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As electronic structure methods are being used to obtain quantitatively accurate reaction energies
and barrier heights for increasingly larger systems, the choice of an efficient basis set is becoming
more critical. The optimum strategy for achieving basis set convergence can depend on the way
that electron correlation is treated and can take advantage of flexibility in the order in which ba-
sis functions are added. Here we study several approaches for estimating accurate reaction energies
and barrier heights from post-Hartree–Fock electronic structure calculations. First and second, we
evaluate methods of estimating the basis set limit of second order Møller-Plesset perturbation the-
ory and of coupled cluster theory with single and double excitations and a quasiperturbative treat-
ment of connected triple excitations by using explicitly correlated basis functions (in the F12a im-
plementation) along with valence, polarization, and diffuse one-electron basis functions. Third, we
test the scheme of adding a higher-order correction to MP2 results (sometimes called MP2/CBS +
�CCSD(T)). Finally, we evaluate the basis set requirements of these methods in light of comparisons
to Weizmann-3.2, Weizmann-4, and CCSDT(2)Q/CBS+CV+R results. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4738980]

I. INTRODUCTION

Accurate evaluation of energies of reaction and chemi-
cal reaction barrier heights is important for calculating the
thermodynamics and kinetics of chemical processes. Coupled
cluster calculations of these quantities based on increasingly
larger basis sets are widely used in the literature, where they
are used both for comparison with the experimental results
and as benchmark values for evaluation or parameterization
of less computationally demanding methods. In particular, the
coupled cluster method with singles, doubles, and quasiper-
turbative connected triples, CCSD(T),1 is often said to be “the
gold standard of quantum chemistry” and is often accurate to
1 kcal/mol or better when a complete enough basis set is used.
However it is also computationally demanding for moderate-
sized and large systems. For this reason it has become popular
to estimate the complete-basis-set (CBS) limit of CCSD(T)
calculations rather than calculate it directly.

There are several methods in common use for obtaining
CCSD(T)/CBS limits. The first method, which will be called
the straight method, involves carrying out CCSD(T) results
with larger and larger basis sets until the results converge. The
efficiency of this approach can be greatly improved by the use
of basis functions that depend explicitly on the interelectronic
distances (R12, F12, F12a, and F12b methods).2–21

The second method, which will be called extrapolation, is
similar to the straight method, but one does not actually carry
out a calculation with a nearly complete basis set; instead one
extrapolates to the limit from two or three calculations with
smaller but systematically increasing basis sets. In the light

a)Author to whom correspondence should be addressed. Electronic mail:
truhlar@umn.edu.

of recent developments and the impressive efficiency of the
explicitly correlated methods, extrapolation without explicit
correlation is becoming of only historical interest, since sim-
ilar accuracy can be achieved with R12 (Refs. 22–24) and
F12a (Refs. 14, 19, and 25) or F12b (Refs. 14, 19, and 25)
methods in a single step.26

The third method will be called the dual-level method. In
it one first writes the CCSD(T)/CBS energy as

ECBS
CCSD(T) = ECBS

MP2 + �ECBS, (1)

where ECBS
MP2 is the CBS limit of the energy calculated by

second-order Møller–Plesset perturbation theory (MP2),27

and

�ECBS
CCSD(T) = ECBS

CCSD(T) − ECBS
MP2 (2)

is the coupled cluster correction. Then we recognize, that, as
has been pointed out and explained in various contexts,28–31, 61

EMP2 converges much more slowly with respect to basis set
size than does �E. The first step in using Eq. (1) is to estimate
ECBS

MP2. The second step is to estimate the CCSD(T) correc-
tion by calculating it with larger and larger basis set until �E
converges. One can use smaller basis sets for step 2 than for
step 1.

�ECBS
CCSD(T) ≈ EFBS

CCSD(T) − EFBS
MP2, (3)

where FBS denotes the finite basis set used to calculate �E.
One could also use extrapolation for one or both terms of
Eq. (1).

Approaches similar to Eqs. (1)–(3) have been used in a
variety of additive schemes of greater complexity, where mul-
tiple correction terms are involved. The Gaussian-n approach
by Pople, Curtiss, Raghavachari, and co-workers32–35 was
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the first popular example of such a scheme. Hobza and co-
workers used a similar strategy, but without following the pre-
cise scheme of G-n methods28, 36 Focal point analysis of Allen
and co-workers31, 37 and multicoefficient correlation methods
(MCCMs) (Refs. 39–42) by our group are based on a simi-
lar idea and may also be considered to be elaborations of the
older SEC (Ref. 43) and SAC (Ref. 44) schemes. Employing
sequences of basis sets and extending them until convergence
is attained may also be viewed as special cases of the focal
point method.45, 46 The CBS methods47, 48 of Petersson and
co-workers involve more detailed analyses of the asymptotic
convergence of the correlation energy but may be considered
to be the foundational papers supporting all the future devel-
opments. The “interference” term of the CBS methods may
also be used to provide a correction to Eq. (3).49

In employing the straight- and dual-level methods, one
usually employs a sequence of correlation-consistent (cc) ba-
sis sets (although MCCMs have been shown to be often more
efficient with other basis sets40). Correlation consistent ba-
sis sets by Dunning and co-workers (including cc-pVnZ,50–54

and cc-pV(n+d)Z,55) have the advantage that they have been
designed to converge to the complete basis set limit system-
atically, thereby in principle allowing extrapolation to the
limit from much smaller basis sets. Originally, they have been
augmented with large and gradually increasing sets of dif-
fuse functions to accompany increasing degrees of decontrac-
tion of the valence space n (aug-cc-pVnZ (Refs. 50–54, 56,
and 57) and aug-cc-pV(n+d)Z (Ref. 55)). It has been shown
previously that in cases where diffuse functions are needed,
partial augmentation of Dunning’s basis sets is a more effi-
cient approach than the originally suggested fully augmented
approach.58–63 It also leads to fewer SCF convergence prob-
lems. Partial augmentation of cc-pVnZ basis sets leads to
jul-cc-pVnZ, jun-cc-pVnZ, may-cc-pVnZ, . . . , etc. basis sets,
where “jul-” indicates a full “aug” set of diffuse functions
on heavy atoms, but no augmentation on hydrogen atoms,
and the “jun”, “may”, “apr”, . . . etc. basis sets (so called
seasonal basis sets) are the same as “jul” minus successive
subshells of higher-angular-momentum diffuse functions on
heavy atoms.61, 63

Rather than actually employing a sequence of basis sets,
it is also very common to use only one basis set that, based on
experience, is expected to be nearly complete. Clearly this is
more convenient. Based on experience accumulated to date,
many workers choose the aug-cc-pVTZ, cc-pVQZ, or aug-
cc-pVQZ basis sets or extrapolation schemes involving these
sets without further testing. However, to provide guidance it
is useful to have available systematic studies of which basis
sets are large enough to yield results within given tolerances
of the CBS limit. This is one key goal of the present study.

Great efficiency in approaching the complete basis set
limit can be attained by using explicitly correlated basis func-
tion, as in the R12, F12, F12a, and F12b schemes. The combi-
nation of F12 explicitly correlated basis functions with, e.g.,
jun-cc one-electron basis functions is expected to be a pow-
erful approach to reach the CBS limit of MP2, and the anal-
ogous F12a scheme is known to be a powerful approach to
reach the CCSD(T)/CBS limit.

At this point, we insert a note on nomenclature. The ba-
sis sets considered here do not include core correlation or core
polarization functions, thus they converge to what might best
be called the valence CBS limit. It is very common in practi-
cal applications in the literature (almost universal) to call this
the CBS limit, so we will use the shorter “CBS limit”, but
the reader should keep this in mind. Core correlation contri-
butions can be estimated,64, 65 but that is beyond our present
scope. Although core correlation and core polarization effects
will be included in our best estimates (see below), our goal
here is to test the widely employed methods that do not in-
clude core correlation or core polarization. (Note that core po-
larization is included at the Hartree–Fock level; when we refer
to core polarization in this paragraph we mean the beyond-
Hartree–Fock part.)

In the present article we therefore address the following
questions:

(1) What is the most efficient one-electron basis set from
among the cc, aug-cc, and seasonal sequences for using
the F12 scheme to reach the MP2-F12/CBS limit within
various tolerances by the straight approach?

In order to answer this question, we use MP2-F12/CBS
results as our benchmark values. It is understood that, even
with an infinite basis set, MP2 theory results carry large errors
and so the purpose of this first query is to establish which ba-
sis sets efficiently approximate MP2-F12/CBS barrier height
and reaction energy values, not how to calculate the most ac-
curate values of these properties. As illustrated by Eqs. (1)–
(3), MP2-F12/CBS results near to the CBS limit can then be
used together with higher-order corrections in order to obtain
accurate data.

(2) What is the most efficient one-electron basis set from
among the cc, aug-cc, and seasonal sequences for us-
ing the F12a scheme to reach the CCSD(T)/CBS limit
within various tolerances by the straight approach?

(3) What are the most efficient one-electron basis set pairs
to employ in MP2-F12 and CCSD(T)-F12a calculations
to for dual-level calculations employing Eq. (3)?

In order to address questions (2) and (3), we use
CCSD(T)/CBS results as our benchmark values. We should
keep in mind though that CCSD(T) is not an exact theory. It
is widely appreciated that decreasing a source of error in a
computational method reaches a point of diminishing returns
when that source of error is reduced to the point where it is no
longer dominant. For example, if CCSD(T)/CBS has a typ-
ical error of 0.4 kcal/mol, one expects to get more accurate
results with a basis set with a typical incompleteness error of
0.5 kcal/mol than with a basis set with a typical incomplete-
ness error of 1.0 kcal/mol. However, increasing the basis set
to reduce basis set errors from 0.3 kcal/mol to 0.15 kcal/mol
is hardly warranted since the error can only decrease below
∼0.4 kcal/mol by cancellation of errors. This brings us to the
fourth question:

(4) At what basis set size do CCSD(T) and dual-level calcu-
lations stop becoming more accurate on average?
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To answer question (4) we compare CCSD(T) and
dual-level calculations with various sizes of basis sets to
the most accurate data available for the quantities stud-
ied here – Weizmann-4 (W4) (Ref. 66), Weizmann-3.2
(W3.2), and CCSDT(2)Q/CBS+CV+R calculations (where
CV denotes core-valence correlation and R denotes rela-
tivistic corrections) – rather than to CCSD(T)/CBS calcu-
lations, which are relevant to questions (2) and (3). We
note that W4 calculations have 95% confidence interval of
0.16 kcal/mol for thermochemical data.66 Thus it is sel-
dom called for to get closer than 0.16 kcal/mol to the
CBS limit. Note also that W4 corresponds approximately to
CCSDTQ5/CBSD+CV+R+DBOC, where DBOC denotes
the diagonal Born-Oppenheimer correction, and W3.2 corre-
sponds approximately to CCSDT(Q)/CBS+CV+R+DBOC.

II. COMPUTATIONAL DETAILS

In this article, we evaluate methods based on their predic-
tions of the forward and reverse barrier heights and the energy
of reaction for the following 16 reactions:

� Radical hydrogen transfer:

HO2 · + CH3OH → H2O2 + · CH2OH (R1)

HO2 · + CH3OH → H2O2 + CH3O · (R2)

· CH3 + CH3OH → CH4 + · CH2OH (R3)

· CH3 + CH3OH → CH4 + CH3O · (R4)

· OH + CH4 → · CH3 + H2O (R5)

H · + OH → O(3P) + H2 (R6)

H · + H2S → H2 + HS (R7)

� Heavy atom transfer:

H · + N2O → · OH + N2 (R8)

H · + HCl → H · + HCl (R9)

· CH3 + FCl → CH3F + Cl · (R10)

� Nucleophilic substitution:

Cl− + CH3Cl → Cl− + CH3Cl (R11)

F− + CH3Cl → Cl− + CH3F (R12)

OH− + CH3F → F− + CH3OH (R13)

� Unimolecular and association reactions:

H · +N2 → HN2 · (R14)

H · +C2H4 → · CH2CH3 (R15)

HCN → HNC (R16)

Reactions (R5)–(R16) constitute DBH24/08 database
that has been developed as a statistically representative set
of reactions for barrier height calculations and has been used
before for evaluation computational methods for calculation
of barrier heights.67 To that set we add hydrogen abstraction
reactions from methanol (reactions (R1)–(R4)) since they
can be representative of larger and more complicated organic
systems.68

Our goal is to draw general conclusions about basis set
strategy, and we believe that the best way to do this is to av-
erage the results of basis set convergence tests over multiple
data. The full set of 48 data is called the thermochemical ki-
netics 48 (TK48) database; it contains the energy of reaction
and the forward and reverse barrier heights of the sixteen re-
actions listed above.

In order to test sensitivity of the basis set errors to the dif-
fuse basis sets, TK48 is divided into ATK9 and NTK39. ATK9
includes barriers and reaction energies of the reactions that
involve anions (R11)–(R13), which are expected to be more
sensitive to the saturation of the diffuse space. NTK39 con-
sists of analogous data for the neutral reactions (R1)–(R10)
and (R14)–(R16), which should be less sensitive to augmen-
tation.

III. METHODS

All calculations in the present tests are single-point en-
ergy calculations at pre-optimized geometries; we consider
both both open- and closed-shell species.

All the MP2 results presented here are based on the MP2-
F12 procedure,17 and all the CCSD(T) results presented here
were obtained with the F12a (Ref. 20) procedure. These pro-
cedures augment the MP2 calculation and the CCSD part of
the CCSD(T) calculation by explicitly correlated terms. These
explicitly correlated terms do not make a direct contribution
to the (T) correction of the CCSD(T) method, but the (T) cor-
rection changes due to changes in the CCSD amplitudes.

Barrier height and reaction energy calculations were per-
formed using the MOLPRO 2009 (Ref. 69) program. In order
to reduce cost of the calculations, we used standard density fit-
ting basis sets. In particular, all the MP2-F12 and CCSD(T)-
F12a calculations employing aug-cc-pV(n+d)Z calculations
were carried out using the aug-cc-pVnZ/JKFIT and aug-cc-
pVnZ/MP2FIT density-fitting basis sets, and all the calcula-
tions involving cc-pV(n+d)Z), seasonal (mon-cc-pV(n+d)Z),
and cc-pVnZ-F12 basis sets employ cc-pVnZ/JKFIT and cc-
pVnZ/MP2FIT as the density fitting basis sets. All calcula-
tions use 3C(FIX) ansatz with orbital invariant amplitudes
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and were carried out with full non-linear fit of the geminal
expansion.

For the stationary points of the reactions R5 through R16,
we used QCISD/MG3 geometries from previous studies.70, 71

Geometries for the methanol reactions (R1–R4) were M06-
2X/MG3S calculations taken from Ref. 68. In all cases we
include spin-orbit contributions for all open-shell systems by
the same procedure as used previously.72 For the single-point
calculations of the open-shell systems we used the restricted
formalism for all levels; in particular, we used RHF, RMP2-
F12,73 and RRCCSD(T)-F12a in this study.

IV. COST ESTIMATES

One cannot adequately judge the relative success of vari-
ous computational methods without considering cost, which
we express here in units of CPU time. Unfortunately, pre-
cise comparisons of CPU times are impossible, because such
times depend on the software, the computer, the load on that
computer, the way that the method is coded, the number of
processors used, and many other variables. Nevertheless the
trends in computer time are meaningful if one does not in-
terpret them too finely; for example, it is usually meaningful
if two computer times (on the same computer with the same
number of processors) vary by more than a factor of two on
the same computer.

In order to quantify the relative cost of the methods that
we test in this study, we have calculated single-point energies
of the same molecule, on the same machine (Chinook at the
Pacific Northwest National Laboratory), using the same num-
ber (8) of processors, same amount of memory (437 MW),
and same software (MOLPRO 2009) for all the combinations
of levels and basis sets. For this purpose phosphinomethanol
was chosen, because it has a reasonable ratio of first pe-
riod:second period:third period atoms (6:2:1), and it is af-
fordable even for very complete calculations. Unfortunately,
it is rather small so the times for expensive methods have not
reached their asymptotic scaling regime.

We report CPU time of these single-point calculations as
relative to the most inexpensive (HF/cc-pV(D+d)Z) calcula-
tion in Table I.

V. RESULTS AND DISCUSSION

Tables II–V summarize mean unsigned basis-set errors
of all the single- and dual-level methods for barrier heights
and reaction energies using various basis sets. First, we ex-
amine convergence of MP2-F12 with respect to the basis set
in order to address question 1. Table II lists mean unsigned
errors for the barrier heights and reaction energies in TK48.
As benchmark values we used MP2-F12/jul-cc-pV(5+d)Z re-
sults. Since the sensitivity of the neutral and anionic reactions
to diffuse functions is different, we list separately the errors
on the reactions containing anions (in ATK9 column) and neu-
tral reactants only (NTK39 column). The table shows that
triple-ζ basis sets provide results already converged to within
∼0.1 kcal/mol to the quintuple-ζ values. For very highly
converged MP2/CBS estimates, may-cc-pV(Q+d)Z can be
employed; however jun-cc-pV(T+d)Z already converges all

TABLE I. The cost of HF, MP2-F12, and CCSD(T)-F12a single point cal-
culation (CPU time) of CH2(OH)PH2 molecule normalized to the smallest
calculation (HF/cc-pVDZ).

HFa MP2-F12 CCSD(T)-F12a

aug-cc-pV(Q+d)Z 1090 4300 68900
jul-cc-pV(Q+d)Z 491 2250 34900
jun-cc-pV(Q+d)Z 386 2010 27000
may-cc-pV(Q+d)Z 278 1840 21500
apr-cc-pV(Q+d)Z 237 1740 18600
cc-pV(Q+d)Z 205 1660 16000

aug-cc-pV(T+d)Z 90 1070 7740
jul-cc-pV(T+d)Z 45 532 3840
jun-cc-pV(T+d)Z 27 469 2710
may-cc-pV(T+d)Z 21 430 2110
cc-pV(T+d)Z 16 400 1710

aug-cc-pV(D+d)Z 4.8 322 775
jul-cc-pV(D+d)Z 2.7 180 396
jun-cc-pV(D+d)Z 1.5 160 285
cc-pV(D+d)Z 1.0 146 223

aAn average of two HF runs: for the MP2-F12 and CCSD(T)-F12a calculation.

three columns to better than the 0.16 kcal/mol limit mentioned
earlier. Notice that may-cc-pV(T+d)Z is about a factor of two
more accurate than the only slightly less expensive (see MP2-
F12 column of Table I) aug-cc-pV(D+d)Z basis set.

In order to address question 2, in Table III we list de-
viations of the CCSD(T) theory with various basis sets from
the near-CBS values (CCSD(T)-F12a/apr-cc-pV(5+d)Z). As
in MP2, triple- and quadruple-ζ results are within 0.2 and
0.1 kcal/mol of the quintuple zeta results. Beyond the jun-
cc-pV(T+d)Z basis set, improvement is very slow compared
to the rapid increase in the costs (which can be seen in the last
column of Table I). For example, consecutive basis sets, de-
spite nearly doubling the cost, improve the average errors by
hundredths of kcal/mol or not at all. The jul-cc-pV(T+d)Z ba-
sis set achieve better than 0.16 kcal/mol for all three columns
of Table III with a cost lower than aug-cc-pV(T+d)Z by a

TABLE II. Mean unsigned errors (in kcal/mol) of MP2 barrier heights and
reaction energies using MP2-F12/jul-cc-pV(5+d)Z values as a benchmark

TK48 ATK9 NTK39

apr-cc-pV(5+d)Z 0.01 0.02 0.01

aug-cc-pV(Q+d)Z 0.03 0.03 0.03
jul-cc-pV(Q+d)Z 0.04 0.05 0.04
jun-cc-pV(Q+d)Z 0.03 0.04 0.03
may-cc-pV(Q+d)Z 0.04 0.04 0.04
apr-cc-pV(Q+d)Z 0.07 0.14 0.05
cc-pV(Q+d)Z 0.69 2.74 0.22

aug-cc-pV(T+d)Z 0.07 0.09 0.07
jul-cc-pV(T+d)Z 0.12 0.11 0.13
jun-cc-pV(T+d)Z 0.13 0.15 0.12
may-cc-pV(T+d)Z 0.18 0.26 0.16
cc-pV(T+d)Z 1.19 3.92 0.56

aug-cc-pV(D+d)Z 0.32 0.36 0.31
jul-cc-pV(D+d)Z 0.46 0.37 0.48
jun-cc-pV(D+d)Z 0.70 1.30 0.56
cc-pV(D+d)Z 2.45 6.25 1.58
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TABLE III. Mean unsigned errors (in kcal/mol) on CCSD(T)-F12a
barrier heights and reaction energies as compared to the CCSD(T)-F12a/
apr-cc-pV(5+d)Z results.

TK48 ATK9 NTK39

aug-cc-pV(Q+d)Z 0.05 0.05 0.05
jul-cc-pV(Q+d)Z 0.05 0.07 0.05
jun-cc-pV(Q+d)Z 0.04 0.03 0.04
may-cc-pV(Q+d)Z 0.04 0.02 0.04
apr-cc-pV(Q+d)Z 0.09 0.18 0.07
cc-pV(Q+d)Z 0.63 2.46 0.21

aug-cc-pV(T+d)Z 0.14 0.20 0.12
jul-cc-pV(T+d)Z 0.15 0.15 0.15
jun-cc-pV(T+d)Z 0.14 0.18 0.14
may-cc-pV(T+d)Z 0.20 0.24 0.19
cc-pV(T+d)Z 1.09 3.50 0.54

aug-cc-pV(D+d)Z 0.32 0.45 0.29
jul-cc-pV(D+d)Z 0.45 0.42 0.46
jun-cc-pV(D+d)Z 0.68 1.37 0.52
cc-pV(D+d)Z 2.23 5.79 1.40

factor of 2.0, and jun-cc-pV(T+d)Z does about as well with
a cost lowering of a factor of 2.9. The may-cc-pV(T+d)Z ba-
sis set raises the basis set errors to only 0.19–0.24 kcal/mol
with a cost lowering (again relative to aug-) of a factor of 3.7,
whereas the error is very large when diffuse basis functions
are totally omitted. These comparisons provide a dramatic il-
lustration of the efficiency of seasonal basis sets.

In order to answer question 3, we need to balance er-
rors introduced by the two terms of Eq. (1). We denote the
basis used for the first term as X and that for the second
step as Y. When choosing X, the demand on the accuracy
should depend on the uncertainty introduced by the level of
theory (and the basis set used) at which higher order cor-
rections are going to be calculated. However, as mentioned
above, triple-ζ basis sets provide results already converged to
within ∼0.1 kcal/mol of CBS values, which, as we will show

TABLE IV. Mean unsigned errors (in kcal/mol) of �CCSD(T)-F12a correc-
tions to barrier heights and reaction energies as compared to the CCSD(T)-
F12a/apr-cc-pV(5+d)Z values of the corrections.

TK48 TK9 TK39

aug-cc-pV(Q+d)Z 0.03 0.03 0.03
jul-cc-pV(Q+d)Z 0.03 0.02 0.03
jun-cc-pV(Q+d)Z 0.03 0.03 0.03
may-cc-pV(Q+d)Z 0.03 0.02 0.03
apr-cc-pV(Q+d)Z 0.05 0.06 0.04
cc-pV(Q+d)Z 0.11 0.28 0.07

aug-cc-pV(T+d)Z 0.11 0.15 0.10
jul-cc-pV(T+d)Z 0.10 0.12 0.09
jun-cc-pV(T+d)Z 0.09 0.10 0.09
may-cc-pV(T+d)Z 0.11 0.10 0.12
cc-pV(T+d)Z 0.22 0.47 0.16

aug-cc-pV(D+d)Z 0.23 0.22 0.23
jul-cc-pV(D+d)Z 0.25 0.22 0.25
jun-cc-pV(D+d)Z 0.28 0.24 0.28
cc-pV(D+d)Z 0.44 0.68 0.38

TABLE V. Mean unsigned errorsa on data in NK48 database calculated by
the dual-level method using Eq. (3).

X jun-Q may-Q apr-Q aug-T jul-T jun-T may-T T aug-D

Y
jun-Q . . . . . . . . . . . . . . . . . . . . . . . . . . .
may-Q 0.04 . . . . . . . . . . . . . . . . . . . . . . . .
apr-Q 0.06 0.06 . . . . . . . . . . . . . . . . . . . . .
Q 0.11 0.11 0.10 . . . . . . . . . . . . . . . . . .
aug-T 0.11 0.11 0.13 . . . . . . . . . . . . . . . . . .
jul-T 0.10 0.10 0.12 0.12 . . . . . . . . . . . . . . .
jun-T 0.09 0.09 0.12 0.11 0.13 . . . . . . . . . . . .
may-T 0.11 0.11 0.13 0.11 0.13 0.14 . . . . . . . . .
T 0.21 0.21 0.20 0.20 0.20 0.22 0.25 . . . . . .
aug-D 0.22 0.23 0.25 0.24 0.24 0.25 0.29 1.18 . . .
jul-D 0.24 0.25 0.26 0.25 0.26 0.28 0.30 1.17 0.34
jun-D 0.27 0.27 0.28 0.28 0.27 0.27 0.29 1.16 0.31
D 0.42 0.43 0.41 0.42 0.41 0.41 0.40 1.01 0.49

aMean unsigned errors (kcal/mol) as compared to the CCSD(T)/apr-5 values.

below, is more than an order of magnitude lower than the error
of the MP2/CBS result itself. For the very accurate dual-level
schemes, may-cc-pV(Q+d)Z would be recommended, but as
discussed in conjunction with question 1, that will usually be
overkill. To find the best strategy we will explicitly consider
combinations of X and Y.

The suitable choice of balanced pairs of basis sets X and
Y can be made using Tables II and IV. By comparing these
tables pair X = may-cc-pV(Q+d)Z, Y = jun-cc-pV(T+d)Z
is well balanced for very high accuracy (0.10 kcal/mol) since
with the basis set combination the MP2-F12 and �CCSD(T)
terms would be introducing comparable cost and error. For
the somewhat more realistic goal of better than 0.16 kcal/mol,
Tables II and IV show that Y = may-cc-pV(T+d)Z is a good
candidate to match with X = jun-cc-pV(T+d)Z, and Y = jul-
cc-pV(D+d)Z or even jun-cc-pV(D+d)Z appear to be good
candidates to match with X = may-cc-pV(T+d)Z.

A more direct evaluation of the combinations may be
based on Table V which lists basis set errors of results ob-
tained using Eq. (3) as determined by comparing to the near-
CCSD(T) limit. For example, in order to evaluate the com-
bination of X = jun-T with Y = jun-D (where we have
now introduced an obvious shorthand notation), consider
that CCSD(T)/jun-D by itself has an error of 0.68 kcal/mol
(Table III). However, when we combine it with addi-
tional MP2-F12/jun-T calculation, the error goes down to
0.27 kcal/mol (Table V). In this case, the dual method is
twice as expensive as the CCSD(T) component calculation.
If we wanted to use only CCSD(T) (straight approach), sim-
ilar improvement could only be achieved if the basis set was
increased to may-T, which is roughly eight times more expen-
sive than the CCSD(T)/jun-D calculation.

To put the orders of magnitude of errors discussed here
in perspective and address question 4, which provides the ul-
timate criterion for basis set selection, one should consider
the error of the CCSD(T)/CBS and dual-level approaches.
Therefore, we have compared the CCSD(T) results to the best
available estimates. For the reactions R6–R16 we used Weiz-
mann 3.2 and 4 results of Martin and co-workers as the best
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TABLE VI. Mean unsigned errors (in kcal/mol) on MP2-F12 and
CCSD(T)-F12a barrier heights and reaction energies as compared to the best
available estimates: W3.2, W4, and CCSDT(2)Q/CBS.

MP2-F12 CCSD(T)-F12a

TK48 ATK9 NTK39 TK48 ATK9 NTK39

apr-5 2.85 0.89 3.30 0.44 0.11 0.52

aug-Q 2.84 0.87 3.30 0.43 0.16 0.49
jul-Q 2.84 0.84 3.31 0.44 0.18 0.50

jun-Q 2.85 0.87 3.30 0.44 0.14 0.51
may-Q 2.85 0.88 3.30 0.45 0.13 0.53
apr-Q 2.83 0.76 3.31 0.50 0.29 0.55
Q 3.12 2.32 3.30 0.89 2.57 0.50
aug-T 2.83 0.87 3.28 0.41 0.18 0.46
jul-T 2.84 0.81 3.30 0.41 0.14 0.48
jun-T 2.86 0.92 3.31 0.44 0.12 0.51
may-T 2.88 0.98 3.32 0.50 0.18 0.58
T 3.36 3.56 3.31 1.14 3.62 0.57

aug-D 2.88 0.98 3.32 0.45 0.39 0.47
jul-D 2.92 0.94 3.38 0.52 0.38 0.56
jun-D 3.23 2.15 3.48 0.79 1.26 0.68
D 3.99 6.03 3.52 2.19 5.90 1.33

available estimates.74 Since our calculations do include spin-
orbit corrections, but do not include DBOC corrections, the
analogous Weizmann values were used from Ref. 74. In
the case of reactions R1–R4, CCSDT(2)Q/CBS (Ref. 75)
benchmarks68 were used. These CBS values were obtained68

by extrapolation from cc-pVTZ and cc-pVQZ basis sets and
have been shown to agree well with experiment. They also
include spin-orbit and relativistic corrections. The errors of
MP2-F12 and CCSD(T)-F12a are summarized in Table VI.
We see that on average CCSD(T)/5Z results differ from these
benchmarks by 0.44 kcal/mol, which is much higher than the
hundredths of kcal/mol in Table III. This means that in the
search for the most accurate results, beyond the CCSD(T)
with triple-ζ basis sets, additional computational resources
should be invested in higher-order correlation and relativistic
effects rather than increasing basis set.

Similarly, when we evaluate the dual-level results us-
ing the errors with respect to the best available estimates in
Table VII, we see that the improvement achieved by going
from X = jul-T and Y = jun-D (within 0.27 kcal/mol of
CCSD(T)/CBS) to X = may-Q and Y = jun-T (0.09 kcal/mol)
is very insignificant in comparison with the total errors.

In fact, there seems to be no statistically significant ad-
vantage in going beyond X : Y = jun-T : may-T or X : Y
= jun-T : aug-D, each of which has a mean total error (see
Table VII) of only 0.47 kcal/mol. In fact X : Y = aug-D :
jun-D has a mean basis set error only slightly larger at 0.52
kcal/mol.

In order to compare the efficiency of the single and dual
methods on a quality vs. cost basis, Tables VIII–X list selected
methods (MP2, CCSD(T), and dual-level) in order of increas-
ing cost. Table VIII is based on the full database (TK48), and
Tables IX and X correspond respectively to the subsets of
reactions involving anions (ATK9) and those involving only
neutral species (NK39). To avoid clutter with basis sets that do

TABLE VII. Mean unsigned errorsa on data in TK48 database calculated
by the dual-level method using Eq. (3).

X jun-Q may-Q apr-Q aug-T jul-T jun-T may-T T aug-D

Y:

jun-Q . . . . . . . . . . . . . . . . . . . . . . . . . . .
may-Q 0.45 . . . . . . . . . . . . . . . . . . . . . . . .
apr-Q 0.47 0.47 . . . . . . . . . . . . . . . . . . . . .
Q 0.49 0.50 0.49 . . . . . . . . . . . . . . . . . .

aug-T 0.43 0.43 0.45 . . . . . . . . . . . . . . . . . .
jul-T 0.44 0.45 0.47 0.42 . . . . . . . . . . . . . . .
jun-T 0.46 0.46 0.48 0.43 0.43 . . . . . . . . . . . .
may-T 0.50 0.50 0.52 0.47 0.46 0.47 . . . . . . . . .
T 0.57 0.58 0.57 0.55 0.53 0.55 0.57 . . . . . .

aug-D 0.49 0.49 0.51 0.47 0.46 0.47 0.51 1.21 . . .
jul-D 0.52 0.53 0.54 0.51 0.50 0.53 0.56 1.20 0.53
jun-D 0.54 0.54 0.55 0.53 0.50 0.52 0.54 1.18 0.52
D 0.70 0.70 0.69 0.69 0.66 0.67 0.67 1.12 0.69

aMean unsigned errors (kcal/mol) as compared to the Weizmann and CCSDT(2)Q/CBS
limit values.

not offer significant improvement, the tables list only methods
that offer improvement, with respect to less expensive meth-
ods, both in deviations relative to the CCSD(T)/CBS limit
(second last column) and in deviations with respect to the best
estimate.76 In other words, some rows were deleted so that
both of the final two columns are monotonically decreasing
functions as the cost goes up—the idea being that only if both
criteria improve is it worth increasing the cost. Methods that
do not appear in at least one of Tables VIII–X can hardly be
recommended in the final analysis.

The most astonishing conclusion concerning the errors
with respect to the best estimate (these errors are listed in
the last columns of Tables VIII–X) is that beyond CCSD(T)-
F12a with aug-D basis set the errors on the barrier heights

TABLE VIII. Mean unsigned errors on 48 data (TK48) in kcal/mol with
respect to coupled cluster limit benchmarks and the best available estimates
in the order of the increasing cost.

Methoda

MP2-F12 CCSD(T)-F12a CCSD(T)/ BE

Diffuse ζ Diffuse ζ Cost CBS Errorb Errorc

. . . D . . . . . . 38 3.84 3.99
jun D . . . . . . 42 3.07 3.23
jul D . . . . . . 47 2.77 2.92
. . . . . . . . . D 58 2.23 2.19
. . . . . . jun D 74 0.68 0.79
. . . . . . jul D 104 0.45 0.52

aug D 203 0.32 0.45
. . . . . . jun T 711 0.14 0.44
jul T jun T 860 0.13 0.43
aug T jul T 1309 0.12 0.42

aFor single-level calculations only one basis set is listed; for dual-level calculations us-
ing Eq. (3), first two columns (MP2-F12 basis set) list X bases, while third and fourth
(CCSD(T)-F12a basis set) list Y bases used. In all cases basis sets with tight d functions
on third row atoms (+d) were used.
bError with respect to the CCSD(T)-F12a/apr-cc-pV(5+d)Z values.
cError with respect to the Best Estimate: W3.2 and W4 values from Ref. 74 for DBH24
data and CCSDT(2)Q/CBS (T,Q-extrapolation) values68 for the methanol reactions.
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TABLE IX. Mean unsigned errors on ATK9 data in kcal/mol with respect
to coupled cluster limit and the best available estimates in the order of the
increasing cost.

Methoda

MP2-F12 CCSD(T)-F12a CCSD(T)/ BE

Diffuse ζ Diffuse ζ Cost CBS Errorb Errorc

. . . D . . . . . . 38 5.92 6.03
jun D . . . . . . 42 2.26 2.15
jul D . . . . . . 47 1.05 0.94
. . . . . . jul D 104 0.42 0.38
may T jun D 191 0.35 0.30
jun T jun D 203 0.26 0.21
. . . . . . may T 553 0.24 0.18
jun T may T 682 0.16 0.12
may Q may T 1103 0.08 0.10

aFor single-level calculations only one basis set is listed; for dual-level calculations us-
ing Eq. (3), first two columns (MP2-F12 basis set) list X bases, while third and fourth
(CCSD(T)-F12a basis set) list Y bases used. In all cases basis sets with tight d functions
on third row atoms (+d) were used.
bError with respect to the CCSD(T)-F12/apr-cc-pV(5+d)Z values.
cError with respect to the best estimate: W3.2 and W4 values from Ref. 74 for DBH24
data and CCSDT(2)Q/CBS (T,Q-extrapolation) values68 for the methanol reactions.

and reaction energies are dominated by the limitations of the
method, not the basis set. For example increasing the basis set
from aug-D to may-Q decreases the CCSD(T)/CBS error of
0.32 kcal/mol to 0.04 kcal/mol, but the BE error remains ex-
actly the same (0.45 kcal/mol), so this method is not included
in Table VIII.

It is beyond the scope of this article to evaluate and
compare all the available basis sets for the present types of
calculations. However, We note that some basis sets, called
cc-pVnZ-F12 basis sets,77 have been optimized specifically
for the explicitly correlated methods, and therefore we have
tested them. We note that, despite their name, these basis

TABLE X. Mean unsigned errors on NTK39 data in kcal/mol with respect
to coupled cluster limit and Weizmann results in order of increasing cost.

Methoda

MP2-F12 CCSD(T)-F12a CCSD(T)/ BE

Diffuse ζ Diffuse ζ Cost CBS Errorb Errorc

. . . D . . . . . . 38 3.36 3.52
jun D . . . . . . 42 3.26 3.48
jul D . . . . . . 47 3.17 3.38
. . . . . . . . . D 58 1.40 1.33
. . . . . . jun D 74 0.52 0.68
. . . . . . jul D 104 0.46 0.56
aug D jun D 159 0.29 0.55
jun T aug D 332 0.24 0.53
jun T may T 682 0.14 0.51
. . . . . . aug T 2036 0.12 0.46

aFor single-level calculations only one basis set is listed; for dual-level calculations us-
ing Eq. (3), first two columns (MP2-F12 basis set) list X bases, while third and fourth
(CCSD(T)-F12a basis set) list Y bases used. In all cases basis sets with tight d functions
on third row atoms (+d) were used.
bError with respect to the CCSD(T)-F12a/apr-cc-pV(5+d)Z values.
ccError with respect to the best estimate: W3.2 and W4 values from Ref. 74 for DBH24
data and CCSDT(2)Q/CBS (T,Q-extrapolation) values68 for the methanol reactions.

sets include some diffuse functions. Our application of these
basis sets to the present database and subdatabases showed
that they do not provide an exception to the conclusions we
draw from the calculations above with seasonal basis sets.
For example, in the case of the TK48 database, the BE error
for CCSD(T)-F12a calculations drops from 0.46 kcal/mol to
0.45 kcal/mol, when we increase the basis set from cc-
pVTZ-F12 to cc-pVQZ-F12, and no combination of cc-pVnZ
-F12 basis sets for X and Y offers a smaller error than 0.45
kcal/mol in the dual-level approach. Full sets of errors for
the tests of cc-pVnZ-F12 basis sets are provided in the
supplementary material.

VI. CONCLUSIONS

� MP2 results for barrier height and reaction energy
should only be used with higher-order correlation cor-
rections. MP2-F12 converges much faster with respect
to the basis set than do calculations without explicitly
correlated functions. Augmentation is necessary to get
good results, but this can be done efficiently by us-
ing partial augmentation (seasonal basis sets) without
needing full augmentation (aug-).

� For the dual level approach we found two reasonably
efficient basis set combinations X : Y = may-Q : jun-T
and X : Y = jun-T : jun-D. If we consider reliability vs.
cost these combinations of MP2-F12 and CCSD(T)-
F12a with two different basis sets perform better than
plain CCSD(T), but the difference in error at a sim-
ilar cost is not large. CCSD(T)-F12a/jul-cc-pVDZ is
already adequate for an accuracy of ∼0.6 kcal/mol,
and using this basis for CCSD(T) correction with a
much large basis for the MP2 component brings the
error down only to ∼0.5 kcal/mol.

� CCSD(T)-F12a convergence with respect to the best
estimates is nonexistent beyond partially augmented
triple zeta basis sets, because the error (∼0.4 kcal/mol)
is dominated by other effects. Therefore including
higher-order electron correlation (e.g., full triples and
perturbative quadruples), core correlation, and rela-
tivistic effects are recommended before proceeding to
quadruple-ζ basis sets at the CCSD(T) level.

� In order to achieve chemical accuracy (< 1 kcal/mol)
it is important that all contributions to the error be con-
verged to that level with respect to increasing the basis
set.78 However, the present results show that although
estimating CBS limit values is interesting from the the-
oretical point of view, it often does not reduce errors
with respect to the best estimates. Once the basis set is
large enough to make the difference of a CCSD(T) cal-
culation from CCSD(T)/CBS smaller than the differ-
ence of CCSD(T)/CBS from the accurate result, there
is little to gain by increasing the basis set further.
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