.70 2.14 1.98
pdz/ptz 2.10 1.59 1.63 1.82 1.98
pdz/apdz/ptz 1.78 141 158  1.75 1.89
aptz 1.90 1.51 1.43 1.73 1.78
pdz/ptz/aptz 1.71 137 1.33 1.49 1.75
MG3S 1.81 1.39 1.35 1.76 1.72
pdz/MG3S 1.66 1.26 1.27 1.49 1.71
Pop-dp 1.94 1.75 1.49 2.03 1.86
Pop-2d2p 1.83 1.37 1.25 1.74 1.87
Pop-dp/Pop-2d2p 1.79 1.22 1.24 1.67 1.85
Pop-2df2pd 1.81 142 137 176 1.83
Pop-dp/Pop-2df2pd 1.77 141 1.35 1.75 1.82
Pop-2d2p/Pop-2df2pd 1.81 137 123 175 1.82
Pop-dp/Pop-2d2p/ 1.77 1.21 1.23 1.69 1.82

Pop-2df2pd
Pop-3df2pd 1.81 1.51 1.49 1.81 1.89
Pop-dp/Pop-3df2pd 1.79 1.50 1.42 1.81 1.85
Pop-2df2pd/Pop-3df2pd  1.81 121 132 174 1.80
Pop-dp/Pop-2d2p/ 1.77 1.20 1.20 1.66 1.84
Pop-3df2pd

MC-DFT and SCS-MP2|MC-DFT methods. For example, the
MUEs for the B3LYP functional were lowered by approximately
1 kcal/mol as compared to the SCS-MP2|MC-DFT results. The
best basis set combination, [pdz/MG3S] yielded an MUE of
1.66 kcal/mol which was 2.2 and 1.2 kcal/mol lower than the
corresponding MC-B3LYP and SCS-MP2|MC-B3LYP values. The
MUEs were also lowered by 0.1-0.2 kcal/mol for the most
accurate basis set combinations for M06-2X and MO08-HX, as
compared to the SCS-MP2|MC-DFT methods. The combination
[Pop-dp/Pop-2d2p] gave low MUEs of 1.22 and 1.24 kcal/mol
for M06-2X and MO08-HX, respectively. For the M11 functional,

B3LYP
5.00
4.00
3.00
2.00
= 100
=]
£ 000 —
=
o
=
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Basis set combination

Figure 1. MUEs of the B3LYP and MO06-2X functionals using various basis
set combinations. The tops of the green, red, and blue bars were the
results by the MC-DFT, SCS-MP2|MC-DFT, and MC-SCS-MP2|MC-DFT
approaches, respectively.
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Table 4. Relative computational cost™® and P/C ratios using the B3LYP
functional.

Basis set MP2|MC- MC-MP2|MC-
combination MC-B3LYP B3LYP B3LYP
ptz 11% (0.29)™! 20% (0.37) 46% (0.46)
pdz/apdz/ptz 20% (0.33) 28% (0.55) 54% (0.59)
aptz 91% (0.05) 99% (0.10) 125% (0.22)
pdz/ptz/aptz 105% (0.06) 113% (0.13) 139% (0.25)
MG3S 16% (0.34) 24% (0.46) 50% (0.61)
pdz/MG3S 18% (0.36) 27% (0.45) 52% (0.69)
Pop-2d2p 7% (0.50) 15% (0.60) 41% (0.73)
Pop-dp/Pop-2d2p 11% (0.64) 19% (0.67) 45% (0.69)
Pop-2df2pd 15% (0.34) 24% (0.44) 49% (0.62)
Pop-dp/Pop-2df2pd 19% (0.41) 28% (0.49) 53% (0.60)
Pop-dp/Pop-2d2p/ 26% (0.30) 35% (0.39) 60% (0.53)
Pop-2df2pd
Pop-3df2pd 24% (0.25) 33% (0.33) 58% (0.52)

Pop-dp/Pop-3df2pd
Pop-dp/Pop-2d2p/
Pop-3df2pd

29% (0.27)
35% (0.22)

37% (0.34)
44% (0.30)

63% (0.50)
69% (0.46)

[a] Relative to the M06-2X/aptz calculation. [b] Numbers in parentheses
refer to the performance/cost (P/C) ratios which were defined as 1/(rela-
tive cost X MUE?).

the MUEs of most combinations were lowered by 0.1-0.4 kcal/
mol as compared to SCS-MP2|MC-M11 with the lowest MUE of
1.49 kcal/mol from the [pdz/ptz/aptz] and [pdz/MG3S] combi-
nations. Although the MC-SCS-MP2|MC-M11 method was still
less accurate than the MC-SCS-MP2|MC-M06-2X, they were as
accurate as the MC-M06-2X methods. While the performance
of the MN12-SX functional was the least affected by the MC
approach, the MC-SCS-MP2 still lowered the MUEs by 0.1-0.2
kcal/mol as compared to the SCS-MP2|MC-MN12-SX results
with the lowest MUE of 1.71 kcal/mol by the [pdz/MG3S] com-
bination. Comparing the MUEs obtained using ptz and the [pdz/
apdz/ptz] combination in DFT, the differences in MC-M06-2X,
SCS-MP2|MC-M06-2X, and MC-SCS-MP2|MC-M06-2X methods

Table 5. Relative computational cost™™ and P/C ratios using the M06-2X
functional.

Basis set MP2 | MC- MC-MP2|MC-
combination MC-M06-2X MO06-2X MO06-2X
ptz 13% (0.89)™! 22% (0.73) 47% (0.74)
pdz/apdz/ptz 23% (1.81) 32% (1.38) 57% (0.88)
aptz 100% (0.25) 109% (0.33) 134% (0.33)
pdz/ptz/aptz 117% (0.36) 125% (0.39) 151% (0.35)
MG3S 26% (1.23) 35% (1.18) 60% (0.86)
pdz/MG3S 30% (1.45) 38% (1.32) 64% (0.99)
Pop-2d2p 8% (1.76) 17% (1.62) 42% (1.26)
Pop-dp/Pop-2d2p 13% (3.01) 22% (2.62) 48% (1.41)
Pop-2df2pd 17% (1.70) 26% (1.35) 51% (0.97)
Pop-dp/Pop-2df2pd 23% (1.45) 31% (1.42) 57% (0.89)
Pop-dp/Pop-2d2p/ 30% (1.31) 39% (1.46) 65% (1.06)
Pop-2df2pd
Pop-3df2pd 27% (1.10) 36% (0.99) 61% (0.72)

Pop-dp/Pop-3df2pd
Pop-dp/Pop-2d2p/
Pop-3df2pd

32% (0.93)
41% (1.00)

41% (0.94)
49% (1.17)

67% (0.67)
75% (0.93)

[a] Relative to the M06-2X/aptz calculation. [b] Numbers in parentheses
refer to the performance/cost (P/C) ratios which were defined as 1/(rela-
tive cost X MUE?).
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Table 6. Relative computational cost™® and P/C ratios using the M11
functional.

Basis set MP2|MC- MC-MP2|MC-
combination MC-M11 M11 M11
ptz 16% (0.76)™! 24% (0.60) 50% (0.44)
pdz/apdz/ptz 28% (0.78) 37% (0.74) 62% (0.52)
aptz 152% (0.15) 161% (0.15) 187% (0.18)
pdz/ptz/aptz 172% (0.15) 180% (0.17) 206% (0.22)
MG3S 46% (0.58) 54% (0.50) 80% (0.40)
pdz/MG3S 50% (0.54) 58% (0.47) 84% (0.54)
Pop-2d2p 11% (1.54) 20% (1.10) 45% (0.73)
Pop-dp/Pop-2d2p 18% (1.35) 26% (1.21) 52% (0.69)
Pop-2df2pd 31% (0.77) 40% (0.66) 65% (0.49)
Pop-dp/Pop-2df2pd 38% (0.64) 46% (0.64) 72% (0.45)
Pop-dp/Pop-2d2p/ 49% (0.51) 57% (0.57) 83% (0.42)
Pop-2df2pd
Pop-3df2pd 61% (0.33) 69% (0.36) 95% (0.32)

67% (0.34)
78% (0.32)

76% (0.34)
87% (0.37)

102% (0.32)
113% (0.32)

Pop-dp/Pop-3df2pd
Pop-dp/Pop-2d2p/
Pop-3df2pd

[a] Relative to the M06-2X/aptz calculation. [b] Numbers in parentheses
refer to the performance/cost (P/C) ratios which were defined as 1/(rela-
tive cost X MUE?).

were found to be 1.4, 1.0, and 0.3 kcal/mol. Similarly, the differ-
ences in using Pop-2d2p and the [Pop-dp/Pop-2d2p] combina-
tion in the three methods were 1.1, 0.6, and 0.2 kcal/mol,
respectively. This suggested that by including the MC-SCS-MP2
energies, the basis set combinations in the DFT calculation was
not as crucial as in the MC-DFT methods. Conversely, the high
accuracy of the MC-SCS-MP2|MC-DFT methods was not due
entirely to the MC-SCS-MP2, since its accuracy limit was around
4 kcal/mol while the MC-SCS-MP2|MC-M08-HX could achieve
accuracy of 1.2 kcal/mol.

Figure 1 showed the MUEs obtained by the B3LYP and MO06-
2X using various basis set combinations. The green bars indi-
cated the MUE reduction from the MC-DFT to SCS-MP2|MC-

B3LYP (aptz)

MC-B3LYP (pdz/apdz/ptz)

FULL PAPER

DFT, and the red bars indicated the reduction from SCS-
MP2|MC-DFT to MC-SCS-MP2|MC-DFT. The MUE reduction from
a single basis set to a basis set combination can be seen by
comparing the neighboring bars. The corresponding figures
for other functionals were included in the supporting informa-
tion. In most cases, the SCS-MP2 energies reduced the MUE
significantly for DFT calculation with single basis set. For the
MC-DFT methods, the reduction of MUEs by the SCS-MP2
energies was also significant for the B3LYP functional, and to
lesser extents for other functionals. Even the most accurate
functionals, M06-2X and M08-HX, can benefit from the MC-DFT
approach and the inclusion of the SCS-MP2 energies. Their
MUEs were reduced from the best single basis set results of
1.8 kcal/mol to the best MC-SCS-MP2|MC-DFT results of 1.2
kcal/mol.

Computational cost and the performance/cost ratios

Tables 4-6 showed the relative computational cost of the
B3LYP, M06-2X, and M11 using various basis set combinations.
(The corresponding tables for M08-HX, MN12-SX, and SCS-MP2
were included in the supporting information.) Figure 2 showed
the cost and accuracy graphically for several methods. The
performance/cost (P/C) ratios which were defined as 1/(relative
cost X MUE;) were also listed. The square to the MUE was
designed to emphasize more on the accuracy. For B3LYP, the
MC-DFT approach not only decreased the MUEs but also
increased the P/C ratios. For example, the B3LYP/aptz had a
P/C ratio of 0.05 while the MC-B3LYP with the [pdz/apdz/ptz]
and [Pop-dp/Pop-2d2p] combinations gave the P/C ratios of
0.33 and 0.64, respectively. For the MC-SCS-MP2|MC-B3LYP
methods, the Pop-2d2p basis set and the [pdz/apdz/ptz], [pdz/
MG3S], [Pop-dp/Pop-2d2p] combinations gave both good
accuracy (MUEs = 1.7-1.8 kcal/mol) with relatively higher P/C
ratios of 0.6-0.7. The M06-2X/aptz method gave a P/C ratio of

MC-B3LYP (pdz/MG3S)

MC-B3LYP (Pop-dp/Pop-2d2p)

MC-SCS-MP2 | MC-B3LYP (pdz/apdz/ptz)
MC-SCS-MP2 | MC-B3LYP (pdz/MG3S)

MC-SCS-MP2 | MC-B3LYP (Pop-dp/Pop-2d2p)

MO06-2X (aptz)

MC-M06-2X (pdz/apdz/ptz)

MC-M06-2X (pdz/MG3S)

MC-M06-2X (Pop-dp/Pop-2d2p)
MC-SCS-MP2 | MC-M06-2X (pdz/apdz/ptz)
MC-SCS-MP2 | MC-M06-2X (pdz/MG35)

MC-8CS-MP2 | MC-M06-2X (Pop-dp/Pop-2d2p)

100%

® Relative cost
= MUE
3.01 = P/C Ratios
57%

64%

48%

141

0.00 050 1.00
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MUE (keal/mol)

Figure 2. MUEs, relative cost, and P/C ratios of several methods using the B3LYP and M06-2X functionals.
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0.25, five times the value of B3LYP/aptz. The MC-M06-2X with
the [pdz/apdz/ptz] and [Pop-dp/Pop-2d2p] combinations gave
high P/C ratios of 1.81 and 3.01, respectively. For the MC-SCS-
MP2|MC-M06-2X methods, the [pdz/apdz/ptz], [pdz/MG3S],
and [Pop-dp/Pop-2d2p] combinations gave both very good
accuracy (MUEs=1.2-1.3 kcal/mol) and relatively high P/C
ratios of 0.9-1.4. The cost and P/C ratios of M08-HX were simi-
lar to those of M06-2X. The computational cost of the M11
functional using larger basis sets was somewhat higher than
that of B3LYP and M06-2X. This was possibly due to the more
sophisticated range-separated exchange functional. Neverthe-
less, the M11 functional gave reasonably good accuracy (MUE
~2 kcal/mol), and the MC-M11 P/C ratios were higher than
those of MC-B3LYP. The P/C ratios of MC-SCS-MP2|MC-M11,
however, were lower than those of the MC-SCS-MP2|MC-B3LYP
methods. This was because the SCS-MP2 energies lowered the
MUEs of the MC-B3LYP methods much more significantly. The
cost and P/C ratios of MN12-SX were similar to those of M11.

We noted that while most of the computational cost was
obtained using the Gaussian 09 program, the required calcula-
tion can certainly be performed using many other modern
quantum chemical packages as long as the density functionals
of interest are included in the programs. Due to the different
ways of implementing the SCF and MP2 methods and their rel-
ative efficiencies, the quantitative values of the relative cost
and P/C ratios shown above would certainly be different using
other programs or hardware architectures. However, the quali-
tative picture and the general trends are expected to be simi-
lar regardless of the computational platforms used.

Summary

In this study, the MC-DFT approach was applied to four recently
developed Minnesota density functionals and the popular
B3LYP functional. Using the MC-DFT approach, all four Minne-
sota functionals reached good accuracy for thermochemical
kinetics with MUE equal to or less than 2 kcal/mol. We also
found that the accuracy of MC-DFT methods can be significantly
improved by adding the SCS-MP2 correction energies. We
showed that the MC-DFT and MC-SCS-MP2|MC-DFT methods
can achieve much higher accuracy at similar or less computa-
tional cost than using a single large basis set in the DFT and
MP2 parts of calculation. The M06-2X and M08-HX were found
to be the most accurate functionals, and the most accurate MC-
DFT and MC-SCS-MP2|MC-DFT methods gave MUEs of 1.5 and
1.2 kcal/mol, respectively. The basis set combination [Pop-dp/
Pop-2d2p] stood out in the current study to have the highest
performance/cost ratios in most of the methods tested. The
combinations [pdz/apdz/ptz] and [pdz/MG3S] were also good
choices for the MC-DFT and MC-SCS-MP2|MC-DFT methods.
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