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Reactions involving Criegee intermediates (CIs, R1R2COO) are
important in atmospheric ozonolysis models. In recent years,
density functional theory (DFT) and CCSD(T)-based ab initio
methods are increasingly being used for modeling reaction pro-
files involving CIs. We obtain highly accurate CCSDT(Q)/CBS
reaction energies and barrier heights for ring-closing reactions
involving atmospherically important CIs (R1/R2 = H, Me, OH,
OMe, F, CN, cyclopropene, ethylene, acetaldehyde, and acro-
lein). We use this benchmark data to evaluate the performance
of DFT, double-hybrid DFT (DHDFT), and ab initio methods for
the kinetics and thermodynamics of these reactions. We find
that reaction energies are more challenging for approximate
theoretical procedures than barrier heights. Overall, taking both
reaction energies and barrier heights into account, only one
of the 58 considered DFT methods (the meta-GGA MN12-L)
attains near chemical accuracy, with root-mean-square

deviations (RMSDs) of 3.5 (barrier heights) and 4.7 (reaction
energies) kJ mol−1. Therefore, MN12-L is recommended for
investigations where CCSD(T)-based methods are not computa-
tionally feasible. For reaction barrier heights performance does
not strictly follow Jacob’s Ladder, for example, DHDFT methods
do not perform better than conventional DFT methods. Of the
ab initio methods, the cost-effective CCSD(T)/CBS(MP2)
approach gives the best performance for both reaction energies
and barrier heights, with RMSDs of 1.7 and 1.4 kJ mol−1, respec-
tively. All the considered Gaussian-n methods show good per-
formance with RMSDs below the threshold of chemical
accuracy for both reaction energies and barrier heights, where
G4(MP2) shows the best overall performance with RMSDs of 2.9
and 1.5 kJ mol−1, respectively. © 2019 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.26106

Introduction

Criegee intermediates (CIs) are important intermediates in the
ozonolysis of unsaturated hydrocarbons in the atmosphere,
with the reaction mechanism first proposed by Rudolf
Criegee.[1] Since CIs are highly reactive and are difficult to
study experimentally, quantum chemistry plays a key role in
providing mechanistic insights and shaping our current
understanding of their chemical reactivity.[2–4] While reaction
mechanisms involving very small CIs can be studied using
post-CCSD(T) coupled-cluster methods (normally up to
CCSDT(Q))[5–10] most high-level ab initio studies are carried
out using the computationally more economical CCSD(T)
method.[11–28] However, for computational studies exploring
reaction mechanisms involving larger CIs density functional
theory (DFT) provides the only practical avenue, and a num-
ber of such investigations have been reported in recent
years.[11,14,29–43]

It is therefore of interest to assess the performance of
ab initio and DFT methods for their ability to accurately calcu-
late the reaction energies and barrier heights of chemical reac-
tions involving CIs. In the present work, we introduce a
representative benchmark database of 22 ring-closing reactions
involving CIs (also known as the Criegee22 database). We calcu-
late the reaction energies and barrier heights of these reactions
at the CCSDT(Q)/CBS level of theory by means of the W3lite-F12

composite procedure.[44–46] These benchmark values allow us
to assess the performance of a wide range of standard and
composite CCSD(T) methods, MP2-based methods, and contem-
porary DFT and double-hybrid DFT methods across the rungs of
Jacob’s Ladder.[47]

Computational Methods

We use the high-level W3lite-F12 composite procedure for
obtaining reaction energies and barrier heights at the
CCSDT(Q)/CBS level (i.e., coupled cluster with single, double, tri-
ple, and quasiperturbative quadruple excitations at the com-
plete basis set limit). The computational protocol of W3lite-F12
theory has been specified and rationalized elsewhere.[44–46] The
steps involved in W3lite-F12 theory are summarized in Table 1.
In this context, it is worth mentioning that for the largest sys-
tem considered in the present work consisting of seven
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nonhydrogen atoms (11, Fig. 2) the computational cost of the
high-level coupled-cluster calculations involved in W3lite-F12
theory proved to be almost prohibitive with the computational
resources at hand. For example, the iterative CCSDT/cc-pVTZ
(1d) calculation involves 6.7 billion amplitudes. This calculation
required 22 iterations to converge to 10−6 Hartree. Each itera-
tion ran for about 17 h on 20 cores of a dual Intel Xeon
machine (E5-2683-v3 and 2.0 GHz) with 512 GB of RAM, with a
total runtime of 16 days. In contrast, a DFT single point energy
calculation for the same system requires only a few minutes to
complete on four cores and 32 GB of RAM.

Prior to running the W3lite-F12 single-point energy calcula-
tions, we performed a preliminary benchmark study of the
equilibrium and transition structures obtained by a number of
DFT methods. Reference structures for the reactants, transition
structures, and products involved in reactions 1, 3-cis, 3-trans,
4-cis, and 4-trans were optimized at the CCSD(T)-F12/cc-pVDZ-
F12 level of theory. We note that this level of theory has been
found to give geometries that are in good agreement with
CCSD(T)/cc-pV6Z geometries for a wide and diverse set of small
molecules.[53] We considered the B3LYP-D3BJ, M06-2X, MN15,
and DSD-PBEP86-D3BJ functionals in conjunction with the
Def2-TZVPP basis set.[54] Over the entire set of bond distances,
we obtain the following root-mean-square deviations (RMSDs):
0.009 (B3LYP-D3BJ), 0.019 (M06-2X), 0.018 (MN15), and 0.009
(DSD-PBEP86-D3BJ) Å (for further details see Table S1,
Supporting Information). These results indicate that the B3LYP-
D3BJ and DSD-PBEP86-D3BJ functionals show similar perfor-
mance. Nevertheless, we opted on using the DSD-PBEP86-D3BJ

functional, which should in principle be more reliable since the
underlying exchange-correlation functional includes both exact
Hartree–Fock exchange and MP2 correlation energies.[55–58]

Finally, we note that in order to enable a rigorous comparison
between the benchmark W3lite-F12 and the DFT results, all the
DFT calculations are carried out on the DSD-PBEP86-D3BJ/
Def2-TZVPP optimized geometries that were used in the W3lite-
F12 calculations.

The DFT exchange-correlation functionals considered in the
present study (ordered by their rung on Jacob’s Ladder)[47]

are given in Table 2. Empirical D3 dispersion corrections[59–61]

are included in some cases using the finite Becke–Johnson[62]

and zero-damping potentials (denoted by the suffix -D3BJ
and -D3, respectively). We note that the suffix -D in B97-D and
ωB97X-D indicates the original dispersion correction. In the
following discussion we will regard to DFT methods with
RMSDs from our CCSDT(Q)/CBS reference values smaller than
~4 kJ mol−1 as good performers and to methods with RMSDs
that are twice as large (i.e., RMSD > ~8 kJ mol−1) as poor
performers.

The performance of CCSD(T) and MP2-based ab initio
methods is also assessed. We consider the performance of the
following standard ab initio methods: MP2, SCS-MP2,[114] SOS-
MP2,[115] SCS(MI)-MP2,[116] SCSN-MP2,[117] S2-MP2,[118] and
CCSD(T).[119,120] In addition, we consider the following compos-
ite procedures: G4,[121] G4(MP2),[122] G4(MP2)-6X,[123] G3B3,[124]

G3(MP2)B3,[124] and CBS-QB3.[125] All the DFT, DHDFT, and MP2
calculations were carried out in conjunction with the
Def2-QZVPP basis set.[54] All the CCSD(T) calculations involved
in the W3lite-F12 protocol were calculated using Molpro
2016,[126,127] while all post-CCSD(T) calculations were performed
using the MRCC program.[128,129] All the other calculations

Table 1. Steps involved in the high-level W3lite-F12 composite method
used for obtaining relativistic, all-electron CCSDT(Q)/CBS reference
reaction energies and barrier heights.

Step Level of theory Taken from

Hartree–Fock HF*/VQZ-F12[a] W2-F12 theory[44]

CCSD V{T,Q}Z-F12 W2-F12 theory[44]

(T) VTZ-F12 W2-F12 theory[44]

T–(T) V{D,T(1d)}Z-F12[b] W3lite theory[45]

(Q) VDZ W3lite theory[45]

Core-valence CCSD(T)/CBS[c] W2-F12 theory[44]

Scalar relativistic CCSD(T)/A’VTZ-DK[d] W2-F12 theory[44]

[a] HF* indicates that the complementary auxiliary basis set (CABS) singles correc-
tion is included.[48–51]

[b] The VTZ(1d) basis set is a truncated version of the VTZ basis set in which the sp
functions from the VTZ basis set are combined with the d functions from the VDZ
basis set.
[c] The CCSD inner-shell contribution is calculated with the aug-cc-pwCVTZ basis
set[52] and the (T) inner-shell contribution is calculated with the cc-pwCVTZ basis
set without the f functions.
[d] Taken as the difference between nonrelativistic CCSD(T)/A’VTZ and relativistic
CCSD(T)/A’VTZ-DK calculations (A’VTZ indicates the combination of the regular cor-
relation consistent basis set on hydrogen and aug-cc-pVnZ on first-row elements).

Figure 1. Schematic representation of the reactions in the Criegee22
database. The R1 and R2 functional groups are shown in Figure 2.

Table 2. DFT exchange-correlation functionals considered in the present
work. These methods are benchmarked in conjunction with the
Def2-QZVPP basis set.

Type[a] Functionals

GGA BLYP,[63,64] B97-D,[65] HCTH407,[66] PBE,[67]

BP86,[63,68] BPW91,[64,69] SOGGA11,[70] N12[71]

MGGA M06-L,[72] TPSS,[73] τ-HCTH,[74] VSXC,[75]

BB95,[76] M11-L,[77] MN12-L,[78] MN15-L[79]

HGGA BH&HLYP,[80] B3LYP,[63,81,82] B3P86,[68,81]

B3PW91,[69,81] PBE0,[83] B97-1,[84] B98,[85]

X3LYP,[86] SOGGA11-X,[87] APF,[88]

APF-D,[88] mPW1PW91,[69,89] mPW1LYP,[63,89]

mPW1PBE,[67,89] mPW3PBE,[67,89] HSE03,[90]

HSE06[91]

HMGGA M05,[92] M05-2X,[93] M06,[94] M06-2X,[94]

M06-HF,[94] M08-HX,[95] MN15,[79] BMK,[96]

B1B95,[63,76] TPSSh,[97] τ-HCTHh,[74] PW6B95[98]

RS ωB97,[99] ωB97X,[99] ωB97X-D,[100] M11,[101]

N12-SX,[102] MN12-SX,[102] CAM-B3LYP,[103]

LC-ωHPBE,[104] LC-ωPBE,[105] LC-BLYP,
LC-PBE, LC-BP86, and LC-BPW91[106]

DH B2-PLYP,[107] mPW2-PLYP,[108] PBE0-DH,[109]

PBEQI-DH,[110] B2GP-PLYP,[111] B2K-PLYP, [112]

B2T-PLYP,[112] DSD-BLYP,[113] DSD-PBEP86[56,57]

[a] DH, double hybrid; GGA, generalized gradient approximation; HGGA, hybrid-
GGA; HMGGA, hybrid-meta-GGA; MGGA, meta-GGA; RS, range separated.
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(DFT, DHDFT, MP2, and lower-level composite procedures) were
performed using the Gaussian 16 program suite.[130]

Results and Discussion

Overview of the reactions and benchmark CCSDT(Q)/CBS
reaction energies and barrier heights in the Criegee22
database

The Criegee22 database is comprised of 22 reaction energies
and barrier heights for the ring-closing reaction shown in
Figure 1. The 22 reactants are shown in Figure 2. In all of these
reactions the terminal oxygen of the CI reactant attacks the car-
bonyl carbon to form a dioxirane ring.

Table 3 lists the CCSDT(Q)/CBS reaction energies (ΔEr) and
barrier heights (ΔE‡) for the reactions in the Criegee22 data-
base. To ensure we are comparing apples to apples, so to
speak, relativistic effects are included when benchmarking com-
posite ab initio methods but are excluded when benchmarking
DFT, DHDFT, and standard ab initio methods. However, we note
that the difference between the relativistic and nonrelativistic
reaction energies and barrier heights is fairly small and ranges
between 0.1 and 0.4 kJ mol−1 (see Table S2).

A recent study examined a set of CCSDT(Q)/CBS barrier
heights for a diverse range of reactions, including pericyclic,
bipolar cycloaddition, cycloreversion, and multiple-proton trans-
fer reaction.[131] They found that CCSD(T)/CBS reaction barrier
heights normally benefit from an effective error cancelation
between the higher-order triples, T–(T), which tend to increase
the barrier heights, and the quasiperturbative quadruples, (Q),

Figure 2. Reactants involved in the Criegee22 database (see Fig. 1 for a schematic representation of the ring-closing reaction).

Table 3. CCSDT(Q)/CBS reaction energies (ΔEr) and barrier heights (ΔE‡)
for the reactions in the Criegee22 database obtained using W3lite-F12
theory (in kJ mol−1).[a]

Reaction energies (ΔEr) Barrier heights (ΔE‡)

nonrel[b] rel[c] nonrel[b] rel[c]

1 −105.2 −105.4 83.0 82.7
2-cis −92.3 −92.5 103.4 103.1
2-trans −107.5 −107.8 69.6 69.3
3-cis −112.6 −112.8 84.1 83.8
3-trans −117.5 −117.6 30.8 30.6
4-cis −145.5 −145.7 78.7 78.4
4-trans −150.2 −150.3 37.5 37.2
5-cis-anti −106.7 −106.9 80.3 80.1
5-cis-syn −111.9 −112.1 51.9 51.6
5-trans-anti −111.4 −111.5 28.2 28.0
5-trans-syn −111.0 −111.1 31.4 31.2
6 −107.1 −107.2 37.1 36.9
7-cis-anti −81.4 −81.7 85.9 85.5
7-cis-syn −70.3 −70.5 113.2 112.9
7-trans-anti −84.3 −84.6 74.1 73.8
7-trans-syn −84.2 −84.5 63.0 62.7
8-cis −86.6 −86.7 104.7 104.4
8-trans −109.9 −110.1 71.6 71.2
9 −90.4 −90.6 91.5 91.2
10-cis −94.8 −95.1 92.0 91.6
10-trans −96.8 −97.1 80.9 80.5
11 −80.7 −81.0 82.2 81.8

[a] For the component breakdown of the W3lite-F12 reaction energies and barrier
heights see Table S2 of the Supporting Information.
[b] All-electron, nonrelativistic CCSDT(Q)/CBS reference values from W3lite-F12 the-
ory for benchmarking DFT and standard ab initio procedures.
[c] All-electron, relativistic CCSDT(Q)/CBS reference values from W3lite-F12 theory
for benchmarking composite ab initio procedures.
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which tend to reduce the barrier heights. Thus, overall post-
CCSD(T) contributions to reaction barrier heights normally do
not exceed the 1 kJ mol−1 mark. A striking exception to this are
the challenging cycloreversion fragmentation reactions for which
the T–(T) and (Q) contributions reinforce each other,[131] and thus
post-CCSD(T) contributions can reach up to 6.7 kJ mol−1. Inspec-
tion of Table S2 reveals that post-CCSD(T) contributions to the
reaction barrier heights in the Criegee22 database do not exceed
the 1.5 kJ mol−1 mark and are therefore consistent with the gen-
eral finding of ref. [131]. On the other hand, post-CCSD
(T) contributions to the reaction energies in the Criegee22 data-
base are much larger. In particular, in 50% of the cases they
exceed 4.0 kJ mol−1, and can reach up to 8.0 kJ mol−1. Thus, it is
clear that CCSD(T)/CBS reaction energies (e.g., from Wn or Wn-
F12,[44,132] n = 1 and 2) are not sufficiently accurate for
benchmarking more approximate quantum chemical procedures.

The relativistic, all-electron, vibrationless CCSDT(Q)/CBS reac-
tion energies in the Criegee22 database (all exothermic) range
between 70.5 and 150.3 kJ mol−1, and the barrier heights range
between 28.0 and 112.9 kJ mol−1. We note that our reaction
barrier height for the cyclization of the prototypical CI (CH2OO)
of 82.7 kJ mol−1 is in good agreement with the recently
reported experimental value of 81.8 kJ mol−1 fitted via master
equation calculations to CH2OO decomposition kinetics
obtained from ultraviolet experiments.[133]

In cases where the substituent cis to the terminal oxygen (R1)
involves an electronegative atom attached to the carbonyl car-
bon of the CI, the barrier height for the ring closing reaction is
significantly higher. For example, for R = OH, we obtain the fol-
lowing reaction barrier heights 83.8 (3-cis) and 30.6 (3-trans) kJ
mol−1 (Table 3). Similarly, for R = F, we obtain reaction barrier
heights of 78.4 (4-cis) and 37.2 (4-trans) kJ mol−1.

Performance of DFT and DHDFT procedures for the reaction
barrier heights in the Criegee22 database

Figure 3 and Table 4 give an overview of the performance of
58 DFT and 9 DHDFT functionals. Dispersion effects play a minor

role for both reaction energies and barrier heights and will be
discussed in the subsection Dispersion Corrections. We start by
making a few general observations:

• With no exceptions all of the DFT methods overestimate the
CCSDT(Q)/CBS barrier heights as reflected by positive mean-
signed deviations (MSDs).

• For nearly all functionals across the rungs of Jacob’s Ladder,
the largest positive deviations are obtained for the reactions
involving the strong electron accepting CN group (10-cis and
10-trans).

• The best performing hybrid-GGA (rung 3.5) and double-
hybrid (rung 5) functionals show poorer performance relative
to the best performers from the other rungs of Jacob’s Lad-
der. Thus, the performance for reaction barrier heights does
not strictly improve along the Jacob Ladder rungs.

Of the eight pure GGA functionals, BLYP shows exceptionally
good performance with an RMSD of 3.0 kJ mol−1. The other
GGAs result in RMSDs ranging between 5.2 (BP86) and 13.7
(HCTH407) kJ mol−1. Inclusion of the kinetic energy density
improves the performance, such that four MGGA procedures
result in RMSDs ≤4.0 kJ mol−1; namely, TPSS (2.1), MN12-L (3.5),
MN15-L (3.6), and BB95 (4.0 kJ mol−1).

None of the hybrid GGAs result in RMSDs <4.0 kJ mol−1. The
best HGGA functionals (mPW1LYP, B98, and B97-1) attain
RMSDs between 4.6 and 4.9 kJ mol−1, while the worst per-
formers (PBE0, HSE03, and HSE06) result in RMSDs of 8.0–
8.2 kJ mol−1. Inclusion of the kinetic energy density significantly
improves performance. The best performing HMGGA func-
tionals are (RMSDs given in parenthesis): MN15 (2.1) and TPSSh
(2.6 kJ mol−1). The next HMGGA PW6B95 lags behind with an
RMSD of 4.3 kJ mol−1. Thus, there seems to be little or no corre-
lation between the performance and the percentage of exact
Hartee–Fock (HF) exchange in the functional form. For example,
MN15, TPSSh, and PW6B95 involve 44%, 10%, and 28% of exact
HF exchange. Two HMGGAs (M08-HX and M05) show poor

Figure 3. Root-mean-square deviations (RMSDs) of a representative set of DFT and DHDFT procedures over the barrier heights (shown in blue) and reaction
energies (shown in orange) for the Criegee22 database (in kJ mol−1). The dashed black line represents an RMSD of 4.2 kJ mol−1, functionals attaining RMSDs
below this line are considered good performers. The RMSDs of all the DFT procedures are given in Tables 4 and 5. [Color figure can be viewed at
wileyonlinelibrary.com]
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Table 4. Statistical analysis for the performance of DFT and DHDFT procedures for the reaction barrier heights in the Criegee22 database (in kJ mol−1).
The CCSDT(Q)/CBS reference values are given in Table 3.

Type[a] Method RMSD[b] MAD[b] MSD[b] LND[b],[c] LPD[b],[c]

GGA BLYP 3.0 2.6 2.5 −0.8 (8-cis) 5.8 (10-trans)
BP86 5.2 4.7 4.6 −1.3 (6) 8.0 (10-trans)
BPW91 5.9 5.4 5.3 −1.2 (6) 8.8 (10-trans)
B97-D 6.8 6.2 6.2 −0.1 (6) 10.6 (10-trans)
PBE 6.8 6.2 6.1 −0.8 (6) 9.8 (10-trans)
N12 9.0 8.6 8.6 N/A 12.9 (10-trans)
SOGGA11 10.0 8.9 8.9 N/A 15.3 (8-trans)
HCTH407 13.7 13.1 13.1 N/A 18.0 (10-trans)

MGGA TPSS 2.1 1.8 0.6 −3.5 (6) 4.9 (10-trans)
MN12-L 3.5 2.5 2.1 −1.8 (5-cis-anti) 10.0 (10-trans)
MN15-L 3.6 2.7 2.1 −2.6 (5-cis-syn) 9.8 (10-trans)
BB95 4.0 3.5 3.2 −2.4 (6) 6.4 (10-trans)
M11-L 5.2 3.9 3.6 −1.9 (5-cis-syn) 13.6 (10-trans)
VSXC 6.4 5.6 4.9 −5.5 (5-cis-syn) 12.0 (10-cis)
τ-HCTH 8.4 7.7 7.7 −0.1 (6) 12.6 (10-trans)
M06-L 9.7 9.2 9.2 N/A 15.4 (10-trans)

HGGA mPW1LYP 4.6 3.9 3.9 −0.4 (5-cis-anti) 9.6 (10-trans)
B98 4.8 4.5 4.5 N/A 9.3 (10-trans)
B97-1 4.9 4.5 4.5 N/A 9.4 (10-trans)
B3LYP 5.1 4.7 4.7 N/A 10.0 (10-trans)
X3LYP 5.2 4.7 4.7 N/A 10.2 (10-trans)
BH&HLYP 5.2 4.5 2.3 −7.0 (5-cis-anti) 9.3 (10-trans)
SOGGA11X 5.6 4.9 4.9 N/A 11.4 (10-trans)
mPW1PW91 7.1 6.8 6.8 N/A 12.8 (10-trans)
B3P86 7.2 6.9 6.9 N/A 12.4 (10-trans)
B3PW91 7.3 7.0 7.0 N/A 12.5 (10-trans)
mPW1PBE 7.3 7.0 7.0 N/A 13.0 (10-trans)
mPW3PBE 7.5 7.2 7.2 N/A 12.7 (10-trans)
APF-D 7.6 7.2 7.2 N/A 13.1 (10-trans)
APF 7.7 7.4 7.4 N/A 13.2 (10-trans)
PBE0 8.0 7.6 7.6 N/A 13.6 (10-trans)
HSE06 8.1 7.8 7.8 N/A 14.1 (10-trans)
HSE03 8.2 7.9 7.9 N/A 14.2 (10-trans)

HMGGA MN15 2.1 1.7 0.5 −3.5 (5-cis-anti) 5.3 (10-trans)
TPSSh 2.6 2.1 1.8 −1.4 (6) 7.1 (10-trans)
PW6B95 4.3 3.9 3.9 N/A 9.7 (10-trans)
M06 4.8 4.4 4.4 N/A 10.4 (10-trans)
τ-HCTHh 5.3 5.0 5.0 N/A 9.9 (10-trans)
B1B95 5.5 5.2 5.2 N/A 11.1 (10-trans)
M06-HF 6.2 4.8 1.3 −10.3 (4-cis) 10.4 (5-trans-anti)
M05-2X 6.6 6.0 6.0 N/A 12.6 (10-trans)
M06-2X 8.0 7.5 7.5 N/A 13.4 (10-trans)
BMK 8.3 8.1 8.1 N/A 12.1 (10-trans)
M08-HX 11.1 10.5 10.5 N/A 18.6 (10-trans)
M05 13.3 13.0 13.0 N/A 19.4 (10-trans)

RS MN12-SX 3.3 2.8 0.4 −5.7 (5-cis-anti) 7.8 (10-trans)
CAM-B3LYP 4.9 4.3 4.3 N/A 8.9 (10-trans)
ωB97 5.3 4.7 4.7 N/A 8.4 (10-trans)
ωB97X 5.6 5.1 5.1 N/A 9.2 (10-trans)
LC-ωHPBE 6.0 5.8 5.8 N/A 9.0 (10-trans)
LC-ωPBE 6.0 5.8 5.8 N/A 9.0 (10-trans)
ωB97X-D 6.7 6.5 6.5 N/A 10.8 (10-trans)
N12-SX 7.1 6.8 6.8 N/A 12.7 (10-trans)
LC-BLYP 8.0 7.4 7.4 N/A 12.3 (6)
LC-BP86 9.6 9.4 9.4 N/A 12.6 (10-trans)
LC-BPW91 10.1 10.0 10.0 N/A 13.3 (10-trans)
LC-PBE 10.6 10.5 10.5 N/A 13.9 (10-trans)
M11 12.9 12.7 12.7 N/A 18.3 (10-trans)

DH mPW2-PLYP 5.2 4.5 4.5 N/A 11.3 (10-trans)
B2-PLYP 5.4 4.7 4.7 N/A 11.2 (10-trans)
B2T-PLYP 5.9 5.1 5.1 N/A 12.7 (10-trans)
B2GP-PLYP 6.5 5.6 5.6 N/A 14.1 (10-trans)
PBE0-DH 7.0 6.7 6.7 N/A 13.3 (10-trans)
B2K-PLYP 7.2 6.1 6.1 N/A 16.0 (10-trans)

(Continues)
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performance with RMSDs of 11.1 and 13.3 kJ mol−1, respec-
tively. Finally, we note that only one of the range-separated
functionals (MN12-SX) results in good performance with an
RMSD of 3.3 kJ mol−1.

The double-hybrid functionals result in disappointing RMSDs
ranging between 5.2 and 8.0 kJ mol−1, where the best per-
formers are the older-generation mPW2-PLYP and B2-PLYP
functionals. This result is unexpected since DHDFT functionals
have been found to exhibit significant improvement in perfor-
mance over conventional GGA, MGGA, and HGGA functionals
for a wide range of reaction barrier heights. [134–136] Including
hydrogen transfer, heavy atom transfer, nucleophilic substitu-
tion, and unimolecular and recombination reactions;[111,137]

uncatalyzed and water-catalyzed proton transfers;[138] and peri-
cyclic, cycloaddition, and cycloreversion reactions.[139,140]

Performance of DFT and DHDFT procedures for the reaction
energies in the Criegee22 database

Figure 3 and Table 5 give an overview of the performance of
the DFT and DHDFT functionals for the reaction energies in the
Criegee22 database. Inspection of the results in Table 5 reveals
that the reaction energies are much more challenging for con-
ventional DFT methods than the reaction barrier heights. This is
seen across rungs 2–4 of Jacob’s Ladder, and is demonstrated,
for example, by taking the average of the RMSDs for all func-
tionals from each rung. These results are listed in Table 6. The
better performance of DFT methods for reaction barrier heights
may be attributed to the larger degree of chemical similarity
between reactants and TSs rather than with the products which
contain a strained dioxirane ring. For the GGA methods the
average RMSD goes up from 7.6 for barrier heights up to
28.7 kJ mol−1 for reaction energies. The poor performance of
GGAs for the thermochemistry of challenging reactions is not
surprising;[81,134–136,141–144] however, the large difference
between the performance for reaction energies and barrier
heights highlights the relatively good performance of GGAs for
the reaction barrier heights in the Criegee22 database.

For the reaction energies, the RMSDs for the GGAs range
from 23.0 (SOGGA11) to 39.1 (BLYP) kJ mol−1 (Table 5). Thus, it
is clear that GGAs cannot be used for investigating similar reac-
tion energies. Inclusion of the kinetic energy density signifi-
cantly improves performance in one case, namely MN12-L
attains relatively good performance with an RMSD of
4.7 kJ mol−1. However, the other MGGAs show poor perfor-
mance with RMSDs ranging between 8.9 (MN15-L) and 30.0
(VSXC) kJ mol−1.

Moving on to rung 3.5 of Jacob’s Ladder, the HGGA func-
tionals still struggle with the reaction energies in the Criegee22
database, with RMSDs ranging between 4.7 (PBE0) and 20.7
(B3LYP) kJ mol−1. Thus, the best performing MGGA and HGGA
(MN12-L and PBE0) result in practically the same RMSD of
4.7 kJ mol−1. Two functionals from rung 4 of Jacob’s Ladder
(M05 and B1B95) result in good performance with RMSDs of 3.6
and 4.2 kJ mol−1, respectively. However, the rest of the
HMGGAs result in RMSDs ranging between 5.8 (PW6B95) and
26.8 (M06-HF) kJ mol−1. Finally, we note that none of the
range-separated functionals attain good performance (Table 5).

Two rung 5 functionals, which were optimized for thermo-
chemistry, B2GP-PLYP and B2T-PLYP result in good perfor-
mance with RMSDs of 3.6 and 3.8 kJ mol−1, respectively. The
rest of the double-hybrid functionals result in RMSDs ranging
between 5.6 (DSD-BLYP) and 14.7 (PBEQI-DH) kJ mol−1.

Dispersion corrections

Table 7 gathers the differences in RMSD between the
dispersion-corrected and uncorrected DFT functionals. We con-
sider both the D3 correction with a zero-damping function and
the D3BJ correction with the finite Becke–Johnson damping
function. Inspection of the results in Table 7 reveals that, across
all rungs of Jacob’s Ladder, inclusion of either the D3 or D3BJ
correction has a relatively minor effect on the performance of
DFT for both the reaction energies and barrier heights in the
Criegee22 database. For the reaction barrier heights, the D3
correction leads to no change in the RMSDs or minor deteriora-
tions in performance by up to 0.2 kJ mol−1 (B3LYP, B3PW91,
and BMK). The D3BJ correction, on the other hand, leads to
minor improvements in performance by up to 0.3 kJ mol−1

(BLYP). For the reaction energies, the D3 correction results in
minor changes of up to 0.3 kJ mol−1 (BLYP and BP86) in the
RMSDs. The D3BJ correction tends to lead to more significant
changes in performance by up to 0.9 kJ mol−1 (BLYP).

Performance of standard and composite ab initio procedures
for the reaction energies and barrier heights in the Criegee22
database

Table 8 gives an overview of the performance of standard and
composite ab initio methods for the reaction energies and bar-
rier heights in the Criegee22 database. Before proceeding to a
detailed discussion of the performance of the MP2 and CCSD(T)
methods, we note that it has been recently shown that extrapo-
lating MP2 and CCSD(T) correlation energies using minimal
basis can yield correlation energies that outperform those

Table 4. Continued

Type[a] Method RMSD[b] MAD[b] MSD[b] LND[b],[c] LPD[b],[c]

DSD-BLYP 7.6 6.6 6.6 N/A 16.4 (10-trans)
DSD-PBEP86 7.8 6.9 6.9 N/A 16.6 (10-trans)
PBEQI-DH 8.0 7.4 7.4 N/A 16.2 (10-trans)

[a] Footnote a to Table 2 applies here.
[b] LND, largest negative deviation; LPD, largest positive deviation; MAD, mean-absolute deviation; MSD, mean-signed deviation; RMSD, root-mean-square deviation.
[c] The reaction with the LND/LPD is given in parenthesis (see Figs. 1 and 2).

FULL PAPER WWW.C-CHEM.ORG

Journal of Computational Chemistry 2019 WWW.CHEMISTRYVIEWS.COM6

http://WWW.C-CHEM.ORG
http://WWW.CHEMISTRYVIEWS.COM


Table 5. Statistical analysis for the performance of DFT and DHDFT procedures for the reaction energies in the Criegee22 database (in kJ mol−1). The
CCSDT(Q)/CBS reference values are given in Table 3.

Type[a] Method RMSD[b] MAD[b] MSD[b] LND[b],[c] LPD[b],[c]

GGA SOGGA11 23.0 21.7 21.3 −4.5 (6) 33.9 (10-trans)
HCTH407 25.5 24.7 24.7 N/A 34.2 (10-trans)
PBE 26.6 25.9 25.9 N/A 33.0 (10-trans)
BPW91 27.3 26.8 26.8 N/A 33.2 (10-trans)
N12 27.6 27.1 27.1 N/A 33.8 (7-trans-anti)
BP86 28.9 28.4 28.4 N/A 34.4 (11)
B97-D 31.3 31.0 31.0 N/A 37.7 (10-trans)
BLYP 39.1 39.0 39.0 N/A 43.4 (7-trans-anti)

MGGA MN12-L 4.7 4.0 1.3 −12.1 (1) 8.9 (6)
MN15-L 8.9 8.2 −8.2 −18.5 (1) N/A
M06-L 12.3 11.7 11.7 N/A 17.2 (11)
M11-L 14.3 14.0 14.0 N/A 20.6 (6)
TPSS 16.0 15.6 15.6 N/A 20.2 (11)
τ-HCTH 25.1 24.6 24.6 N/A 31.5 (7-trans-syn)
BB95 25.9 25.3 25.3 N/A 31.7 (11)
VSXC 30.0 29.4 29.4 N/A 37.5 (11)

HGGA PBE0 4.7 4.1 3.5 −3.6 (1) 7.8 (3-cis)
mPW1PBE 5.0 4.4 3.7 −3.8 (1) 7.9 (3-cis)
mPW1PW91 6.0 5.2 4.7 −3.0 (1) 8.9 (3-cis)
APF-D 6.1 5.6 5.5 −0.3 (1) 10.1 (3-cis)
APF 6.9 6.3 6.2 −1.0 (1) 10.2 (3-cis)
HSE03 7.0 6.3 6.2 −1.6 (1) 10.2 (3-cis)
HSE06 7.0 6.4 6.3 −1.2 (1) 10.3 (3-cis)
mPW3PBE 9.9 9.5 9.5 N/A 13.1 (3-cis)
B3PW91 10.5 10.1 10.1 N/A 13.8 (5-cis-anti)
B3P86 10.9 10.5 10.5 N/A 14.2 (3-cis)
SOGGA11X 11.0 8.9 −6.7 −21.9 (10-cis) 12.1 (6)
B97-1 13.0 12.5 12.5 N/A 16.6 (5-cis-anti)
B98 14.2 13.6 13.6 N/A 18.3 (5-trans-syn)
BH&HLYP 14.3 12.1 0.9 −22.9 (10-cis) 32.8 (6)
mPW1LYP 18.5 17.6 17.6 N/A 27.4 (6)
X3LYP 19.5 19.0 19.0 N/A 25.1 (5-trans-syn)
B3LYP 20.7 20.2 20.2 N/A 25.9 (5-trans-syn)

HMGGA M05 3.6 3.1 0.3 −6.4 (10-cis) 5.4 (5-cis-anti)
B1B95 4.2 3.8 0.2 −8.1 (1) 5.0 (5-cis-syn)
PW6B95 5.8 4.7 3.2 −5.3 (1) 9.9 (6)
TPSSh 8.0 7.6 7.5 −1.9 (1) 11.0 (5-cis-anti)
MN15 8.3 6.9 −4.2 −15.2 (10-trans) 7.6 (6)
M06 8.5 7.1 6.7 −1.7 (1) 16.6 (6)
BMK 9.0 8.1 −0.4 −16.6 (10-cis) 11.4 (5-trans-syn)
M08-HX 11.2 8.8 −6.9 −21.8 (10-cis) 8.1 (6)
M05-2X 11.6 9.7 −5.0 −22.3 (10-cis) 15.7 (6)
M06-2X 15.4 12.3 −11.5 −28.4 (10-cis) 7.7 (6)
τ-HCTHh 17.1 16.9 16.9 N/A 20.1 (5-cis-anti)
M06-HF 26.8 22.0 −18.5 −51.9 (10-cis) 15.4 (6)

RS wB97X-D 7.0 6.1 1.6 −9.8 (11) 10.7 (6)
N12-SX 7.3 6.4 6.0 −2.8 (1) 11.6 (5-cis-syn)
MN12-SX 9.2 7.7 −4.8 −17.8 (10-cis) 12.3 (6)
M11 9.8 8.7 −1.7 −17.9 (10-trans) 11.6 (6)
ωB97X 10.7 9.0 −4.8 −21.0 (11) 11.1 (6)
CAM-B3LYP 11.5 9.3 7.9 −5.2 (10-cis) 21.6 (6)
LC-BLYP 13.8 11.7 −4.3 −26.1 (11) 17.7 (6)
ωB97 15.2 12.1 −10.6 −29.0 (11) 8.4 (6)
LC-ωHPBE 16.8 13.7 −13.7 −31.0 (11) N/A
LC-ωPBE 16.8 13.7 −13.7 −31.0 (11) N/A
LC-BP86 19.4 15.9 −15.8 −35.3 (11) 0.1 (6)
LC-BPW91 21.0 17.9 −17.9 −37.1 (11) N/A
LC-PBEPBE 21.8 19.0 −19.0 −37.9 (11) N/A

DH B2GP-PLYP 3.6 3.2 −1.2 −6.1 (1) 6.0 (6)
B2T-PLYP 3.8 2.9 2.2 −2.8 (1) 8.4 (6)
DSD-BLYP 5.6 4.8 −4.7 −9.8 (7-trans-syn) 0.9 (6)
mPW2-PLYP 6.2 5.3 5.3 N/A 11.9 (6)
B2-PLYP 7.7 7.4 7.4 N/A 10.5 (5-cis-syn)
B2K-PLYP 7.7 6.6 −6.2 −12.5 (7-trans-syn) 3.9 (6)

(Continues)
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obtained from Kohn–Sham DFT calculations.[145,146] Let us begin
with the performance of the MP2-based procedures for the
reaction energies and barrier heights in the Criegee22 database.
The performance of these methods is evaluated in conjunction
with the Def2-QZVPP basis set to enable a direct comparison
with the DHDFT results in Tables 4 and 5. It is clear that none
of the MP2-based methods can compete with the performance
of the DHDFT methods. The RMSDs for the reaction barrier

heights range between 6.6 (SCSN-MP2) and 15.5 (S2-MP2) kJ
mol−1. The RMSDs for the reaction energies are much larger
and range between 20.3 (SCSN-MP2) and 31.6 (S2-MP2)
kJ mol−1.

The CCSD(T) method in conjunction with nonaugmented
double-ζ-quality basis sets performs reasonably well for the
reaction barrier heights with RMSDs of 3.4 (6-31G(d)), 2.9 (6-31G
(2df,p)), and 3.8 (cc-pVDZ) kJ mol−1; however, it results in very
high RMSDs of over 15 kJ mol−1 for the reaction energies. Addi-
tion of diffuse functions significantly improves the performance
for the reaction energies. In particular, the 6-31+G(d) and aug-
cc-pVDZ basis set result in RMSDs of 4.2 and 3.6 kJ mol−1,
respectively.

A cost-effective approach for approximating the CCSD(T)/CBS
energy is using the following additivity-based scheme: CCSD(T)/
CBS(MP2) = CCSD(T)/VDZ + ΔMP2/CBS. The MP2-based basis-
set correction term is taken as: ΔMP2/CBS = MP2/V{T,Q}Z –

MP2/VDZ, where the MP2/V{T,Q}Z energy is extrapolated to the
basis-set limit with an extrapolation exponent of 3.0.[147] This
additivity scheme has been found to be an efficient way for
approximating reaction energies[144,148,149] and barrier
heights[139,140,144] at the CCSD(T)/CBS level. Using this approach

Table 6. Average RMSDs (in kJ mol−1) for all functionals from each rung
of Jacob’s ladder for the barrier heights and reaction energies in the
Criegee22 database. The average RMSDs are calculated from the RMSDs
listed in Tables 4 and 5.

Type[a]
Number of
functionals

Barrier
heights

Reaction
energies

GGA 8 7.6 28.7
MGGA 8 5.4 17.2
HGGA 17 6.6 10.9
HMGGA 12 6.5 10.8
RS 13 7.4 13.9
DH 9 6.7 7.4

[a] Footnote a to Table 2 applies here.

Table 7. Overview of the performance of a representative set of DFT functionals across the rungs of Jacob’s Ladder with and without empirical D3 and
D3BJ dispersion corrections. The tabulated values are ΔD3 = RMSD(DFT) – RMSD(DFT-D3) and ΔD3BJ = RMSD(DFT) – RMSD(DFT-D3BJ) (in kJ mol−1).[a]

Type[b] Method

Barrier heights Reaction energies

ΔD3 ΔD3BJ ΔD3 ΔD3BJ

GGA BLYP −0.1 0.3 −0.3 −0.9
PBE −0.1 0.1 −0.2 −0.4
BP86 −0.1 0.2 −0.3 −0.7

MGGA M06-L 0.0 N/A 0.0 N/A
TPSS 0.0 0.1 −0.2 −0.6

HGGA B3LYP −0.2 0.2 −0.2 −0.7
B3PW91 −0.2 0.2 −0.2 −0.7
PBE0 −0.1 0.1 −0.1 −0.3

HMGGA PW6B95 −0.1 0.0 0.0 −0.1
M05 −0.1 N/A 0.0 N/A
M05-2X 0.0 N/A 0.0 N/A
M06 0.0 N/A −0.1 N/A
M06-2X 0.0 N/A 0.0 N/A
M06-HF 0.0 N/A 0.1 N/A
BMK −0.2 0.1 0.1 0.1

RS CAM-B3LYP −0.1 0.1 −0.1 −0.2
LC-wPBE −0.1 0.1 0.2 0.4

DH B2-PLYP N/A 0.1 N/A −0.3
DSD-PBEP86 N/A 0.1 N/A 0.3

[a] A positive value indicates the dispersion correction improves the performance of the functional, whereas a negative value indicates deterioration in performance.
[b] Footnote a to Table 2 applies here.

Table 5. Continued

Type[a] Method RMSD[b] MAD[b] MSD[b] LND[b],[c] LPD[b],[c]

PBE0-DH 8.7 7.4 −7.2 −15.6 (10-cis) 2.1 (6)
DSD-PBEP86 9.0 8.6 −8.6 −13.5 (7-trans-syn) N/A
PBEQI-DH 14.7 14.1 −14.1 −20.0 (1) N/A

[a] Footnote a to Table 2 applies here.
[b] Footnote b to Table 4 applies here.
[c] The reaction with the LND/LPD is given in parenthesis (see Figs. 1 and 2).
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in conjunction with the regular cc-pVnZ basis sets results in
remarkably low RMSDs of 1.4 (for barrier heights) and 1.7 (for
reaction energies) kJ mol−1. The use of the aug-cc-pVnZ basis
sets results in an RMSD of merely 0.5 kJ mol−1 for the barrier
heights, however the RMSD for the reaction energies increases
to 4.1 kJ mol−1. Thus, it seems that the use of nonaugmented
basis sets benefits from a certain degree of error cancelation
between basis set incompleteness and the neglection of
higher-order correlation for the reaction energies in the
Criegee22 database.

Table 8 and Figure 4 give an overview of the performance of
the Gaussian-n and CBS-QB3 composite methods. The CBS-QB3
procedure shows excellent performance for barrier heights
(RMSD = 0.8 kJ mol−1) but relatively poor performance for reac-
tion energies (RMSD = 6.3 kJ mol−1). All the considered
Gaussian-n methods show good performance with RMSDs well

Table 8. Statistical analysis for the performance of standard and composite ab initio procedures for the reaction energies and barrier heights in the
Criegee22 database (in kJ mol−1). The CCSDT(Q)/CBS reference values are given in Table 3.

Method Basis set RMSD[a] MAD[a] MSD[a] LND[a],[b] LPD[a],[b]

Barrier heights MP2 Def2-QZVPP 15.3 13.2 13.2 N/A 33.4 (10-trans)
SCS-MP2 Def2-QZVPP 12.7 10.7 10.7 N/A 30.0 (10-trans)
SOS-MP2 Def2-QZVPP 11.5 9.5 9.5 N/A 28.4 (10-trans)
SCS(MI)-MP2 Def2-QZVPP 8.5 6.8 6.6 −1.3 (5-cis-anti) 20.9 (10-trans)
SCSN-MP2 Def2-QZVPP 6.6 5.5 4.5 −4.0 (5-cis-anti) 16.2 (10-trans)
S2-MP2 Def2-QZVPP 15.5 13.4 13.4 N/A 34.2 (10-trans)
CCSD(T) 6-31G(d) 3.4 2.5 −1.2 −7.4 (4-cis) 3.8 (7-trans-syn)
CCSD(T) 6–31 + G(d) 2.9 2.5 −1.9 −6.2 (5-cis-anti) 1.6 (6)
CCSD(T) 6-31G(2df,p) 2.9 2.4 0.5 −4.7 (6) 5.8 (7-trans-syn)
CCSD(T) cc-pVDZ 3.8 2.9 −0.8 −8.2 (3-cis) 6.1 (7-trans-syn)
CCSD(T) aug-cc-pVDZ 4.3 4.1 −4.1 −5.8 (3-cis) N/A
CCSD(T) CBS(MP2)[c] 1.4 1.0 −0.2 −3.6 (10-trans) 2.3 (4-cis)
CCSD(T) CBS(MP2)[d] 0.5 0.4 −0.2 −0.9 (7-trans-syn) 0.8 (6)
G4 0.9 0.7 0.2 −2.5 (5-cis-syn) 1.6 (4-cis)
G3B3 3.2 1.9 0.7 −1.7 (8-cis) 10.8 (10-trans)
G4(MP2) 1.5 1.3 1.1 −2.0 (5-cis-syn) 2.4 (4-cis)
G4(MP2)-6X 1.6 1.4 1.3 −1.7 (5-cis-syn) 2.7 (4-cis)
G3(MP2)B3 3.6 2.0 1.6 −1.5 (6) 11.7 (10-trans)
CBS-QB3 0.8 0.7 −0.5 −1.6 (11) 0.7 (10-cis)

Reaction energies MP2 Def2-QZVPP 30.2 29.8 −29.8 −40.1 (7-trans-syn) N/A
SCS-MP2 Def2-QZVPP 30.9 30.3 −30.3 −42.1 (7-trans-syn) N/A
SOS-MP2 Def2-QZVPP 31.5 30.5 −30.5 −43.0 (7-trans-syn) N/A
SCS(MI)-MP2 Def2-QZVPP 23.1 21.1 −20.9 −34.0 (11) 1.7 (6)
SCSN-MP2 Def2-QZVPP 20.3 17.4 −16.2 −33.3 (10-trans) 13.2 (6)
S2-MP2 Def2-QZVPP 31.6 31.2 −31.2 −41.8 (7-trans-syn) N/A
CCSD(T) 6-31G(d) 15.9 15.5 −15.5 −24.0 (6) N/A
CCSD(T) 6–31 + G(d) 4.2 3.7 −2.9 −7.7 (11) 2.5 (3-trans)
CCSD(T) 6-31G(2df,p) 16.8 16.5 −16.5 −24.3 (6) N/A
CCSD(T) cc-pVDZ 15.2 14.2 −14.2 −27.8 (6) N/A
CCSD(T) aug-cc-pVDZ 3.6 2.9 −2.6 −7.4 (11) 1.7 (6)
CCSD(T) CBS(MP2)[c] 1.7 1.4 −1.1 −4.1 (6) 0.8 (2-cis)
CCSD(T) CBS(MP2)[d] 4.1 3.7 −3.7 −7.9 (11) N/A
G4 3.6 3.4 −3.4 −6.8 (5-cis-syn) N/A
G3B3 2.5 2.0 −1.9 −6.7 (11) 0.7 (1)
G4(MP2) 2.9 2.5 −2.5 −6.3 (5-cis-syn) N/A
G4(MP2)-6X 3.2 2.8 −2.8 −6.3 (5-cis-syn) N/A
G3(MP2)B3 2.2 1.7 −1.4 −5.7 (11) 1.7 (1)
CBS-QB3 6.3 6.2 −6.2 −8.8 (11) N/A

[a] Footnote b to Table 4 applies here.
[b] The reaction with the LND/LPD is given in parenthesis (see Figs. 1 and 2).
[c] CCSD(T)/CBS(MP2) = CCSD(T)/cc-pVDZ + MP2/cc-pV{T,Q}Z – MP2/cc-pVDZ.
[d] CCSD(T)/CBS(MP2) = CCSD(T)/aug-cc-pVDZ + MP2/aug-cc-pV{T,Q}Z – MP2/aug-cc-pVDZ.

Figure 4. Root-mean-square deviations (RMSDs) of composite ab initio
procedures over the barrier heights (shown in blue) and reaction energies
(shown in orange) relative to the Criegee22 database (in kJ mol−1). The
“chemical accuracy” threshold (dashed black line) represents an RMSD of
4.2 kJ mol−1. The RMSDs of all the composite procedures are given in
Table 8. [Color figure can be viewed at wileyonlinelibrary.com]
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below the threshold of chemical accuracy for both reaction
energies and barrier heights. For reaction barrier heights G4
emerges as the best method with an RMSD of 0.9 kJ mol−1, for
reaction energies G3(MP2)B3 gives the best performance with
an RMSD of 2.2 kJ mol−1.

Overall recommendations for both reaction energies and
barrier heights

In practical applications of quantum chemical methods, we usu-
ally want to use methods that are able to accurately describe
all aspects of the potential energy surface (i.e., give both reli-
able reaction energies and barrier heights). Based on the results
of the previous sections, here we identify DFT and standard/
composite ab initio methods that give RMSDs <5 kJ mol−1 for
both reaction energies and barrier heights. These methods are
listed in Table 9.

Of the considered standard ab initio methods, the non-
empirical CCSD(T)/CBS(MP2) approach in conjunction with the
cc-pVnZ basis sets is the most recommended. Importantly, this
is the only method that results in RMSDs <2 kJ mol−1 for both
reaction energies and barrier heights. The G4(MP2) method is a
close second, with RMSDs of 2.9 and 1.5 kJ mol−1 for reaction
energies and barrier heights, respectively. Of the 58 conven-
tional DFT considered, only the meta-GGA MN12-L functional
attains RMSDs <5 kJ mol−1 for both reaction energies and bar-
rier heights. Therefore, it is the recommended method for
investigations involving CIs that are too large for the applica-
tion of the above recommended ab initio methods.

Conclusions

We introduce a representative benchmark database of 22 barrier
heights and reaction energies for ring-closing reactions involv-
ing CIs (also known as the Criegee22 database). The reference
reaction energies and barrier heights are obtained at the
CCSDT(Q)/CBS level by means of the W3lite-F12 composite
method. The reference barrier heights spread over a wide range
of 28.0–112.9 kJ mol−1, while the reaction energies (all exother-
mic) range between 70.5 and 150.3 kJ mol−1. These high-level
benchmark values allow us to assess the performance of a vari-
ety of contemporary DFT, DHDFT, MP2-based, CCSD(T), and

composite ab initio procedures. We considered a total of
67 DFT methods: eight GGA, eight meta-GGA, 17 hybrid-GGA,
12 hybrid-meta-GGA, 13 range-separated, and nine double-
hybrid functionals, as well as 13 standard and 6 composite
ab initio methods.

With regard to the performance of the conventional DFT and
DHDFT procedures we make the following observations:

• Of all the considered DFT and DHDFT methods, only the
meta-GGA MN12-L attains good performance for both reac-
tion barrier heights and reaction energies, with RMSDs of 3.5
and 4.7 kJ mol−1, respectively.

• A fair number of DFT methods attain excellent performance
for reaction barrier heights (RMSDs are given in parenthesis):
BLYP (3.0), TPSS (2.1), MN12-L (3.5), MN15-L (3.6), MN15 (2.1),
TPSSh (2.6), and MN12-SX (3.3 kJ mol−1). Surprisingly, none of
the DHDFT methods attain RMSDs <5 kJ mol−1.

• Nearly all of the DFT and DHDFT procedures attain poor per-
formance for the reaction energies. The few exceptions are
(RMSDs are given in parenthesis): M05 (3.6), B1B95 (4.2),
B2GP-PLYP (3.6), and B2T-PLYP (3.8 kJ mol−1).

• Empirical dispersion corrections have a minor effect on
performance.

With regard to the performance of standard and ab initio
procedures, we draw the following conclusions:

• Overall, the cost-effective CCSD(T)/CBS(MP2) = CCSD(T)/cc-
pVDZ + MP2/cc-pV{T,Q}Z – MP2/cc-pVDZ approach attains
the best performance for both barrier heights and reaction
energies, with RMSDs of 1.4 and 1.7 kJ mol−1, respectively.

• Of the composite procedures, G4(MP2) shows the best overall
performance with RMSDs of 1.5 and 2.9 kJ mol−1 for and bar-
rier heights and reaction energies, respectively.

• All MP2-based procedures show poor performance for both
reaction energies and barrier heights.
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