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Abstract

The bond dissociation energies (BDE) of most main-group elements have been accu-

rately measured. However, the BDE values for heavy elements, particularly those from

the fifth period (In I), are still missing or poorly validated. This study aims to identify

the most accurate computational methods for calculating BDE values of compounds

containing fifth-row elements, including In, Sn, Sb, Te, and I, with a focus on readily

accessible methods in software packages. The investigation involved a benchmark

study using density functional theory (DFT), in addition to the 2nd order Møller–

Plesset perturbation theory (MP2) and the coupled cluster with single, double, and

perturbative triple excitations CCSD(T). The DFT functionals used in the study include

APFD, B3LYP, B3LYP-D3, B3P86, B97-D3, BHandH, HSEH1PBE, M06-2X, MN12-SX,

MN15-L, and TPSSH. The functionals were carefully selected to cover some popular

functionals as well as to cover all levels of the Jacob's ladder of DFT accuracy. The

computed BDE values were compared with experimental values, and the results were

filtered to remove any possible outliers. The statistical errors (MAPE, RMSE, and

Pearson's) were then calculated and used to assess the performance of the methods.
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1 | INTRODUCTION

The course of chemical and biological reactions is governed by the breaking and forming of chemical bonds. The bond dissociation energy (BDE)

is a critical parameter for studying such reactions. Accurate BDE values are essential not only for estimating the enthalpy of chemical reactions

but also for constructing reaction mechanisms, determining thermodynamically favored reaction pathways, and studying reaction kinetics [1–4].

Additionally, BDE's play a critical role in chemistry [5–7], Physics [8, 9], and biology [10–12], as they can be used to estimate the activation energy

(a kinetic property) from the reaction enthalpy (a thermodynamic property) [13, 14].

Experimental determination of BDE for simple organic compounds is relatively straightforward, and BDE values of common representative

elements (e.g., H, C, N, O, and S) have been experimentally determined with a great accuracy [15]. However, determining BDE for complex sys-

tems and molecules with heavy elements is rather challenging. Recent advances in computational methods have not only helped in validating

experimental BDE values, but also in obtaining BDE for systems that cannot be studied experimentally [4]. Various different computational

methods have been used to estimate and validate BDE values. These methods include configuration interaction (CI), 2nd order Møller–Plesset

perturbation theory (MP2), coupled cluster (CC), and density functional theory (DFT) [16, 17]. These methods address the electron correlation

problem to varying degrees, with some performing better than others. Typically, BDE are calculated by optimizing the chemical species involved

in the bond breaking and then calculating their single-point energies. The BDE can then be obtained from the difference between the energy of

the stable molecule and that of the individual free radicals or ions (with few corrections).
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In ab-initio calculations, it is important to consider the method's size consistency; a property that guarantees the energy of a system

(A + B) is equal to the sum of the energy of A plus that of B [18]. Some methods, such as pure CI, are not size consistent, while both MP2

and CCSD(T) are generally considered size consistent, and they were trusted by the computational community. However, MP2 was shown

to overestimate the bond strength, particularly in transition metal complexes and some Si-containing structures, and therefore producing

lower BDE [19, 20]. Similarly, the performance of CC methods in determining BDE has been recently criticized [3, 21, 22]. Although certain

recent improvements to the CC and MP2 methods have been made to improve their accuracy, these adjustments are not available in all

software packages and their use is still limited [23, 24]. Therefore, the performance of the pure MP2 and CC methods—which are still wildly

used—needs continuous assessment.

Generally, DFT methods have shown excellent performance in determining BDE values for almost all molecular structures. The major problem

of DFT, however, is that an exact exchange-correlation functional is still unknown [25, 26]. As a result, considerable efforts were made either to

develop or to improve DFT functionals. The expansion and commercialization of computational software packages have made DFT even more

popular. Unfortunately, the expansion of DFT came with a price. The use of DFT by non-experts has introduced significant discrepancies in the

chemical literature; a situation that was described by some experts as the “DFT Zoo” [27, 28]. Consequently, some DFT functionals have been

chosen for use in chemical problems based on their popularity rather than their accuracy [29].

In early 2000s, Perdew et al. proposed a hierarchy (Jacob's ladder, Figure 1) to classify DFT methods [30]. Starting from the Hartree-Fock

level, which lacks electron correlation, the ladder grows from the simple local spin density approximation (LSDA) into generalized gradient approx-

imation (GGA), followed by meta-GGA, then hybrid-GGA, and finally with the double-hybrid-GGA being the most accurate [27, 31]. Several

benchmarking studies have shown that the accuracy of DFT functionals has agreed well with the hierarchy of the Jacob's ladder. For instance,

Mardirossian and Head-Gordon evaluated 200 DFT functionals and discovered that their accuracy in estimating the binding energies of small mol-

ecules had obeyed the order of Jacob's ladder [31].

One of the most popular DFT functionals is the B3LYP, a hybrid functional developed in the early 1990s by Stephens et al. [32].

In recent years, the performance of B3LYP was heavily criticized, particularly in reactions taking place in solutions (dispersion effects),

or involving heavy elements with a large number of electrons. In a benchmarking study by Goerigk et al. [27], the authors did not

recommend the use of B3LYP in studying the thermochemistry of main-group elements. Based on their results, the authors hoped to

“inspire a change in the user community's perception of common DFT methods” [27]. According to Kruse et al., the weakness of

B3LYP is primarily attributed to two factors: (a) the lack of London dispersion effects, a feature needed to describe long-range sepa-

rations and solvated systems, and (b) the basis set superposition error (BSSE). [29] The deficiency of B3LYP becomes severe when

the functional is used with a small basis set, such as 6-31G*. [29] The weakness of B3LYP in estimating reaction energies was also

documented in other studies [33, 34]. Consequently, the performance of the popular B3LYP functional needs to be assessed against

other DFT functionals and methods. The dispersion corrected DFT-D3 approach will be also examined using the B3LYP-D3 func-

tional [29, 35].

One of the most successful DFT functionals are those developed by the Truhlar group, commonly known as the Minnesota functionals [1].

This group of functionals covers all levels of the Jacob's Ladder. Examples of the Minnesota group include MPWLYP1W (GGA), [30] MN15-L

(meta NGA), [36] M06-2X (hybrid meta GGA), [37] and the MN12-SX (range-separated hybrid meta-NGA). [38] Several benchmarking studies

have been recently made to assess the performance of these functionals. The studies were performed on large data sets of molecules and ions

and targeted the computation of different properties such as binding energies, isomerization energies, ionization potentials and electron affinities,

barrier heights, and bond dissociation energies. The Minnesota functionals have demonstrated excellent performance in most of the computations

[1, 27, 29, 31, 39]. Researchers have also agreed on the need to use dispersion-corrected functionals for systems that involve charge-separated

species, such as ions, or solvation [31, 34, 40].

The currently available literature demonstrates extensive effort on benchmarking of DFT-functionals. However, benchmarking on the

BDE of the fifth-row elements is very scarce. Besides, most benchmarking studies use database sets that are restricted to small common

organic molecules; limiting the diversity of BDE data [28]. As a result of the scarcity of computational work on these elements, this study

focuses on the fifth-period p-block elements (e.g., In, Sn, Sb, Te, and I). Some of the BDE of these elements have been determined experi-

mentally. However, the BDE have large discrepancies because the experiments were not well-verified, in that they were only performed

once, or were reported with a large standard error deviation. For example, the BDE energy of In-F bond in In2F was reported to be

370 ± 50 kJ/mol [41].

The goal of this study is to assess the performance of different computational methods in calculating the BDE of fifth-row main-group ele-

ments. A total of 11 DFT functional were chosen for this task; APFD, B3LYP, B3LYP-D3, B3P86, B97-D3, BHandH, HSEH1PBE, M06-2X,

MN12-SX, MN15-L, and TPSSH. In addition, the study was also performed using MP2 and CCSD(T) methods to assess their performance.

Because some BDE values are missing or poorly validated for some of the fifth-row elements, this work is also aimed at locating a trusted level of

theory that can be used to calculate the BDE with confidence. The significance of this work is that it enables general DFT users in fields such as

chemistry, engineering, and biology to determine the BDE of compounds containing these elements with high accuracy using readily accessible

software at a low computational cost.
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2 | COMPUTATIONAL METHODS

The methodology of this work involves three stages: (1) the BDE of a dataset of common organic compounds (e.g., H2O, NH3, and CH3Cl) and

molecules containing the elements (In, Sn, Sb, Te, and I) were calculated at different levels; (2) a statistical analysis was performed to exclude the

outliers and obtain reliable error values; (3) the best computational methods were selected and used to calculate final BDE values.

In this work, the bond dissociation energy (BDE) is defined as the change of enthalpy at 298 K (ΔH298) for the reaction, [41]

AB!AþB ð1Þ

The enthalpy change (H298) for a given species can be computed using ab-initio techniques as:

H298 ¼H0þHcorr: ð2Þ

where H0 is the enthalpy change at 0K and is defined as

H0 ¼SPEþZPEscaled ð3Þ

where SPE is the single point energy and ZPEscaled is the scaled zero-point energy. The scaling was done according to Merrick et al. [42]. The cor-

rection to enthalpy (Hcorr:) was obtained from frequency calculations after successful optimization for each specie. The unscaled ZPE was sub-

tracted from (Hcorr:) before the latter was added into Equation 2. The changes in Gibbs free energy (ΔG298) have been also computed from

enthalpy and ZPE corrections, and tabulated in a separate spreadsheet (See link https://www.doi.org/10.17632/vvbcfvwrzx.2) [19, 43, 44]. The

calculations were done by requesting ground-state optimization for the species and the stable products of each reaction, followed by frequency

calculations at the required method. Care was given to assign the most stable spin multiplicity for each specie based on the literature. The Pople's

basis set 6-31+G(d,p) was used for light elements (H, C, N, O, F, and Cl). As for the heavy elements (In, Sn, Sb, Te, and I), the effective core poten-

tial (ECP) method was implemented using the Stuttgart/Dresden SDD basis set [45], and utilizing the (GEN) keyword in Gaussian. Both basis sets

have demonstrated good performance in obtaining BDE values.

To ensure the accuracy of the basis set used [6-31+G(d,p)], a benchmark study was performed on a larger basis set [6-311++G(3d2f,2df,2p)]

using the B3LYP functional. The use of the larger bases resulted in only minor improvements to the findings. In fact, a two-tailed t-test was run,

and the p-value was found to be much greater than 5%. So there was no significant difference in the results obtained at the 6-31+G(d,p) and the

6-311++G(3d2f,2df,2p) basis sets. Therefore, the former was implemented to reduce computational costs.

A description of the methods used in this work is shown in Table 1. The functionals were carefully selected to be part of the study based on

their previous performance, popularity, and such that they cover all levels in the Jacob's Ladder.

The study was performed on a total of 33 stable molecules. A total of 65 species were optimized in this study using the 13 level of theories

shown in Table 1, leading to a total number of 780 single point calculations. All calculations were done using Gaussian 16 Rev C.01 [58] and

viewed using Gaussview [59].

F IGURE 1 Jacob's ladder proposed by Perdew that classifies DFT functionals in increasing computational accuracy.
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The statistical analysis of the results was done as follows: First, the mean absolute percentage error (MAPE) was calculated by [60]:

MAPE¼100%
n

Xn

i¼1

yi�xi
yi

����
���� ð4Þ

where yi and xi are the experimental (reported) and calculated BDE values, respectively. The parameter n is the number of calculated values. The

root-mean-square deviation (RMSE) was calculated by [7, 60, 61]:

RMSE¼
Xn

i¼1

yi�xið Þ
n

ð5Þ

The standard deviation was calculated by [60]:

σ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 xi�MAPEð Þ2
n

s
ð6Þ

The Pearson's correlation (R) was calculated by [7, 60, 61]:

R¼
Pn

i¼1 xi�xð Þ yi�yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi�xð Þ2 yi�yð Þ2

q ð7Þ

As some errors produced from this work may be substantial, either due to erroneous experimental (reported) values, or due to the methods

themselves, it is important to remove any outliers before calculating the final average error for each method. For the purpose of this study, the

Z-score method was used. The Z-score for each calculated BDE value was obtained from the following equation [60]:

zi ¼ xi�MAPE
σ

ð8Þ

The Z-score represents the number of standard deviations it is away from the mean. Data points with Z-scores above a certain thresh-

old (commonly 2 or 3) are considered outliers [62, 63]. Thus, all BDE values in this work with Z-scores above three were first excluded.

Then, the Z-scores were recalculated and BDE values with Z-scores larger than 1.95 were excluded. The final absolute errors for each

model chemistry were recalculated and reported after excluding all outliers. The statistical and database analysis was done using Wolfram

Mathematica [64].

TABLE 1 Description of the computational methods used in this work.

Functional Description Classification Ref.

APFD Austin–Frisch–Petersson functional with dispersion Local with dispersion [46]

B3LYP Becke's functional with the LYP expression Hybrid GGA with no dispersion [47]

B3LYP-D3 B3LYP with dispersion-correction functional Hybrid GGA with dispersion [47]

B3P86 Becke's functional with the non-local correlation Hybrid GGA with no dispersion [48]

B97-D3 Grimme's functional Local GGA with dispersion [49, 50]

BHandH A mix of HF, LSDA, and LYP expressions Hybrid GGA with no dispersion [51]

HSEH1PBE Heyd-Scuseria-Ernzerhof functional Hybrid GGA with no dispersion [52, 53]

M06-2X Truhlar Minnesota functional Hybrid meta GGA [37]

MN12-SX Truhlar Minnesota functional Range-separated hybrid meta-NGA [38]

MN15-L Truhlar Minnesota functional Meta nonseparable gradient approximation (meta-NGA) [36]

TPSSh A functional with a gradient-corrected correlation Hybrid meta GGA with no dispersion [9]

MP2 2nd order Møller–Plesset perturbation theory Post–Hartree–Fock method [54, 55]

CCSD(T) Coupled cluster with single double, and perturbative triple

excitations

Post–Hartree–Fock method [56, 57]
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3 | RESULTS AND DISCUSSION

Given the importance of the fifth-period representative elements, and the lack of validated data on their BDE, we employed quantum theo-

retical calculations to compute the BDE of these elements using different methods. The datasets of molecules used in this work are shown

in Table 2. The broken bond is shown in the second column, with the leaving group marked with a dash. The first set (rows 1 to 7) is made

of common compounds with well-documented BDE. The common compounds are CH3CH3, CH3Cl, CH3F, CH3NO2, H2O, NH3, PH3, SF6.

N(CH3)3 and SiH(CH3)3. Because these molecules are well investigated in literature and their BDE values are well known, they assist us in

examining the performance of the computational approaches under consideration. The rest of the table contains compounds of the fifth-

row elements (In, Sn, Sb, Te, and I). The compounds were carefully selected to cover two types of bonding; M M bonding (i.e., I I, Te Te,

In In, etc.), and M-X bonding, where X is a common light element such as H, C, O, F, and Cl. Only molecules with reported BDE values in

the literature were selected.

As mentioned in the Introduction section, we selected a set of DFT functionals that cover different levels of the Jacob's ladder. In addition,

our study was performed using MP2 and CCSD(T) methods to assess their performance in computing BDE for the fifth-period elements. Table 2

shows the calculated BDE values at different levels of theory. The experimental values obtained from the literature are also tabulated for refer-

ence. By examining the data in Table 2, we found that some calculated values deviate strongly from the reported value. The deviation was either

correlated with the method (e.g., TPSSh, MP2, CCSD(T)), or with a specific molecule such as in the case of InSb2, SbCl5, and TeCl4. To further

investigate the deviations, the absolute percentage errors were calculated and tabulated in Table 3. As seen, some errors are considerably high

(>30%). To better visualize the errors, Figure 2 shows the heat map of the data of Table 3. The data in Figure 2 were sorted based on the MAPE

obtained for each molecule followed by the computational method. Most of the molecules used in this study show low to moderate MAPE as

marked by their bluish colors in Figure 2. In contrast, some molecules deviate significantly from the experimental values (red and purple), and they

are concentrated to the right of the figure. The worst MAPE were associated with the molecules: TeCl4, SbCl5, InSb2, Sb(CH3)5, and ICl. Based on

the heat map, we cannot rely on their reported BDE. Consequently, they were not considered in the subsequent statistical analysis. The heat map

in Figure 2 also demonstrates the general performance of the computational methods used in this work. The figure suggests that the Minnesota

DFT functionals, M06-2X, MN12-SX, and MN15-L are performing very well with low to moderate MAPE values. The enhanced B3P86 by Perdew

is likewise among the top-performing functionals. It is unexpected that the “golden” methods, MP2 and CCSD(T), did not perform well in

predicting the BDE of the molecules studied in this work, even for the most common and well-known small molecules. For instance, CCSD(T) pre-

dicts a BDE of 305.9 kJ/mol for the H3C Cl bond, which is 12.5% lower than reported value (377.4 kJ/mol). For phosphine (PH3), the errors in

predicting the BDE obtained at MP2 and CCSD(T) are 11.2% and 10.6%, respectively. The cause of this weak performance is discussed below.

To obtain the final MAPE for the BDE in this work, we conducted a statistical analysis to remove the outliers in Table 2 (cf. Section 2), all out-

liers with Z-score greater than 3.00 were eliminated first. The Z-scores were then recalculated, and outliers with Z-score exceeding 1.95 were

removed. The remaining data were then used to obtain the final MAPE and RMSE. The results after removing the outliers are shown in Table 4.

The blank fields represent the omitted outliers based on the above criterion. Overall, the BDE values obtained from all the methods are well corre-

lated the reported values with Pearson's correlation (R) scores that exceeds 0.97, except that of MP2 (0.955). The final absolute percentage errors

are also depicted in the heat map in Figure 3. In comparison with the previous heat map (Figure 2), the map is now more bluish indicating lower

errors as a result of removing the outliers. The rustles from the CCSD(T) method have a MAPE of 10.0 ± 5.1%. The MP2 method has an estimated

MAPE of 7.9 ± 6.2%. The relative weakness of MP2 and CCSD(T) in this particular study is also reflected by their large RMSE values of 39.8 and

41.0, respectively. The weak performance of MP2 and CCSD(T) comes as a surprise given that both methods are regarded as the “golden” para-
digms of ab-initio techniques. The weakness of post-HF methods, such as MP2 and CCSD(T), in describing the hemolytic dissociation for complex

systems might be attributed to two issues: (1) the basis set superposition error, and (2) the incomplete description of electron correlation [16,

22, 68]. The weak performance of these methods in this work might be due to their incomplete treatment of both components of the electronic

correlation [16, 17, 22, 68]. Given that good treatment of electronic correlation is also needed for the close-lying electronic levels in the heavy

elements of the fifth-period. The performance of both MP2 and CCSD(T) in this work is likewise consistent with some previous studies. By taking

a closer look at Table 2, we found that the MP2 energies are mostly lower than experimental values. This can be explained by the fact that MP2 is

known to underestimate the bond strength for some systems [19, 20]. A similar observation can be made for CCSD(T), which was also reported

to underestimate BDE [3, 21, 22]. It is imperative to take into account that this work is subject to a limitation regarding the use of the 6-31+G

(d,p) basis set. According to recent studies [69–71], the accuracy of MP2 and CCSD(T) methods can be highly influenced by the size and configu-

ration of the basis set employed, as well as the neglection of relativistic effects. Thus, the choice of the 6-31+G(d,p) basis set in this study may

impact the overall precision of the results.

In a study by Fang et al. [72], CCSD(T) demonstrated excellent performance in calculating the bond dissociation energies in M-H complexes,

where M represents a 3rd-row transition metal. The authors attributed the good performance to the proper treatment of the basis set under the

Complete Basis Set (CBS) approach, where the aug-ccpwCVnZ-DK basis set was used. However, in our study, we focus the elements of the fifth

row (In I) are larger and their electron structure is more complex. Thus, obtaining accurate BDE for such elements requires not only the proper

treatment the basis set, but also the choice of the computational method.
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Because the pure HF approach fails to treat hemolytic bond dissociation, the BHandH functional may not perform very well. In this study, the

MAPE of the BHandH functional was determined to be 5.0 ± 4.0%, which is inadequate. Even for common molecules, such as CH3CH3 and

CH3NO2, the functional overestimates their BDE by 9.2% and 15.7%. The BHandH is a half-and-half functional that is made of 50% HF with 50%

LSDA. The first is pure HF that completely lacks electron correlation, while the second is known to have weak accuracy in energy calculations,

provided it is in the lowest level of the Jacob's ladder (cf. Figure 1) [7, 27, 31]. According to Moltved et al., the HF method is so pathological in

energy calculations, even upon mixing with DFT functionals, such as BHandH [22].

As stated in the introduction, the popular B3LYP functional's performance has been heavily criticized [27, 29, 33, 34]. In this work, the esti-

mated MAPE of the B3LYP was 6.4 ± 4.6%. The RMSE is also high at 27.2 even after exculduing outliers.

The functional's poor performance not only applies to compounds of heavy elements, but also to light ones with trusted experimental BDE

values. As an example, the absolute errors obtained using B3LYP, for CH3NO2 (10.4%), ICH2Cl (15.9%) and SF6 (12.8%) cannot be accepted, given

the basis set (6-31+G(d,p), SDD) used in this study. In addition, the discrepancies provided by the B3LYP functional is puzzling; for example, the

methyl loss in TriMS is estimated at 386.9 kJ/mol (almost 0% error), while it is 348.0 kJ/mol with 12.2% error from the experimental value. Based

on moderate performance of the B3LYP functional in this study, and the recent recommendations of other scholars [27, 29, 33], we insist that

B3LYP should be used with caution to compute BDE of heavy elements.

In order to improve the results of B3LYP, we used the DFT-D3 approach through the B3LYP-D3 functional. The B3LYP-D3 performed

slightly better than the B3LYP, but the difference was not significant. The MAPE values for B3LYP and B3LYP-D3 were 6.4 and 5.7, respectively.

This is supported by the close values of the Pearson's correlations (0.976. 0.980) and the RMSE (27.2, 24.1) are B3LYP and B3LYP-D3, respec-

tively. According to a study by Kruse et al. [29], the use of B3LYP-D3 has eliminated some major flaws in BDE calculations. However, both B3LYP

and B3LYP-D3 performed only moderately well. Although Kruse et al suggested using larger basis sets, such as def2-TZVP or 6-311G(2df,2p), this

did not help in our case when the 6-311++G(3d2f,2df,2p) basis set was used, as previously mentioned in Section 2.

The overall performance of all functionals employed in this work is depicted in Figure 4. The figure shows the MAPE for all DFT functionals

in addition to the MP2 and CCSD(T) levels. As mentioned earlier, the largest errors were detected for the methods (MP2 and CCSD(T)), followed

by the popular TPSSH and B3LYP. The functionals B97-D3, HSEH1PBE, BHandH, and APFD produced errors of roughly 5%. This is consistent

with previous studies that found such functionals to perform moderately [27, 31]. We are, however, surprised by the moderate performance of

Grimme's B97-D3, which employs one of the most accurate treatments of dispersion in chemical calculations [27, 31, 73]. This again agrees with

the moderate performance of the B3LYP-D3 functional discussed earlier. It is worth noting that tellurium compounds have caused the majority of

the errors in the B97-D3 functional (cf. Table 4). The developers of functional should take note of this and look into it.

As seen in Figure 4, the best functionals are MN12-SX, MN15-L, B3P86 and M06-2X. There are two significant points to be made here: (a) the top

performing functionals belong to the highest levels in the Jacob's ladder; and (b) the functionals MN12-SX, B3P86, and M06-2X belong to level 4 in the

Jacob's ladder, while the MN15-L functional belong to level 3. The fact that the performance of DFT functionals follows the order of the Jacob's ladder is

consistent with the general trend that has recently been observed in several benchmarking studies [26, 27, 31]. The second observation is that four of the

top performers belong to the Minnesota group. The excellent performance of the Minnesota group of functionals is also in agreement with previous

benchmarking studies [2, 26, 27, 31, 33]. The efficiency of the Minnesota functionals, and the M06-2X in particular, is attributed to the fact that it is well

parametrized for nonmetals [22, 37]. The accuracy of the B3P86 functional, an improved version of the 1986 Becke's one, is grabbing interest. In a study

by Lazarou et al., the B3P86 functional demonstrated excellent performance in predicting BDE for halogenated hydrocarbons [68].

As mentioned in the Introduction section, the main goal of this work is to provide a reliable method to compute BDE for the fifth-row elements,

when such values are poorly measured or validated. The BDE of this work's set of compounds were estimated and averaged using the best performing

F IGURE 2 Row absolute percentage errors for the bond dissociation energies at different levels of theory, before excluding any outlier.

BADRAN ET AL. 9 of 15



T
A
B
L
E
4

A
bs
o
lu
te

pe
rc
en

ta
ge

er
ro
rs

fo
r
th
e
bo

nd
di
ss
o
ci
at
io
n
en

er
gi
es

at
di
ff
er
en

t
le
ve

lo
f
th
eo

ry
.

A
P
FD

B
3
LY

P
B
3
LY

P
-D

3
B
3
P
8
6

B
9
7
-D

3
B
ha

nd
H

H
SE

H
1
P
B
E

M
0
6
-2
X

M
N
1
2
-S
X

M
N
1
5
-L

T
P
SS

H
M
P
2

C
C
SD

(T
)

M
ea

n
er
ro
r

ST
D

C
H

3
C
H

3
1
.3

5
.5

4
.5

0
.7

3
.9

9
.2

2
.1

1
.1

3
.9

2
.2

6
.9

1
.3

7
.0

3
.8

2
.8

C
H

3
C
l

2
.9

6
.8

6
.1

1
.0

4
.2

6
.2

2
.8

0
.6

2
.6

0
.2

5
.1

6
.3

1
2
.7

4
.3

3
.5

C
H

3
F

2
.6

2
.7

2
.3

0
.4

0
.3

4
.9

3
.0

0
.1

2
.1

1
.0

3
.4

0
.1

7
.8

2
.4

2
.3

C
H

3
N
O

2
5
.6

1
0
.4

8
.1

3
.8

1
1
.6

-
5
.5

2
.3

8
.1

3
.8

1
3
.0

3
.1

8
.9

6
.9

4
.1

H
2
O

3
.5

2
.8

2
.8

0
.4

0
.3

1
.1

4
.1

1
.8

0
.8

1
.6

3
.9

3
.2

7
.8

2
.6

2
.1

N
H

3
2
.3

1
.8

1
.7

1
.5

0
.2

3
.6

2
.8

0
.2

2
.8

0
.7

2
.7

3
.6

7
.0

2
.4

1
.9

P
H

3
4
.9

3
.5

3
.3

0
.6

2
.2

0
.7

5
.5

3
.3

1
.6

0
.4

1
.4

1
1
.2

1
0
.6

3
.8

3
.7

SF
6

5
.4

1
2
.8

1
2
.2

5
.1

1
4
.0

1
1
.8

7
.2

2
.0

4
.1

7
.7

1
0
.5

1
.5

7
.9

7
.5

4
.1

T
M
A

4
.1

1
0
.9

7
.9

4
.4

7
.9

1
0
.3

5
.7

2
.5

1
.9

2
.4

1
1
.7

4
.1

7
.9

6
.2

3
.5

T
ri
M
S
(M

e
lo
ss
)

2
.0

0
.0

0
.8

1
.3

1
.0

3
.8

3
.3

1
.0

4
.4

1
.8

1
.1

5
.6

4
.2

2
.5

1
.7

T
ri
M
S
(H

lo
ss
)

8
.4

1
2
.2

1
0
.3

8
.7

1
1
.8

1
.4

9
.8

6
.2

1
.2

6
.9

1
3
.0

7
.7

1
1
.8

8
.3

3
.9

In
2
F
6

6
.9

4
.2

3
.8

3
.8

1
.2

4
.1

7
.4

1
.9

1
.4

3
.7

8
.3

0
.3

6
.8

4
.2

2
.7

In
C
l 3

5
.4

7
.6

6
.6

3
.9

5
.5

0
.3

6
.1

2
.3

3
.1

4
.0

7
.1

8
.3

1
2
.5

5
.5

3
.2

In
H

3
2
.7

2
.2

2
.4

3
.4

6
.5

1
.4

3
.7

4
.5

8
.3

8
.9

2
.4

9
.7

8
.0

5
.1

3
.0

In
M
e 3

3
.6

5
.5

4
.1

1
.6

1
.8

5
.4

4
.8

-
8
.6

1
.4

7
.9

5
.0

8
.7

4
.9

2
.9

In
Sb

2
-

-
-

-
-

-
-

-
-

-
-

-
-

-

Sn
C
l 4

4
.2

1
0
.5

8
.3

4
.2

9
.1

4
.0

5
.8

3
.2

2
.3

6
.8

8
.4

4
.3

9
.5

6
.0

2
.8

Sn
H

4
4
.4

0
.5

0
.2

0
.6

2
.9

0
.4

5
.4

3
.3

6
.6

3
.7

0
.7

8
.6

7
.3

3
.7

2
.8

Sn
M
e 4

8
.0

1
2
.2

1
0
.2

7
.8

9
.1

1
.1

9
.9

2
.0

3
.1

8
.5

1
3
.8

7
.3

1
1
.8

7
.9

4
.0

Sn
T
ri
M
eH

6
.4

3
.6

3
.2

1
.7

2
.2

1
.4

7
.5

0
.3

2
.2

0
.2

2
.8

1
1
.6

9
.5

4
.1

3
.8

Sb
C
l 5

-
-

-
-

-
-

-
-

-
-

-
-

-
-

Sb
H

3
5
.9

2
.8

2
.5

0
.4

2
.5

2
.4

6
.8

0
.8

4
.6

0
.3

1
.3

1
6
.1

1
2
.6

4
.7

5
.0

Sb
M
e 5

-
-

-
-

-
-

-
-

-
-

-
-

-
-

T
e 2

6
.2

9
.2

9
.2

2
.0

1
3
.6

1
2
.8

5
.4

1
.7

8
.7

2
.6

7
.8

-
-

7
.0

4
.7

T
eC

l 4
-

-
-

-
-

-
-

-
-

-
-

-
-

-

I 2
6
.3

8
.7

8
.9

1
2
.0

1
4
.6

9
.5

5
.5

-
-

-
1
0
.5

7
.3

3
.1

8
.6

4
.9

T
eM

e 2
-

-
-

1
3
.3

9
.7

-
6
.0

6
.5

-
2
1
.8

2
5
.1

1
3
.7

9
.0

H
I

0
.0

1
.2

1
.2

5
.1

7
.0

2
.4

0
.6

1
.6

1
1
.0

6
.1

2
.9

1
4
.8

1
0
.5

5
.3

4
.7

I 2
-

-
1
1
.6

1
.7

-
-

7
.3

-
5
.2

1
4
.9

8
.1

5
.2

IC
H

2
C
l

7
.6

1
5
.9

1
4
.0

7
.3

4
.7

2
.6

8
.7

0
.3

6
.2

9
.3

1
1
.9

1
6
.9

1
9
.7

9
.2

5
.9

IC
l

-
-

-
-

-
-

-
-

-
-

-
-

-
-

IC
N

1
.6

3
.6

2
.9

2
.3

2
.4

9
.7

1
.1

5
.7

1
0
.6

2
.1

2
.8

2
1
.3

7
.2

5
.9

5
.8

IF
1
2
.1

9
.9

9
.9

6
.4

1
.1

9
.4

1
2
.5

6
.5

0
.9

8
.4

9
.1

3
.8

1
4
.2

7
.8

4
.3

10 of 15 BADRAN ET AL.



T
A
B
L
E
4

(C
o
nt
in
ue

d) A
P
FD

B
3
LY

P
B
3
LY

P
-D

3
B
3
P
8
6

B
9
7
-D

3
B
ha

nd
H

H
SE

H
1
P
B
E

M
0
6
-2
X

M
N
1
2
-S
X

M
N
1
5
-L

T
P
SS

H
M
P
2

C
C
SD

(T
)

M
ea

n
er
ro
r

ST
D

M
ea

n
er
ro
r

4
.8

6
.4

5
.7

3
.8

5
.6

5
.0

5
.5

2
.6

4
.5

3
.8

6
.9

7
.9

1
0
.0

ST
D

2
.8

4
.6

4
.0

3
.4

4
.8

4
.0

3
.1

2
.2

3
.2

3
.1

4
.6

6
.2

5
.1

R
M
SE

1
9
.9

2
7
.2

2
4
.1

1
6
.7

2
2
.9

2
1
.9

2
2
.3

1
2
.1

1
9
.2

1
8
.4

2
7
.4

3
9
.8

4
1
.0

P
ea

rs
o
n'
s

co
rr
el
at
io
n
(R
)

0
.9
8
8
1

0
.9
7
6
1

0
.9
8
0
0

0
.9
8
2
8

0
.9
6
3
7

0
.9
7
3
5

0
.9
8
7
2

0
.9
8
8
7

0
.9
8
6
8

0
.9
7
6
2

0
.9
7
0
8

0
.9
5
5
7

0
.9
7
8
7

N
ot
e:
E
m
pt
y
fi
el
ds

re
pr
es
en

t
o
m
it
te
d
o
ut
lie
rs
.

BADRAN ET AL. 11 of 15



functionals, MN12-SX, MN15-L, B3P86, and M06-2X. The results are shown in Table 5 along with the experimental values as a baseline for compari-

son. The absolute percentage errors shown in the table correspond to the deviation from the experimental values. The compounds, TeCl4, SbCl5, InSb2,

Sb(CH3)5, and ICl, have demonstrated large errors in their BDE values and are highlighted in Table 5. The high inaccuracies are caused by the erroneous

experimental value, as we discussed earlier. Otherwise, the results of Table 5 are mostly acceptable with many errors being less than 1%. Some

exclusions include InH3, SbH4, HI, and the H-loss in TriMS. These cases involve the hemolytic rupture of the M H bond, where M is a heavy

element. In a study by Moltved et al., the metal hydride problem was investigated under different functionals [22]. According to the study, the

inaccuracy in the BDE of the M H bond is largely caused by the self-interaction error (SIE). The error represents the failure of density func-

tionals ignores the exact cancellation of the exchange and coulomb integrals for electrons. Based on Moltved's study, the HF and post-HF

methods, such as CCSD(T), are not suitable for describing the M H bond [22]. In this work, some of the large errors in measuring the BDE of

the M H bond were even created by the top-performing functionals, which very well described the electron density. Indeed, this is a matter

that the developers of functional should look into.

Finally, accuracy in computational calculations is typically acceptable to be on the order of 1 kcal (4.184 kJ) [17, 30]. According to

our results in Table 5, the deviations from the experimental value are within the range of 1–4 kJ/mol (excluding the outliers). On the basis

of these findings, we advise choosing one of the functionalities with the best performance, or a subset of them, and using the mean value

of their scores in any future calculations of the heavy elements in the fifth row, paying close attention to the M H bond dissociation.

F IGURE 3 Absolute percentage errors for the bond dissociation energies at different levels of theory, after excluding the outliers.

F IGURE 4 Mean absolute percentage error (MAPE) for different DFT functionals and ab-initio methods.
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4 | CONCLUSIONS

Compounds containing fifth-row elements, with their heavy nuclei and large number of electrons, have posed a challenge to computational chem-

istry. Although some BDEs of these compounds have been determined either experimentally or theoretically, validation of these values remains

incomplete. In this study, we employed ab-initio methods to accurately calculate the BDE of compounds containing fifth-row elements. To ensure

robustness of the benchmark study, we tested the set of compounds including common small molecules such as H2O, NH3, and PH3. We

employed popular DFT functionals, as well as the well-known MP2 and CCSD(T) techniques. Using systematic statistical analysis, we obtained

final average errors for each method, which enabled us to assess their performance.

Our findings revealed that the accuracy of the DFT functionals followed the general order of the Jacob's ladder. Notably, the widely used

functionals such as B3LYP, APFD, and B97-D3 performed poorly in estimating the BDE of the tested compounds, with B3LYP even failing to pre-

dict BDEs of some common small organic compounds containing silicon. The addition of dispersion correction (D3) to B3LYP only slightly

improved the results. Interestingly, the MP2 and CCSD(T) techniques demonstrated unexpected poor performance when applied to the fifth-row

TABLE 5 The average BDE (kJ/mol) obtained with best methods: MN12-SX, MN15-L, B3P86, and M06-2X.

Exp. BDE (kJ/Mol) BDE calculated by best four methods (kJ/Mol) Absolute percentage error (100%)

CH3CH3 377.4 376.3 0.3

CH3Cl 350.2 348.4 0.5

CH3F 460.2 461.7 0.3

CH3NO2 260.7 257.4 1.3

H2O 497.1 493.5 0.7

NH3 450.1 452.0 0.4

PH3 351.0 347.9 0.9

SF6 391.6 391.4 0.1

TMA 328.9 324.1 1.5

TriMS (Me loss) 387.0 391.1 1.1

TriMS (H loss) 396.2 370.3 6.5

In2F6 506.0 495.7 2.0

InCl3 364.8 361.0 1.0

InH3 295.8 316.7 7.1

InMe3 269.0 279.1 3.8

InSb2 279.1 204.4 26.8

SnCl4 305.0 297.1 2.6

SnH4 346.0 360.3 4.1

SnMe4 295.0 285.8 3.1

SnTriMeH 326.4 326.0 0.1

SbCl5 248.0 154.9 37.5

SbH3 288.3 293.1 1.7

SbMe5 255.0 194.2 23.8

Te2 257.6 269.1 4.5

TeCl4 310.0 152.8 50.7

TeH2 272.0 309.6 13.8

TeMe2 276.0 246.2 10.8

HI 298.3 317.5 6.4

I2 152.3 153.7 0.9

ICH2Cl 221.8 217.3 2.0

ICl 211.3 181.5 14.1

ICN 320.1 332.9 4.0

IF 271.5 261.3 3.8
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elements (In I). This can be attributed to the incomplete treatment of the electron correlation problem in these complex and heavy structures.

Additionally, the relativistic effects, choice of basis set configuration used in these methods might contributed to their underperformance.

The study identified the Minnesota group functionals, MN12-SX, MN15-L, and M06-2X, as well as the B3P86 functional, as top-performing

functionals, which were well parametrized for nonmetal elements. The performance of these functionals is in line with their hierarchy in the Jacob's

ladder. Our results also showed that most of the errors in this study were associated with compounds containing an M H bond, as well as those con-

taining tellurium compounds. Further investigation is needed to better understand the underlying causes of these errors and to address them.

This benchmark study has promising applications in a variety of fields beyond chemistry, including the development of catalysis, protein fold-

ing, and energy storage and generation. The ability to accurately determine bond dissociation energies of compounds containing specific elements

is critical for advancing research in these areas, and this work offers a powerful tool to achieve this goal. Overall, this work has significant implica-

tions for a wide range of scientific fields and has the potential to drive new discoveries and advancements in these areas.
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