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Abstract

To assess the title issue, 38 hydrogen transfer barrier heights and 38 non-hydrogen

transfer barrier heights/isomerizations extracted from extensive databases have been

considered, in addition to four 2p isomerization reactions and six others for large or-

ganic molecules. All Kohn-Sham DFT calculations have employed the popular M06-

2X functional, while the correlated MO-based ones are from single-reference MP2 and

CCSD(T) methods. They have all utilized the same basis sets, with the raw MO

energies subsequently extrapolated to the complete basis set limit without additional

cost. MP2 calculations are found to be as cost effective as DFT ones and often slightly
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more, while showing a satisfactory accuracy when compared with the reference data.

Although the focus is on barrier heights, the results may bear broader implications in

that one may see the successes and difficulties of DFT when compared with traditional

MO theories for the same data.

1 Introduction

Density functional theory1,2 (DFT) is the leading first-principles method in computing elec-

tronic structures and properties in molecular science. Indeed, DFT has enabled electronic

structure calculations on complex chemical problems with an accuracy often unobtainable

by other approaches, which makes it useful for modelling, prediction, design and under-

standing.3 Mainstream DFT applications are based on Kohn-Sham (KS) DFT,4,5 which is

formally exact. Yet, despite offering in principle an exact formulation of quantum mechani-

cal electronic structure theory, KS DFT relies in practice on approximate (often empirical)

exchange-correlation (XC) functionals. In fact, the exact form of the XC functional is un-

known and essentially unknowable:4 were it known, and DFT would take into full account

all complex many-body effects at a computation cost characteristic of mean field approxima-

tions. Amongst the many reported functionals in the literature, the Minnesota global-hybrid

meta functionals3,6,7 have shown to have a particularly good performance for a variety of

systems which served either as test set for their calibration or as ground for evaluating their

predictive performance.8 It turns out that the best available functional for one application

if often not the best for another. Although unquestionable progress (of no concern here) has

been made, this situation has been standing for years. This justifies our quest for testing how

traditional correlated electronic structure methods based on molecular orbital (MO) theory

can perform when compared with DFT for the predicted properties and cost effectiveness.

As the title shows, the focus will be here on hydrogen transfer barrier heights and non-

hydrogen transfer barrier heights/isomerizations since they are a key goal of chemistry, and

often an attribute where correlated single-reference MO theories such as second-order Möller-
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Plesset perturbation theory (MP2) and coupled-cluster single and double electronic exci-

tations with a perturbative correction for triples [CCSD(T)] are believed to have modest

performances as they involve species far from their equilibrium geometries.9,10 We will fur-

ther concentrate on comparing the performance of such MO methods with DFT employing

the Minnesota density functionals, specfically M06-2X which has been extensively compared

in the literature with other functionals.3 Indeed, as an overall guide, it has most recently

been considered from an exhaustive study8 of such functionals as ”one of the two hybrid

functionals most broadly useful”, although as also remarked ”each has different strengths

and weaknesses”. Thence, it would be interesting to extend the discussion to other func-

tionals, primarily dispersion-corrected ones such as B3LYP-Dn.11,12 These mix the conven-

tional B3LYP13,14 functional with an add-on energy term which is a simple function of inter-

atomic distances containing adjustable parameters fitted to conformational and interaction

energies computed via CCSD(T) calculations at the complete-basis-set extrapolated limit,

CCSD(T)/CBS. The fitting is then functional-specific, with11 D2 implying energy corrections

for all pairs of atoms while12 D3 considers also triplets of atoms to account for three-body

effects. However, for a more focused discussion, only the M06-2X functional will be exam-

ined. Indeed, it is expected to provide the best performance since the systems involved on

the test databases here utilized have been employed for the calibration of M06-2X.3,6,7

In this work, we will then hope to show that MP2 in its restricted open-shell variant

(RMP2, denoted simply here as MP2) can perform well both in its predictive capabili-

ties and particularly in cost-effectiveness when compared with DFT/M06-2X. Note that

both MO methods here discussed are size-consistent, a primary requirement for accuracy in

studying intermolecular forces and reaction dynamics.9,10 Thence, the present results may

have broader implications in that they may at least call for testing the successes and fail-

ures of many kinds of other density functionals when compared to MP2 for the same data.

The present work provides therefore a first status report on the quest of how the two most

popular ab initio MO methods, namely MP2 and CCSD(T) - this commonly considered the

3

10.1002/chem.201700928Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



golden approach of quantum chemists -, perform versus the state-of-the-art DFT/M06-2X

approach. Being a fairly obvious goal to pursue, the question may then arise of why it has

only now been put. As it will become clear later, the major motivation can be attributed to

the quite good performance of extrapolation techniques to yield CBS results. Although the

success of multilevel techniques such as CBS is well recognized,15 the novelty is on its demon-

strated16–18 reliability even when using the most cost-effective MO correlated single-reference

raw energies, thus allowing a useful comparison with the experimental values.

2 Theory

A general and most convenient partition of the molecular energy is

E = EHF + Ecor (1)

where HF stands for Hartree-Fock, and “cor” for correlation energy. Calculations of the

HF and correlation energy contributions have then been carried out for all systems and

reference geometries given elsewhere.19 In all cases, an atomic basis set of the cc-pVXZ

Dunning’s family20,21 has been used. For proper comparison, all KS DFT results have here

been obtained with the same basis set.

The present study involved therefore two basic steps. First, the reactants and products

were characterized using DFT and high level methods of ab initio correlated electronic struc-

ture theory. Specifically, both MP2 and coupled-cluster methods were employed, this in its

popular CCSD(T) version. Core correlation effects have been ignored.10 The second step

involves single-point calculations for the supermolecular (intermediary) species. No attempt

has been done to obtain optimized structures (these were taken as used for calibrating/testing

the M06-2X functional3), although it should be recommended for more genuine estimates at

those levels of theory.19

Unrestricted-Hartree-Fock (UHF) wave functions that allow the bonding electrons to
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localize on the separated fragments are popular but they suffer of spin contamination, which

is particularly important in the intermediate region where the bonds are elongated but not

completely broken.9,10 On the other hand, it is well known to facilitate derivation of an UMP

method, while addition of electron correlation tends to decrease spin contamination, albeit at

a small level for low orders of the MP perturbation expansion.9,10 Indeed, despite recovering

a significant fraction of the electron correlation (both static and dynamical), the net effect

tends to be an increase in energy due to spin contamination. Although this may have no

consequences at dissociation, when the different spin states have equal energies, it tends to

make the RMP energy lower than the UMP one in the intermediate region, yet with the

RHF (denoted simply as HF) energy higher than the UHF one. Indeed, spin contamination

in the UHF wave function tends to make the UMP expansion converge slower than RMP.22

For open-shell systems where RHF cannot be used, this may recommend that the reference

wave function should be of the restricted open-shell HF type, as the results here reported

seem to corroborate. Note that the CBS extrapolation schemes here employed have been

calibrated for ROHF and ROMP2 (thence RHF and RMP2 or just HF and MP2) methods,

and hence are here used for UMP2 in an ad hoc manner.

For the purpose of generality and having in mind relatively large species, the simplest

Dunning’s20,21 correlation consistent bases have been utilized: cc-pVXZ, denoted shortly

as VXZ. For affordability, a major asset of the present proposal, all calculations have em-

ployed mostly basis with the two lowest cardinal numbers, X=D and T , although a higher

member of the hierarchy (X = Q) has occasionally been utilized. Strictly speaking, we

should emphasize that a composite procedure is here utilized, namely MP2/VTZ//QCISD

and CCSD(T)/VTZ//QCISD; as usual, the notation implies MP2 or CCSD(T) single-point

calculations at a QCISD (or another high level of theory) geometry;19 due to irrelevance for

the discussion, no indication is given in the text (see Tables 1 and 2) of the specific basis set

used in QCISD. [Parenthetically, suffice it to say that QCISD/MG3 was utilized to obtain

the optimized geometries for the reactions of the HTBH38/08 and NHTBH38/08 databases,3
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PBE0-D3/def2-TZVPP23,24 for 2pIsoE4 (2p isomerization energies), and B97-D/TZVP25,26

for IsoL6/11 (six isomerization energies of large organic molecules). Regarding the reference

values for the HTBH38/08 and NHTBH38/08 energies, they come from a myriad of theoret-

ical and experimental sources as shown in Tables 1 and 2. In turn, for the 2pIsoE4 database,

the reported values originate from spin-component-scaling [SCS-MP2/cc-p(wC)V5Z] calcula-

tions with further corrections for higher correlation effects based on the CCSD(T)27 method.

Similarly, for the IsoL6-11 database, calculations at the CCSD(T)-F12a/aug-cc-pVDZ level

of theory were utilized.28] Although the above composite schemes are popular,10 reasons

were given29,30 for caution in practicizing the approach. One should recall that similar MO

calculations of aromatic hydrocarbons, often generate31 anomalous results when employing

popular basis sets of the Pople type (e.g., 6-311G,32,33 etc). To our knowledge, no such stark

warnings for black-box ab initio studies have been reported when using correlation consistent

basis sets even belonging to the lowest hierarchical ranks.

For enhanced accuracy, the electronic energy along the reaction path is split as in Eq. (1),

with each energy component separately extrapolated to the CBS limit. The procedure has

been described in detail elsewhere,16,34,35 and hence is here only briefly addressed. For con-

sistency, the same pair of cardinal/hierarchical numbers will be used for the extrapolations.

We employ our own HF-CBS protocol36 for HF extrapolations from DZ and TZ or TZ and

QZ bases, denoted (d, t) and (t, q); X = D, T, . . . are cardinal numbers, while x = d, t, . . .

are the corresponding hierarchical numbers. These dual-level extrapolations are of the form

A + B exp(−γx), with the CBS energy obtained from a protocol37 (see the Supplementary

Information, SI) believed to yield (d, t) absolute energies converged to a root mean square

error < 0.5 kJmol−1, thence satisfactory for the present purposes. The expectations are that

convergence gets tighter and tighter with increasing pairs of the hierarchical numbers.

Extrapolations of the correlation energy find a basis on studies of its dependence on

the partial wave quantum number for two-electron atomic systems and second-order pair

energies in many-electron atoms.38,39 The CBS protocol employs the inverse power form17,40
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Ecor
X =Ecor

∞
+ A3/x

3, where Ecor
X is the correlation energy for cardinal number X , and Ecor

∞

and A3 are parameters determined from calculations for two affordable hierarchical numbers

(x or X); note that the hierarchical x values are theory specific.17 Suffice it to add that

traditional extrapolation protocols are reliable only when based on X values typically larger

than Q, which makes re-hiererchization16,17 crucial for affordability (use of D and T bases

or just D or T ;18 note that the number of basis functions scales as X3). Thus, the protocol

utilized assumes here too a popular form (see the SI) which has been shown16,17 to yield

accurate results for a variety of systems and methods.34,41–43

The basis set superposition error45 has been ignored in calculating the energetics. In-

deed, use of the counterpoise technique45 is deemed unjustified16,46,47 due to employing CBS

extrapolated energies. In fact, counterpoise is not warranted with small basis functions48

such as DZ and TZ, with CBS being the only logical and reliable alternative.16,46,47

All electronic structure calculations [M06-2X, CCSD(T), and MP2] both for the direct

and reverse reactions employed MOLPRO.44 Note that the CPU times refer always to the

total spent with the two basis sets plus CBS extrapolation. They were performed by storing

the 2e integrals on the hard drive, and no approximations such as Resolution of the Identity

were used: the standard MP2 and CCSD(T) methods were always utilized. As a measure of

computational cost for MP2/CBS and CCSD(T), the CPU time ratio against the M06-2X

functional has always been used.

3 Results and discussion

The two major databases of barrier heights used in the present work are as follows. The

database of hydrogen transfer barrier heights (HTBH38/08) includes 38 transition state

barrier heights for 19 hydrogen transfer reactions, 18 of which involve radicals as reactants

and products. All reactions in HTBH38/08 are isodesmic, with 6 revised in 2008.63 All

geometries have been obtained at QCISD-MG3 level of theory.64 Note that the MG3 basis
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Table 1: Calculated barrier heights, in kcalmol−1, for the hydrogen transfer barrier heights
of the HTBH data base.49–51

Direct Reverse Energy

# reaction Ref.a) MP2b) UMP2b) CCSD(T)b) M06-2Xc) Ref.a) MP2b) UMP2b) CCSD(T)b) M06-2Xc) reference
1 H + HCl → H2 + Cl 5.7 8.45 9.96 4.90 3.82 8.7 7.73 8.10 8.86 8.37 exp.52 53

2 OH + H2 → H2O+H 5.1 7.77 7.04 5.80 5.37 21.2 30.96 30.78 20.86 20.01 SAEe) 54,55

3 CH3 +H2 → CH4 +H 12.1 11.76 12.95 12.23 12.27 15.3 17.84 19.51 14.72 15.46 exp.52

4 OH + CH4 → H2O+ CH3 6.7 6.52 7.20 6.69 5.11 19.6 23.63 24.38 19.26 16.56 exp.52

5 H + H2 → H2 +H 9.6 12.26 13.08 9.79 15.08 9.6 12.26 13.08 9.79 15.08 QMf) 56

6 OH + NH3 → H2O+NH2 3.2 8.25 5.20 1.70 12.7 20.07 15.16 10.76 exp.52

7 HCl + CH3 → CH4 + Cl 1.7 1.20 2.49 2.15 -0.22 7.9 6.57 7.19 8.61 7.52 exp.52

8 OH + C2H6 → H2O+ C2H5 3.4 4.77 4.88 3.95 2.41 19.9 25.13 25.17 19.91 18.00 exp.52

9 F + H2 → HF + H 1.8 5.32 4.58 2.48 2.57 33.4 45.41 45.21 33.38 31.08 MRCI(Q)57

10 O + CH4 → OH+ CH3 13.7 12.28 16.79 15.03 13.45 8.1 7.88 11.86 8.82 5.35 exp.52

11 H + PH3 → H2 + PH2 3.1 5.48 5.24 2.99 3.42 23.2 26.45 25.18 26.20 26.46 exp.52,53

12 H + HO → H2 +O 10.7 15.82 17.31 10.37 9.41 13.1 14.14 15.67 14.09 14.32 MRCI(Q)/CBS58

13 H + H2S → H2 +HS 3.5 6.23 6.32 3.94 4.26 17.3 17.92 16.90 19.07 19.15 exp.52,53

14 O + HCl → OH+ Cl 9.8 18.67 15.16 12.86 8.04 10.4 19.63 14.93 13.10 7.68 exp.52

15 CH3 +NH2 → CH4 +NH 8 7.53 10.83 8.83 5.80 22.4 20.09 23.79 22.47 20.74 exp.52,53

16 C2H5 +NH2 → C2H6 +NH 7.5 7.49 11.35 9.55 7.39 18.3 16.80 21.20 19.80 18.18 exp.52,53

17 NH2 + C2H6 → NH3 + C2H5 10.4 7.37 11.23 11.36 9.88 17.4 15.92 19.73 17.37 16.41 exp.52

18 NH2 + CH4 → NH3 + CH3 14.5 9.75 13.82 13.97 12.37 17.8 15.04 19.20 16.59 14.75 exp.59

19 s− t c− C5H8 → s− t c− C5H
d)
8 38.4 33.23 33.24 39.67 39.27 38.4 33.23 33.24 39.67 39.27 SAEe) 59

MAE 2.79 2.75 0.86 1.30 3.87 3.71 0.95 1.85

a)Reference data, reported as best know estimates,3 obtained as indicated on the last
column. b)After CBS(d, t) extrapolation. c)Calculated in the present work with the
cc-pVTZ basis. d)t stands for trans and c for cis. e)SAE stands for semiempirical

adjustment to experiment. f)QM stands for Quantum Monte Carlo.

Table 2: Calculated barrier heights, in kcalmol−1, for the non-hydrogen transfer barrier
heights of the NHTBH data base.49–51

Direct Reverse Energy

# reaction Ref.a) MP2b) UMP2b) CCSD(T)b) M06-2Xc) Ref.a) MP2b) UMP2b) CCSD(T)b) M06-2Xc) reference
1 H + N2O → OH+N2 17.13 21.46 35.77 18.56 17.82 82.47 75.72 89.48 84.96 81.18 W460

2 H + FH → HF + H 42.18 44.44 46.98 43.12 39.85 42.18 44.44 46.98 43.12 39.85 W161

3 H + ClH → HCl + H 18 18.55 22.80 18.73 19.13 18 18.55 22.80 18.73 19.13 MRCI(Q)/CBS58

4 H + FCH3 → HF + CH3 30.38 36.35 36.23 31.89 31.48 57.02 61.12 60.52 58.92 54.04 W161

5 H + F2 → HF + F 2.27 4.74 30.54 3.04 2.26 106.18 106.76 132.02 106.29 107.46 W161

6 CH3 + FCl → CH3F + Cl 6.73 8.31 21.14 8.37 4.30 60 63.58 75.74 62.66 60.15 W3.260

7 F− + CH3F → FCH3 + F− -0.34 -7.85 -7.84 -7.90 -9.46 -0.34 -7.85 -7.84 -7.90 -9.46 W2h62

8 F−CH3F → FCH3F
− 13.38 11.99 11.86 13.26 13.38 11.99 11.86 13.26 W2h62

9 Cl− + CH3Cl → ClCH3 + Cl− 3.1 1.09 1.09 0.13 -0.86 3.1 1.09 1.09 0.13 -0.86 SAEd) 61

10 Cl−CH3Cl → ClCH3Cl
− 13.41 13.23 12.02 12.23 13.41 13.23 12.02 12.23 W3.260

11 F− + CH3Cl → FCH3 + Cl− -12.54 -20.63 -20.63 -22.03 -25.28 20.11 22.10 22.10 23.04 24.69 W162

12 F−CH3Cl → FCH3Cl
− 3.44 1.46 0.26 0.55 29.42 32.93 33.60 36.30 W3.260

13 OH− + CH3F → HOCH3 + F− -2.44 -12.03 -12.03 -11.50 -12.65 17.66 9.11 9.11 8.98 8.74 W3.260

14 OH−CH3F → HOCH3F
− 10.96 7.29 7.40 8.46 47.2 49.84 49.42 52.45 W161

15 H + N2 → HN2 14.36 16.27 27.46 14.99 13.90 10.61 5.70 8.61 11.44 10.93 W460

16 H + CO → HCO 3.17 5.49 5.43 3.48 3.49 22.68 24.35 23.24 23.29 22.44 W161

17 H + C2H4 → CH3CH2 1.72 3.79 9.14 2.14 3.00 41.75 42.52 47.25 42.93 43.64 VSEC60

18 CH3 + C2H4 → CH3CH2CH2 6.85 7.15 12.73 6.85 5.93 32.97 35.28 40.69 32.96 34.08 W161

19 HCN → HNC 48.07 52.23 52.23 47.95 45.96 32.82 34.75 34.75 33.28 32.98 W460

MAE 3.28 9.12 2.49 2.93 3.01 6.63 2.28 2.78

a)Reference data, reported as best know estimates,3 obtained as indicated on the last
column. b)After CBS(d, t) extrapolation. c)Calculated in the present work with the

cc-pVTZ basis. d)SAE stands for semiempirical adjustment to experiment.
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set, also known as G3LargeMP2, is identical to 6-311++G(3d2f,2df,2p) for H through Si and

very similar to 6-311+G(3d2f) for P, S, and Cl. For this database, the DFT calculations

reported by Truhlar and coworkers used the MG3S basis set,65 which is identical to MG3

except that diffuse functions on hydrogen have been removed.66 In turn, the original version

of the database for non-hydrogen transfer barrier heights (NHTBH38/08) dates back to

200450 by joining three older databases containing 38 transition state barrier heights. It

contains 12 barrier heights for heavy-atom transfer reactions, 16 for nucleophilic substitution

(NS) reactions, and 10 for non-NS unimolecular and association reactions. Likewise the other

database, geometries are obtained at the QCISD-MG3 level of theory,64 with 18 reference

data in the NHTBH38 database revised in 2008.63 For this database, the DFT calculations

reported by Truhlar and coworkers used the MG3S basis set.65 Since there is no risk of

confusion, the above two databases will be briefly referred as HTBH and NHTBH in an

obvious correspondence. For consistency, novel DFT/M06-2X calculations are performed

but with the VTZ basis set. These are followed by (restricted open-shell type) MP2 and

CCSD(T) calculations employing the same basis sets, i.e., with X = D and T . Because the

MP2/VTZ calculations turn often to be more cost-effective than the M06-2X ones, additional

MP2/VQZ calculations have been performed. In turn, extra CBS extrapolations are done,

namely MP2/CBS(d, q) and MP2/CBS(t, q), thence allowing a test of convergence of the CBS

extrapolations. Furthermore, UMP2 calculations have been carried out, and subsequently

CBS(d, t) extrapolated assuming that the extrapolation scheme developed for HF and MP2

energies still apply. All calculated raw energies are gathered as SI.

Figure 1 top panel compares M06-2X/DFT vs MP2/CBS(d, t) and CCSD(T)/CBS(d, t)

errors for the 19 forward reactions of the HTBH database, while the errors for the back-

ward reactions are on the bottom pannel. Corresponding comparisons but for the reactions

of the NHTBH database are in Figure 2. Tables 1 and 2 gather the basic energetic data,

while the SI collects the full calculated energetics and timings for all 76 reactions here stud-

ied, including the data used for the graphical and tabular material utilized in the main
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text. The general trend indicates that MP2/CBS(d, t) [this extends to MP2/CBS(d, q) and

MP2/CBS(t, q)] tends to overestimate the reference while DFT/M06-2X underestimates it.

An exception, where both underestimate the reference value, is e.g. the HTBH reaction

HCl + CH3 → CH4 + Cl (reaction # 7) with a barrier height of 1.7 kcalmol−1. In this

case, the MP2/CBS(d, t) value is 1.2 kcalmol−1 compared to −0.2 kcalmol−1 for DFT/M06-

2X. Another interesting case may be the isomerization reaction F−CH3Cl → FCH3Cl
−

from the NHTBH database, where MP2/CBS(d, t) outperforms DFT/M06-2X both for

the direct and reverse processes. Indeed, a similar observation is valid for many isomer-

ization reactions of the type X−CH3Y → XCH3Y
− as well as bimolecular reactions (X

and Y are electronegative atoms or groups) where MP2/CBS(d, t) is found to perform

quite satisfactorily. Interestingly, the mean absolute errors67 (MAE) using MP2 are larger

(HTBH: 4.14 kcalmol−1 NHTBH: 5.58 kcalmol−1) than the corresponding values here re-

ported (HTBH: 3.33 kcalmol−1; NHTBH: 3.14 kcalmol−1). This is probably to be expected,

with one of the reasons being the use by Trulhar’s group of the MG3S basis set while, for

consistency, cc-pVXZ has always been here employed.

Time performances are compared in Figures 3 and 4. Because MP2/CBS(d, t) times tend

to be even smaller than the DFT/M06-2X ones, it is appropriate to consider the next levels

of extrapolation: MP2/CBS(d, q) and MP2/CBS(t, q). The range of results covered by these

values is indicated by the error bars in Figures 1 to 4. Note that rather than times, we

report time-ratios obtained by taking the M06-2X values as reference, i.e. tY /tM06−2X where

Y stands for the MO-based method.

Regarding the energetics of the above 76 reactions, the following observations are in

order: (a) The CCSD(T) method is clearly the correlated single-reference method that yields

results in best overall agreement with the reference data. In fact, this may make the present

CCSD(T) calculations the most reliable ones. Naturally, the price to pay reflects on the cost

that may reach from several times to one order of magnitude or even more in relation to

MP2/CBS(d, t) and DFT/M06-2X. (b) The DFT/M06-2X calculations employing the VTZ
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Figure 1: Errors in the predicted barrier heights/isomerization for the 19 HTBH reactions
studied in the present work: top pannel, forward; bottom pannel, reverse. Indicated by solid
circles are the MP2/CBS(d, t) results while the error-bar-like symbols indicate the range
covered by all [(d, t), (d, q), and (t, q)] CBS/extrapolated values. If the symbol is not visible,
it simply implies that all values are indistinguishable within the scale of the plot. The
corresponding DFT/M06-2X and CCSDT(T)/CBS(d, t) values are indicated by the solid
squares and down-triangles, respectively. The line connecting the points of a given family is
meant only to guide the eye.

basis set show the second overall best performance as measured from the MAE relative

to the reference data (these, except for some values that were updated since the creation

of the functional, were used to calibrate M06-2X using the MG3S basis set). This may

not be totally surprising because the VTZ basis set is not expected to yield drastically

distinct results68 when compared with MG3S that was employed to calibrate the M06-

2X functional. However, if one counts the successful cases with respect to the reference

data, the results favor MP2/CBS(d, t) in 8 out of the 19 cases both for the direct and

reverse HTBH reactions. The corresponding number for both the direct and reverse NHTBH

reactions is 10. Thus, one has overall ∼ 50% of successes for both DFT/M06-2X and
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Figure 2: As in Figure 1 but for the NHTBH reactions.

MP2/CBS(d, t). The statistics is maintained if the reference data is taken to be the CCSD(T)

results here reported. (c) Reaction barriers are prone to error cancelations as they result

from subtracting the absolute energy at the asymptote from the absolute energy of the

intermediary at the geometry where the barrier occurs. Besides the reasons associated to the

different electronic structures that are likely to be involved, such a difference may also explain

why the various theories describe the barrier for the foward and reverse reactions with distinct

performances. A poor performance of such cancelations, partly due to spin contamination

that affects distinctly the intermediate and the asymptotes, may be the reason for the poor

performance of the UMP2/CBS(d, t) method in the case of the NHTBH reactions. This

is not apparent for the HTBH reactions, where the UMP2 performance is even slightly

better than MP2 when judged from the overall MAE. (d) For the 19 forward and reverse

NHTBH reactions, MP2/CBS(d, t) results show a MAE that underperform DFT/M06-2X

by only ∼ 0.5 kcalmol−1 (0.35 kcalmol−1 for the forward reactions, and 0.23 kcalmol−1 for
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Figure 3: Ratio between the total times spent in the calculations of the
heights/isomerizations with the various correlated MO-methods here employed for the
HTBH reactions with respect to the corresponding DFT/M06-2X ones. Note that the
left-hand-side Y-axis applies to MP2/CBS, while the rhs refers to CCSD(T)/CBS. Nat-
urally, MP2/CBS(d, t) corresponds to the minimum time-ratio, and the maximum to
MP2/CBS(t, q).

the reverse ones). Such values are slightly increased for the HTBH reactions, being the

MAE larger by 1.49 kcalmol−1 when compared with the DFT/M06-2X value for the direct

processes, and 2.02 kcalmol−1 for the reverse ones. Interestingly, the results appear to be

fairly well converged at this level of theory when compared with the somewhat more expensive

MP2/CBS(d, q) and MP2/CBS(t, q) results, with an exception being the forward HTBH

reaction #13 (H+H2S → H2 +HS). An explanation can only be traced to the performance

of the MP2 method with respect to the reference values. Regarding DFT, it is interesting to

note that the larger differences between the reference and M06-2X barrier energies are 5.48

and 9.12 kcalmol−1 for reactions HTBH #5, H+H2 → H2+H, and NHTBH #7, F−+CH3F →

FCH3+F−. The most underperforming reaction for DFT calculations is by far the NHTBH
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Figure 4: As in Figure 3 but for the NHTBH reactions.

direct reaction #11, F− + CH3Cl → FCH3 + Cl−, with 12.74 kcalmol−1. In turn, the larger

MP2 barrier-height differences refer to the reverse HTBH reactions #9 (12.01 kcalmol−1),

and #14 (9.23 kcalmol−1). Moreover, two NHBTH reactions display significant differences,

#11 direct (8.09 kcalmol−1) and #13 direct and reverse (9.59 and 8.55 kcalmol−1) reactions.

Regarding CCSD(T)/CBS(d, t), reasonably small (≤ 1 and 2.5 kcalmol−1) MAE are obtained

for the HTBH and NHTBH reactions (respectively). The ones that mostly underperform

are the NHTBH reactions X− + CH3Y → XCH3 + Y−, which show barrier-height energy

differences of 7.54, 9.49, and 8.06 kcalmol−1, respectively for direct reactions #7, #11 and

#13, all exhibiting negative barrier-heights [both at the MP2 and CCSD(T) levels of theory,

as well as the reference itself]. Of course, a full set of experimental values might offer a

more stringent ground for critical assessment but they are largely unavailable, and hence not

considered here or in the databases themselves.

Figure 5 shows the errors and time ratios for the reactions of the 2pIsoE4 database. The

trends found in previous cases are here too observed: time ratios close to unit, and errors
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of MP2/CBS(d, t) comparable to M06-2X. Similarly, Figure 6 illustrates the corresponding

errors and time ratios for the isomerization reactions of the IsoL6/11 database. Once again,

the trends reported above are maintained: an almost equal performance for the energies,

and a similar cost in MP2/CBS(d, t) vs M06-2X. Note that the calculated errors for the ten
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Figure 5: Errors and total time ratios for the 2p isomerization energies database.
Where applicable, the left-hand-side Y-axis applies to MP2/CBS, while the rhs refers to
CCSD(T)/CBS. As in previous plots, MP2/CBS(d, t) corresponds to the minimum time-
ratio, and the maximum to MP2/CBS(t, q).

reactions of the databases with large molecules are basically the same using MP2/CBS(d, t)

and MP2/CBS(t, q), although their cost differs by up to an order of magnitude (Figures 5

and 6). This emphasizes MP2/CBS(d, t) as one of most cost-effective tools for barrier heights

of medium and large-sized systems. Naturally, standard CCSD(T) tends to be prohibitive.

4 Concluding remarks

Timewise, the most rewarding fact concerns MP2/VDZ, MP2/VTZ and MP2/CBS(d, t)
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Figure 6: As in Figure 5 but for the reactions included in the isomerization database for
large molecules.

which show to rival in cost with DFT/M06-2X while performing on average even cheaper

than the latter irrespective of the reaction considered. Not the least important is the ob-

servation that convergence of the MP2 results can be well assessed by varying the hierarchy

of the basis set. Although CBS extrapolation is also possible with DFT,69 the final result

depends critically on the selected functional since DFT appears to be less sensitive to the size

of the basis. Times can too be expected to vary with the choice of functional, an issue out

of the scope of the present work. Indeed, the focus has been on assessing the performance

of MP2/CBS vs DFT/M06-2X results using one of the most popular functionals available

for barrier heights/isomerizations. Of course, M06-2X may miss relevant dispersion interac-

tions,70 but this should not alter the general findings when the intermediary lies far away

from the asymptotes.71 In fact, even if the calculated energetics may change, no significant

differences are expected in computational cost. In this regard, calculations are being per-

formed with other popular density functionals, the results of which will hopefully be reported
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elsewhere. Suffice it to advance that MP2/CBS(d, t) clearly outperforms DFT/B3LYP-D3

using the same cc-pVXZ basis set by showing energy errors a factor of 2-3 smaller for the

test set here utilized. Similarly, the DFT/B3LYP-D3 calculations are timewise more or less

costly as M06-2X. Thus, the work in progress appears to confirm the trends here reported

even for other functionals.

Of course, the geometries here utilized have been computed at the QCISD level which

is well known to give results roughly equal to CCSD. Since the big jump in comparing the

performances of MP2, CCSD and CCSD(T) is expected to lie between CCSD and CCSD(T),

not between MP2 and CCSD, this offers a bias toward MP2/CBS(d,t)//QCISD/MG3. It

turns out that the composite scheme M06-2X/MG3S//QCISD/MG3 has been utilized to

calibrate the functional, thence suggesting a contrary conclusion although largely relying on

a multiparametric fit. In fact, we should emphasize to have here redone all calculations at

CCSD(T)/cc-pVXZ (X = D, T ) and CCSD(T)/CBS(d, t) levels of theory, with the same

conclusions holding as extracted from the data actually utilized. Indeed, an impartial view

cannot claim M06-2X to be an unbiased predictor for the data here considered since it

has been utilized for its calibration. Although no other computer packages but MOLPRO

were employed for the electronic structure calculations, the main conclusions should remain

valid when optimized packages for each specific method are utilized. To summarize, if to

its well established reliability, one adds the reported good performance, MP2/CBS(d, t)

suggests itself as the lowest-cost correlated MO-based theory capable of rivaling with KS DFT

for reactions involving small, medium, and even large molecular species. Conversely to

DFT, where the results depend on the chosen functional with specific functionals being

optimal for specific properties, MP2 is an ab initio theory universally applicable to any

molecular property. Indeed, MP2 has the advantage of describing accurately both the energy

and density, a conundrum that has recently emerged for DFT.72 Obviously, any known

weaknesses of MP2 (e.g., the one due to its single-reference nature) will remain but this

too must be cautioned for KS DFT. A final remark to note the work performed towards
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conveying MP2 or slightly more sophisticated versions of MP theory73–76 the quality of

CCSD(T) via spin-component scaling approaches.77–80 Eventually, this may lead to a linear

scaling algorithm to efficiently compute intermolecular interactions,79,81 and hence reduce

even further the cost of MP2. Definitely, both such issues jointly with the possibility of using

MP2/CBS(d, t) to calculate molecular properties deserve further attention.
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