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Abstract 

Composite ab initio methods are amongst the most accurate quantum chemical theories used for 

exploring energetic and spectroscopic properties at the molecular and atomic levels. This field of 

quantum chemistry began with the development of the Gaussian-n methods by John Pople, Larry 

Curtiss, Krishnan Raghavachari, and co-workers in the late 1980s. Due to major advances in 

quantum chemical theory, composite methods have advanced to the level where they can predict 

challenging thermochemical and kinetic properties with confident sub-kcal/mol accuracy. In 

addition, due to advances in high-performance supercomputer technology, these theories are 

routinely used for examining chemical processes involving molecules with dozens of atoms. 

Consequently, composite ab initio methods are being widely used in many branches of chemistry. 

Here we will review the top end of these procedures, namely composite ab initio methods that are 

capable of achieving benchmark accuracy (i.e., confident sub-kJ/mol predictions) in 

thermochemistry, kinetics, and noncovalent interactions. This chapter reviews the accuracy and 

applicability of high-level composite ab initio methods. General recommendations are given for 

selecting suitable methods for a given property and levels of accuracy. 
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Key points 

Ø Composite ab initio methods are multistep theoretical procedures capable of confident sub-

kcal/mol accuracy

Ø High-level composite ab initio methods are a subset of these procedures capable of confident

sub-kJ/mol accuracy

Ø High-level composite methods explicitly include all energetic terms that contribute to the

molecular binding energies at the sub-kJ/mol level

Ø These terms include post-CCSD(T), core-valence, relativistic, spin-orbit, Born–Oppenheimer,

and zero-point vibrational energy corrections

Ø Additional terms may include conformational corrections for floppy molecules and tunneling

corrections for reaction barrier heights
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Glossary 

• HF, Hartree–Fock  

• SCF, self-consistent field 

• CC, coupled cluster 

• CCSD, CC with single and double excitations 

• CCSD(T), CC with singles, doubles, and quasiperturbative triple excitations 

• CCSDT, CC with single, double, and triple excitations 

• CCSDT(Q), CC with singles, doubles, triples, and quasiperturbative quadruple excitations 

• CCSDTQ, CC with single, double, triple, and quadrupole excitations 

• CCSDTQ(5), CC with singles, doubles, triples, quadruples, and quasiperturbative quintuple excitations 

• CCSDTQ5, CC with single, double, triple, quadrupole, and quintuple excitations 

• ∆CCSD, CCSD – HF difference  

• ∆(T), CCSD(T) – CCSD difference 

• ∆T–(T), CCSDT – CCSD(T) difference 

• ∆(Q), CCSDT(Q) – CCSDT difference 

• ∆Q–(Q), CCSDTQ – CCSDT(Q) difference  

• ∆Q, CCSDTQ – CCSDT difference 

• ∆(5), CCSDTQ(5) – CCSDTQ difference 

• ∆5–(5), CCSDTQ5 – CCSDTQ(5) difference 

• ∆5, CCSDTQ5 – CCSDTQ difference 

• ∆(6), CCSDTQ5(6) – CCSDTQ5 difference 

• ∆6–(6), CCSDTQ56 – CCSDTQ5(6) difference 

• ∆6, CCSDTQ56 – CCSDTQ5 difference 

• FCI, full configuration interaction  

• DFT, density functional theory 

• DHDFT, double-hybrid density functional theory 

• DBOC, diagonal Born–Oppenheimer correction 

• ZPVE, zero-point vibrational energy 

• ATcT, Active Thermochemical Tables  

• MAD, mean-absolute deviation 

• RMSD, root-mean-square deviation  

• 95% CI, 95% confidence interval 
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1. Introduction 

One of the primary and most important aims of quantum chemistry was to develop 

computational schemes to narrow the gap between theoretical predictions and experimental 

observations. A great deal of progress has been achieved over the past 25 years since the award of 

the chemistry Nobel Prize to John Pople for the development of quantum chemical computational 

methods. Today, quantum chemical composite ab initio methods can predict gas-phase 

thermochemical and kinetic properties with confident sub-kJ/mol accuracy relative to highly 

accurate experimental data. These chemical properties include heats of formation, ionization 

potentials, electron affinities, reaction energies, complexation energies, reaction barrier heights, 

and reaction rates. High-level composite ab initio methods are broadly defined here as methods 

that can obtain challenging thermochemical properties such as total atomization energies (TAEs) 

with sub-kJ/mol accuracy on average (and worst-case errors for problematic molecules < 1 

kJ/mol). We note that this level of accuracy rivals or even surpasses that of many experiments.  

In several areas of chemistry, it is essential to achieve this level of accuracy. One example 

is interstellar medium (ISM) chemistry, where the temperature of the gas can be as cold as 10 K. 

At this temperature, a change of 1 kJ mol–1 in a reaction barrier height corresponds to a change of 

five orders of magnitude in the reaction rate. Another example is the accurate modeling of kinetics 

and mechanisms of chemical reactions in complex chemical environments involving multiple 

competing reaction pathways. An Example of such gas-phase chemical environments includes 

atmospheric chemistry. Highly accurate theoretical chemical properties with confident sub-kJ/mol 

accuracy are also used for generating thermochemical and kinetic databases involving a diverse 

range of small-to-medium-sized molecules. Such databases are an important supplement to highly 

accurate experimental thermochemical databases such as the Active Thermochemical Tables 
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(ATcT) database of Ruscic and co-workers. For example, the W4-17 database is a set of 200 total 

atomization energies at 0 K (TAE0), which have been obtained using near-exact theoretical 

electronic, relativistic, Born–Oppenheimer, and zero-point vibrational energies.1,2,3,4 This database 

includes organic and inorganic species with up to eight non-hydrogen atoms, which cover a broad 

spectrum of bonding situations, electronic states, and multireference characters. The DBH24-085,6 

and BH287 databases are examples of theoretical databases of highly accurate reaction barrier 

heights. These databases are essential for benchmarking the performance of lower-level quantum 

chemical methods, such as composite ab initio methods that approximate the CCSD(T) energy at 

various degrees of basis set completeness (e.g., CBS-QB3, G4, G4(MP2), W1, W1-F12, and 

ccCA) and perturbation theory methods such as double-hybrid DFT. Then these lower-level 

methods, which are capable of achieving chemical accuracy for a wide range of thermochemical 

and kinetic properties, are used for benchmarking computationally economical methods such as 

conventional DFT methods.8,9  

A key difference between high-level composite ab initio methods (e.g., W4, W4-F12, and 

HEAT-456QP) and lower-level CCSD(T)-based composite ab initio methods, apart from their 

intrinsic accuracies and computational costs, is the high-level methods are more robust, i.e., 

applicable to any arbitrary first- and second-row system (including pathologically multireference 

molecules such as peroxides, halogen oxides, and carbon clusters).1,2,3,10,11,12,13 Therefore, these 

methods can be considered as ‘black box’ composite ab initio methods. This point is particularly 

important for species that are not included in the ATcT database since it can be challenging to 

obtain highly accurate experimental data for new systems. Furthermore, high-level composite ab 

initio methods may be the only practical avenue to investigate rare, hypothetical, or transient 
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species (e.g., free radicals, reaction intermediates, and transition states) and properties that are not 

accessible by experiment. 

 

2. Accuracy in Quantum Chemical Calculations 

As mentioned above, a primary goal of composite ab initio methods is to obtain accurate 

thermochemical and kinetic properties with well-defined error bars that are directly comparable to 

experimental measurements. In this context, it is useful to define two arbitrary levels of accuracy 

that are commonly used in computational thermochemistry – ‘chemical’ and ‘benchmark’ 

accuracy.3 Chemical accuracy refers to errors of up to 1.0 kcal mol–1 (or 4.2 kJ mol–1), whereas 

benchmark accuracy refers to errors of up to 1.0 kJ mol–1 from sufficiently accurate experimental 

or theoretical data. As indicated here, chemical and benchmark accuracies refer only to cut-off 

errors but not to the way they are quantified, i.e., mean absolute deviations (MADs), root-mean-

square deviations (RMSDs), or 95% confidence intervals (CIs).14 Therefore, the terms chemical 

and benchmark accuracies should be used and interpreted with caution.  

The performance of quantum chemical methods varies widely depending on the chemical 

property being considered (e.g., TAEs, reaction energies, reaction barrier heights, and nonbonded 

interactions) and chemical systems (e.g., multireference character, spin state, bond polarity, and 

formal oxidation state). In the context of high-level composite ab initio methods, chemical and 

benchmark accuracies are typically assessed against highly challenging chemical properties such 

as TAEs which involve breaking all chemical bonds in a molecule. In addition, a typical evaluation 

dataset would include systems dominated by a single reference configuration (e.g., CO2, 

CH3COOH, C4H10), systems that exhibit appreciable multireference character (e.g., H2O2, C2N2, 

N2O4), and pathologically multireference systems (e.g., C2, O3, F2O2). Evaluating performance in 
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this manner provides upper-bounds errors, and the performance for less challenging chemical 

systems and properties should be markedly improved. For example, higher levels of accuracy are 

expected for less challenging chemical properties that benefit from systematic error cancelation 

between reactants and products.15,16 It is well established that the performance of quantum chemical 

methods improves along the following sequence of reactions:2,15,17,18,19,20,21  

 

Atomization à Isogyric à Isodesmic à Hypohomodesmotic à Homodesmotic à 

Hyperhomodesmotic  

 

The same trend is observed along a generalized formulation of this sequence, namely the 

connectivity-based hierarchical (CBH-n) reaction scheme:16,18,22,23,24  

 

 CBH-0 (atomization) à CBH-1 (atom-centric) à CBH-2 (bond-centric) à CBH-3 (higher 

bond-centric) à ••• 

 

Even with increasing levels of error cancellation between reactants and products, the above 

reactions are still challenging since they involve the breaking and forming of covalent bonds. 

Chemical transformations involving nonbonded interactions are less challenging for quantum 

chemical methods. These interactions may include hydrogen/halogen bonds and dispersion 

interactions. Examples of such properties are conformational isomerizations, 25 , 26 , 27 , 28  and 

complexation energies of nonbonded complexes. 29 , 30 , 31 , 32  For such properties, it is generally 

accepted that chemical accuracy refers to 0.1 kcal mol–1 and benchmark accuracy refers to 0.1 kJ 

mol–1.3,8,33  
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3. Overview of Composite Ab Initio Methods 

Single-point energy calculations carried out with standard ab initio methods such as DFT 

(B3LYP, PBE0, and wB97X-D, and M06-2X), MP2, and CCSD(T) obtain the nonrelativistic 

electronic energy, which is not directly comparable to experimentally observable energies at finite 

temperatures. In contrast, composite ab initio methods are designed to obtain energetic and 

spectroscopic properties that are both directly comparable to experimental measurements and are 

associated with well-defined error bars. In addition, standard ab initio methods cannot be 

considered near-‘black box’ methods and may result in very large errors for challenging chemical 

properties (e.g., TAEs) and systems (e.g., molecules dominated by multireference effects). To 

understand how composite ab initio methods work, it is instructive to imagine a three-dimensional 

diagram, for which the axes are (i) the one-particle space, (ii) the n-particle space, and (iii) 

corrections to the nonrelativistic electronic energy. The one-particle and n-particle spaces 

represent the level of theory used for solving the nonrelativistic Schrödinger equation. Coupled-

cluster (CC) theory provides a systematic road map for converging the n-particle space.34 , 35 

Similarly, the correlation consistent basis sets of Dunning and co-workers36,37,38,39 in conjunction 

with basis set extrapolations, provide an effective approach for converging the n-particle space. 

Therefore, in practically all high-level composite ab initio methods, coupled-cluster theory and the 

correlation consistent basis sets are used for converging the one-particle and n-particle spaces, 

respectively. Figure 1 depicts a modified Pople diagram illustrating the convergence of these 

spaces. The third axis (blue arrow) represents any energetic contributions that are needed for 

converting the nonrelativistic electronic energy to experimentally observable energy. These 

corrections may include the core-valence, scalar relativistic, spin-orbit, Born–Oppenheimer, zero-

point vibrational energy, enthalpic, and entropic corrections.  
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 Different composite ab initio methods approximate different points on the Pople diagram. 

It is instructive to classify two types of composite ab initio methods:  

Ø CCSD(T) methods  

Ø Post-CCSD(T) methods (referred to here as high-level composite ab initio methods) 

 

Since the CCSD(T) method provides a highly cost-effective approach for obtaining 

accurate electronic energies for systems that are dominated by a single-reference configuration, 

most composite ab initio methods belong to the first class of methods. Popular examples of 

CCSD(T)-based composite ab initio methods include the Gaussian-n (Gn) methods40,41,42,43,44 and 

variants thereof,45,46,47,48,49,50,51,52 complete basis set (CBS) model chemistries,53,54,55,56,57,58,59 lower-

level Weizmann-n (Wn) 60 , 61  and WnX methods, 62  and the correlation consistent composite 

approach (ccCA) methods.63,64 ,65 ,66 ,67 ,68 ,69 ,70 ,71 ,72  The present review focuses on post-CCSD(T) 

composite ab initio methods that are capable of achieving benchmark accuracy. For in-depth 

overviews of composite ab initio methods, we refer the reader to several excellent 

reviews.2,3,4,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91 For reviews of coupled-cluster theory, we refer the 

reader to references 92, 93, 94, and 95.  
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Figure 1. A three-dimensional Pople diagram illustrating the three axes defining composite ab 

initio methods, namely, the one-particle space, n-particle space, and any energetic corrections to 

the nonrelativistic electronic energy. The top part of the front pane of the Pople diagram (shown 

in green) represents the levels of theory approximated by high-level composite ab initio methods. 

The blue axis represents any additional energetic contributions that are needed for a meaningful 

comparison with experimentally observable properties (e.g., scalar relativistic, spin-orbit, Born–

Oppenheimer, and zero-point vibrational energy corrections). 

 

3.1. Computational Cost of Composite Ab Initio Methods 

Before proceeding to an in-depth discussion of post-CCSD(T) composite ab initio methods 

capable of confident benchmark accuracy for challenging chemical systems and properties. It is 

important to emphasize that this level of accuracy and general applicability comes with a great 

cost in terms of computational resources and time. Table 1 gives an overview of the computational 

cost of coupled cluster methods. The computational cost increases by about an order of magnitude 

with each step along the series CCSD à CCSD(T) à CCSDT à CCSDT(Q) à CCSDTQ à 
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CCSDTQ(5) à CCSDTQ5. Therefore, whereas the CCSD(T) method is associated with formal 

scaling ~ Nbas
7, the CCSDT(Q) method, which is the lowest level of excitation involved in post-

CCSD(T) methods, scales as ~ Nbas
9. Furthermore, the most accurate composite ab initio methods 

(such as W4.3 and W4.4 theories) include post-CCSD(T) contributions up to CCSDTQ56, which 

scales as ~ Nbas
14.  

 

Table 1. Overview of formal computational scaling of coupled-cluster (CC) methods.  

CC level Costa 
CCSD ~ Nbas

6 
CCSD(T) ~ Nbas

7 
CCSDT ~ Nbas

8 
CCSDT(Q) ~ Nbas

9 
CCSDTQ ~ Nbas

10 
CCSDTQ(5) ~ Nbas

11 
CCSDTQ5 ~ Nbas

12 
CCSDTQ5(6) ~ Nbas

13 
CCSDTQ56 ~ Nbas

14 
aNbas is the number of basis functions. For the sake of simplicity, these scalings do not take into account the number 

of iterations needed to reach convergence of the coupled-cluster energy (for further details, see ref. 3). 

 

When considering the computational cost of post-CCSD(T) composite ab initio methods, 

we must remember that successively higher-level coupled cluster methods converge increasingly 

faster with the basis set size.2,3,75 Therefore, higher-order excitations require smaller basis sets to 

converge to the same level of accuracy as the lower-level excitations. For example, in the popular 

W4 theory, the largest basis set used for extrapolating the CCSD and CCSD(T) components are 

the aug-cc-pV(6+d)Z and aug-cc-pV(5+d)Z, respectively. However, it is sufficient to calculate the 

CCSDT(Q) and CCSDTQ energies with the cc-pVTZ and cc-pVDZ basis sets, respectively.96,97 

Note that the post-CCSD(T) contributions are also calculated without diffuse functions or high-

exponent d functions on second-row elements.98 To get a better idea of the computational cost of 
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these components, let us look at the computational cost of these methods for a representative small 

molecule. Table 2 gives the relative computational cost of the coupled-cluster methods in 

conjunction with the cc-pVnZ basis sets for n-pentane (C5H12). For simplicity, we consider the 

non-augmented cc-pVnZ basis sets, which for n-pentane involve 130 (cc-pVDZ), 318 (cc-pVTZ), 

635 (cc-pVQZ), 1115 (cc-pV5Z), and 1792 (cc-pV6Z) basis functions. The largest calculations in 

W1 theory – a representative CCSD(T) composite ab initio method – are the CCSD/cc-pVQZ and 

CCSD(T)/cc-pVTZ calculations. These calculations have a similar relative computational scaling 

(of 104–105, Table 2). Indicating that W1 theory is balanced in terms of the computational cost of 

the CCSD and CCSD(T) components. Let us move on to a representative post-CCSD(T) composite 

ab initio method – W4 theory. The largest calculations in W4 theory are the CCSD/V6Z, 

CCSD(T)/V5Z, CCSDT(Q)/VTZ, and CCSDTQ/VDZ. Inspection of Table 2 shows that the 

CCSD(T) and post-CCSD(T) are associated with similar computational scaling once the size of 

the basis set used for each component is considered. Again, indicating that W4 theory is a balanced 

theory in terms of the computational cost of the CSD(T) and post-CCSD(T) steps. We note that 

since our estimated computational scalings here do not take into account the number of iterations 

needed to reach convergence of the coupled-cluster energy, the computational scalings of the full 

iterative methods (CCSD, CCSDT, CCSDTQ) are underestimated. In practice, the CCSDTQ/VDZ 

calculation turns out to be the computationally most demanding calculation in W4 theory.  
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Table 2. Relative formal computational scaling of coupled-cluster (CC) methods in conjunction 

with the cc-pVnZ (VnZ) basis sets for a representative small molecule – n-pentane (C5H12). The 

largest basis sets used for each component in a representative CCSD(T) composite ab initio method 

(W1 theory) are highlighted in green. The largest basis sets used for each component in a 

representative post-CCSD(T) composite ab initio method (W4 theory) are highlighted in yellow.a 

CC/VnZ VDZ VTZ VQZ V5Z V6Z 

CCSD 1 2×102 1×104 4×105 7×106 
CCSD(T) 1×102 7×104 9×106 4×108 1×1010 
CCSDT 2×104 2×107 5×109 5×1011  
CCSDT(Q) 2×106 7×109 3×1012   
CCSDTQ 3×108 2×1012    
CCSDTQ(5) 4×1010     

aValues are given relative to the estimated computational cost of the CCSD/VDZ calculation. The relative values are 

obtained using the estimated computational scalings in Table 1.  

 

Table 2 demonstrates that the use of significantly smaller basis sets for the post-CCSD(T) 

calculations in high-level composite ab initio methods results in a relatively balanced 

computational cost across the CCSD(T) and post-CCSD(T) components. However, it also 

illustrates the exponential increase in computational cost when moving from a CCSD(T) 

composite method, such as W1 theory, to a post-CCSD(T) composite method, such as W4 theory. 

In practice, the largest molecules W4 theory has been applied to are small systems with up to ~5 

non-hydrogen atoms (e.g., n-butane C4H10, acetic acid HOClO2, cyanogen C2N2, tetrahedrane C4H4, 

CCl4, SiF4).1,18 In contrast, W1 theory (or its successors W1w and W1-F12 theories) have been 

applied to systems as large as arginine (C6H14N4O2), 99  terphenyl (C18H14), 100  corannulene 

(C20H10),101 sumanene (C21H12),101 dodecahedrane (C20H20),18 and carbon clusters (C20 and C24).102 In 

this context, it should be pointed out that W4 theory is a CCSDTQ5/CBS composite ab initio 

method that is applicable to small systems. However, post-CCSD(T) methods that calculate the 

CCSDT(Q)/CBS energy, such as W4lite, provide intermediate applicability between W1 and W4 

theories. For example, CCSDT(Q)/CBS composite methods have been applied to systems with up 
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to ~10 non-hydrogen atoms, such as the SF6
– anion,103 C2X6 (X = F, Cl),1 phosphorus sulfide cages 

(P4S4),104 bullvalene (C10H10),105 the octasulfur ring (S8),106 and even the benzene dimer.107  

 

3.2. Accuracy of Composite Ab Initio Methods 

 A number of post-CCSD(T) composite ab initio methods have been developed over the 

past two decades.2,3,75,78 These include the focal-point analysis (FPA),108,109,110,111,112 Weizmann-n 

(W3, W3-F12, W4, W4-F12, W4.2, W4.3, and W4.4)96,97,113 ,114 and WnX,115 ,116 high-accuracy 

extrapolated ab initio thermochemistry (HEAT), 117 , 118 , 119 , 120 , 121  Feller–Peterson–Dixon 

(FPD),90,91,122,123,124,125,126 and interference-corrected explicitly correlated second-order perturbation 

theory (INT-MP2-F12) 127  methods. As shown above, these methods are by far more 

computationally demanding than the CCSD(T) composite ab initio methods. However, they are 

capable of consistently better accuracy. This is clearly illustrated when looking at RMSDs obtained 

for TAEs. Figure 2 gives the RMSDs for CCSD(T) composite ab initio methods for a large and 

diverse set of 183 TAEs in the W4-17 database.1 Most of the TAEs in the W4-17 database are 

calculated at the CCSDTQ5/CBS or CCSDTQ56/CBS levels of theory. Whereas for a small subset 

of larger molecules (e.g., C5H12, C6H6, CH3COOH, HClO4, and SF6), the reference TAEs are 

calculated at the CCSDT(Q)/CBS level of theory. These reference values are associated with a 

95% confidence interval well below 1 kJ mol–1 and are sufficiently accurate for benchmarking the 

performance of CCSD(T) composite ab initio methods.3 In terms of chemical diversity, the W4-

17 database includes organic and inorganic species involving single and multiple bonds with 

varying degrees of covalent and ionic characters, as well as radicals and triplet systems.1 Figure 2 

also gives the RMSDs for the post-CCSD(T) composite ab initio methods; however, due to the 

high accuracy of these methods, their performance cannot be assessed relative to the theoretical 
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TAEs in the W4-17 database. Instead, we use highly accurate experimental TAEs from the ATcT 

database associated with error bars ≤ 0.06 kcal mol–1 (for further discussion, see refs. 3 and 

75).128,129 Figure 2 shows that there is a clear improvement in performance when moving from the 

CCSD(T) to the post-CCSD(T) composite ab initio methods. In terms of RMSDs, the CCSD(T) 

methods achieve chemical accuracy; namely, the RMSDs range between 0.95 (G4) and 0.55 (W2-

F12) kcal mol–1. Whereas the post-CCSD(T) methods achieve benchmark accuracy; namely, the 

RMSDs range between 0.168 (W3-F12) and 0.060 (W4.x) kcal mol–1 (where W4.x refers to W4.2 

theory or higher). It is important to note that with two exceptions (W3-F12 and W3.2 theories), all 

the post-CCSD(T) composite ab initio methods result in RMSDs ≤ 0.10 kcal mol–1. These RMSDs 

translate to 95% confidence intervals lower than 1 kJ mol–1. 
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Figure 2. Root-mean-square deviations (RMSDs) in kcal mol–1 for a selected set of CCSD(T) and 

post-CCSD(T) composite ab initio methods for total atomization energies (TAEs). The 

performance of CCSD(T) composite ab initio methods is evaluated relative to the W4-17 database. 

The performance of post-CCSD(T) methods is evaluated relative to a smaller set of highly accurate 

experimental TAEs from ATcT (see main text and refs. 3 and 75 for further details).  

 

4. Energy Components in High-Level Composite Ab Initio Methods 

Composite ab initio methods rely on the following general equation to obtain energies 

(Ecomposite) that are directly comparable with experimentally observed energies 

Ecomposite ≈ Eelect + ∆ECV + ∆ESR + ∆ESO + ∆EDBOC + ∆EZPVE + ∆EHCF + ⋯	 	 	  (1) 

 

Where Eelect is the nonrelativistic electronic energy, ∆ECV is a core–valence correction, ∆ESR 

is a scalar relativistic correction, ∆ESO is a spin-orbit correction, ∆EBO is a Born–Oppenheimer 

correction, ∆EZPVE is a zero-point vibrational energy correction, and ∆EHCF is a heat content 
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function (or enthalpy function) correction. To relate this equation to the 3D Pople diagram in 

Figure 1, the nonrelativistic electronic energy is represented on the upper front face of the cube 

(green arrows), and all the secondary energetic correction terms (∆ECV, ∆ESR, ∆ESO, ∆EDBOC, ∆EZPVE, 

∆EHCF, …) are represented on the side face under the ‘energetic corrections’ arrow. In high-level 

composite ab initio methods, all these terms are calculated explicitly. Ideally, each term should be 

calculated to within benchmark accuracy so that the overall method does not rely on fortuitous 

error cancellation between the various components. The ellipsis at the end of Eq. 1 indicates any 

additional energetic component that affects the energetic property at hand to within benchmark 

accuracy. Depending on the chemical system and property, additional corrections may include 

conformational corrections to the enthalpy for floppy molecules,99,130 and quantum mechanical 

tunneling (QMT) corrections for certain reaction barrier heights.131 In the following sections, we 

will provide a comprehensive overview of the magnitude of the energetic terms in Eq. 1. For this 

purpose, we will use the W4-17 benchmark database,1 which includes 200 TAEs at 0 K obtained 

via the W4lite, W4, and W4.x theories. In particular, for most systems in the W4-17 database 

(60%), the TAEs are obtained at the CCSDTQ5/CBS level via W4 and W4.2 theories, for a subset 

of smaller molecules (23%), the TAEs are obtained at the CCSDTQ56/CBS level via W4.3 and 

W4.4 theories, and for a subset of larger molecules (17%) such as benzene, SF6, and C2Cl6 the 

TAEs are obtained at the CCSDT(Q)/CBS level via W4lite theory. Overall, the W4-17 dataset 

includes 200 organic and inorganic species with up to eight non-hydrogen atoms, which cover a 

broad spectrum of bonding situations, electronic states, and multireference characters.1  
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 The nonrelativistic electronic energy (Eelect) is by far the largest energetic term, and 

therefore it serves as the base energy in Eq. 1. Typically, Eelect accounts for about 95% of the overall 

TAE at 0K. High-level composite ab initio methods can be divided into two subcategories:  

Ø CCSDT(Q) methods  

Ø Post-CCSDT(Q) methods  

 

The post-CCSDT(Q) methods typically calculate the CCSDTQ5/CBS energy (e.g., W4 and 

HEAT-456QP theories). However, the CCSDTQ(5)/CBS and CCSDTQ5(6)/CBS energies are 

also frequently considered for slightly smaller or larger systems, respectively. As already 

mentioned, with current mainstream computer hardware, the CCSDT(Q)/CBS methods are 

applicable to systems with up to ~10 non-hydrogen atoms, whereas the post-CCSDT(Q) methods 

are typically applicable to systems with up to ~5 non-hydrogen atoms. The nonrelativistic 

electronic energy in these methods is calculated via the following equations: 

 

Eelect,CCSDT(Q) = HF/CBSHF + ∆CCSD/CBS∆CCSD + ∆(T)/CBS∆(T) + ∆T–(T)/CBS∆T–(T) + ∆(Q)/CBS∆(Q) (2) 

 

Eelect,CCSDTQ5 = HF/CBSHF + ∆CCSD/CBS∆CCSD + ∆(T)/CBS∆(T) + ∆T–(T)/CBS∆T–(T) + ∆(Q)/CBS∆(Q) 

+ ∆Q–(Q)/CBS∆Q–(Q) + ∆(5)/CBS∆(5) + ∆5–(5)/CBS∆5–(5)      (3) 

 

Here, all the energetic components are converged separately to the complete basis set limit and 

CBScomp designates the basis set or basis set extrapolation used for each energetic component. The 

∆CCSD, ∆(T), ∆T–(T), ∆(Q), ∆Q–(Q), ∆(5), and ∆5–(5) terms correspond to the correlation 

components; for example, ∆CCSD = CCSD – HF, ∆(T) = CCSD(T) – CCSD, ∆T–(T) = CCSDT – 
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CCSD(T), and so on (see Glossary for further details). The HF, ∆CCSD, ∆(T), and ∆T–(T) 

components are typically extrapolated to the CBS limit, whereas the ∆(Q) and higher-level terms are 

typically calculated with a single basis set. This partitioning of the nonrelativistic electronic energy 

is a highly efficient approach for obtaining the CCSDT(Q)/CBS and CCSDTQ5/CBS energies. 

The success of this approach relies on the significantly faster basis set convergence of successively 

higher-order coupled cluster expansion terms.2,3,75  

 

4.1. Valence CCSD(T) Energy Components 

 Figure 3 gives an overview of the distribution of the HF component of the 200 TAEs in the 

W4-17 database. The HF component in the W4-17 database is extrapolated using the jul-cc-

pV(5+d)Z and jul-cc-pV(6+d)Z basis sets.132 For the HF component, the jul-cc-pV{5,6}Z basis set 

extrapolation provides near-exact results relative to numerical HF reference values. 96,133,134 For well-

behaved systems that are not dominated by multireference effects, the HF energy is by far the 

largest contributor to the overall nonrelativistic electronic energy (Eqs. 2 and 3). The HF 

components in the W4-17 spread over a wide range of nearly 1300 kcal mol–1, where the largest 

contribution of 1239.83 kcal mol–1 is observed for n-pentane. For homologous series, there will 

generally be a linear correlation between the magnitude of the HF component and the size of the 

system. This is illustrated for the homologous series of CHn hydrocarbons (CH, CH2, CH3, and 

CH4) and straight-chain alkanes (ethane, propane, n-butane, and n-pentane) (Figure 3b). However, 

this may not be true for more complex chemical systems where non-systematic multireference and 

bonding effects may play a role. For example, we obtain the following HF components for the 

oxoacids of chlorine 86.70 (HOCl), 59.07(HClO2), 67.58(HClO3), 80.52 (HClO4) kcal mol–1.  
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Figure 3. (a) Overview of the HF/CBS component for the 200 TAEs in the W4-17 database. (b) 

Overview of the HF/CBS component for the TAEs of two homologous series of hydrocarbons (in 

kcal mol–1). 

 

It is well known that pathologically multireference systems can be unbound at the SCF 

level.2,3,75 Indeed, an inspection of Figure 3a reveals that a dozen systems in the W4-17 database 

are associated with a negative TAE at the Hatree–Fock level. These systems are (the HF 

component of the TAE is given in parentheses) FOOF (–48.79), O3 (–45.09), ClF5 (–36.36), F2 (–

31.08), FOF (–30.21), ClO3 (–26.01), FOO (–22.48), ClOO (–13.00), OF (–12.23), BN 1∑+ (–

11.35), OClO (–10.77), and ClF3 (–5.50 kcal mol–1). The magnitude of the negative HF component 

is related to both the multireference character of the system and to the strength of the bonds in the 

system. For example, F2 and F2O both have a similar TAE at the HF/CBS level (of about –30 kcal 

mol–1); however, F2 is more loosely bound, whereas F2O has a stronger multireference character. 

We also note that the highly multireference system ClOOCl has a near-zero TAE of 0.19 kcal mol–

1 at the HF/CBS level.  
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Figure 4 gives an overview of the distribution of the ∆CCSD correlation component for the 

200 TAEs in the W4-17 database. The CCSD correlation component is extrapolated using the jul-

cc-pV(5+d)Z and jul-cc-pV(6+d)Z basis sets.96 For recent overviews of the basis set extrapolations 

used in high-level composite ab initio theories, see refs. 3 and 4. Whilst the ∆CCSD correlation 

energy exhibits a significantly slower basis set convergence than the HF component, the jul-cc-

pV{5,6}Z basis set extrapolations are expected to result in errors well below the threshold of 

benchmark accuracy.96,114,135,136 ,137 The ∆CCSD/CBS correlation components in the W4-17 still 

spread over a wide range of 316 kcal mol–1, between 18.52 (AlH) and 334.44 (n-pentane) kcal mol–

1. We note that a very large ∆CCSD contribution of 313.27 kcal mol–1 is also obtained for 

dinitrogen tetroxide (N2O4). Again, it is interesting to examine the magnitude of the ∆CCSD/CBS 

correlation contribution for several homologous series that are included in the W4-17 database 

(Figure 4b). Here, we find a linear correlation with the size of the system for the homologous series 

of CHn hydrocarbons (CH, CH2, CH3, and CH4), straight-chain alkanes (ethane, propane, n-butane, 

and n-pentane), and oxoacids of chlorine (HOCl, HClO2, HClO3, HClO4) (Figure 4b). Inspection 

of Figures 3 and 4 demonstrates that even for relatively small systems, the HF and ∆CCSD 

contributions to the TAEs typically amount to hundreds of kcal mol–1. The mean HF and ∆CCSD 

contributions for the W4-17 dataset are 270.63 and 123.73 kcal mol–1, respectively. For both 

components, the largest contribution is obtained for n-pentane, namely 1239.83 (HF) and 334.44 

(∆CCSD) kcal mol–1. It is important to note that even a 0.1% error due to basis set incompleteness 

or the use of a nonoptimal basis set extrapolation scheme will translate into errors larger than 1 kJ 

mol–1 in the HF and ∆CCSD contributions. Therefore, in high-level composite ab initio methods, 

these two components have to be calculated with errors smaller than 0.01% in order to be 
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applicable to systems that most chemists would consider small molecules (e.g., n-butane, n-

pentane, acetic acid, and benzene). This level of accuracy would have been unimaginable when 

composite ab initio methods were starting to be developed and illustrates how far this field has 

progressed over the past 35 years. Today, high-level composite ab initio theories, such as HEAT-

345(Q), W4lite, and W4-F12, can reproduce the ATcT total atomization energy of benzene with 

sub-kJ/mol accuracy.107,138 For a system with a TAE of nearly 5500 kJ mol–1, this level of accuracy 

indeed corresponds to an error of about 0.01%.   

 

Figure 4. (a) Overview of the ∆CCSD/CBS correlation contribution for the 200 TAEs in the W4-

17 database. (b) Overview of the ∆CCSD/CBS correlation contribution for the TAEs of three 

homologous series CHn hydrocarbons, straight-chain alkanes, and oxoacids of chlorine (in kcal 

mol–1). 

 

Figure 5 gives an overview of the distribution of the ∆(T) correlation contribution for the 

200 TAEs in the W4-17 database. The ∆(T) correlation energy exhibits a faster basis set 

convergence than the ∆CCSD correlation energy,96,97,136 and in the W4-17 database it is 
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extrapolated from the jul-cc-pV(Q+d)Z and jul-cc-pV(5+d)Z basis sets. In a recent comprehensive 

study of the ∆(T) correlation component for a subset of the W4-17 database (namely the W4-08 

subset), Martin has shown that the jul-cc-pV{5,6}Z basis set extrapolation convergences to within 

about 0.01 kcal mol–1 relative to near-infinite basis set limit reference values.4 Generally speaking, 

the ∆(T) contributions to the TAEs are smaller by about an order of magnitude relative to the 

∆CCSD correlation contributions. With the exception of dinitrogen tetroxide (N2O4), the ∆(T) 

contributions to the TAEs in the W4-17 database range between 0.07 (AlH) and 28.47 (S4) kcal 

mol–1. For N2O4, we obtain an unusually large ∆(T) contribution of 42.85 kcal mol–1 due to 

considerable nondynamical correlation effects and the size of the system. For the homologous 

series in the W4-F12 database, there is a general linear correlation between the magnitude of the 

∆(T) component and the size of the system (Figure 5b). However, as we move to higher-level 

correlation effects, the degree of linear correlation becomes less pronounced. This is illustrated, 

for example, by the ∆(T) contribution to the TAE of CH2 and CH3 being practically the same, 

namely 1.9 kcal mol–1, as well as by smaller squared correlation coefficients (R2) values in Figure 

5b for the CHn hydrocarbons, alkanes, and oxoacids homologous series compared to Figure 4b. 
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Figure 5. (a) Overview of the ∆(T)/CBS correlation contribution for the 200 TAEs in the W4-17 

database. (b) Overview of the ∆(T)/CBS correlation contribution for the TAEs of three 

homologous series CHn hydrocarbons, straight-chain alkanes, and oxoacids of chlorine (in kcal 

mol–1). 

 

4.2. Post-CCSD(T) Energy Components 

 Before proceeding to a discussion of the post-CCSD(T) contributions to the TAEs, we refer 

the reader to a comprehensive discussion of this topic in reference 3. Figure 6 gives an overview 

of the magnitude of the higher-order triples (∆T–(T) = CCSDT – CCSD(T)) and connected 

quadruple (∆Q = CCSDTQ – CCSDT) contributions to the TAEs in the W4-17 database. It is well 

established that the ∆T–(T) contribution tends to systematically reduce the TAEs, i.e., they are 

predominantly negative. Figure 6a shows that 94% of the ∆T–(T) contributions in the W4-17 are 

negative. We note that the positive contributions are very small; namely, they range between +0.02 

(B2H6) and +0.28 (OF) kcal mol–1. The negative ∆T–(T) contributions range between –0.01 (CH2, 

NH2, and HS) and –3.28 (P4) kcal mol–1, where contributions larger than 2.0 kcal mol–1 in absolute 

value are obtained for 7% of the systems. Particularly large negative contributions are obtained for 
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1,2,5-oxadiazole (–2.54), benzene (–2.62), BN (–2.63), S4 (–2.78), N2O4 (–2.92), C2Cl6 (–3.07), 

and P4 (–3.28 kcal mol–1). The connected quadruple contributions, on the other hand, are all 

positive and range between +0.03 (CH2 3B1) and +4.84 (S4) kcal mol–1. Contributions larger than 

2.0 kcal mol–1 are obtained for 9% of the systems, where particularly large contributions are 

obtained for 1,2,5-oxadiazole (+2.50), P4 (+2.57), FO2 (+2.91), ClO2 (+3.13), O3 (+3.81), N2O4 

(+4.21), and S4 (+4.84 kcal mol–1).  

 

Figure 6. Overview of the (a) ∆T–(T) and (b) ∆Q correlation contributions for the 200 TAEs in 

the W4-17 database (in kcal mol–1).  

 

The effective cancellation between the negative ∆T–(T) contributions and positive 

quadruple ∆Q contributions leads to the excellent performance (relative to computational cost) of 

the CCSD(T)-based composite ab initio methods.3,75,82,87,88,113,96,97,117,118,119,139,140,141,142,143 Indeed, the 

CCSD(T) method is one of the most successful yet computationally economical approaches in 

quantum chemistry and therefore is commonly known as the ‘gold standard’ of quantum 
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chemistry. Accordingly, as illustrated in Figure 2, many CCSD(T)-based composite ab initio 

methods achieve chemical accuracy in terms of RMSDs.  

However, it is critical to emphasize that whilst the cancellation between the ∆T–(T) and 

∆Q components is qualitative, it is not quantitative. Figure 7 depicts the ∆T–(T) and ∆Q 

contributions to the TAEs in the W4-17 database, where the ∆Q contributions are ordered by 

increasing value, and the ∆T–(T) contributions are ordered in the same order as the ∆Q 

contributions. Inspection of this figure illustrates that, overall, there is a relatively poor correlation 

between the magnitudes of the ∆T–(T) and ∆Q contributions. This is demonstrated by a squared 

correlation coefficient of R2 = 0.4688 between the magnitude of the ∆T–(T) and ∆Q contributions 

(in absolute value) for the 200 systems in the W4-17 database.  

 

Figure 7. Overview of the (a) ∆T–(T) and (b) ∆Q correlation contributions to the 200 TAEs in the 

W4-17 database (in kcal mol–1), where the ∆Q contributions (orange dots) are ordered by 

increasing value, and the ∆T–(T) contributions (blue dots) are ordered in the same order as the ∆Q 

contributions. 
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To illustrate the strength of CCSD(T)-based composite ab initio methods, Table 3 lists 23 

selected systems for which both the ∆T–(T) and ∆Q contributions exceed 1 kcal mol–1 (in absolute 

value), yet the cancellation between these two contributions results in an overall contribution 

below 1 kJ mol–1. In other words, Table 3 lists selected systems with large ∆T–(T) and ∆Q 

contributions for which the CCSD(T) approximation works remarkably well. It is interesting to 

see how diverse the systems in Table 3 are. This set includes organic systems with multiple polar 

bonds (e.g., acetic acid, glyoxal, and C2F4), highly strained organic systems (e.g., oxirene, 

dioxirane, 1,3-dioxetan-2-one, and cyclobutadiene), non-strained cyclic systems (e.g., furazan), 

inorganic systems with highly polar bonds where the central atom is in a high formal oxidation 

state (e.g., PF5, SF6, and HClO4), and even systems with a considerable degree of multireference 

character (e.g., C2 (1∑!") and SO3).  
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Table 3. Overview of the magnitude of the ∆T–(T) and ∆Q contributions to the TAEs for selected 

systems in the W4-17 database for which the CCSD(T) approximation works remarkably well (in 

kcal mol–1).  

Component ∆T–(T) ∆Q Suma 
PF5 –1.41 1.17 –0.24 
C2Cl2 –1.54 1.33 –0.21 
1,3-Dioxetan-2-one –1.80 1.59 –0.20 
SF6 –1.69 1.56 –0.13 
HC2Cl –1.11 1.01 –0.10 
C2F2 –1.12 1.02 –0.10 
Cl2CO –1.23 1.18 –0.05 
Acetic acid  –1.13 1.08 –0.05 
C2F4 –1.30 1.26 –0.04 
Furazan –2.54 2.50 –0.04 
CO2 –1.03 1.04 0.01 
Oxirene –1.17 1.19 0.02 
HOCN –1.14 1.16 0.02 
Formic anhydride –1.61 1.65 0.04 
SO3 –1.68 1.75 0.07 
C2 (1∑!") –2.28 2.35 0.07 
Glyoxal –1.23 1.31 0.08 
ClCN –1.15 1.24 0.09 
HONC –1.01 1.14 0.13 
HClO4 –2.08 2.22 0.14 
Cyclobutadiene –1.38 1.55 0.17 
Dioxirane –1.18 1.38 0.20 
OCS –1.09 1.32 0.23 

a Sum of the ∆T–(T) and ∆Q contributions.  

 

On the other hand, Table 4 lists selected systems for which there is poor (or no) cancellation 

between the ∆T–(T) and ∆Q contributions. For all the systems in Table 4, the sum of the ∆T–(T) 

and ∆Q contributions to the TAEs ranges between 0.8 and 3.2 kcal mol–1 (in absolute value). As 

expected, many of the systems in Table 4 are highly multireference, e.g., B2, HO3, O3, FO2, F2O2, 

N2O4, ClO2, and S4. Nevertheless, this subset includes systems that are not multireference by any 

stretch of the imagination, e.g., organic systems with multiple polar bonds (e.g., C2Cl6, C2Cl4), 

non-strained cyclic systems (e.g., benzene and thiophene), and ClF5, which is an inorganic system 
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with highly polar bonds and a central atom in a formal high oxidation state. We also note that these 

systems are similar to those in Table 3, which makes it hard to a priori predict whether a CCSD(T) 

composite ab initio method would give a reliable TAE without explicitly calculating the post-

CCSD(T) contributions.  

 

Table 4. Overview of the magnitude of the ∆T–(T) and ∆Q contributions to the TAEs for selected 

systems in the W4-17 database for which the CCSD(T) approximation breaks (in kcal mol–1).  

Component ∆T–(T) ∆Q Suma 
C2Cl6 –3.07 1.36 –1.71 
Benzene –2.62 1.63 –0.99 
C2Cl4 –2.24 1.26 –0.99 
Thiophene –2.36 1.52 –0.83 
OF 0.28 0.57 0.85 
FNO –0.66 1.53 0.87 
NO2 –1.08 1.96 0.88 
ClF5 –1.33 2.40 1.06 
S3 –1.32 2.42 1.10 
N2O4 –2.92 4.21 1.29 
ClNO –0.64 1.95 1.32 
B2 0.06 1.29 1.35 
FOOF –0.74 2.29 1.55 
cis-HO3 –0.34 2.04 1.70 
S4 –2.78 4.84 2.06 
trans-HO3 –0.20 2.33 2.13 
O3 –1.34 3.81 2.47 
FO2 –0.12 2.91 2.79 
ClOO 0.10 3.13 3.23 

a Sum of the ∆T–(T) and ∆Q contributions.  

 

The results in Tables 3 and 4 illustrate the challenges associated with choosing an 

appropriate composite ab initio method, i.e., a CCSD(T) or post-CCSD(T) method, without an a 

priori indicator for the importance of post-CCSD(T) contributions to the TAEs. Nevertheless, it 

has been found that the percentage of the TAE accounted for by the ∆(T) contribution relative to 

the CCSD(T) TAE provides a reliable diagnostic for the importance of post-CCSD(T) 
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contributions to the TAEs.2,75,96 This useful diagnostic, which is often referred to as the %TAE[(T)] 

diagnostic, can be conveniently obtained from a CCSD(T) calculation in conjunction with a 

relatively small double-z basis set.2 Therefore, it should be considered before running the extensive 

post-CCSD(T) calculations involved in high-level composite ab initio methods. The %TAE[(T)] 

diagnostic is defined as the percentage of the TAE accounted for by the ∆(T) contribution to the 

TAE, namely 

 

%TAE[(T)] = #$%[''()(#)]	.	#$%[''()]
#$%[''()(#)]	

   (4) 

 

where TAE[CCSD] and TAE[CCSD(T)] are the TAEs calculated at the CCSD and CCSD(T) 

levels, respectively. It has been found that there is a high statistical correlation between the 

%TAE[(T)] values and the percentage of the TAE accounted for by the ∆Q contribution 

(%TAE[∆Q]). In particular, for the diverse set of 200 molecules in the W4-17 database, we obtain 

a squared correlation coefficient of R2 = 0.9300 between the %TAE[(T)] and %TAE[∆Q] values. 

An extensive analysis done for the W4-11 database of 140 TAEs suggests the following cut-off 

ranges for the %TAE[(T)] values2,75  

Ø %TAE[(T)] below 5% suggests post-CCSD(T) contributions to the TAE should be below 

about 0.5 kcal mol–1 

Ø %TAE[(T)] between 5–10% suggests post-CCSD(T) contributions to the TAE should be 

below about 1 kcal mol–1 

Ø %TAE[(T)] above 10% suggests that post-CCSD(T) contributions to the TAE can certainly 

exceed 1 kcal mol–1  
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Let us move to the ∆5 contributions to the TAEs. Most of the TAEs in the W4-17 database 

(167 out of 200) were obtained at the CCSDTQ5/CBS (or higher) level of theory via W4 and 

W4.x theories. The rest of the TAEs (33 out of 200) were obtained at the CCSDT(Q)/CBS 

level via W4lite theory. Figure 8 depicts the ∆5 correlation contributions to the 167 TAEs in 

the W4-17 database for which these contributions are available. The ∆5 contributions are 

practically all positive. We note however, that for a small number of halogenated systems (BF, 

CF, CHF3, AlF, PF3, CCl2, CF2Cl2, HClO3, and AlCl3), contributions between 0.00 and –0.03 

kcal mol–1 are obtained. The largest ∆5 contributions are obtained for highly multireference 

systems, namely 0.41 (O3), 0.32 (C2 (1∑!")), 0.30 (S4), 0.27 (F2O2), 0.24 (C2N2), 0.23 (FO2), 

0.22 (ClOO), and 0.21 (SO3) kcal mol–1. Yet, sizeable contributions between 0.1–0.2 kcal mol–

1 are obtained for 25 molecules that span the gamut from systems dominated by moderate 

nondynamical correlation effects (e.g., CN, N2, NO2, P2, and SO2) to strong nondynamical 

correlation effects (e.g., BN, HO3, P4, S3, and OClO). For all of these systems, explicitly 

calculating the ∆5 contributions is necessary in order to obtain confident benchmark accuracy. 

Figure 8 depicts the ∆6 contributions to the TAEs for the 14 systems for which we obtain 

∆6 contributions larger than 0.004 kcal mol–1. As expected, these contributions are very small 

and can generally be neglected even for benchmark accuracy. The largest ∆6 contributions are 

obtained for the highly multireference systems BN (0.04) and C2 (1Σ!") (0.07 kcal mol–1).13,144 

Interestingly, a relatively high contribution of 0.03 kcal mol–1 is also obtained for P2. 

Contributions beyond ∆6 can certainly be neglected. For example, the ∆7 contributions to the 

TAE of C2 (1Σ!") is merely 0.003 kcal mol–1.13  
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Figure 8. Overview of the (a) ∆5 and (b) ∆6 correlation contributions for the TAEs for the systems 

in the W4-17 database for which these contributions are available (in kcal mol–1), ∆6 contributions 

are shown for the 14 systems for which these contributions are larger than 0.004 kcal mol–1.  

 

4.3. Secondary Energy Corrections 

 Let us turn our attention to the secondary energy corrections in high-level composite ab 

initio methods. In nearly all composite ab initio methods, the post-CCSD(T) calculations (e.g., 

CCSDT, CCSDT(Q), CCSDTQ, CCSDTQ(5), and CCSDTQ5) are carried out within the frozen-

core approximation, i.e., with only the valence electrons being correlated. Composite ab initio 

methods that are generally applicable to second-row systems, such as the Weizmann-n theories, 

also employ the frozen-core approximation in the ∆CCSD and ∆(T) calculations. In contrast, in 

methods that were designed for treating mainly first-row systems, the CCSD and CCSD(T) 

calculations are carried out with the valence and core-valence electrons correlated. This distinction 

makes the Wn theories applicable to relatively large second-row systems at a realistic 

computational cost. Notable examples include the calculation of the TAEs of P4S4 and S8 at the 

CCSDT(Q)/CBS level of theory via W4lite theory,104,106 and the TAE of P4S10 at the CCSD(T)/CBS 
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level via W1-F12 theory.104 The Weizmann-n methods include a core-valence (CV) correction to 

account for inner-shell correlation. The CV correction is calculated at the CCSD(T) level via the 

following equation  

 

∆CV = CCSD(T)all/CBS – CCSD(T)val/CBS    (5) 

 

In Wn theories (n = 2–4) the ∆CV correction is extrapolated from the aug-cc-pWCV{T,Q}Z basis 

set pair. Calculating the CV correction at the CCSD(T)/aug-cc-pWCV{T,Q}Z level of theory 

provides confident sub-kJ/mol accuracy with an RMSD of merely 0.03 kcal mol–1 for the 200 

molecules in the W4-17 dataset.114,145 Figure 9a provides an overview of the CV correction to the 

TAEs in the W4-17 database. The ∆CV correction spans over a wide range from –0.67 (AlH3) to 

+7.37 (benzene) kcal mol–1. Negative ∆CV corrections are obtained for aluminum and silicon 

systems (e.g., AlH, AlH3, AlCl3, SiH4, and Si2H6) as well as for fluorine systems (e.g., F2, F2O, 

F2O2, ClF3, ClF5, and SF6). However, for most systems in the W4-17 database, the ∆CV correction 

is positive. Particularly large ∆CV corrections exceeding 5 kcal mol–1 are obtained for medium-

sized organic systems such as tetrahedrane, furan, thiophene, pyrrole, borole, n-pentane, 

cyclopentadiene, and benzene. Notably, most of these systems do not contain second-row atoms, 

illustrating the importance of ∆CV corrections for first-row organic systems. Clearly, the ∆CV 

correction cannot be neglected for achieving chemical accuracy. Furthermore, to achieve 

benchmark accuracy, the ∆CV correction has to be treated at a sufficiently high level of theory 

(vide supra).96,114,145,146  
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Figure 9. Overview of the (a) core-valence, (b) scalar relativistic, (c) spin-orbit, and (d) diagonal 

Born–Oppenheimer corrections for the 200 TAEs in the W4-17 database.  

  

 It is well established that relativistic effects can play a significant role in first-and second-

row systems. Figure 9b depicts the scalar relativistic (∆SR) corrections for the 200 molecules in 

the W4-17 database. These ∆SR corrections are calculated at the CCSD(T)/aug-cc-pVQZ-DK 

level using the second-order Douglas–Kroll–Hess (DKH) approximation which has been shown 

to yield results in close agreement with the full relativistic treatment for first- and second-row 

systems.147,148,149,150 The ∆SR corrections to the TAEs range between –0.02 (BH) and –3.19 (SF6) 



 36 

kcal mol–1. Particularly large ∆SR corrections ranging between 1.1 and 3.2 kcal mol–1 are obtained 

for halogenated hydrocarbons (e.g., C2F4, C2F6, C2F2Cl4, C2Cl4, and C2Cl6), oxygenated and 

fluorinated systems with a central second-row atom in a high formal oxidation state (e.g., SO3, 

ClO3, HClO3, HClO4, AlF3, SiF4, PF5, and SF6), cyclic heteroatom organic systems (e.g., silole and 

thiophane), and for Si2H6. Figure 9c also provides an overview of the spin-orbit (∆SO) corrections 

to the TAEs in the W4-17 database. High-level composite ab initio methods designed to treat 

mainly first- and second-row molecules typically include only first-order atomic and molecular 

∆SO corrections. These corrections are universally negative and tend to be large for compounds 

with multiple oxygen, fluorine, and second-row atoms. For example, ∆SO corrections ranging 

between –2.0 and –3.0 kcal mol–1 are obtained for CF2Cl2, CCl3H, C2F6, C2F2Cl2, Cl2O2, AlCl3, SF6, 

ClF5, and S4. Yet, notably larger ∆SO corrections are obtained for perchlorinated organic 

compounds, namely –3.45 (CCl4), –3.53 (C2Cl4), and –5.21 (C2Cl6) kcal mol–1. 

 Figure 9d provides an overview of the deviations from the Born–Oppenheimer 

approximation, which are obtained via diagonal Born–Oppenheimer corrections (∆DBOC). As can 

be seen, these corrections are much smaller than the ∆CV, ∆SR, and ∆SO corrections. For the 200 

systems in the W4-17 database, the ∆DBOC contributions to the TAEs are calculated at the 

HF/aug-cc-pVTZ level of theory. However, it has been found that DBOC contributions obtained 

at the SCF level represent overestimations and that correlation contributions can reduce the HF 

DBOC contribution by up to 50%.3,18,75,97,99,100,101,119,151,152 Therefore, it is recommended that ∆DBOC 

contributions calculated at the SCF level should be scaled by a factor of 0.5.3 For the relatively 

small systems in the W4-17 database the ∆DBOC contributions range between –0.11 (CH) and 

+0.30 (n-pentane) at the HF/aug-cc-pVTZ level of theory. Therefore, these corrections cannot be 

neglected for achieving benchmark accuracy. However, we note that for larger hydrocarbons the 
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∆DBOC contribution cannot be neglected even for achieving confident chemical accuracy for 

example, at the CCSD level, the following ∆DBOC contributions are obtained 0.32 (octahedrane, 

(CH)12),18 0.33 (chrysene, C18H12),100 0.33 (meta-terphenyl, C18H14),100 0.36 (para-terphenyl, 

C18H14),100 and 0.42 (dodecahedrane, (CH)20) kcal mol–1.18 Since these ∆DBOC contributions are 

calculated at the CCSD level they represent highly accurate estimates and do not need to be scaled 

down.3  

Summing up the CCSDT(Q)/CBS or CCSDTQ5/CBS nonrelativistic electronic TAE with 

the ∆CV, ∆SR, ∆SO, and ∆DBOC corrections to the TAE gives the all-electron, relativistic 

DBOC-inclusive TAE at the bottom of the well (TAEe). The zero-point vibrational energy (ZPVE) 

is required to convert the TAEe to a total atomization energy at 0 K (TAE0) that can be compared 

with experiment. With the exception of a handful of diatomics in the W4-17 database, the ZPVE 

is the largest secondary energetic correction. Figure 10 provides an overview of the ZPVEs for the 

molecules in the W4-17 database. The ZPVEs span a wide range from 0.69 (AlCl) to 99.45 (n-

pentane) kcal mol–1. Calculating the ZPVE of the larger molecules in the W4-17 database (e.g., 

propane, n-butane, n-pentane, and benzene) with sub-kJ mol–1 accuracy can be one of the most 

challenging steps in high-level composite ab initio methods. For such systems, the calculation of 

harmonic frequencies at the CCSD(T)/cc-pVQZ level with cubic and quartic anharmonic 

corrections (e.g., at the MP2 or CCSD(T) levels) becomes prohibitively expansive.25,75,99,151 In such 

cases, a computationally feasible, yet fairly reliable, approach is to scale the CCSD(T) or DHDFT 

harmonic ZPVE.153,154,155,156,157,158,159,160,161,162,163 It has been shown that scaling of CCSD(T) or 

double-hybrid DFT harmonic frequencies can yield anharmonic ZPVEs with accuracies 

approaching those obtained from quartic force fields.162  



 38 

Figure 10. Overview of the zero-point vibrational energy (ZPVE) corrections for the 200 TAEs in 

the W4-17 database (in kcal mol–1).  

 

5. Putting It All Together for Thermochemistry, Kinetics, and Noncovalent 

Interactions 

To summarize this chapter, it is useful to examine specific examples in which high-level 

composite ab initio methods have been used to obtain TAEs, reaction barrier heights, and binding 

energies of weakly bound complexes. In particular, we will consider the (i) TAEs of C2(1Σ!"),12,13 

S4,1,2 and C6H6,114 (ii) the reaction barrier heights for the Cope rearrangement in bullvalene105,131 

and for a prototypical cycloreversion reaction,7 and (iii) the binding energies of the NO2 and 

benzene dimers.1,107  

Let us begin with dicarbon, which is among the most abundant molecules observed in stars, 

circumstellar shells, nebulae, comets, and the ISM.164  For this small molecule, we can truly 

approach the exact relativistic solution to the Schrödinger equation. For the highly multireference 
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singlet ground 1Σ!" state of C2, high-level calculations of up to CCSDTQ567 are available in the 

literature.12,13,82,125,165 The results from W4.3 (and higher) theories are summarized in Table 5. At 

the HF/aug-cc-pV{5,6}Z level of theory, the two carbon atoms are weakly bound with a 

dissociation energy of merely 18.38 kcal mol–1. The ∆CCSD/aug-cc-pV{5,6}Z correlation 

component is nearly six times as large and amounts to 107.60 kcal mol–1. The ∆(T)/aug-cc-

pV{Q,5}Z correlation component further increases the dissociation energy by 19.37 kcal mol–1. 

Overall, at the CCSD(T)/CBS level of theory, we obtain a dissociation energy of 145.35 kcal mol–

1. We note that this value is in excellent agreement with the infinite basis set limit CCSD(T)/aug-

cc-pV{8,9}Z energy of 145.37 kcal mol–1 from Feller, Peterson, and Ruscic.125 The higher-order 

triples, ∆T–(T), component, has been extrapolated to the infinite basis set limit from the cc-

pV{6,7}Z basis sets and reduces the dissociation energy by as much as –2.27 kcal mol–1.13 In this 

case, we obtain the expected pattern of the ∆(T), ∆(Q), and ∆(5) components, all increasing the 

dissociation energy. Whereas the higher-order triples, quadruples, and quintuples components 

(∆T–(T), ∆Q–(Q), and ∆5–(5)) all decrease the dissociation energy. Interestingly, the ∆T–(T), ∆Q–

(Q), and ∆5–(5) components of –2.268, –1.151, and –0.053 kcal mol–1, respectively, lie on a 

perfectly straight line with a squared correlation coefficient of R2 = 0.99998. The sextuple 

contributions, ∆6, are still relevant for benchmark accuracy and amount to 0.063 kcal mol–1, 

whereas the septuple contributions are an order of magnitude smaller and can be safely neglected 

(Table 5). Overall, the post-CCSDT contributions up to CCSDTQ567 amount to 2.69 kcal mol–1. 

Therefore, they outweigh the ∆T–(T) component of –2.27 kcal mol–1. The nonrelativistic electronic 

CCSDTQ567/CBS energy amounts to 145.78 kcal mol–1. Moving to the secondary energetic 

corrections, at the W4.3 level, we obtain ∆CV = 1.25, ∆SR = –0.17, ∆SO = –0.17, ∆DBOC = 0.03, 

ZPVE = 2.64 kcal mol–1. Summing up we obtain a CCSDTQ567/CBS dissociation energy at 0 K 
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(D0) of 144.08 kcal mol–1.13 This value agrees within overlapping uncertainties with the 

experimental ATcT value of 144.01 ± 0.07 kcal mol–1.125 

 

Table 5. Overview of the energy components involved in high-level composite ab initio methods 

for the total atomization energies of three representative molecules C2, S4, and C6H6 (in kcal mol–

1). 

 C2 (1Σ!") S4 C6H6 
Component CCSDTQ567/CBSa CCSDTQ(5)/CBSb CCSDT(Q)/CBSc 
HF 18.38 73.293 1045.01 
∆CCSD 107.60 129.531 290.71 
∆(T) 19.37 28.465 26.70 
∆T–(T) –2.268 –2.782 –2.62 
∆(Q) 3.420 

4.839d 
2.13 

∆Q–(Q) –1.151 N/A 
∆(5) 0.412 0.297 N/A 
∆5–(5) –0.053 N/A N/A 
∆6 0.063 N/A N/A 
∆7 0.003 N/A N/A 
∆CV 1.25 0.680 7.37 
∆SR –0.17 –0.671 –0.99 
∆SO –0.17 –2.239 –0.51 
∆DBOC 0.03 0.006 0.23 
ZPVE 2.64 3.292 62.16 
TAEe 146.716 231.444 1368.10 
TAE0 144.076 228.152 1305.94 
Expt. (ATcT) 144.01 ± 0.07 N/A 1305.9 ± 0.1 
Theor.–Expt.  0.07 N/A 0.04 

aThe ∆T–(T), ∆(Q), ∆Q–(Q), ∆(5), ∆5–(5), ∆6, ∆7 components are taken from ref. 13, all other components 

are calculated via W4.3 theory and taken from ref. 12. bAll components are calculated via W4 theory and 

are taken from ref. 2. cAll components are calculated via W4-F12 theory and are taken from ref. 114. dThis 

is the ∆Q = CCSDTQ – CCSDT contribution.  

 

Let us move on to a larger system composed only of second-row atoms – tetrasulfur (S4). 

The TAE of this highly multireference system has been obtained via W4 theory at the 

CCSDTQ(5)/CBS level of theory.1,2 The HF/aug-cc-pV{5,6}Z, ∆CCSD/aug-cc-pV{5,6}Z, and 

∆(T)/aug-cc-pV{Q,5}Z components to the TAE are 73.293, 129.531, and 28.465 kcal mol–1, 
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respectively. Resulting in a CCSD(T)/CBS TAE of 231.289 kcal mol–1. The ∆T–(T) component 

amounts to as much as –2.782 kcal mol–1. However, it is significantly outweighed by the ∆Q 

component of 4.839 kcal mol–1. The ∆(5) component is still very significant and, on its own, 

exceeds 1 kJ mol–1; namely, it amounts to 0.297 kcal mol–1. Overall, the post-CCSD(T) 

contributions to the TAE are quite hefty, reaching 2.354 kcal mol–1. We note in passing that other 

small molecules for which the post-CCSD(T) contributions to the TAE exceed 2 kcal mol–1 (or 

even 3 kcal mol–1) include HO3, O3, FO2, and ClO2 (see ref. 3 for a comprehensive discussion). 

Overall, the nonrelativistic CCSDTQ(5)/CBS TAE amounts to 233.643 kcal mol–1. For this system, 

the ∆CV, ∆SR, and ∆SO corrections are also quite hefty, albeit not as large as the post-CCSD(T) 

corrections. Namely they amount to ∆CV = 0.680, ∆SR = –0.671, ∆SO = –2.239 kcal mol–1. 

Adding all the secondary energetic corrections, including the ∆DBOC = 0.03 and ZPVE = 2.64 

kcal mol–1 contributions, we obtain a TAE0 of 228.152 kcal mol–1 from W4 theory.  

Let us move to a larger first-row organic system – benzene, for which TAEs have been 

obtained at the CCSDT(Q)/CBS level.114,138 Table 5 shows the component breakdown of the W4-

F12 TAE, however, we note that overall this value is practically identical to the earlier TAE 

obtained by Harding, Vázquez, Gauss, Stanton, and Kállay (HVGSK),138 see ref. 114 for a 

comprehensive discussion. Benzene is not a highly multireference system, yet high-level 

composite ab initio methods are required for calculating its TAE within chemical accuracy (and 

certainly benchmark accuracy). At the valence CCSD(T)/CBS limit, we obtain a TAE of 1362.42 

kcal mol–1 from W4-F12 theory.114 The higher-order triples contribution amounts to –2.62 kcal 

mol–1 at the ∆T–(T)/cc-pV{D,T}Z level. This value is expected to be sufficiently accurate at the 

benchmark level, however, some caution is needed when treating the ∆(Q) component. In W4lite 

theory the ∆(Q) component is calculated in conjunction with the cc-pVDZ basis set and amounts 
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to 1.63 kcal mol–1. However, as shown in ref. 114, when extrapolated from the cc-pV{D,T}Z basis 

sets, the magnitude of the ∆(Q) component increases to as much as 2.13 kcal mol–1. Overall, the 

best post-CCSD(T) contribution amounts to –0.49 kcal mol–1. We note that in contrast to C2 and 

S4 where post-CCSD(T) contributions increase the TAE, for benzene they decrease the TAE. The 

∆CV correction amounts to as much as 7.37 kcal mol–1 at the CCSD(T)/aug-cc-pwCV{T,Q}Z level 

of theory. For comparison, calculating the ∆CV correction at the CCSD(T)/aug-cc-pwCVTZ level 

of theory (in a similar manner to W1 theory) results in ∆CV = 6.67 kcal mol–1, which is lower by 

as much as 0.70 kcal mol–1 than the CBS value. Therefore, some caution is required when 

attempting to achieve chemical accuracy for the ∆CV component. The secondary energetic 

components from W4-F12 theory are ∆SR = –0.99, ∆SO = –0.51, ∆DBOC = 0.23, and ZPVE = 

62.16 kcal mol–1. Adding the best CCSD(T), post-CCSD(T), and secondary energetic corrections 

results in a TAE0 of 1305.94 kcal mol–1, which is practically spot on the ATcT value of 1305.9 ± 

0.1 kcal mol–1.  

Let us move on to the calculation of reaction barrier heights. Table 6 gives the component 

breakdown of the CCSDT(Q)/CBS barrier heights for two challenging chemical reactions (i) the 

Cope rearrangement in bullvalene and (ii) the cycloreversion of the C2H3NO2 heterocycle. 

Bullvalene (C10H10) is one of the most fascinating hydrocarbon cages that were ever synthesized 

since it spontaneously undergoes a series of rapid degenerate Cope rearrangements.166,167,168,169 

Consequently, at room temperature, the 1H NMR spectrum of bullvalene exhibits a single broad 

peak, which becomes a single sharp peak at higher temperatures. Table 6 gives the component 

breakdown of the reaction barrier height for the Cope rearrangement in bullvalene from W3lite-

F12 theory.105,131 At the HF/CBS level, we obtain a strongly overestimated reaction barrier height 

of 25.84 kcal mol–1. The ∆CCSD/CBS and ∆(T)/CBS contributions reduce the reaction barrier 
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height by –6.38 and –4.66 kcal mol–1, respectively. Such that the valence CCSD(T)/CBS barrier 

height amounts to 14.80 kcal mol–1. The ∆T–(T) and ∆(Q) contributions amount to +0.42 and –

0.27 kcal mol–1, respectively. Thus, overall the post-CCSD(T) contributions are relatively modest 

and increase the barrier height by 0.15 kcal mol–1. The secondary energetic corrections amount to 

∆CV = 0.32, ∆SR = –0.05, ∆DBOC = 0.02, ZPVE = –1.04, and H298–H0 = –0.14 kcal mol–1. 

Overall, the classical relativistic CCSDT(Q)/CBS reaction barrier height at 298 K amounts to 

14.08 kcal mol–1. Importantly, for this rearrangement, a heavy atom tunneling correction amounts 

to as much as 0.22 kcal mol–1 at room temperature and has to be considered in the kJ/mol regime.131 

Overall, the best relativistic CCSDT(Q)/CBS reaction barrier height, including a QMT correction 

at 298 K, amounts to 13.85 kcal mol–1. This highly accurate theoretical reaction barrier height 

suggests that the gas-phase experimental value of 13.2 kcal mol–1 should be revised upward. We 

note that these 1H NMR measurements were conducted over 30 years ago over a relatively small 

temperature range, and therefore more elaborate NMR measurements may resolve the discrepancy 

between theory and experiment. 
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Table 6. Overview of the energy components involved in high-level composite ab initio methods 

for two representative reaction barrier heights (in kcal mol–1). 

 

Cope rearrangement 
of bullvalene 

(C10H10) 
Cycloreversion of 

C2H3NO2
b 

Component CCSDT(Q)/CBSa CCSDT(Q)/CBSc 
HF/CBS 25.84 44.12 
∆CCSD –6.38 5.40 
∆(T) –4.66 –2.53 

∆T–(T) 0.42 –0.69 
∆(Q) –0.27 –0.41 
∆CV 0.32 N/Ag 

∆SR –0.05 N/Ag 
∆DBOC 0.02 N/Ag 
ZPVE –1.04 N/Ag 

H298–H0 –0.14 N/Ag 
QMTd  0.22 N/Ag 

∆E‡
e,classical 15.26 45.91 

∆H‡
298,classical 14.08  

∆H‡
298,tunneling 13.85  

Expt. 13.2e   
Theor.–
Expt.  

0.66f 
 

aAll components are calculated via Wn theories and are taken from refs. 105 and 131. bAll components are 

calculated via W3lite-F12 theory and are taken from ref. 7. cSee cycloreversion barrier height (CRBH) 

reaction number 1 in ref. 7. dQuantum mechanical tunneling (QMT) correction taken from ref. 131. eTaken 

from ref. 170. fNote that this experimental value is not sufficiently accurate for benchmarking high-level 

composite ab initio methods (see further discussion in refs. 105 and 131). gThis component was not 

calculated in the original work.  

 

Let us move to examine a reaction barrier height in which post-CCSD(T) contributions 

play a more significant role. Cycloreversion reactions (or, in the reverse direction, cycloaddition 

reactions) play an important role in organic synthesis since they provide a synthetic route for 

breaking down heterocyclic rings into small unsaturated building blocks. Table 6 gives the 

components breakdown of the CCSDT(Q)/CBS reaction barrier height for a typical cycloreversion 

reaction in which a C2H3NO2 heterocycle is broken down into formaldehyde and H–N=C=O 
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fragments (for further details, see reaction CRBH 1 in ref. 7, which is the same as reaction 1 in ref. 

171). Here, we only examine the nonrelativistic, valence CCSDT(Q)/CBS reaction barrier height 

(Table 6). At the HF/CBS level, we obtain a reaction barrier height of 44.12 kcal mol–1. The 

∆CCSD/CBS and ∆(T)/CBS correlation components amount to 5.40 and –2.53 kcal mol–1, 

respectively. Resulting in a valence CCSD(T)/CBS reaction barrier height of 46.99 kcal mol–1. In 

a similar manner to TAEs, for most reaction barrier heights, the ∆T–(T) and ∆(Q) components 

have opposite signs and tend to cancel each other out. However, it has been found in ref. 7 that for 

cycloreversion reactions, both the ∆T–(T) and ∆(Q) components systematically reduce the reaction 

barrier heights. For the reaction at hand, we obtain T–(T) = –0.69 and ∆(Q) = –0.41 kcal mol–1. 

Thus, overall the post-CCSD(T) contributions reduce the reaction barrier height by 1.1 kcal mol–

1. This demonstrates that post-CCSD(T) contributions are required even for chemical accuracy.  

As a final example, let us consider two weakly interacting dimers (i) the nitrogen dioxide 

dimer (O2N•••NO2),1 and (ii) the benzene parallel displaced dimer (C6H6•••C6H6).107 Table 7 gives 

the component breakdown of these two binding energies. The O2N•••NO2 binding energy has been 

obtained at the CCSDT(Q)/CBS level of theory via W4lite theory. Dinitrogen tetroxide has an 

unusually long N–N bond calculated to be 1.7346 Å at the CCSD(T)/cc-pVQZ level of theory. For 

comparison, the length of the single N–N bond in hydrazine is calculated to be 1.4383 Å at the 

same level of theory. Here, we will examine the dissociation energy N2O4 à 2NO2. At the HF/aug-

cc-pV{5,6}Z level, the two NO2 molecules are unbound with an interaction energy of –6.24 kcal 

mol–1. The ∆CCSD/aug-cc-pV{5,6}Z component increases the binding energy by 18.95 kcal mol–

1, and the ∆(T)/aug-cc-pV{Q,5}Z component further increases the binding energy by 4.12 kcal 

mol–1. At the valence CCSD(T)/CBS level of theory, we obtain a binding energy of 16.83 kcal 

mol–1. The ∆T–(T)/cc-pV{D,T}Z component reduces the binding energy by –0.75 kcal mol–1 and 
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the ∆(Q)/cc-pVDZ component increases it by a relatively small amount of 0.10 kcal mol–1. Overall, 

post-CCSD(T) contributions to the binding energy are fairly significant and amount to –0.65 kcal 

mol–1. The ∆CV, ∆SR, and ∆DBOC corrections tend to cancel each other out and collectively 

amount to –0.01 kcal mol–1. The ZPVE contribution reduces the dissociation energy by as much 

as –3.74 kcal mol–1. Overall, we obtain a relativistic CCSDT(Q)/CBS binding energy of 12.42 kcal 

mol–1, which is lower by 0.38 kcal mol–1 than the ATcT value of 12.80 ± 0.05 kcal mol–1 (Table 7). 

Given that N2O4 is a highly multireference system (vide supra), the discrepancy between theory 

and experiment is mainly attributed to the basis set incompleteness of the ∆(Q)/cc-pVDZ 

component and the complete neglect of the higher-order quadruple excitations (∆Q–(Q)).  

 

Table 7. Overview of the energy components involved in high-level composite ab initio methods 

for the binding energies (BEs) of two weakly bound dimers (in kcal mol–1). 

 O2N•••NO2 C6H6•••C6H6
b  

Component CCSDT(Q)/CBSa CCSDT(Q)/CBSc 
HF/CBS –6.24 –4.510 
∆CCSD 18.95 5.797 
∆(T) 4.12 1.303 

∆T–(T) –0.75 –0.246 
∆(Q) 0.10 0.187 
∆CV 0.07 0.027 
∆SR –0.13 0.003 

∆DBOC 0.05 –0.001 
ZPVE –3.74 –0.240 
BEe 16.16 2.550 
BE0 12.42 2.310 

Expt. 12.80 ± 0.05d 2.4 ± 0.4e 
Theor.–Expt.  –0.38 –0.09 

aAll components are calculated via W4lite theory and are taken from ref. 1. bAll components are taken from 

ref. 107. cThis component was not calculated in the original work. dTaken from ATcT, ref. 172. eTaken 

from ref. 173. 

 

Finally, let us consider the benzene dimer.107 Similar to the O2N•••NO2 dimer, at the HF/jul-

cc-pV{5,6}Z level, the two benzenes are unbound with an interaction energy of –4.510 kcal mol–
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1. The ∆CCSD/jul-cc-pV{Q,5}Z component increases the binding energy by 5.797 kcal mol–1, and 

the ∆(T)/jul-cc-pV{T,Q}Z component further increases the binding energy by 1.303 kcal mol–1. 

At the valence CCSD(T)/CBS level of theory, we obtain a binding energy of 2.580 kcal mol–1.107 

The ∆T–(T)/cc-pVTZ(no f 1d) component reduces the binding energy by –0.246 kcal mol–1. Where 

cc-pVTZ(no f 1d) denotes a truncated version of the cc-pVTZ basis set that combines the sp part 

of the cc-pVTZ basis set with the d function from the cc-pVDZ basis set on carbon and the s part 

of the cc-pVTZ basis set with the p function from the cc-pVDZ basis set on hydrogen. The ∆(Q)/cc-

pVDZ component increases the binding energy by a relatively significant amount of 0.187 kcal 

mol–1. Overall, due to the cancellation between the ∆T–(T) and ∆(Q) components, post-CCSD(T) 

contributions to the binding energy are fairly small and amount to –0.059 kcal mol–1. The ∆CV, 

∆SR, and ∆DBOC corrections are also relatively small and collectively amount to 0.029 kcal mol–

1. The ZPVE contribution reduces the binding energy by as much as –0.240 kcal mol–1. Overall, 

we obtain a relativistic CCSDT(Q)/CBS binding energy of 2.310 kcal mol–1, which is lower by 

0.09 kcal mol–1 than the experimental value of 2.4 ± 0.4 kcal mol–1 (Table 7). Thus, the discrepancy 

between theory and experiment is well below the experimental uncertainty.  
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