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The performance of the restricted-open-shell form of the double-hybrid density functional theory (DHDFT) B2-
PLYP procedure has been compared with that of its unrestricted counterpart using the G3/05 test set. Additionally,
the influence of basis set on the parametrization and performance of ROB2-PLYP, and the further improvement
of ROB2-PLYP through augmentation with a long-range dispersion function, have been investigated. We find
that, after optimization of the two empirical DHDFT parameters, the ROB2-PLYP method (HF exchange = 59%
and MP2 correlation = 28%) performs slightly better than the corresponding UB2-PLYP method (HF exchange
= 62% and MP2 correlation = 35%), with mean absolute deviations (MADs) from the experimental energies in
the G3/05 test set of 9.1 and 9.9 kJ mol ™', respectively, when the cc-pVQZ basis set is employed. Separate
optimizations of the parameters for the RO and U procedures are crucial for a fair comparison. For example, for
the G2/97 test set, ROB2-PLYP(53,27) and ROB2-PLYP(62,35) show MADs of 12.2 and 13.5 kJ mol ™/,
respectively, compared with the 6.6 kJ mol ! for (the optimized) ROB2-PLYP(59,28). The performance of ROB2-
PLYP deteriorates significantly as the basis-set size is decreased, reflecting the enhanced basis-set dependence of
the MP2 contribution compared with standard DFT. We find that this deficiency can be partly overcome through
reparametrization. However, when the basis set drops below triple-Z, the improvements made on reoptimizing the
ROB2-PLYP parameters are not sufficient to warrant their general use. We find that the dispersion- and BSSE-
corrected ROB2-PLYP(59,28)-D HCP procedure performs significantly better than ROB2-PLYP(59,28) for the
S22 test set of interaction energies in which dispersion interactions are particularly important, with the MAD
falling from 6.1 to 1.6 kJ mol~!. However, when the same D correction is applied to the G3/05 test set, the
performance of ROB2-PLYP(59,28)-D deteriorates slightly compared with ROB2-PLYP(59,28), with the MAD

increasing from 9.1 to 9.5 kJ mol .

1. Introduction

The development of highly accurate quantum chemical methods
that can reliably predict thermochemical data when experimental
data are unavailable or uncertain is highly desirable. High-level
composite procedures, such as the Gn(X) methods of Curtiss,
Raghavachari, and Pople et al.,! the complete-basis-set (CBS)
methods of Petersson et al.,> and the Wn methods of Martin et
al.,’ have made the task of achieving chemical accuracy—for small
systems at least—very feasible. However, as a consequence of their
cost, calculations on systems larger than those containing a few
non-hydrogen atoms are typically out of reach with these methods.*
Thus it may be necessary to sacrifice both accuracy and the capacity
for systematic improvement to work on systems that are more
chemically relevant.’

Density functional theory (DFT) provides an alternative
method for the calculation of accurate energies, at a cost
comparable to that of Hartree—Fock calculations.® Although
DFT methods do not offer a systematic way to improve the
Hamiltonian,> Perdew et al.” have put forward a “Jacob’s
Ladder” analogy for improving the critical exchange—correlation
component of DFT functionals. In this strategy, each higher
rung on the ladder is expected to offer an additional improve-
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ment in the accuracy over the basic (bottom rung) local density
approximation (LDA) approach.

Grimme has recently proposed a new family of methods,
termed “double-hybrid” density functional theory (DHDFT)
procedures, that are consistent with a fifth rung approach in the
“Jacob’s Ladder” of DFT methods. These procedures not only
incorporate Hartree—Fock exchange admixture in the same way
that hybrid DFT procedures such as the immensely popular B3-
LYP'? do but also combine contributions from the semilocal
correlation density functional with a proportion of MP2 cor-
relation derived using the Kohn—Sham (KS) reference orbitals
(KS-PT2).!"" The DHDFT energy is obtained by first solving
the KS equations self-consistently using a hybrid density
functional containing a semilocal generalized gradient ap-
proximation (GGA) for exchange (X) and correlation (C).
Second, the MP2 energy (E2) is calculated in the space of the
converged KS orbitals. The total exchange—correlation energy
for the DHDFT procedure is then obtained by summation of
the various parts of the functional:*

4,89

EgePT = (1 — apER™ + ayEX" + (1 — a)ER +
acE2 (1)

where Ey is the exchange energy and Ec is the correlation energy.
The Mgller—Plesset perturbation correction term (E2) is given by
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where the ¢; are the Kohn—Sham orbital energies obtained from the
self-consistent solution of the hybrid GGA part of the method. As
MP2 scales with the fifth power of system size, the main advantage
in choosing DFT as a high-accuracy but low-cost method may appear
partly lost.> However, the additional expense of the MP2 portion of
the DHDFT calculation can be circumvented somewhat through the
use of the resolution-of-the-identity approximation (RI)'* where a
speed-up of 3—15 times'* can be obtained with less than 0.1 kJ mol ™!
atom ™! loss in accuracy when calculating relative energies.* Alternative
approaches that have been utilized to decrease the expense of the MP2
portion in DHDFT calculations include opposite-spin (OS) MP2'> and
frozen-core MP2.12

In principle, any density functional theory method can be used
for the calculation of the GGA exchange and correlation.®
Grimme’s initial DHDFT procedure® was based on standard
GGAs for exchange (X) due to Becke (B88)!%" and for
correlation (C) due to Lee, Yang, and Parr (LYP).!® This
method, termed B2-PLYP because of its two empirical param-
eters and its second-order perturbative contribution to the
correlation, derived the required constants for HF exchange (ax
= 53%) and MP2 correlation (E2) (ac = 27%) through a least-
squares-fit to the G2/97 set of 148 reliable experimental values
of heats of formation. The development of mPW2-PLYP
followed subsequently,’ and utilized the modified Perdew—Wang
exchange functional (mPW)!¢ in preference to that of Becke
(B88), with the aim of providing an improvement associated
with the superior performance of mPW exchange in low-density
regions.” However, the optimized constants for mPW2-PLYP
(i.e., ax = 55% and ac = 25%) were derived through
minimizing the mean absolute deviation (MAD) of a 23
molecule subset from the G2/97 heat of formation set. The
mPW2-PLYP method has received relatively less attention when
compared with B2-PLYP.

The performance of the X2-PLYP (X = B or mPW) DHDFT
procedures has been remarkable when compared with conven-
tional hybrid DFT methods in the calculation of reaction energies
from standard test sets.*3!2 Both B2-PLYP and mPW2-PLYP
have yielded the smallest mean absolute deviations (MADs) ever
obtained by a density functional theory method for the full G3/
05 test set (10.5 and 8.8 kJ mol™!, respectively), in combination
with a big improvement in the maximum errors.” In comparison,
the related pure (B-LYP) and hybrid (B3-LYP) DFT procedures
exhibit MADs of 31.0 and 18.4 kJ mol ™!, respectively, for the
G3/05 test set.’

Other encouraging results with the X2-PLYP methods have
been achieved for radical stabilization energies,!” isomerization
energies,*!* excited states,'® electronic circular dichroism spec-
tra,' transition metal reactions,” and kinetics.'? The develop-
ment of analytical gradients has extended the applicability of
these new DHDFT procedures to potential energy surfaces,
where they have shown performance superior to isolated DFT
and MP2 methods, with an accuracy approaching that of
CCSD(T), albeit with a significant increase in computational
cost.”!

Martin et al. have recently carried out a comprehensive study
in which they have reparametrized both B2-PLYP and mPW2-
PLYP using a variety of test sets in an attempt to obtain
performance superior to that of the original X2-PLYP methods
for a range of thermodynamic and kinetic properties.!? This has
resulted in new methods that are optimized for kinetics (B2K-
PLYP, ax = 72%, ac = 42%; mPW2K-PLYP(72,42)), ther-
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mochemistry (B2T-PLYP(60,31)), and a compromise method
suitable for general purpose applications (B2GP-PLYP(65,35)).'?
The optimum parameters for the double-hybrids for individual
data sets representing hydrogen-transfer reactions, heavy-atom
transfers, nucleophilic substitutions, and unimolecular and
recombination reactions were found to show significant varia-
tion.'?

The superior performance of the DHDFT procedures is
believed to stem from a “marriage of convenience” between
the DFT and MP2 parts of the functional.'> DFT handles the
short-range correlation'? and provides a more stable reference
for the calculation of the MP2 energy,4 while the MP2
contribution provides the benefit of including nonlocal dynami-
cal electron correlation responsible for long-range interactions.®’
However, the price to pay for this combination is that the new
method may inherit some of the undesirable traits inherent to
either MP2 or DFT.

For example, the X2-PLYP methods are expected to show
slower basis-set convergence than standard DFT procedures due
to their MP2 component. This suggests the need for much larger
basis sets than those that would be typically employed for DFT
calculations.'? Grimme has suggested?® that the basis-set depen-
dence of B2-PLYP should lie between that of standard DFT
and MP2 and that reliable results are usually obtained with a
properly polarized triple-§ basis set.® Martin et al. have tested
the “general purpose” B2GP-PLYP procedure for the W4-08
data set using a variety of basis sets of triple-§ quality or better.'?
Mean absolute deviations were found to range from 5.9 kJ mol ™!
(apc4, 57 quality) to 18.2 kJ mol™! (MG3S, TZ quality),
although the extrapolated core—valence triple-C basis set aug-
cc-pwCVTZ also performed well (7.5 kJ mol™").!? Interestingly,
the performance of standard B2-PLYP on the W3 atomization
energies data set was found to deferiorate for basis sets larger
than triple-C, whereas the performance of the double-hybrid
kinetics method (B2K-PLYP) improved with increasing basis
set size.'> It has been suggested'” that reparametrization of
DHDFT procedures to remedy the decline in the MP2 contribu-
tion caused by smaller basis sets would result in an exaggerated
MP2 admixture coefficient to compensate. However, exactly
how much of this basis set deficiency can be overcome through
reparametrization has not previously been assessed systematically.

Also of concern is whether or not DHDFT procedures are
subject to the same types of problems as UMP2 when open-
shell systems are considered. Specifically, selection of a spin-
contaminated reference function can lead to chronic errors
when performing a subsequent UMP2 calculation, and it is
therefore preferable to start from a reference function that
does not suffer from problems of spin contamination.?? As a
consequence, a restricted Hartree—Fock (ROHF) reference
is often employed for MP2 calculations in such situations
(i.e., ROMP2), resulting in a substantial improvement for
predicted energies.!”?? In this connection, many of the popular
composite methods have also been specifically adapted to
use the non-spin-contaminated restricted HF reference func-
tions for open-shell systems. This has given rise to method
extensions such as G3X-RAD,? CBS-RAD,?* and ROCBS-
QB3.% Although the consequences of spin contamination in
the KS orbitals on the resulting DFT energies are not
definitively known, there are strong indications that DFT
densities and energies are less affected by spin contamination
than are the corresponding unrestricted Hartree—Fock quanti-
ties.2° However, both the method used to calculate the level
of spin-contamination (e.g., deviation in (S?) from the value
corresponding to a pure spin state) and whether or not the
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level of spin contamination in the KS orbitals is even relevant
are still subjects of discussion.>?% In practice, the use of
the unrestricted KS orbitals as a reference for higher-level
wave function methods such as MP2,!' CC,*® and CI’! has
proved advantageous over the more common UHF reference,
but it is still not without problems.*

While the basis for the use of restricted-open-shell KS
(ROKS) orbitals in an attempt to remove spin contamination
has been questioned,?’ in many cases ROKS-DFT has shown
equal or improved performance when compared with its UKS
counterpart.’®* Using the HF exchange and E2 parameters
optimized for (U)B2-PLYP (i.e., 53,27) and (U)ymPW2-PLYP
(i.e., 55,25), the performance of these ROX2-PLYP methods
has recently been trialled for the calculation of bond
dissociation energies (BDEs) and radical stabilization energies
(RSEs) for a test set of 22 monosubstituted methyl radicals.!”
In this investigation, the restricted versions of the DHDFT
procedure clearly performed better than their unrestricted
counterparts for BDEs, while both restricted and unrestricted
forms of the DHDFT procedures exhibited the best perfor-
mance of all the hybrid DFT methods surveyed with regard
to RSEs. This was despite the fact that the X2-PLYP
procedures had been optimized for the U-DHDFT rather than
RO-DHDFT procedure. In a more recent study,” the same
test set of 22 homolytic bond dissociation reactions was used
to assess the susceptibility of various DFT methods to spin
contamination. The influence of spin contamination on
unrestricted DHDFT procedures was found to be among the
lowest of all the methods surveyed due to the opposing
behavior of the UHF and UMP2 components with respect to
spin contamination. This resulted in differences between
U-DHDFT and RO—DHDFT procedures that were typically
less than 5 kJ mol™!, compared with U/RO differences of up
to 70 kJ mol~! for HF and 96 kJ mol~! for MP2. Though the
test set was reasonably small, these results suggest that, while
the performance for BDEs of the restricted form of DHDFT
is generally superior, spin contamination is only of minimal
concern for unrestricted DHDFT.

The underestimation of long-range dispersion forces has been
described as the only known shortcoming of DHDFT.3* While
the incorporation of an MP2 component into the functional
mitigates this inherent shortcoming somewhat, the fractional
addition of MP2 correlation in the current DHDFT procedures
is unable to cope with the full extent of the problem,*!?34
resulting in vdW complexes that are under-bound.® This
deficiency has been diminished through incorporation of an
empirical add-on damped dispersion function® to DHDFT.**
When the dispersion-incorporated B2-PLYP-D method was
used, the mean absolute deviation (MAD) for the G3/99 heat
of formation set was found to improve from 10.0 kJ mol~! with
B2-PLYP to just 7.1 kJ mol~'.3* The amount of dispersion added
is scaled depending on which DHDF procedure it is being added
to, with a linear relationship found to exist between the
dispersion scaling factor (s¢) and the amount of MP2 correlation
included in the DHDFT."

Following on from our earlier assessment of the performance
of the unoptimized ROB2-PLYP method for the calculation of
RSEs and BDEs,!” we present here a full assessment of
reparametrized versions of the ROB2-PLYP method for the 455
energies in the G3/05 test set. We also aim to establish the
sensitivity of the method toward basis-set size (especially small
basis sets) and look at its further improvement through
augmentation with a long-range dispersion function.
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2. Theoretical Procedures

Geometry optimizations were carried out at the UB3-LYP'°
level using a double-polarized triple-G-valence basis set®®
(TZV2P), with the polarization functions taken from the cc-
pVTZ basis set’ with the highest angular momentum function
discarded. Zero-point vibrational energies (ZPVEs) and thermal
corrections to the enthalpy were obtained at the same level of
theory as the geometry optimizations. Scale factors for this level
have been recently determined as 0.9873 for the ZPVE and
1.0058 for the thermal correction.®® Subsequent B2-PLYP®
single-point calculations were performed with the standard cc-
pVQZ, cc-pVTZ, cc-pVDZ, 6-311+G(3df,2p), 6-31+G(2d,p),
and 6-31G(d) basis sets. The CQZV basis set of Feller and
Peterson® was used for potassium in calculations that used the
Dunning cc-pVnZ basis sets for the other elements. For the
calculation of electron affinities (EA) and hydrogen-bond
energies (HB), additional diffuse functions were used,"** with
the aug-cc-pVQZ, aug-cc-pVTZ, aug-cc-pVDZ, 6-311++G-
(3df,2p), 6-31++G(2d,p), and 6-31+G(d) basis sets, respec-
tively, replacing those basis sets described previously. For
comparison purposes, calculations were also performed using
the pure (B-LYP) and hybrid (B3-LYP) DFT methods.

Calculations were carried out for the 148 molecules in the G2/
97 heats of formation test set*' and the complete G3/05 test set.*?
The G3/05 test set comprises 271 heats of formation, 105 ionization
energies, 63 electron affinities, 10 proton affinities, and 6 hydrogen-
bond energies, all of which were selected on the basis of their small
quoted experimental uncertainties. Reference experimental data
were taken from various sources.'*' ™43

The calculated molecular energies were used to derive heats
of formation at 298 K (A¢H,gg) using the atomization procedure
outlined by Nicolaides et al.* (the calculated atomization energy
being subtracted from the experimental heats of formation of
the atoms). Experimental thermal corrections were obtained from
ref 41. Where stated, spin—orbit coupling corrections obtained
from refs le and 1f were applied to atoms with ?P and 3P
electronic states. No spin—orbit corrections were applied to
molecules. The other results (i.e., ionization energies, electron
affinities, proton affinities and hydrogen-bond energies) refer
to enthalpies at 0 K with scaled ZPVE corrections.

For the weakly bonded complexes in the S22 test set of
Hobza,¥ geometries were used as supplied, and interaction
energies were corrected for basis set superposition error (BSSE)
using standard counterpoise methods.*® Where indicated, an
empirical dispersion correction method was used on the basis
of damped, atom-pairwise —CsR® potentials (DFT-D),* with
the total energy given by

EDHDFT*D = EDHDFT + Edisp (3)

where Epppgr is the conventional double-hybrid density func-
tional theory energy and Egg is an empirical dispersion
correction given by

Ny—1

dmp RS 2 Z

i=1 ]—1—1

fdmp(R,,) “)

where N, is the number of atoms in the system, Cs/ denotes
the dispersion coefficient from atom pair “ij” (obtained from
ref 35b), s is a global scaling factor that only depends on the
functional used and R;; is an interatomic distance. A damping
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Figure 1. Changes in the mean absolute deviation (MAD, kJ mol™!)
from experiment for the G2-97 heats of formation test set with respect
to the percentage of Hartree—Fock exchange and MP2 correlation
included in the (a) UB2-PLYP(X,C) and (b) ROB2-PLYP(X,C)
methods. All calculations were performed using the cc-pVQZ basis
set. Crosses define the data points used to generate the surface, with
their size proportional to the MAD at that point.

function fym, is also used to avoid double counting, for which
the details can be found elsewhere.?
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All calculations were carried out using the Gaussian 03 suite
of programs.*’

3. Results and Discussion

3.1. Parametrization of UB2-PLYP and ROB2-PLYP.
Although an assessment of the performance of the (U)B2-PLYP
method for the G3/05 test set has already been performed,’ we
have reoptimized and reassessed the UB2-PLYP method with
the slightly different prescriptions of the present study to provide
a fair assessment of the ROB2-PLYP method when compared
with its unrestricted counterpart. We hope in this way to remove
any significant differences that may influence the results, other
than the change from an unrestricted to a restricted formalism.

The ax and ac parameters for both UB2-PLYP and ROB2-
PLYP were thus reoptimized by minimizing the mean absolute
deviation (MAD) from experimental values for specified bench-
marking sets, before the testing of each method for the G3/05
set was carried out. The present calculations used somewhat
less complex (and more readily available) basis sets than the
original assessment, incorporated recently calculated zero-point
energy and thermal correction scaling factors for the chosen
model, used standard (non-RI) MP2, and used a different
software package (which may have ramifications due to grid-
size or convergence cut-offs). To avoid confusion, we use the
notation “B2-PLYP” or “(U)B2 PLYP” to refer to the original
(standard) B2-PLYP procedure, whereas we use “UB2-
PLYP(X,C)” or “ROB2-PLYP(X,C)” to refer to our newly
optimized procedures. The parameters X and C refer to the
extent of incorporation of HF exchange and MP2 correlation,
respectively. For example, ROB2-PLYP(59,28) refers to the
restricted-open-shell B2-PLYP procedure with 59% HF ex-
change and 28% MP2 correlation.

Calculation of heats of formation is believed to be one of
the harshest tests of any theoretical method, as it formally deals
with multiple bond-breaking processes.*® Akin to the method
employed originally for the optimization of the two empirical
parameters in (U)B2-PLYP,? the 148 heats of formation from
the G2/97 test set have been used as the benchmarking data set
for parameter optimization. The cc-pVQZ basis set, which is
similar in the valence space to the C3PVZ basis set employed
by Grimme for his benchmarking studies,® has been used for
the calculations. However, cc-pVQZ does not include the tight
core functions that are incorporated in the C3PVZ basis and
which have been very recently described as being an important
inclusion for DHDFT calculations.'?

The changes in mean absolute deviations (MADs) from
experiment for UB2-PLYP(X,C) associated with variations in
the proportions of HF exchange (ax) and MP2 correlation (ac)
are displayed in Figure la. The shape of the surface is similar
to that found in recent studies by Martin et al.'” when the B2-
PLYP parameters were reoptimized for the W3 test set. The

TABLE 1: Influence of the Inclusion of Spin—Orbit Coupling on the Performance of the Parameter-Optimized UB2-PLYP and

ROB2-PLYP Methods with the G2/97 Heats of Formation Set”

optimized parameters

G2/97 AH; set performance

method soc? EYF (%) E2 (%) MAD* MD* MAD? MD?
UB2-PLYP N 62 35 7.4 —0.1 8.4 1.9
UB2-PLYP Y 66 39 8.1 1.6 9.7 4.6
ROB2-PLYP N 59 28 6.6 1.0 122 —-10.8
ROB2-PLYP Y 58 28 73 1.3 113 —8.1

@ All energies are in kJ mol™! and were obtained using the cc-pVQZ basis set. © Spin—orbit correction is applied to atoms (refer Theoretical
Procedures). ¢ Mean absolute deviation and mean deviation using the tabulated optimum parameters. ¢ Mean absolute deviation and mean
deviations using the original B2-PLYP parameters (53% HF exchange, 27% MP?2 correlation) from ref 8.
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TABLE 2: Effect of Changing from UB2-PLYP to
ROB2-PLYP on the Mean Absolute Deviation (MAD), and
Mean Deviation (MD) from Experiment for Both the G2/97
Heats of Formation Set and the Radicals within the Set”

G2/97 AH; set

parameters performance (radicals)
method  E¥F (%) E2 (%) MAD’ MD’ (MAD)* (MD)
UB2-PLYP 62 35 7.4 —0.1 55 —-2.7
ROB2-PLYP 62 35 135 —122 8.8 —8.0
ROB2-PLYP 59 28 6.6 1.0 4.7 -1.0

@ All energies are in kJ mol™! and are obtained using the
cc-pVQZ basis set. » Mean absolute deviations and mean deviations
for the G2/97 heats of formation test set (148 molecules). ¢ Mean
absolute deviations and mean deviations for the open-shell species
in the G2/97 heats of formation test set (30 molecules).

surface exhibits a channel that runs diagonally from low to high
values of both the HF exchange (ax) and MP2 (ac) scaling
parameters. Within the channel, the MAD changes slowly,
deviating by approximately 1 kJ mol™! from the minimum of
7.4 kJ mol™! (62,35) on moving toward the extremes of the
data points shown within the channel. In contrast, however,
parameter changes that result in movement perpendicular to the
defined channel lead to a rapid increase in MAD, as found
previously by Martin et al.'?

The minimum MAD of 7.4 kJ mol ! is similar to that obtained
in an earlier study® for the same test set (7.5 kJ mol '), although
the optimized parameters (i.e., 62,35) differ significantly from
those found previously (i.e., 53,27).® On our surface, the original
B2-PLYP parameters correspond to an MAD of 8.4 kJ mol™!
and a mean deviation (MD) that skews the distribution toward
the right, indicating that B2-PLYP(53,27) is overbound in nature
(Table 1). It seems likely that this change in optimum parameters
is primarily a consequence of the different basis sets used in
the two studies. Interestingly, the optimized parameters for B2T-
PLYP (60,31)'? and B2GP-PLYP (65,36)'? lie close to the new
optimized values obtained in the present study.

The inclusion of an atomic spin—orbit correction (SOC) in
the calculated heats of formation shifts the optimum parameters
to even higher HF and MP2 values (66,39). More importantly,
after applying the SOC, the optimum performance of the method
deteriorates slightly, giving an MAD of 8.1 kJ mol™! (Table
1). This result is consistent with findings from a previous study
in which eight out of ten DFT procedures showed poorer
performance for the G3/05 test set when a spin—orbit correction
was applied, with B3-LYP being the most sensitive.*?

The results for the ENF/E2 surface obtained using the
analogous restricted-open-shell method (ROB2-PLYP) are
shown in Figure 1b. Again, the dominant feature on the surface
is the optimum MAD channel that runs diagonally from low
HF exchange (ax) and MP2 correlation (ac) scaling parameters
to high ax and ac values. Compared with the UB2-PLYP(X,C)
surface, the position of the channel on the ROB2-PLYP(X,C)
surface is shifted toward lower E2 scaling values by between
three and eleven percentage points. This shift to lower ac values
is also reflected in the position of the minimum that now lies at
59% HF exchange and 28% MP2 correlation and has an
improved MAD of just 6.6 kJ mol~! (Table 1). The inclusion
of atomic spin—orbit corrections in the calculation of the heats
of formation again causes a slight deterioration in the perfor-
mance of the method (MAD = 7.3 kJ mol™") and shifts the
optimized parameters very slightly (58,28).

It is important to note that the improvement in performance
of B2-PLYP for the G2/97 test set when moving from the
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Figure 2. Effect of changing from UB2-PLYP to ROB2-PLYP on
the distribution of deviations from experimental values for both the
G2/97 heats of formation test set (148 molecules, orange bars) and for
the radicals within the set (30 radicals, red bars): (a) UB2-PLYP with
optimized parameters (62% HF exchange, 35% MP2 correlation); (b)
ROB2-PLYP using UB2-PLYP optimized parameters (62,35); (c)
ROB2-PLYP using optimized parameters (59,28). All calculations were
performed using the cc-pVQZ basis set. Each vertical bar represents
deviations in a 4 kJ mol~! range.

unrestricted to the restricted form only occurs after the HF
exchange (ax) and MP2 correlation (ac) parameters are reop-
timized. If the restricted form of the method is used employing
parameters optimized for the unrestricted form (i.e., ROB2-
PLYP(62,35)) or with the (53,27) parameters of standard B2-
PLYP, there is a significant increase in MAD from 6.6 to 13.5
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Figure 3. Changes in the mean absolute deviation (MAD, kJ mol™!) from experimental values for the G2/97 heats of formation test set with
respect to basis set and the percentage of Hartree—Fock exchange and MP2 correlation included in the ROB2-PLYP(X,C) method. Pople basis sets:
(a) 6-311+G(3df,2p); (b) 6-31+G(2d,p); (c) 6-31G(d); Dunning basis sets: (d) cc-pVTZ; (e) cc-pVDZ. Results for cc-pVQZ are included in Figure
1b. Crosses define the data points used to generate the surface, with their size proportional to the MAD at that point.

or 12.2 kJ mol™! (Table 2). Error distribution plots (Figure 2)
indicate that the move from the unrestricted (Figure 2a) to the
restricted (Figure 2b) B2-PLYP procedure while retaining the
optimized UB2-PLYP(62,35) parameters results in a distribution
that is skewed markedly to the left (MD = —12.2 kJ mol™"),
an indication that the heats of formation are predicted to be
much lower than the experimental values (i.e., total atomization
energies are too high). This shift is not entirely unexpected as
the majority (118 out of 148) of the molecules in the G2/97
heats of formation set are closed-shell species where the
difference in heats of formation calculated by the restricted
(ROB2-PLYP) and unrestricted (UB2-PLYP) methods arises
entirely from differences in the atomic energies since there is
no change in the molecular calculations. As the restricted form
of B2-PLYP(X,C) predicts the atoms to be higher in energy by
between 0.0 and 6.2 kJ mol™, the general trend is a shift toward
lower heats of formation, as observed. A reduction in both the
HF exchange and MP2 correlation scaling parameters corrects
the skew of the distribution and dramatically improves the MAD
(Figure 2c).

A proportion of the overall improvement in MAD on going
from UB2-PLYP(62,35) to ROB2-PLYP(59,28) can be at-
tributed to the improvement in the representation of the thirty
open-shell species among the 148 species in the G2/97 heats
of formation set. The MAD of this radical subset improves by
0.8 kJ mol™! on going from the optimized UB2-PLYP(62,35)
to the optimized ROB2-PLYP(59,28) method (Table 2). The
ROB2-PLYP(59,28) MAD (4.7 kJ mol™!) lies between that

previously calculated for the same set of radicals using the
considerably more expensive G3 (3.5 kJ mol™!) and G3(MP2)
(5.1 kJ mol™") methods.*

3.2. ROB2-PLYP Basis-Set Dependence. To ascertain the
effect of basis-set size on the optimum parameters and perfor-
mance of ROB2-PLYP(X,C), a total of six basis sets were
selected, comprising three Dunning-type (i.e., cc-pVQZ, cc-
pVTZ and cc-pVDZ) and three Pople-type (i.e., 6-311+G-
(3df,2dp), 6-31+G(2d,p) and 6-31G(d)) sets. The EXf/E2
surfaces (Figure 3) again all exhibit the channel feature described
above for the cc-pVQZ basis set (Figure 1b). However, the
optimum parameters and MAD values vary dramatically. In
increasing MAD order, the basis sets and their associated
optimum parameters are cc-pVQZ(59,28) (MAD = 6.6 kJ
mol™ 1), cc-pVTZ(60,32) (MAD = 9.5 kJ mol™"), 6-311+G-
(3df,2p)(55,27) (MAD = 11.2 kJ mol ™), 6-31+G(2d,p)(53,25)
(MAD = 18.8 kJ mol ™), 6-31G(d)(5,0) (MAD = 32.2 kJ mol™")
and cc-pVDZ(28,22) (MAD = 47.2 kJ mol™!) (Table 3). We
can see that the performance of ROB2-PLYP deteriorates
substantially when the basis set falls below triple-¢ quality, as
expected for a well-behaved quantum chemical method. This
indicates that the double-hybrid approach suffers less than other
functionals from uncontrollable error compensations. This is
observed, for example, for B3-PLYP, which seems to perform
very well with the relatively small 6-31G(d) basis set but for
which the accuracy can deteriorate for larger basis sets. In
agreement with this view we find that the poor behavior of
ROB2-PLYP for smaller basis sets can be only partly overcome
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TABLE 3: Effect of Basis Set on the Optimum ROB2-PLYP Parameters and the Performance of these Methods for the G2/97

Heats of Formation Test Set”

optimized parameters ROB2PLYP” ROB2PLYP* ROB3LYP ROBLYP
basis set EXNF (%) E2 (%) MAD MD MAD MD MAD MD MAD MD
cc-pVQZ 59 28 6.6 1.0 12.2 —10.8 12.9 —4.4 314 —11.0
cc-pVTZ 60 32 9.5 3.6 10.1 0.5 12.8 1.7 31.8 —=5.6
cc-pVDZ 28 22 47.2 19.0 75.0 74.9 43.7 41.9 532 32.0
6-311+G(3df,2p) 55 27 11.2 35 12.1 —1.4 12.8 —4.8 322 —10.1
6-31+G(2d,p) 53 25 18.8 7.5 28.1 27.6 16.6 7.4 28.6 1.3
6-31G(d) 5 0 322 10.9 59.5 58.5 19.3 11.9 33.6 0.2

@ All energies are in kJ mol™!. » Using optimized parameters from this work. ¢ Using the original (U)B2-PLYP parameters (i.e., 53% HF

exchange and 27% MP?2 correlation) from ref 8.
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Figure 4. Location of the optimum ROB2-PLYP parameters for each
of the six basis sets surveyed.

through reparametrization. Depending on the basis set employed,
reoptimization of the ax and ac parameters from the (59,28) of
the cc-pVQZ basis set provides an improvement of between 0
and 41 kJ mol~! in the MAD for the G2/97 heat of formation
set, i.e., without the reoptimizations the results for the smaller
basis sets are even worse than those noted in Table 3. A striking
result is that, in cases where the basis set has less than triple-§
quality, the standard ROB3-LYP single-hybrid DFT procedure
shows superior performance to the optimized ROB2-PLYP
double-hybrid DFT method.

The triple-¢ and larger basis sets (i.e., cc-pVQZ, cc-pVTZ
and 6-311+G(3df,2p)) have optimized parameters for ROB2-
PLYP(X,C) that are clustered around the region of 55—60%
HF exchange and 27—32% MP2 correlation (Figure 4). As the
basis set quality decreases below triple-C, there is a decrease in
both the proportion of HF exchange and MP2 correlation
included in the method until finally the optimized parameters
for ROB2-PLYP/6-31G(d) result in a method that has no E2
contribution at all!

We have selected three molecules that are representative of
the G2/97 heats of formation set, i.e., a homodiatomic (S,), a
heterodiatomic (HCl), and a hydrocarbon (ethane), to illustrate
the consequences of decreasing the size of the basis set on the
energy components that contribute toward the total atomization
energy (TAE), and thus the heat of formation. Using fixed B2-
PLYP parameters (62,35), Figure 5 shows the effect that a
decrease in size of both the Dunning and Pople basis sets has
on results for the three selected prototypical molecules (refer

to Supporting Information for tabulated data).*® The TAE has
contributions from the kinetic energy (T), potential energy (V),
electron repulsion (J), and nuclear repulsion (N) (expressed
collectively as Etvyjn), the nonlocal exact HF exchange Ex(HF),
the semilocal DFT (B88) exchange Ex(DFT), the semilocal DFT
(LYP) correlation Ec(DFT), the MP2 correlation (E2), and the
zero-point vibrational energy Ezpyg. Summing the contributing
components gives the total atomization energy:

TAE = AE + AEY + AEXT + AEXT + AE2 +

AE ZPVE (5)

where

AE = zEatoms - E

molecule

The decrease in the TAE as the basis set size is reduced is
apparent for both the Dunning and Pople basis sets. Although
the change in contributions when the basis set size is decreased
for many of the components is complex when viewed across
the three prototypical molecules, some important trends are clear.
The first is the consistent decline in the contribution of MP2
correlation (AE2) to the total atomization energy when smaller
basis sets are employed. As is the case for standard MP2, when
smaller basis sets are used with B2-PLYP they are no longer
able to recover a significant proportion of the correlation energy.
In contrast, the contribution of the correlation energy from the
DFT portion of the B2-PLYP method (i.e., LYP) remains almost
perfectly constant, indicating that basis set convergence of the
DFT portion (AEc(DFT)) of the correlation energy has ef-
fectively already been achieved at the double-& level.

Making up for this inadequate MP2 correlation with small
basis sets through reparametrization of the B2-PLYP method
is difficult, as evidenced by the poor results for the B2-PLYP
methods in Table 3, even after they have been reoptimized for
smaller basis sets. While a worthwhile improvement in perfor-
mance is gained after reparametrization for B2-PLYP when used
with triple-& or larger basis sets (MAD lowerings of between
0.6 and 5.5 kJ mol™!), the improvements for the smaller basis
sets accompanying optimization of the methods are not sufficient
to warrant their general use. It has been suggested'? that an
increase in the MP2 correlation parameter (ac) would be required
to compensate for the effects of small basis sets, but a small
decrease in ac is actually observed here in general under those
conditions. The problem with trying to overcome the observed
lack of MP2 correlation by increasing ac is associated with how
the DHDFT procedures are defined (refer eq 1). As the
coefficients for MP2 correlation (ac) and DFT correlation (1 —
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Figure 5. Effect of decreasing the size of both Dunning and Pople basis sets on the contributions of the various energy components toward the total
atomization energy (TAE) for S, (a) and (d), HCI (b) and (e), and ethane (c) and (f). B2-PLYP parameters are constant at 62% Hartree—Fock exchange
and 35% MP2 correlation. QZ = cc-pVQZ, TZ = cc-pVTZ, DZ = cc-pVDZ, LP = 6-311+G(3df,2p), MP = 6-31+G(2d,p), SP = 6-31G(d). Components:

TAE(EXP) (©); TAE(CALC) (#); AE(TVIN) (®); AE2 (W); AE«(DFT) (A); AEx(DFT) (¥); AE(ZPVE) (0); AEx(HF) (O).

ac) are coupled, any attempt to increase the amount of MP2
correlation by increasing ac will be offset somewhat by the
decrease in DFT correlation. This offset is dependent on the
relative contributions of ER'T and E2 to the TAE, but on
inspection of Figure 5 it can be seen that they are quite similar,
so that the offset would also be expected to be similar. The
movement in the TAE on changing the ac parameter is
complicated further by the reliance of E2 on the KS orbitals,
which themselves are solved self-consistently depending on the
contribution from ERFT! From the present results, it appears that
a reduction in overall HF exchange may be more important than
the proportion of MP2 correlation in correcting the problem
resulting from basis-set-size deficiency. Decreasing the amount
of HF exchange admixture leads to a narrowing of the orbital
gap (in eq 3), and this results in an increase in the amount of
MP2 correlation.® This seems to work to some degree, although
decoupling the MP2 and DFT correlation constants may provide
a more appropriate solution to this problem.

3.3. Performance of the Optimized B2-PLYP Methods for
the G3/05 Test Set. Each of the basis-set-optimized double-
hybrid DFT procedures described previously were tested for
their performance for the full G3/05 test set. The reparametrized
UB2-PLYP(62,35) method with the cc-pVQZ basis set performs
very well, with the overall MAD of 9.9 kJ mol~! (Table 4)
performing slightly better than the original (U)B2-PLYP method
(i.e., 10.5 kJ mol™"), even though in the present case basis sets
containing tight-core functions were not used. The improvement
in performance across all categories in the G3/05 test set (with
the exception of proton affinities) is primarily due to the change
of basis set from QZV3P to cc-pVQZ. Also encouraging is the
excellent performance of the method for reaction types separate
from the heats of formation for which it was parametrized.

The reparametrized ROB2-PLYP(59,28) method shows a
slightly superior performance when compared with UB2-
PLYP(62,35) for the G3/05 test set. The overall MAD of 9.1
kJ mol~! represents a slight improvement on the unrestricted
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TABLE 4: Performance of the Parameter-Optimized ROB2-PLYP Methods and Influence of the s¢ Scaling Parameter on

Components of the G3/05 Test Set”

EA IE PA HB AH;
basis set S6 MAD MD MAD MD MAD MD MAD MD MAD MD overall MAD
cc-pvVQZe 6.3 0.3 9.4 —4.6 3.5 —1.8 2.1 0.6 11.3 0.9 9.9
cc-pvVQZ 5.7 —0.3 9.3 —4.7 3.5 —-13 2.1 0.8 10.2 2.2 9.1
cc-pVTZ 5.8 0.3 11.2 —8.2 5.7 1.7 2.2 —0.4 13.9 4.1 11.8
cc-pVDZ 13.8 10.2 30.3 —28.3 15.0 9.1 2.4 2.0 59.6 33.0 44.8
6-311+G(3df,2p) 6.2 29 10.2 —5.6 5.5 =51 2.2 0.5 15.8 6.6 12.8
6-31+G(2d,p) 7.1 —2.1 15.5 —11.8 6.4 —5.8 1.9 1.0 26.9 15.9 20.8
6-31G(d) 11.1 1.0 374 —322 21.5 3.5 4.5 29 45.6 18.5 37.8
cc-pvVQZe 0.30¢ 6.2 0.4 9.5 —4.6 3.5 —14 2.4 —-1.1 11.0 —2.7 9.7
cc-pvVQZ 0.407 5.7 —0.3 9.3 —4.7 3.6 —0.8 2.6 —1.4 10.9 —2.5 9.5
cc-pvQZ? 0.20¢ 6.2 0.3 9.5 —4.6 3.5 —15 23 —0.5 10.9 —1.5 9.6
cc-pvVQZ 0.20¢ 5.7 —0.3 9.3 —4.7 3.6 —-1.0 23 —0.3 9.8 —0.1 8.9

@ All energies are in kJ mol™'. » All methods are restricted (ROB2-PLYP) unless otherwise noted and use the basis-set optimized parameters
listed in Table 3. ¢ UB2-PLYP(62,35). ¢ Optimized values using the S22 test set. ¢ Optimized value using the G3/05 test set. EA = electron
affinities (63), IE = ionization energies (105), PA = proton affinities (10), HB = hydrogen-bond energies (6), and AH; = heats of formation
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Figure 6. Effect of basis set size on the mean absolute deviation (MAD) from experiment of the parameter-optimized ROB2-PLYP(X,C) methods
on the various components of the G3/05 test set. Note that diffuse functions are included in all basis sets for the calculation of electron affinities

and hydrogen-bond energies; see text.

method (MAD = 9.9 kJ mol™") and results from an equal or
better performance on each of the subsets of the G3/05 test set.
ROB2-PLYP(59,28) performs better than UB2-PLYP(62,35) for
most of the situations where calculations on open-shell species
are involved, i.e., for electron affinities, ionization energies and
heats of formation.

The overall and individual subset performance of each basis-
set-optimized ROB2-PLYP(X,C) method for the G3/05 test set
is shown graphically in Figure 6. Mirroring the results obtained
for the G2/97 heats of formation set, errors with the optimized
ROB2-PLYP(X,C) methods become significant once the basis
set is reduced to below triple-{ quality. For the smaller basis
sets, much of the overall error is attributed to larger errors in
the ionization energy and heats of formation sets. All basis sets
perform reasonably well for electron affinities and hydrogen-
bond energies, although this may be partly due to the additional
diffuse functions used in the calculation of these quantities (refer
to Theoretical Methods).

3.4. Incorporation of Dispersion Correction into the
Optimized ROB2-PLYP and UB2-PLYP Methods. In an
effort to improve the UB2-PLYP(62,35)/cc-pVQZ and ROB2-
PLYP(59,28)/cc-pVQZ model chemistries even further, we have
examined the effect of an empirical dispersion correction (DFT-

D), as previously proposed by Grimme.*** This type of
correction was found to greatly improve the performance of
both standard® and double-hybrid** DFT procedures for van
der Waals complexes. Because double-hybrid DFT procedures
are already capable of partially recovering dispersion via their
E2 component,'>3* an empirical scaling (damping) factor (sg)
is typically employed that has been found to be dependent on
the amount of E2 admixture in the DHDFT procedures.!?
Following the method used by both Grimme* and Martin,'?
we have optimized the dispersion scaling factor using the S22
benchmark set of interaction energies of Hobza and co-
workers,* which includes both large and small dispersive and
hydrogen-bonded systems. The same aug-cc-pVTZ basis set
used in Grimme’s original approach® was employed for
optimization of the s values for both the UB2-PLYP(62,35)-D
and ROB2-PLYP(59,28)-D methods. The MAD from high-level
theory for the S22 set with (U/RO)B2-PLYP-D is given as a
function of the s¢ parameter in Figure 7 and Table 6. A half-
counterpoise-correction (HCP) was applied to the interaction
energies as it represents a suitable compromise between a full
counterpoise correction (CP) and a non-counterpoise-corrected
approach.?* The optimum ss values that minimize the MAD for
the S22 set when the half-counterpoise correction is included
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Figure 7. Effect of the s dispersion coefficient on the mean absolute
deviation (MAD) from high-level theoretical values for the interaction
energies in the S22 test set using the ROB2-PLYP(59,28) and UB2-
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respectively, while (U/RO)B2-PLYP-D-HCP is their average; i.e., it
includes half the counterpoise correction.

are found to be 0.40 for ROB2-PLYP(59,28)-D HCP and 0.30
for UB2-PLYP(62,35)-D HCP after rounding to the nearest 0.05.
The larger value obtained for the restricted method is not
surprising as this method contains only 28% MP2 correlation,
compared with 35% in the unrestricted method, which contrib-
utes significantly toward taking care of dispersive effects. The
dispersion correction leads to an improvement in the MAD for
the S22 set from 4.6 to 1.4 kJ mol~! for UB2-PLYP(62,35)-D
HCP and from 6.1 to 1.6 kJ mol~! for ROB2-PLYP(59,28)-D
HCP.

When applied to the G3/05 test set (Table 4), incorporation
of the new dispersion correction leads to a decrease in the overall
MAD from 9.9 to 9.7 kJ mol™! for UB2-PLYP-D, while the

Graham et al.

MAD for the ROB2-PLYP-D method increases from 9.1 to 9.5
kJ mol~!. The increase in the MAD for ROB2-PLYP-D is
primarily due to the decline in performance for the heats of
formation within the G3/05 set where an increase in the MAD
from 10.2 to 10.9 kJ mol ™! is observed. The source of this error
can be traced further by subdividing the G3/05 heats of
formation into the G2/97 heats of formation set (148 molecules),
the G3/99 supplement to the G2/97 heats of formation (75)
(referred to as the G3/99 supplementary set), and the G3/05
supplement to the G3/99 heats of formation (48) (referred to as
the G3/05 supplementary set). The increase in MAD for the
ROB2-PLYP(59,28)-D method is found to be primarily due to
a 2.6 kJ mol™! increase in the G3/05 AH; supplementary set on
adding the scaled dispersion function (Table 5). Interestingly,
the UB2-PLYP(62,35)-D method also shows an increase in the
MAD for this subset on the addition of the dispersion function,
although it is not as severe as that for the restricted form. This
difference is likely to be a consequence of the smaller dispersion
coefficient used in the unrestricted method. The overall reduction
in MAD for the G2/97 and G3/99 AH; supplementary sets on
including dispersion is still good for the unrestricted method,
with these results supporting the 2.9 kJ mol™! improvement
previously reported.**

The G3/99 AH; supplementary set is primarily composed of
large unsubstituted and substituted hydrocarbons where a
dispersion correction is expected to make an important contribu-
tion. The species that comprise the G3/05 AH; supplementary
set, on the other hand, are primarily small to medium-sized
inorganic species where dispersion is expected to have a more
moderate effect. The increase in error when dispersion is applied
to the ROB2-PLYP(59,28) method is not so much the fault of
the dispersion function itself (or the dispersion scaling factor).
Rather, it is due to the population skew present in the heats of
formation error distribution before dispersion is applied, which
results from the choice of the original ax and ac parameters.

TABLE 5: Influence of the B2-PLYP-D s¢ Dispersion Coefficient on the Mean Absolute Deviations (MADs) and Mean
Deviations (MDs) from Experimental Values for Components of the G3/05 Heats of Formation Test Set*

G2/97 AH; set (148)

G3/99 AH; supplementary set (75)

G3/05 AH; supplementary set (48)

method® S6 MAD MD MAD MD MAD MD
cc-pvVQZe 0.00 7.4 —0.1 15.6 5.4 16.4 —3.3
cc-pvVQZ 0.00 6.6 1 14.6 7.1 14.7 —1.6
cc-pvVQZe 0.30¢ 73 —-1.9 13.5 —2.6 18.5 =52
cc-pvVQZ 0.40¢ 7.2 —1.4 14.1 —3.6 17.3 —4.1
cc-pvVQzZe 0.20¢ 7.2 —-13 13.7 0.1 17.8 —4.6
cc-pvVQZ 0.20¢ 6.6 —0.2 12.3 1.7 16.0 29

@ All energies are in kJ mol™'. » All methods are restricted [ROB2-PLYP(59,28)] unless otherwise noted. ¢ UB2-PLYP(62,35). ¢ Optimum
dispersion coefficient calculated using the S22 test set. * Optimum dispersion coefficient calculated using the full G3/05 test set.

TABLE 6: Influence of the s¢ Dispersion Coefficient on the Mean Absolute Deviations from High-Level Theoretical Values of
Interaction Energies for ROB2-PLYP(59,28) and UB2-PLYP(62,35)-D for the S22 Test Set”

S6 ROB2-PLYP(59,28)  ROB2-PLYP-D-CP

ROB2-PLYP-D-HCP

UB2-PLYP(62,35) UB2-PLYP-D-CP  UB2PLYP-D-HCP

0.0 43 8.3 6.1
0.1 33 6.6 4.6
0.2 2.5 49 3.1
0.3 22 33 2.1
0.4 2.8 1.9 1.6
0.5 44 1.1 23
0.6 6.1 1.8 4.0
0.7 7.8 35 5.6
0.8 9.5 52 73
0.9 11.2 6.8 9.0
1.0 12.8 8.5 10.7

@ All energies are in kJ mol ™.

3.0 7.1 4.6
22 54 3.1
2.0 3.8 2.0
3.0 24 1.4
4.7 1.1 22
6.4 1.4 39
8.0 3.0 5.5
9.7 4.7 7.2
11.4 6.4 8.9
13.1 8.1 10.6
14.8 9.8 12.3
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Figure 8. Effect of including the S22-optimized scaling parameter
(s6) as part of the UB2-PLYP(62,35) and ROB2-PLYP(59,28) methods
on the distribution of deviations from experimental values for the G3/
05 heats of formation test set. The G3/05 heats of formation set is
divided to show the G2/97 AH; (yellow bars), the G3/99 AH;
supplementary set (orange bars), and the G3/05 AH; supplementary
set (red bars). Each vertical bar represents deviations in a 4 kJ mol ™!
range.

Figure 8 shows distribution curves fitted to the subsets compris-
ing the G3/05 heat of formation set before and after the
dispersion correction is applied. By design, the addition of
the dispersion correction shifts the skew of the populations to
the left, with a more dramatic shift shown for those populations
containing large molecules (i.e., the G3/99 AH; supplementary
set) or for methods where a larger dispersion scaling factor is
applied (i.e., ROB2-PLYP(59,28)-D). The action of the included
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Figure 9. Effect of the s¢ scaling parameter on the mean absolute
deviation from experimental values for the full G3/05 test set when
using the (a) UB2-PLYP and (b) ROB2-PLYP methods.

dispersion function is to correct the right-skew of the G3/99
AH; supplementary set, but the unfortunate consequence is an
increase in the left-skew of both the G3/05 AH; supplementary
set and the G2/97 AH; set, ultimately increasing their MADs.
Clearly, the addition of a dispersion function to produce a
general purpose double-hybrid DFT procedure without the
reoptimization of the HF exchange and MP2 correlation
coefficients can give mixed results. This is interesting given
that it might have been expected that no refit would be required
for the nondispersion part because the parameters were derived
on relatively small systems.>*

The results of the re-evaluation of the s¢ scaling parameters
using the entire G3/05 set while the optimized DHDF parameters
are kept constant are shown in Figure 9. Optimum values for
the s4 scaling parameter for the UB2-PLYP(62,35) and ROB2-
PLYP(59,28) methods are both found to be 0.2. The improve-
ment in the overall MAD for heats of formation is a modest
0.4 kJ mol~! for both UB2-PLYP and ROB2-PLYP, resulting
in an overall decrease in MAD across the entire G3/05 test set
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of 0.3 and 0.2 kJ mol™!, respectively (Table 4). On balance,
however, we would favor the use of the ss parameters optimized
for the S22 set, since this is likely to better cope with the
description of van der Waals interactions.

4. Conclusions

In this study we have assessed the performance of the
parameter-optimized versions of the restricted-open-shell form
of the double-hybrid density functional theory (DHDFT) B2-
PLYP procedure against that of its unrestricted counterpart for
the 455 energies that comprise the G3/05 test set. In addition,
we have investigated the influence of basis set on both the
parametrization and performance of the ROB2-PLYP methods
and have examined their further improvement through augmen-
tation with a long-range dispersion function. We have reached
the following conclusions:

(1) Optimization of the two empirical parameters of the UB2-
PLYP(X,C) procedure using the G2/97 heats of formation test
set with the cc-pVQZ basis set results in Hartree—Fock
exchange and MP2 correlation scaling values of ax = 62% and
ac = 35%, respectively. For the ROB2-PLYP(X,C) procedure,
the corresponding optimized parameters are ax = 59% and ac
= 28%.

(2) When tested against the entire G3/05 test set, the UB2-
PLYP(62,35)/cc-pVQZ model chemistry gives a mean absolute
deviation (MAD) from experiment of 9.9 kJ mol~!. ROB2-
PLYP(59,28)/cc-pVQZ gives a slightly better MAD from
experiment of 9.1 kJ mol~!. The restricted form of the method
performs better in the areas where calculation of open-shell
species is involved, i.e., electron affinities, ionization energies,
and heats of formation. This suggests that spin contamination
has a minor, but measurable effect on the performance of the
unrestricted DHDFT procedures.

(3) It is essential to use optimized parameters for ROB2-
PLYP(X,C) to gain full benefit from the improved performance.
For example, the MAD values for the G2/97 test set are 13.5
and 12.2 kJ mol ™!, respectively, for ROB2-PLYP(62,35) and
ROB2-PLYP(53,27) compared with just 6.6 kJ mol™! for (the
optimized) ROB2-PLYP(59,28).

(4) The inclusion of a spin—orbit correction in optimizing
the DHDFT parameters results in a small change in the optimum
parameters but also in a deterioration in performance for both
the unrestricted- and restricted-open-shell methods.

(5) Reoptimization of the ROB2-PLYP parameters using the
G2/97 heats of formation test set with basis sets smaller than
cc-pVQZ results in significant changes in both the optimized
parameters and the performance of the method. In order of
increasing MAD from experiment, the optimized parameters and
MAD values are cc-pVQZ(59,28) (MAD = 6.6 kJ mol™!), cc-
pVTZ(60,32) (MAD = 9.5 kJ mol™}), 6-311+G(3df,2p)(55,27)
(MAD = 11.2 kJ mol ™), 6-31+G(2d,p)(53,25) (MAD = 18.8
kI mol™!), 6-31G(d)(5,0) (MAD = 32.2 kJ mol™!), and
cc-pVDZ(28,22) (MAD = 47.2 kJ mol™"). The enhanced basis-
set dependence compared with standard DFT procedures reflects
the incorporation of an MP2 component. As the contributions
of DFT correlation and MP2 correlation are inherently linked
through the ac parameter in DHDFT procedures, a reduction in
overall Hartree—Fock exchange appears to be more important
than increasing the amount of MP2 correlation when trying to
rectify the consequences stemming from the basis-set-size
deficiency. Reoptimization of the (59,28) parameters gives an
improvement in the MAD of between 0 and 41 kJ mol~! for
the G2/97 heats of formation set for the various basis sets. This
suggests that at least some of the deficiency of DHDFT
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procedures caused by the use of smaller basis sets can be
overcome through reparametrization. However, in the cases
where the basis set is less than triple-C quality, the improvements
made on reoptimizing the (double-hybrid) ROB2-PLYP param-
eters are not sufficient to warrant their general use, and the
(single-hybrid) ROB3-LYP procedure actually shows superior
performance.

(6) The empirical dispersion scaling coefficient (s¢) has been
calculated for the ROB2-PLYP(59,28)-D procedure by minimiz-
ing the MAD for the S22 test set. The optimum s, value is found
to be 0.40 for ROB2-PLYP(59,28)-D HCP, and this leads to
an improvement in the MAD for the S22 set from 6.1 to 1.6 kJ
mol~!. Performance of the dispersion-incorporated ROB2-
PLYP(59,28)-D method for the G3/05 test set, however,
deteriorates from an MAD of 9.1 kJ mol~! (without dispersion,
i.e., s¢ = 0) to 9.5 kJ mol~! (with s = 0.40), primarily due to
an increase of 2.6 kJ mol ™! in the MAD for the G3/05 heats of
formation supplementary set. While the addition of dispersion
greatly improves the performance for large organic molecules,
the small- to medium-sized inorganic molecules in the G3/05
heats of formation supplementary set are handled more poorly.
Nevertheless, the significant improvements for species where a
satisfactory description of dispersion is more important, makes
the ROB2-PLYP-D procedure an attractive choice.
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