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We have tested the performance of three recently developed density functionals, including M06-2X, B2K-
PLYP, and B2T-PLYP, on thermochemical kinetics using the multi-coefficient density functional theory
(MC-DFT). The results indicated that in most cases, the accuracy can be significantly improved by using
more than one basis set. Compared with using a single large basis set, the atomization energies can be

predicted more accurately at a lesser or equal cost, and the same level of accuracy can be reached using
less expensive basis set combinations. The three combinations pdz/MG3S, pdz/ptz/apdz, and pcl/pc2/
apcl are especially attractive in this regard.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Density functional theory (DFT) [1-4] has been the most popu-
lar theoretical method for chemists in the past decade because of
its high performance-to-cost ratio for many different types of
chemical systems. Most of the recently developed density func-
tionals were based on the very successful generalized gradient
approximation (GGA) with hybrid exchange functionals. In some
new DFT methods (the so-called ‘meta’ DFT [5-8]), the
exchange-correlation functionals also include contribution from
the kinetic energy density. To achieve higher accuracy, many
new types of functionals have also been developed semi-empiri-
cally by fitting some of the parameters that define the functionals
to best reproduce experimental data. Notably, the recently devel-
oped and highly successful M05 [9,10] and MO06 series [11-13] of
functionals are of this type.

The so-called multi-coefficient methods were first developed by
Truhlar and coworkers [14,15]. The basic idea with these methods
is to place scaling coefficients before energy correction terms in
multi-level wavefunction-based electronic structure methods,
such as the Gaussian-2 [16] and Gaussian-3 methods [17]. From
there, a series of studies [14,15,18,19] recognized that by using
scaled energy components in the multi-level methods, higher
accuracy and sometimes higher efficiencies can be achieved. They
then proposed to generalize their multi-coefficient methods by
combining the wavefunction-based and the density functional
methods to create more cost-effective methods. In particular, they
developed two so-called ‘doubly hybrid meta DFT’ methods, the
MC3BB and MC3MPW [20]. In these methods, the energy is ex-
pressed as a linear combination of the energies calculated at the
Hartree-Fock, MP2, and hybrid-meta DFT levels. Three coefficients
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in these methods were determined empirically against accurate
thermochemical kinetics data. The DFT used in the MC3BB is based
on the hybrid version of Becke88 exchange functional [21] and the
B95 correlation functional [22], and the DFT used in the MC3MPW
is based on the hybrid version of the modified Perdew-Wang
exchange functionals [23] and the PW91 correlation functional
[24]. They showed that the MC3BB was more accurate than any
other method of comparable cost. Later, they further include high-
er-level wavefunction-based correlation energies up to QCISD(T)
level into their multi-coefficient method. For example, in their
MCG3-MPWB method [25], the MCG3/3 energy was combined
with energy calculated from the MPW1B95 method, and the per-
formance was significantly improved over the MCG3/3 method
with only very modest increase of the computational cost. Re-
cently, we have also developed a set of related multi-coefficient
hybrid methods called MLSE-DFT [26] using Dunning’s correla-
tion-consistent basis sets [27] for neutral systems. The average er-
rors on a set of 169 molecular energies by MCG3-DFT and MLSE-
DFT methods were as low as 0.6-0.7 kcal/mol.

Recently, Grimme and coworkers have developed a related hy-
brid method, which they called ‘double-hybrid exchange-correla-
tion functionals’ [28,29]. In these functionals, the correlation
energy calculated at the MP2 level based on the Kohn-Sham orbi-
tals was added to the correlation part of a hybrid exchange-corre-
lation functional. For example, the B2-PLYP and MPW2-PLYP
functionals were developed using the Lee-Yang-Parr correlation
functional [30] with the hybrid version of the Becke88 [21] and
the modified Perdew-Wang exchange functionals [23], respec-
tively. The ‘2’ signifies that there are two empirical parameters,
which are the mixing ratios (or coefficients) of the exact exchange
energy in the exchange functional and the MP2 correlation energy
(E2) in the correlation functional. Very encouraging results were
obtained using these methods on the G3/05 test set [31]. More re-
cently, Martin and coworker re-parametrized these methods based
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on the AE6 [32] and W3 training set [33] for thermochemistry and
the BH6 set [32] for representative barrier heights. They developed
the B2T-PLYP, B2K-PLYP, and MPW2K-PLYP double-hybrid func-
tionals [34]. The first of these was designed for thermochemical
study and the other two for thermochemical kinetics. Their test re-
sults showed that these functionals give very good performance for
a large variety of molecular energies. A related double-hybrid ap-
proach was recently used by Head-Gordon and coworkers [35] to
improve the DFT calculation on long-range interactions.

Very recently, our group developed a set of multi-coefficient
DFT (MC-DFT) [36] methods. In these methods, the DFT calculation
is carried out using two or three basis sets of different sizes. The
electronic or Born-Oppenheimer energy is calculated as

Ep = E(DFT/B1) + ¢; [E(DFT/B2) — E(DFT/B1)] (1)
or
Esp = E(DFT/B1) + ¢, [E(DFT/B2) — E(DFT/B1)]

+ ¢, [E(DFT/B3) — E(DFT/B1)] 2)

where B2 and B3 are basis sets larger in sizes than that of B1. The
coefficients cy, ¢, and the mixing coefficient of the exact exchange
energy in the hybrid exchange functional were determined to min-
imize the mean unsigned errors (MUEs) with respect to a set of 211
accurate database values. For functionals such as B1B95, B98 [37],
and MPW1PW91, the MC-DFT approach can improve the accuracy
significantly (as compared to the results using a single basis set)
with very modest increase in computational cost [36]. In many
cases, the MC-DFT results are even better than the results obtained
using a much larger basis set. Our goal in the current study is to test
the MC-DFT approach on the three recently developed functionals,
MO06-2X, B2K-PLYP, and B2T-PLYP. We would like to determine
whether the MC-DFT approach can be applied to these new func-
tionals to obtain even more accurate or more efficient multi-coeffi-
cient versions of these functionals.

It is noted that the current MC-DFT approach and the basis-set
extrapolation parts of other multi-coefficient methods, such as
MCG3-DFT [25], G3S [38], MLSE-DFT [26], etc., all shared the same
formalism with the basis-set extrapolation scheme by Schwenke
[39], that the coefficients of the basis-set extrapolation terms are
not derived from theory, but are rather determined empirically
based on experimental data or energies from accurate calculation.

2. Method

The basis sets used in the tests included the MG3S [40], aug-cc-
pVTZ (aptz) [27], aug-pc-2 (apc2), aug-pc-3 (apc3) [41], and the
combinations of cc-pVDZ/MG3S (pdz/MG3S), cc-pVDZ/cc-pVTZ/
aug-cc-pVDZ (pdz/ptz/apdz), cc-pVDZ/aug-cc-pVDZ/aug-cc-pVTZ
(pdz/apdz/aptz), pc-1/pc-2/aug-pc-1 (pcl/pc2/apcl), pc-1/aug-pc-
1/aug-pc-2 (pcl1/apcl/apc2). The abbreviations in parentheses will
be used in the rest of the Letter. All the empirical parameters in the
functionals are in their original values without modification. The
MC-DFT coefficients cy, ¢, in Egs. (1) and (2) were determined by
minimizing the MUEs with respect to a set of 211 accurate thermo-
chemical kinetics data (the ‘training set’) including 109 atomiza-
tion energies (AEs) from the MGAE109/05 database [10], 38
hydrogen transfer barrier heights (HTBHs) and 38 non-hydrogen
transfer barrier heights (NHTBHs) from the HTBH38/04 [10] and
NHTBH38/04 [42] databases, and 13 ionization potentials and 13
electron affinities from the IP13/3 [10] and EA13/3 databases
[10]. These databases were compiled by Truhlar and coworkers
and were also used to determine the MC-DFT coefficients in a pre-
vious work [36]. Spin-orbit corrections for the selected species [14]
were included in the calculation for the training set. The resulting
methods were also tested on a set of 8 proton affinities from the

PA8 database [10,13], a set of 4 alkyl bond dissociation energies
from the ABDE4 database [10,13], a set 10 difficult energies from
the DC10 databases [13], and a set of 31 AEs from the training
set of the W3 thermochemistry method reported by Martin and
coworkers [33]. The PA8, ABDE4, and DC10 databases were also
developed by Truhlar and coworkers, and they were used as more
sensitive test sets in the current study. All the electronic structure
calculations were performed using a locally modified version of the
GaussiaN 03 program [43].

3. Results and discussion

Table 1 shows the MUEs obtained using the three functionals on
the training set of 211 data. For the M06-2X functional, the MG3S
and apc2 basis sets give impressive MUEs of 1.68 and 1.60 kcal/
mol, respectively. The pdz/MG3S and pdz/ptz/apdz combination
give even more impressive results of 1.47 and 1.46 kcal/mol,
respectively. The pc1/pc2/apc1 combination also gives a similarly
small MUE of 1.51 kcal/mol. It should be mentioned that the
MO06-2X functionals have already been highly optimized using
the MG3S basis set. Thus, the room for improvement using the
MC-DFT approach is expected to be smaller than some of the more
traditional DFTs such as B1B95 and B98, as shown in a previous
study [36]. For the B2K-PLYP functional, the apc2 performs
(MUE = 1.85 kcal/mol) significantly better than the MG3S basis
set (MUE = 4.13 kcal/mol). For some reason, the B2K-PLYP/MG3S
calculation performs poorly on the 109 AEs. Interestingly, using
the pdz/MG3S combination reduces the MUE obtained using the
MG3S alone by 50%. The pc1/apcl/apc2 and pcl/pc2/apcl combi-
nations can further lower the MUE to 1.60 and 1.65 kcal/mol,
respectively. The pdz/ptz/apdz combination also performs very
well with an MUE of 1.62 kcal/mol. The B2T-PLYP functional per-
forms similarly to the B2K-PLYP. The pc1/apcl/apc2 combination
significantly reduces the MUE obtained using the apc2 basis set
by 0.4 kcal/mol. Interestingly, using the pc1/apcl/apc2 combina-
tion, the B2T-PLYP performs even better than the B2K-PLYP, even
though the former was based primarily on thermochemistry. In
addition to potentially having higher accuracy, the MC-DFT ap-
proach in most cases can reach a particular level of accuracy with
a much smaller computational cost. As shown in Table 1, using the
pcl/pc2/apcl combination usually gives smaller MUEs than using
the apc2 basis set. The quantitative comparison of computational
cost will be presented at the end of this section.

Tables 2-4 show the performance of the M06-2X, B2K-PLYP,
and B2T-PLYP functionals, respectively, on various types of ener-
gies. For the M06-2X, the improvement using the MC-DFT ap-
proach is mainly due to the reduction of MUE on the atomization
energies. For example, the MG3S basis set gives an MUE of
1.88 kcal/mol on the 109 AEs while the pdz/MG3S combination
gives an MUE of 1.50 kcal/mol. Similarly, the ptz and pc2 basis sets
give MUEs of 2.49 and 2.07 kcal/mol (data not shown), respec-
tively, while the pdz/ptz/apdz and pc1/pc2/apc1 combinations give

Table 1
Mean unsigned errors (kcal/mol) for the training set.
MO06-2X B2K-PLYP B2T-PLYP

MG3S 1.68 (2.21)° 4.13 (5.31) 3.69 (4.88)
aptz 1.89 (2.62) 2.05 (3.04) 2.34 (3.36)
apc2 1.60 (2.08) 1.85 (2.52) 1.94 (2.51)
pdz/MG3S 1.47 (1.97) 2.05 (2.80) 1.88 (2.50)
pdz/ptz/apdz 1.46 (2.06) 1.62 (2.33) 1.74 (2.46)
pdz/apdz/aptz 1.55 (2.20) 1.76 (2.60) 1.82 (2.67)
pcl/pc2/apel 1.51 (2.05) 1.65 (2.38) 1.67 (2.27)
pcl/apcl/apc2 1.54 (2.06) 1.60 (2.22) 1.54 (2.03)

2 Numbers in parentheses are the RMS errors.
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Table 2
Mean unsigned errors (kcal/mol) on various types of energies by the M06-2X functional.
AE IP EA HTBH NHTBH MUE? PA8 ABDE DC10 W3
MG3S 1.88 2.54 2.07 1.13 1.22 1.68 (2.21)° 1.64 0.71 10.78 2.43 (4.10)°
aptz 2.28 2.70 1.55 1.14 1.37 1.89 (2.62) 2.06 0.79 13.45 2.90 (4.97)
apc2 1.80 2.39 1.40 1.09 1.34 1.60 (2.08) 1.75 0.79 9.54 2.23 (3.68)
apc3 1.71 2.37 1.52 1.00 1.33 1.54 (1.98) 1.67 0.82 NA¢ 221 (3.57)
pdz/MG3S 1.50 2.62 1.65 1.05 1.32 1.47 (1.97) 1.76 0.69 9.57 2.06 (3.75)
pdz/ptz/apdz 1.47 3.05 1.95 0.97 1.21 1.46 (2.06) 2.42 0.98 9.62 2.18 (3.99)
pdz/apdz/aptz 1.66 2.69 1.29 1.10 1.37 1.55 (2.20) 2.03 0.95 12.02 2.25(4.33)
pcl/pc2/apcl 1.73 223 1.53 0.95 1.19 1.51 (2.05) 1.68 0.79 9.17 1.96 (3.47)
pcl/apcl/apc2 1.72 2.25 1.34 1.03 1.34 1.54 (2.06) 1.65 0.82 9.62 2.00 (3.38)
4 Mean unsigned errors for the training set of 211 data.
b Numbers in parentheses are the RMS errors.
€ Not calculated due to the resource limitation.
Table 3
Mean unsigned errors (kcal/mol) on various types of energies by the B2K-PLYP functional.
AE IP EA HTBH NHTBH MUE? PA8 ABDE DC10 w3
MG3S 6.58 1.68 3.30 0.93 1.44 4.13 (5.41)° 0.52 2.14 13.77 4,59 (5.13)°
aptz 2.82 1.60 2.26 0.69 1.31 2.05 (3.04) 0.62 1.38 12.52 3.08 (4.27)
apc2 2.35 1.85 2.66 0.70 1.27 1.85(2.52) 0.85 1.01 6.80 2.73 (3.49)
apc3 1.59 1.57 1.94 0.85 1.21 1.41 (1.97) 0.84 1.73 NA® 1.64 (2.44)
pdz/MG3S 2.19 1.92 3.82 1.19 1.94 2.05 (2.80) 1.03 2.01 8.51 2.14 (2.90)
pdz/ptz/apdz 1.80 1.83 1.62 0.98 1.70 1.62 (2.33) 1.12 1.68 6.36 2.04 (2.96)
pdz/apdz/aptz 2.30 1.68 1.16 0.75 1.49 1.76 (2.60) 0.75 1.34 10.04 2.33 (3.49)
pcl/pc2/apel 1.73 2.25 2.16 0.89 1.84 1.65 (2.38) 1.62 1.06 7.53 1.74 (2.46)
pcl/apcl/apc2 1.92 1.85 1.34 0.74 1.56 1.60 (2.22) 1.00 0.92 6.57 2.08 (2.78)
2 Mean unsigned errors for the training set of 211 data.
 Numbers in parentheses are the RMS errors.
¢ Not calculated due to the resource limitation.
Table 4
Mean unsigned errors (kcal/mol) on various types of energies by the B2T-PLYP functional.
AE IP EA HTBH NHTBH MUE? PA8 ABDE DC10 w3
MG3S 5.71 2.05 2.87 0.95 1.47 3.69 (4.88)° 0.53 3.72 14.65 3.07 (3.64)°
aptz 3.08 1.93 1.91 1.25 1.62 2.34 (3.36) 0.65 3.22 14.63 2.38 (3.59)
apc2 2.30 2.14 2.15 1.22 1.50 1.94 (2.51) 0.83 293 8.49 1.94 (2.54)
apc3 1.60 1.92 1.63 1.10 1.38 1.49 (1.90) 0.92 5.29 NA® 1.38 (1.84)
pdz/MG3S 1.98 2.30 4.05 0.93 1.66 1.88 (2.50) 0.99 3.82 4.86 1.83 (2.40)
pdz/ptz/apdz 1.81 221 1.49 1.19 2.01 1.74 (2.46) 1.01 3.53 7.70 1.55 (2.26)
pdz/apdz/aptz 2.15 1.99 1.33 1.24 1.54 1.82 (2.67) 0.76 3.18 10.66 1.84 (2.80)
pcl/pc2/apcl 1.67 2.57 2.31 1.19 1.66 1.67 (2.27) 1.48 2.99 5.70 1.51 (1.99)
pcl/apcl/apc2 1.56 2.14 1.45 1.26 1.59 1.54 (2.03) 0.96 2.80 5.44 1.52 (1.94)

¢ Mean unsigned errors for the training set of 211 data.
> Numbers in parentheses are the RMS errors.
¢ Not calculated due to the resource limitation.

MUEs of 1.47 and 1.73 kcal/mol, respectively. For the W3 test set,
which contains 31 AEs, the MG3S and pc2 give MUEs of 2.43 and
2.60 kcal/mol, respectively, while the pdz/MG3S and pc1/pc2/
apcl combinations give MUEs of 2.06 and 1.96 kcal/mol, respec-
tively. The prediction of electron affinity also benefits from the
MC-DFT approach. For example, the MG3S gives an MUE of
2.07 kcal/mol for the 13 EAs while the MG3S/pdz combination
gives an MUE of 1.65 kcal/mol. A similar improvement is observed
for the pcl/pc2/apcl combination. Some of the combinations also
show significant improvement on the barrier heights. For example,
the ptz basis set gives a MUE of 1.33 kcal/mol for the HTBH38
while the pdz/ptz/apdz combination gives a MUE of 0.97 kcal/
mol. Also, the apdz and pc2 basis sets give MUEs of 1.62 and
1.55 kcal/mol, respectively for the NHTBH38 while the pdz/ptz/
apdz and pcl/pc2/apcl combinations give MUEs of 1.21 and

1.19 kcal/mol, respectively. The MC-DFT results for the P13, PAS,
ABDE4, and DC10 are similar to those obtained using a single basis
set. Using the large apc3 basis set with the M06-2X functional im-
proves the apc2 results only slightly and is not more accurate than
using some of the basis set combinations.

In Table 3 we see that for the B2K-PLYP functional, the improve-
ment using the MC-DFT approach on AEs is also very significant. For
example, using the MG3S basis set gives a very disappointed MUE of
6.58 kcal/mol on the 109 AEs while the pdz/MG3S combination dra-
matically improves the results to 2.19 kcal/mol. Similarly for the
109 AEs using the ptz and pc2 basis sets give MUEs of 5.25 and
4.18 kcal/mol, respectively, while the pdz/ptz/apdz and pc1/pc2/
apcl combinations give MUEs of 1.80 and 1.73 kcal/mol, respec-
tively. To predict reasonable AEs using the B2K-PLYP functionals
with a single basis set, a triple-zeta quality basis set with diffuse
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functions (such as aptz, apc2) is clearly required. However, using
combinations such as pdz/ptz/apdz and pc1/pc2/apc1 can provide
significantly better results. For the W3 test set, the MG3S and pc2
give MUEs of 4.59 and 4.12 kcal/mol, respectively, while the pdz/
MG3S and pcl/pc2/apcl combinations give MUEs of 2.14 and
2.04 kcal/mol, respectively. The prediction of EA again can benefit
from the MC-DFT approach for some of the basis set combinations.
For example, the apdz basis set gives an MUE of 3.74 kcal/mol for
the 13 EAs while the pdz/ptz/apdz combination gives an MUE of
1.62 kcal/mol. A similar improvement is observed for the pc1/pc2/
apc1 combination. For the B2K-PLYP functional, the MC-DFT results
for the IP, PA, HTBH, NHTBH, and ABDE sets are similar to those ob-
tained using a single basis set. For the DC10 set, the apc2 basis set
gives a MUE of 6.80 kcal/mol, which is significantly better than
using any basis sets or basis set combinations with the M06-2X
functional (MUEs = ~10 kcal/mol). The combinations of pdz/ptz/
apdz and pc1/pc2/apcl also give similar results, which are signifi-
cantly better than using a single basis set. This suggests that includ-
ing the second-order correction makes the B2K-PLYP a more robust
method towards some difficult cases. Using the large apc3 basis set
with the B2K-PLYP functional improves the results quite signifi-
cantly. The MUE of the training set is now 1.41 kcal/mol which is
compared to the MUE of 1.85 kcal/mol using the apc2 basis set
and the MUEs of ~1.6 using the best basis set combinations. The
MUE to the W3 test set is now 1.64 kcal/mol which is compared
to the MUE of 2.73 kcal/mol using the apc2 basis set and the MUE
of 1.74 using the best basis set combination. This is in contrast to
the M06-2X functional where only very limited improvement is ob-
served using the apc3 basis set. Using the pc1/pc2/apc3 or the pc1/
apcl/apc3 basis set combinations can only lower the MUE by an
additional ~0.1 kcal/mol.

Table 4 shows that the B2T-PLYP functional performs slightly
better than the B2K-PLYP on the 109 AEs. This is expected since
it is parameterized for thermochemistry. Similar to B2K-PLYP, the
improvement using the MC-DFT approach on AEs is also very sig-
nificant. For the W3 test set, the apc2 basis set gives an MUE of
1.94 kcal/mol, which is significantly better than the MUEs of 2.23
and 2.73 kcal/mol obtained using the MO06-2X and B2K-PLYP
functionals, respectively. The pdz/ptz/apdz, pcl/pc2/apcl, and
pcl/apcl/apc2 combinations give very low MUEs of 1.55, 1.51,
and 1.52 kcal/mol, respectively. For the HTBH38 and NHTBH38
sets, the B2T-PLYP is less accurate than the B2K-PLYP functional
which was designed to achieve good accuracy on barrier heights.
In most cases, however, the differences are not very significant.
For the DC10 set, the MC-DFT performance is even better than
the B2K-PLYP functionals. In particular, the pdz/MG3S, pc1/pc2/
apcl, and pcl/apcl/apc2 combinations give very impressive
MUEs of 4.86, 5.70, and 5.44 kcal/mol, respectively. For the ADBE
set, the performance of M06-2X is much better than B2K-PLYP,
and the performance of B2T-PLYP is less satisfactory.

It is well-known that second-order correction energies converge
relatively slowly with respect to the basis-set size [34] as com-
pared to the Hartree-Fock or DFT energies. Thus, it is desirable to
investigate whether using separate scaling coefficients for DFT
and E2 energies would improve the performance. That is, Egs. (1)
and (2) can be rewritten as:

E}, = E(DHDFT/B1) + ¢; { [E(HDFT/B2) — E(HDFT/B1)]
+¢|[E(E2/B2) — E(E2/B1)]} (3)
E,, = E(DHDFT/B1) + ¢; {[E(HDFT/B2) — E(HDFT/B1)]

+¢,[E(E2/B2) —
— E(HDFT/B1)] + ¢, [E(E2/B3) —

E(E2/B1)]} + ¢,{[E(HDFT/B3)
E(E2/B1)]} (4)

For calculation using a single basis set, the energy can be writ-
ten as:

E,, = E(HDFT/B1) + c,E(E2/B1) (5)

where the E(DHDFT/B1) refers to the energy calculated using one of
the double-hybrid DFT methods using the B1 basis set while the
E(HDFT/B1), E(HDFT/B2), and E(HDFT/B3) refer to the energies cal-
culated by the corresponding hybrid DFT (DHDFT without E2) using
the B1, B2, and B3 basis sets, respectively. The E(E2/B1), E(E2/B2),
and E(E2/B3) represent the second-order correction energies calcu-
lated using the B1, B2, and B3 basis sets, respectively. In the multi-
coefficient double-hybrid methods mentioned in Tables 1-4, the
coefficients c¢/, ¢;’ and ¢’ were set to the original E2 mixing coeffi-
cients of the double-hybrid DFT method. In Egs. (3)—(5), these val-
ues were also allowed to be optimized against the data in the
training set. These new methods are similar to the MP2-SAC meth-
ods described by Truhlar and coworkers [14,15]. Table 5 shows the
MUEs of the training set of the two double-hybrid DFT methods
using various basis sets and basis set combinations. The reduction
of the MUEs relative to the values in Table 1 is also presented. Using
separate scaling coefficients for E2 results in a relatively wide range
of improvement. The most dramatic improvement is found in calcu-
lation using a single MG3S basis set. For example, the MUEs ob-
tained using the B2K-PLYP/MG3S and B2T-PLYP/MG3S methods
were reduced from 4.13 and 3.69 kcal/mol to 1.73 and 1.78 kcal/
mol, respectively. These values are now similar to those obtained
using the apc2 basis set. Furthermore, the two methods just men-
tioned give significantly better results on the DC10 set. The pdz/
MG3S combination also shows significant improvement of 0.2-
0.5 kcal/mol in MUEs. For B2K-PLYP with pdz/MG3S combination,
the MUE on DC10 is now 5.63 kcal/mol, compared to 8.51 kcal/
mol in Table 3. It is apparent that the disappointing performance
of the MG3S basis set with the double-hybrid DFT in Tables 1, 3
and 4 is due to the insufficient E2 energy. Adding an additional
~10% of E2 energy improves the results significantly. In Table 5,
the pdz/apdz/aptz combination also shows important improvement
of ~0.3 kcal/mol in MUEs, and this makes it the most accurate com-
bination for B2K-PLYP. On the other hand, the improvement with
the pcl/pc2/apcl and pcl/apcl/apc2 combinations is relatively
small (~0.1 kcal/mol).

Some authors may prefer using the root-mean-square errors
(RMSEs) in reporting the accuracy. Thus we have also included

Table 5
Performance on the training set using separate scaling coefficients for hybrid DFT and
E2 energy.

MUE Improvement?
(kcal/mol)

B2K-PLYP

MG3S 1.73 (2.34)° 2.40 (3.07)
aptz 1.88 (2.81) 0.17 (0.23)
apc2 1.72 (2.41) 0.13 (0.11)
pdz/MG3S 1.59 (2.23) 0.46 (0.57)
pdz/ptz/apdz 1.56 (2.18) 0.06 (0.15)
pdz/apdz/aptz 1.50 (2.07) 0.26 (0.53)
pcl/pc2/apcl 1.58 (2.33) 0.07 (0.05)
pcl/apcl/apc2 1.59 (2.20) 0.01 (0.02)
B2T-PLYP

MG3S 1.78 (2.28) 1.91 (2.60)
aptz 1.95 (2.90) 0.39 (0.46)
apc2 1.68 (2.22) 0.26 (0.29)
pdz/MG3S 1.62 (2.09) 0.26 (0.31)
pdz/ptz/apdz 1.63 (2.33) 0.11 (0.13)
pdz/apdz/aptz 1.61 (2.21) 0.21 (0.46)
pcl/pc2/apcl 1.64 (2.21) 0.03 (0.06)
pcl/apcl/apc2 1.51(1.97) 0.03 (0.06)

2 The improvement is relative to the values in Table 1.
> Numbers in parentheses refer to the RMS errors.
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Table 6
Computational cost*><.

MO06-2X B2K-PLYP
MG3S 11.6 183
pdz/MG3S 12.6 19.5
ptz 11.0 14.0
aptz 58.9 82.0
pdz/ptz/apdz 16.1 19.5
pc2 113 13.9
apc2 63.0 87.4
apc3 1670 1970
pcl/pc2/apcl 16.0 194

@ Tested using computers with Intel E6600 CPUs and a version of Gaussian 03
program optimized for the hardware architecture.

b Total CPU time relative to MP2/6-31+G(d,p) calculation for CsHsN, CCly, C4H40,
C4H.S, C4HsN, CF5CN, and SiCly,

¢ The cost of the MCG3-MPWB and MLSE-TPSS1KCIS methods is 32.8 and 34.4,
respectively.

the RMSEs in Tables 1-5 for comparison. As one can see, in almost
all cases, the MUEs and RMSEs follow the same trends.

Table 6 shows the relative computational cost of the M06-2X
and B2K-PLYP functionals using various basis sets and basis set
combinations for seven medium-sized molecules. The cost of the
very accurate multi-level methods MCG3-MPWB [25] and MLSE-
TPSS1KCIS [26] is also included for comparison. For valence tri-
ple-zeta basis sets, the cost of B2K-PLYP is 30-50% higher than that
of M06-2X. The cost of using the MG3S, ptz, and pc2 is similar, as is
the cost of the basis set combinations using these basis sets as the
largest components. The cost of using the aptz or apc2 basis sets is
4-5 times higher. The cost of the apc3 basis set is approximately 20
times higher than that of apc2 and is approximately 100 times
higher than that of the pdz/ptz/apdz (or pc1/pc2/apcl) combina-
tion. Although the apc3 basis set gives very impressive results with
the B2K-PLYP and B2T-PLYP functionals, its use on large molecules
is impractical. As can be seen in Tables 1-5, some of the results
using the apc2 or aptz basis sets in the combinations are reason-
ably good, but they are only marginally better than much less
expensive combinations such as pdz/MG3S, pdz/ptz/apdz, and
pcl/pc2/apcl. As seen in Table 5, the cost of using aptz or apc2 ba-
sis sets is considerably higher than that of using the multi-level
methods MCG3-DFT or MLSE-DFT which include very high-level
correlation energies and give much better MUEs (0.6-0.7 kcal/
mol). Thus, for small to medium-sized molecules, the use of these
basis sets is also not well-justified. For larger molecules in energy-
sensitive applications, the three cost-effective combinations men-
tioned above seem most plausible.

4. Concluding remarks

We have demonstrated that the multi-coefficient DFT (MC-DFT)
approach can be applied to three recently developed DFT function-
als with success. Some of the cost-effective basis set combinations
such as pdz/MG3S, pdz/ptz/apdz, and pc1/pc2/apcl are especially
attractive. With the MC-DFT approach, all three functionals can
reach very satisfactory 1.5-1.7 kcal/mol MUEs for the training
set. By scaling the hybrid-DFT and the E2 parts of the energies sep-
arately for the double-hybrid functionals, very dramatic improve-
ment can be obtained for the MG3S basis set in all cases, and
significant improvement can also be obtained for the pdz/MG3S,
pdz/ptz/apdz, and pdz/apdz/aptz combinations. In comparison to
the results of using a single large basis set, the most important
advantages of the MC-DFT approach are twofold. First, the atom-
ization energies (the AE, DC10, and W3 sets), which are the most
important data for thermochemistry, can be predicted more accu-
rately at less than or equal cost. Second, the same level of accuracy

can be reached using much less expensive basis set combinations.
These two properties make the MC-DFT approach especially attrac-
tive for practical application. The MC-DFT approach can also be ap-
plied to the ‘doubly hybrid meta DFT’ by Truhlar and coworkers,
and this will be the subject for a future study. Preliminary results
showed that the performance is similar to that of the B2K-PLYP
in the current study. Very recently, Martin and coworkers have
developed a new, more robust version of double-hybrid functional
B2GP-PLYP [44], and Truhlar and coworkers have also developed
two new hybrid meta functionals M08-HX and M08-SO [45]. It will
be interesting to test whether the MC-DFT approach can improve
the performance of these new functionals. The encouraging results
obtained in the current and in a previous study [36] suggest that
some of the MC-DFT methods might soon become methods of
choice for the application on thermochemistry and thermochemi-
cal kinetics study. Furthermore, the development of new accurate
semi-empirical functionals in the future may also take advantage
of the MC-DFT approach for better performance.
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