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Abstract We propose a new computational protocol to
obtain highly accurate theoretical reference data. This
protocol employs the explicitly correlated coupled-cluster
method with iterative single and double excitations as well
as perturbative triple excitations, CCSD(T)(F12), using
quadruple-{ basis sets. Higher excitations are accounted for
by conventional CCSDT(Q) calculations using double-{
basis sets, while core/core-valence correlation effects are
estimated by conventional CCSD(T) calculations using
quadruple-{ basis sets. Finally, scalar-relativistic effects
are accounted for by conventional CCSD(T) calculations
using triple-{ basis sets. In the present article, this protocol
is applied to the popular test sets AE6 and BH6. An error
analysis shows that the new reference values obtained by
our computational protocol have an uncertainty of less than
1 kcal/mol (chemical accuracy). Furthermore, concerning
the atomization energies, a cancellation of the basis set
incompleteness error in the CCSD(T)(F12) perturbative
triples contribution with the corresponding error in the
contribution from higher excitations is observed. This error
cancellation is diminished by the CCSD(T*)(F12) method.
Thus, we recommend the use of the CCSD(T*)(F12)
method only for small- and medium-sized basis sets, while
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1 Introduction

Representative test sets consisting of a few small systems
are very important to gauge the accuracy of computational
methods. Moreover, small representative test sets are often
used to adjust empirical parameters of new approximate
methods. The test sets AE6 (six atomization energies) and
BHG6 (six barrier heights) proposed by Lynch and Truhlar
[1] are supposed to be representative sets for the 109
atomization energies and 44 barrier heights of the Data-
base/3 [2] data set. Unfortunately, they involve experi-
mental reference values that have to be corrected for
certain contributions (entropic, enthalpic, and zero-point
vibrational contributions) that are usually not easily
accessible in a new computational method. These correc-
tions add to the uncertainty of the reference values. A very
attractive alternative is to obtain highly accurate reference
values from computational chemistry. Established proto-
cols yielding very high accuracy are the W4 method [3]
from the Wn family of methods [3-6] and the HEAT
project [7]. Both involve highly expensive calculations and
basis set extrapolations.

The aim of the present study is to propose an alternative
computational protocol that comes close to the accuracy of
the W4 method but which is computationally less expen-
sive and does not involve basis set extrapolations. This
new computational protocol employs explicitly correlated
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coupled-cluster theory including iterative single and double
excitations as well as perturbative triple excitations,
CCSD(T)(F12) [8-19], augmented with higher-order cor-
rections. The design of our protocol is inspired by prior
assessments of the performance of explicitly correlated
methods for a variety of systems [20-25]. We present
results of our new composite method for the AE6 and BH6
test sets. We note that the highly accurate W4 method has
already been applied to the BH6 test set [26] and to five of
the six molecules of the AE6 test set [27]. We therefore
compare our new results not only to the currently used
experimental reference values but also to the values
obtained from the W4 method.

Our computational approach allows us to provide rela-
tivistic as well as nonrelativistic and frozen-core reference
values. We also provide error estimates to gauge the
accuracy of the theoretical reference values obtained from
our computational protocol. More approximate methods
can be compared to these more suitable reference values.

2 Methods

The computational protocol proposed here avoids basis set
extrapolations by usage of the explicit treatment of electron
correlation by means of the CCSD(T)(F12) method. This
yields the CCSD correlation energy very close to the basis
set limit and offers a basis set incompleteness correction
for the Hartree—Fock energy (CABS singles). We augment
the part covered by CCSD(T)(F12) with corrections for
higher excitations and core/core-valence correlation. We
also propose a method/basis set combination to account for
scalar-relativistic effects. If full-relativistic reference val-
ues are desired, we suggest to use the experimental fine
structure to extract first-order spin-orbit coupling terms.

2.1 Explicitly correlated calculations

Frozen-core CCSD(T)(F12) and core/core-valence corre-
lation energies were calculated with the TURBOMOLE [28]
module ricc2 [29] using reference wave functions from the
module pscr [30]. Open-shell species were calculated via
unrestricted formalisms. The CCSD(F12) part of the cal-
culations used variant B, ansatz 2, where the strong
orthogonality projector

O =(1-01)(1-0,) = ViV, (1)
Ou=D_low)(il, V=D lou(w)(duli)l:
with occupied orbitals ¢, and virtual orbitals ¢,

is used, with sp cusp conditions [18] to predetermine the
geminal amplitudes and with spin-flipped [19] geminals
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that are constructed from a linear combination of six
Gaussian functions using recommended exponents [31].
Explicitly correlated calculations employed the cc-pVXZ-
F12 series of orbital basis sets [32] with recommended
auxiliary basis sets [33] and CABS basis sets [34] from the
TurBOMOLE basis set library. The perturbative CABS sin-
gles correction (Ecaps) was taken into account [15].

2.2 Conventional calculations

Conventional AE-CCSD(T) calculations employing the
cc-pwCVQZ and cc-pwCV5Z basis sets [35] in conjunc-
tion with recommended RI basis sets [33] were used
to estimate the core/core-valence correlation energies.
Conventional CCSD(T) calculations for error estimates
employing the cc-pVXZ and cc-pV(X + d)Z [36-39] series
of basis sets were also performed using the TURBOMOLE
program package.

Higher excitation (difference between frozen-core
CCSDT(Q) and CCSD(T) calculations) contributions and
scalar-relativistic effects (AE-CCSD(T)) were calculated
using the programs CFOUR [40] and MRCC [41, 42].
Estimation of higher excitation energies employed the
cc-pVDZ and cc-pVTZ basis sets [36] in the case of H, C,
and O, while the cc-pV(D + d)Z and cc-pV(T + d)Z basis
sets [37] were used in the case of Si and S. The general
coupled-cluster code MRCC was used for all CCSDT(Q)
calculations. The calculation of scalar-relativistic effects
(mass-velocity and Darwin terms) [43, 44] employed the
cc-pwCVTZ and cc-pwCVQZ basis sets [35].

3 Results and discussion

3.1 Atomization energies and barrier heights
of the AE6 and BH6 test sets

The AES test set consists of the atomization energies of the
six molecules SiH,, SiO, S,, propyne (C3H,), glyoxal
(C,0,H,), and cyclobutane (C4Hg). The BH6 test set
consists of the forward and reverse barrier heights of the
three hydrogen transfer reactions OH 4 CHy; — CHjs-+
H,O,H + OH — O + H,, and H + H,S — H; + SH. We
use geometries at the QCISD/MG3 level of theory as
supplied by Truhlar et al. [45]. We present atomization
energies and barrier heights for the AE6 and BH6 test
sets from conventional CCSD(T) calculations using the
basis sets cc-pVDZ-F12, cc-pVTZ-F12, cc-pVQZ-F12,
cc-pV(Q + d)Z, cc-pV(5S + d)Z, cc-pV(6 + d)Z, and CBS-
extrapolated CCSD(T) as well as explicitly correlated
CCSD(T)(F12) calculations using the basis sets cc-pVDZ-
F12, cc-pVTZ-F12, and cc-pVQZ-FI12. We use CBS
extrapolations only to obtain error estimates for individual



Theor Chem Acc (2012) 131:1112

Page 3 of 7

contributions. For the CBS extrapolation of the Hartree—Fock
energy [46, 47], we use

E"F(X) = E"F(CBS) + Be X", (2)

fitting EHF(CBS), A, and B to energies EHF(X) from
calculations with cc-pV(X 4+ d)Z basis sets where
X =0,5,6. The CBS limit correlation energies were
estimated by the two-point formula

Ecorr,(X) — ECO[‘IZ(ch) + CX73, (3)

fitting E“°"(CBS) and C to energies E“°™(X) using
cc-pV(X + d)Z basis sets where X = 5, 6 for CCSD and
perturbative (T) correlation energies [48]. Additionally,
we also show values for both test sets using the
CCSD(T*)(F12) [26] method employing the basis sets
cc-pVDZ-F12, cc-pVTZ-F12, and cc-pVQZ-F12. The
CCSD(T#)(F12) method scales the perturbative triples of
CCSD(T)(F12) with the ratio of the MP2-F12 and MP2
correlation energies,

ENtps_F12

COIT. __ pCOIT. -

(T*) — =(T) Ecorr. (4)
MP2

We also computed corrections for neglected core/core-
valence correlation (0c/cv),

__ rrcorr. COIT.
5C/CV - EAE—CCSD(T) Jcc—pwCVQZ — EFC—CCSD(T) /cc—pwCVQZ>

(5)

higher excitations (dyg),

OHE = EIC:%TCCSDT(Q)/ —pV
cc—pV(D+d)Z
_ ECOITA (6)
FC—CCSD(T)/cc—pV(D+d)Z>

and scalar-relativistic effects (dpvp, mass-velocity as well
as one- and two-electron Darwin terms), at the AE-
CCSD(T)/cc-pwCVTZ level of theory. The latter are used
to obtain nonrelativistic experimental reference values
while the corrections dc,cy and doyg are added to the cal-
culated atomization energies and barrier heights. Table 1
compiles the atomization energies of the different quantum
chemical methods and experimental reference values for
the AE®G test set, while Table 2 presents the barrier heights
for the BH6 test set. Here, d,; = 050 + Omvp, Where dgo
is a correction for spin-orbit effects taken from Ref. [49].
The W4 values were taken from Refs. [26] and [27]. Please
note that slightly different geometries were used in Ref.
[27]. All three corrections dyg, dc/icv, and Oyvp are of
rather small magnitude (about 1 kJ/mol) for all reactions of
the BHG test set and cancel out in parts, but they are much
more important for the atomization energies of the AE6 test
set. For C4Hg, oy, and dc,cy amount to somewhat more
than 20 kJ/mol and for C3H, and C,0,H,, they slightly
exceed 17 kJ/mol. Explicitly treated electron correlation
shows more benefits in the case of atomization energies
than for barrier heights.

The atomization energies calculated from FC-CCSD(T)
(F12)/cc-pVQZ-F12 + dug + dcicv and FC-CCSD(T*)
(F12)/cc-pVQZ-F12 4+ 0yg + Ocicy are in  between
the values obtained from FC-CCSD(T)/cc-pV(6 + d)Z

Table 1 Atomization energies for the molecules of the AE6 test set in kJ/mol

SiH, Sio S, CsH, C,0,H, C,Hg
FC-CCSD(T)/cc-pVDZ-F12 + Sy + dciev 1,308.2 758.8 372.9 2,817.1 2,510.3 4,609.4
FC-CCSD(T)/cc-pVTZ-F12 + ug + dcey 1,341.2 788.0 410.8 2,903.8 2,604.7 4,739.0
FC-CCSD(T)/cc-pVQZ-F12 + Sug + dcicv 1351.7 801.2 426.3 2,933.1 2,637.7 4,784.1
FC-CCSD(T)(F12)/cc-pVDZ-F12 + Sy + ey 1352.7 802.4 4252 2,933.1 2,637.4 4,786.4
FC-CCSD(T)(F12)/cc-pVTZ-F12 + Sus + dciov 1,357.2 806.6 4316 2,947.4 2,653.2 4,807.5
FC-CCSD(T)(F12)/cc-pVQZ-F12 + Sy + Scrov 1,358.1 809.2 434.7 2,950.9 2,658.2 4,812.1
FC-CCSD(T*)(F12)/cc-pVDZ-F12 + ug + Scroy 1,353.8 808.3 4322 2,940.6 2,649.3 4,796.1
FC-CCSD(T*)(F12)/cc-pVTZ-F12 + dug + Sy 1,357.7 809.3 434.8 2,951.0 2,658.6 4,812.1
FC-CCSD(T*)(F12)/cc-pVQZ-F12 + Sus + Screv 1,358.3 810.6 436.4 2,952.7 2,660.9 4,814.4
FC-CCSD(T)/cc-pV(Q + d)Z + dyg + derey 1,351.6 795.5 423.0 2,931.0 2,632.7 4,783.7
FC-CCSD(T)/cc-pV(5 + d)Z + dyg + derey 1.355.6 803.8 430.5 2,943.0 2,647.6 4,800.9
FC-CCSD(T)/cc-pV(6 + d)Z + dyr + derey 1,357.4 807.2 433.8 2,947.8 2,653.8 4,807.8
FC-CCSD(T)/CBS + Sy + Screv 1,359.5 811.4 438.1 2,954.3 2,662.2 4,817.1
w4 1,359.6 807.7 436.2 2,952.3 2,657.3 -

EXp.— a1 1,353.7 807.6 4315 2,952.0 2,655.4 48123
Exp.—ds0 1,350.7 806.4 430.1 2,950.0 2,652.6 4,809.0
Exp. 1,348.9 803.7 4254 2,948.8 2,649.9 4,807.5

% The W4 values from Ref. [29] were obtained for slightly different geometries (CCSD(T)/cc-pV(Q + d)Z level of theory), and the impact on

the atomization energy is expected to be minor
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Table 2 Barrier heights for the reactions of the BH6 test set in kJ/mol

OH -+ CH4 — CH3 + HzO

H+OH — O+ H, H-+H,S — H, + SH

Erq Ed Elq E& Erq E&
FC-CCSD(T)/cc-pVDZ-F12 + Sug + dcicv 327 79.3 41.8 66.6 17.9 79.6
FC-CCSD(T)/cc-pVTZ-F12 + Sue + dcsev 272 78.7 425 58.7 15.3 72.8
FC-CCSD(T)/cc-pVQZ-FI12 + Sus + dcjey 25.9 80.2 44.0 55.8 15.7 71.9
FC-CCSD(T)(F12)/cc-pVDZ-F12 + Sup + Screy 28.4 81.8 52.0 67.5 16.9 72.6
FC-CCSD(T)(F12)/cc-pVTZ-F12 + ug + Scioy 26.3 81.8 47.4 58.1 16.1 71.6
FC-CCSD(T)(F12)/cc-pVQZ-F12 + Sy + dcicy 25.7 81.7 453 54.6 16.0 714
FC-CCSD(T*)(F12)/cc-pVDZ-F12 + Sy + dcioy  26.6 80.5 51.9 66.2 16.4 71.2
FC-CCSD(T*)(F12)/cc-pVTZ-F12 + Sug + ooy 255 81.2 473 574 15.9 71.0
FC-CCSD(T*)(F12)/cc-pVQZ-F12 + Syg + dcioy 253 81.4 453 543 15.9 71.1
FC-CCSD(T)/ce-pV(Q + d)Z + dug + desey 273 79.8 44.2 59.4 17.0 75.2
FC-CCSD(T)/cc-pV(5 + d)Z + dyr + Screy 26.1 81.1 44.7 57.1 16.7 73.9
FC-CCSD(T)/cc-pV(6 + d)Z + dyr: + Screy 25.7 81.4 44.8 56.3 16.5 73.3
FC-CCSD(T)/CBS + Sy + Sciov 25.2 81.4 44.9 55.3 16.3 72.6
w4 25.6 81.0 44.6 54.0 15.8 715
EXp.— el 273 82.4 44.0 53.8 14.6 69.5
Exp.—dso 27.4 82.0 43.7 54.0 14.9 70.1

* The W4 values from Ref. [26] were obtained for the geometries of Truhlar et al., but reoptimized symmetrized structures were used when the
structure provided by Truhlar et al. was close to a structure with higher symmetry. We assume that this has been the case for the transition state

of the reaction OH + CH4 — CH3 + H,O, but not for the other systems

+ 5HE + 5C/CV and FC-CCSD(T)/CBS + 5HE + 5C/CV and
very close to the highly accurate W4 values. Already, the
atomization energies from FC-CCSD(T)(F12)/cc-pVDZ-
F12 4+ dug + Ocicv and FC-CCSD(T*)(F12)/cc-pVDZ-
F12 4+ 0uyg + dc/cv are closer to the CBS estimates than
the values from FC-CCSD(T)/cc-pV(Q + d)Z + oyg +
5C/CV and FC-CCSD(T)/CC-pVQZ-F12 + 5HE + 5C/CV~
The atomization energies from FC-CCSD(T*)(F12)/
cc-pVXZ-F12 + Jyug + dcicv are surprisingly close to
the values from FC-CCSD(T)(F12)/cc-pV(X + 1)Z-F12 +
oue + Oc/cv. This suggests that FC-CCSD(T*)(F12)/cc-
pVXZ-F12 can be used to approximate FC-CCSD(T)(F12)/
cc-pV(X + 1)Z-F12 values when the latter method is
computationally too expensive. However, FC-CCSD(T*)
(F12)/cc-pVQZ-F12 + 0yg + Ocicy overestimates the
atomization energies on average compared to the nonrel-
ativistic experimental values (Exp—d,;) and W4. It is easy
to explain why the FC-CCSD(T*)(F12) methods seem to
work well for some cases, but not for other systems. The
perturbative triples contribution converges faster than the
MP2 correlation energy. Hence, Eq. 4 will become less
useful in larger basis sets. Any FC-CCSD(T*)(F12) method
should only be used with extreme caution and only when
none of the more accurate methods is feasible anymore due
to system size.

Overall, the atomization energies and barrier heights
obtained from FC-CCSD(T)(F12)/cc-pVQZ-F12 + oyg +
Oc/cy agree best with the currently adopted nonrelativistic
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experimental values and the highly accurate W4 values.
This makes FC-CCSD(T)(F12)/cc-pVQZ-F12 + dyg + O/
cv a very attractive candidate for efficient and highly
accurate computations of atomization energies and barrier
heights when nondynamical correlation plays a minor role.
However, one should expect a larger uncertainty of the
experimental values for SiH, and SiO as they have been
obtained using an enthalpy of formation for the silicon
atom with a rather large uncertainty of 7.95 kJ/mol
[50, 51]. More recent estimates [54] suggest a slightly
higher enthalpy of formation (by about 2 kJ/mol) for the
silicon atom, which would result in a slightly higher
atomization energy of silicon compounds. Also, the
experimental reference value of the atomization energy of
S, has been revised to 426.3 kJ/mol (432.4 kJ/mol after
subtraction of relativistic effects) [53]. The revised atom-
ization energy of S, is closer to the values from W4 and
FC-CCSD(T)(F12)/cc-pVQZ-F12 + ouyg + Oc/cv than the
previous experimental value.

We did not find revised experimental values for the
barrier heights, but we expect them to be slightly less
accurate than the values obtained from W4 and FC-
CCSD(T)(F12)/cc-pVQZ-F12 + dyg + dc/cv. All experi-
mental hydrogen transfer barrier heights are likely to be
somewhat tainted by tunnelling effects. We expect this to
be the case for the barriers of the reaction H + H,S —
H; + SH because the experimental reference value is sig-
nificantly lower than the one from W4 theory for forward
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and reverse directions. We expect that the disagreement of
the barrier heights of the reaction OH + CHy — CHj3 +
H,O is most likely due to uncertainties of the experimental
values, while experimental values and W4 theory are in
good agreement for the barrier heights of the reaction
H + OH — O + H,. In the present study, we would like to
establish a protocol with a similar accuracy as W4, which
can also be used to treat larger systems (currently up to ten
nonhydrogen atoms). Thus, we recommend FC-CCSD(T)
(F12)/cc-pVQZ-F12 + g + dcscy as a robust method to
calculate atomization energies, barrier heights, and reaction
energies. Relativistic reference values are easily derived by
addition of ., and frozen-core reference values are
available by subtraction of d¢c/cy.

3.2 Error estimates

Table 3 presents estimated errors for the FC-CCSD(T)
(F12)/cc-pVQZ-F12 + dyg + Ocicy level concerning the
atomization energies and barrier heights of the AE6 and
BH6 test sets. We observe only a very small error in the
Hartree—Fock energy, which is much improved by the
CABS singles correction of F12 theory. The estimated
errors are smaller for barrier heights than for atomization
energies. The errors of higher excitations and perturbative

triples have opposite signs for atomization energies. This
error cancellation is systematic for the atomization energies
of the AEG test set. Thus, we use a slightly different for-
mula for error propagation for atomization energies, as
explained in footnote g of Table 3. The error in perturba-
tive triples is greatly reduced by the CCSD(T*)(F12)
method. However, the error in higher excitations is not
affected by CCSD(T*)(F12), and therefore, the error can-
cellation between perturbative triples and higher excita-
tions is diminished by the CCSD(T*)(F12) method. This
explains why FC-CCSD(T*)(F12)/cc-pVQZ-F12 + oyg +
dc/cy overestimates atomization energies. This error can-
cellation does not exist for the barrier heights of the BH6
test set. Instead, errors of core/core-valence treatment and
perturbative triples have opposite signs for the barrier
heights, and thus, we here observe a cancellation of
errors for FC-CCSD(T)(F12) + oug + Oc/icv. Again, FC-
CCSD(T*)(F12)/cc-pVQZ-F12 + dug + Ocicv lessens this
error cancellation. Therefore, we recommend to use the
CCSD(T#*)(F12) method only for small and medium basis
set sizes (cc-pVDZ-F12 and cc-pVTZ-F12), while the
CCSD(T)(F12) method should be preferred for accurate
calculations using cc-pVQZ-F12 and larger basis sets.
Effects of excitations higher than perturbative triples for
core/core-valence correlation and scalar-relativistic effects

Table 3 Error estimates (in kJ/mol) for the FC-CCSD(T)(F12)/cc-pVQZ-F12 + dyg + dcicv level with respect to the AE6 and BH6 test sets

AHF? ACCSD(F12)° Apert. T¢ Mﬁg Ad¢ oV Aélf\/lVD Total®
SiHy 0.18 1.14 0.08 —0.65 —0.06 —0.01 1.32
SiO 0.05 0.94 1.19 —3.47 0.64 —0.10 2.35
S, 0.25 1.14 2.01 —0.90 —0.10 —0.33 1.65
CsHy 0.00 1.72 1.69 —2.57 0.71 —-0.13 1.89
C,0,H, —0.12 1.74 2.40 —4.74 0.53 0.16 2.97
C4Hg 0.02 2.76 2.17 —3.86" 0.71 —0.10 3.32
OH + CH4 —» CH3 + H,O 0.03 —0.20 —0.38 0.00 0.03 —0.10 0.45
CH; + H,O - OH + CH,4 0.02 —0.04 —0.21 —0.68 0.03 —0.14 0.73
H+ OH - O + H, 0.01 —0.16 —0.10 —0.55 0.39 —0.11 0.71
O+ H, - H+ OH 0.09 —0.26 —0.46 —0.06 0.37 —-0.08 0.65
H + H,S - H, + SH 0.04 —0.12 —-0.12 —-0.15 0.06 0.03 0.24
H, + SH - H + H,S 0.04 —0.18 —-0.35 0.20 0.07 0.08 0.46

2 AHF = EFF(CBS) — (EMF . ,_r1» + Ecass), where EMT(CBS) was obtained from Eq. 2 using cc-pV([Q,5,6] + d)Z basis sets
cc—pVQZ—-FI12
® ACCSD(F12) = ES“P(CBS) — ESSSRqz r12 Where E“SP(CBS) was obtained from Eq. 3 using cc-pV([5,6] + d)Z basis sets

¢ Apert.T = EPT(CBS) — ng.r,tngz,Flz where EP™ T(CBS) was obtained from Eq. 3 using cc-pV([5, 6] + d)Z basis sets

4 Adp = our(CBS) — dpg where dyp(CBS) was obtained from Egs. 3 and 6 using cc-pV([D,T] + d)Z basis sets

¢ Adcjcy = 0cjcv(CBS) — d¢jcy where dc/cv(CBS) was obtained from Egs. 3 and 5 using cc-pwCV[Q,5]Z basis sets

f Adyvp = Oomvp (CBS) — dmvp where dyyp(CBS) was obtained from EMYP(x) = EMYP(CBS) + DX! using cc-pwCV|[T,Q]Z basis sets

€ Error propagation according to: Error = (3, (error;)*)'"? where (erroryg + errorpen_T)2 rather than errorfg + errorng was used for atom-

ization energies

" Estimated from the average higher excitation error of propyne (C3Hy4) of —0.161 kJ/mol per valence electron because the FC-CCSDT(Q)/cc-

pVTZ calculation was too expensive
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Table 4 Proposed theoretical reference values for the test sets AE6 and BH6 in kJ/mol with error estimates

Epc® Epet” Eel Eo’
SiH, 1,358.1 £ 1.3 1,358.1 £ 1.3 1,355.1 £ 1.3 1,353.3 £ 1.3
SiO 804.8 £ 2.3 809.2 £ 2.3 808.1 2.3 8053+ 23
S, 4319 £ 1.6 43477 £ 1.6 4333 £ 1.6 4287+ 1.6
Propyne 29349 +£ 1.7 2,9509 £ 1.9 2948.8 £ 1.9 29477 £ 1.9
Glyoxal 2,646.2 £ 2.9 2,658.2 + 3.0 2,655.4 £+ 3.0 2,652.7 £ 3.0
Cyclobutane 47923 + 3.2 4.812.1 3.3 4,808.9 + 3.3 4,807.4 &+ 3.3
OH + CH; —» CH; + H,O 25.6 £ 04 257 +£ 04 25.8 + 0.4 254 + 0.5
CH; + H,O - OH + CH,4 81.3 £ 0.7 81.7 £ 0.7 81.3 £ 0.7 81.3 +£ 0.7
H+ OH - O + H, 44.8 £ 0.6 453 £ 0.7 45.0 £ 0.7 44.6 £ 0.7
O + H, - H+ OH 549 £ 0.5 54.6 £ 0.7 548 £0.7 53.8 £ 0.7
H + H,S - H, + SH 159 £ 0.2 16.0 £ 0.2 157 £ 0.2 157 £ 0.2
H, + SH - H + H,S 723 £ 04 714 £ 0.5 72.0 £ 0.5 69.7 £ 0.5

? Frozen-core nonrelativistic reference values: FC-CCSD(T)/cc-pVQZ-F12 + dyg

® Nonrelativistic reference values: FC-CCSD(T)/cc-pVQZ-F12 + g + dcicv

¢ Scalar-relativistic reference values: FC-CCSD(T)/cc-pVQZ-F12 + dug + dcicv + Omvp
94 Relativistic reference values: FC-CCSD(T)/cc-pVQZ-F12 + dug + dcicv + dmvp + dso

as well as perturbative quadruples for higher excitation
contributions are not covered by this error analysis but are
expected to be negligible [27, 54]. This expectation is also
supported by our comparison to W4 values in Tables 1 and 2.

3.3 Recommended reference values

Table 4 summarizes our theoretical reference values
obtained from CCSD(T)(F12)/cc-pVQZ-F12 calculations
corrected for higher excitations (iterative triples and per-
turbative quadruple contributions), core/core-valence cor-
relation, and relativistic effects (both at the CCSD(T) level
of theory). They possess a similar accuracy as the values
from W4 theory. Reference values suitable for comparison
with frozen-core, all-electron, scalar-relativistic, and full-
relativistic methods are presented separately. In Table 4,
we also supply error estimates for each proposed reference
value. The error estimates are derived from the CBS
values.

4 Conclusions

In summary, we have proposed a new protocol to predict
very accurate atomization energies, barrier heights, and
reaction energies without basis set extrapolations. The
largest basis set employed is of quadruple-{ size, while
other high-accuracy protocols include basis set sizes up to
sextuple-{ and basis set extrapolations. We have also pre-
sented theoretical reference values for the AE6 and BH6
test sets. They are highly accurate as shown by error esti-
mates that were calculated from CBS-extrapolated values
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and comparison with values from the highly accurate W4
theory. Our error estimates from error propagation show
that the uncertainty of the reference values for atomization
energies and barrier heights obtained from our new pro-
tocol is well below 1 kcal/mol (chemical accuracy). For
barrier heights, our error estimates even suggest a sub-kJ/
mol accuracy. Besides being consistently of very high
accuracy, the new reference values have other important
advantages over the experimental ones: Certain effects
(core/core-valence correlation and relativistic effects) can
be excluded. Thus, more appropriate reference values for
comparison with more approximate methods (frozen-core
and/or nonrelativistic methods) are available. We plan to
apply the proposed computational protocol to larger test
sets where doubt has been casted on currently used refer-
ence values.
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