
INTRODUCTION 
Chloroboranes and related derivatives (i.e., R1R2B–Cl) 
are versatile reagents with applications in synthetic 
organic chemistry and industrial processes. With 
respect to their use in organic synthesis, chloroborane-
type species have been employed in several useful 
transformations, including hydroboration reactions [1, 
2] and the asymmetric reduction of prochiral ketones 
[3, 4]. Chloroborane-type species have also been used 
in the synthesis of BN-embedded p-quinodimethane 
derivatives [5], subphthalocyanines [6], new 
phosphaboretane ring and PB cage compounds [7], 
and aminoboranes [8], to name but a few. In addition, 
2-(dialkylamino)phenylboranes containing the -BXZ 
group (X, Z = C6F5, Cl, and H) have been shown 
to cleave H2 under mild conditions [9]. Regarding 
industrial applications, species such as boron 
trichloride (BCl3) have been employed in the etching of 
thin films composed of various substances, including, 
for example: GaN [10], TiO2 [11], Al-doped ZnO [12] 
and AlN [13].
Given the synthetic and industrial utility of chloroborane-
type species, an understanding of their thermochemical 

properties would be desirable. For example, knowledge 
of the strength of B–Cl bonds toward homolytic 
cleavage (i.e., the homolytic bond dissociation 
energies, BDEs) would be insightful (Scheme 1). 
However, at present, there appears to be very little 
reliable data reported in the literature concerning this 
most fundamental thermochemical property of such 
species. Indeed, to the best of our knowledge, the only 
available data regarding the strength of chloroborane-
type species toward homolytic B–Cl bond dissociation, 
is limited to the three species in the series H(3-n)BCln 
[14]. By any measure, this represents a very limited 
set of molecules, and consequently, a void exists in 
the literature concerning the effect of a broader range 
of substituents in affecting the strength of B–Cl bonds 
toward homolytic cleavage in the gas phase.

To address this void, the present investigation 
consists of two parts. First, the highly accurate W1w 
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ABSTRACT

This study reports accurate gas-phase homolytic B–Cl bond dissociation energies, obtained using the benchmark-quality 
W1w thermochemical protocol, for a set of 25 chloroborane-type molecules (known herein as the BCl25BDE dataset). The 
BDEs of these species differ by as much as 136.6 kJ mol–1 at 298 K, with (BH2)2BCl having the lowest BDE (388.5 kJ mol–1 
at 298 K) and (CH3)HBCl having the highest (525.1 kJ mol–1). Using the W1w BDEs as reference values, the accuracy of 
a diverse set of more economical DFT procedures (which may be applied to the study of molecules sufficiently large that 
the use of benchmark-quality methods such as W1w is rendered computationally prohibitive) have been investigated. As a 
result of this analysis, the most accurate methods for the computation of B–Cl BDEs are ωB97/A’VQZ (MAD = 3.0 kJ mol–1) 
and M06/A’VTZ (MAD = 3.2 kJ mol–1). The double-hybrid functional DSD-PBEP86 in conjunction with the A’VQZ basis set 
(MAD = 4.0 kJ mol–1) was found to give the lowest largest deviation (LD = 6.4 kJ mol–1) of any of methods considered in 
this assessment study. 
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thermochemical protocol [15], which represents a 
layered extrapolation to the all-electron, relativistic 
CCSD(T) basis-set-limit energy, has been employed to 
obtain a benchmark-quality dataset of 25 B–Cl BDEs 
(referred to as the BCl25BDE dataset) with a diverse 
range of substituents attached to the central boron 
atom, thus greatly expanding the amount of reliable 
data pertaining to the gas-phase homolytic dissociation 
of the B–Cl bonds of chloroborane-type molecules. The 
W1w protocol has shown robust performance for the 
calculation of BDEs, achieving, for example, a mean 
absolute deviation of just 2.1 kJ mol–1 when assessed 
against the BDEs contained within the highly accurate 
W4-11 dataset [16]. Chan and Radom utilized the W1w 
protocol for the generation of a comprehensive dataset 
consisting of 261 BDEs (referred to as the BDE261 
dataset) [17], while the W1w protocol has also been 
employed previously to obtain benchmark-quality 
datasets for the dissociation of, for example, C–Cl [18] 
and S–F bonds [19]. Second, we have evaluated the 
performance of a diverse range of density functional 
theory (DFT) methods for their ability to compute B–
Cl BDEs, using the BCl25BDE dataset as a reference. 
The best performing method(s) may be used for the 
computation of accurate homolytic B–Cl BDEs in the 
case of molecules that are too large to be studied using 
the W1w protocol.

EXPERIMENTAL
Computational methods: The calculations reported 
in this study have been performed using the GAMESS 
program [20]. Geometries of all species were optimized 
using the B3LYP/A’VTZ level of theory. In a recent 
assessment study, the B3LYP functional was shown 
to offer excellent performance for the computation of 
the geometries of equilibrium species [21]. In particular, 
it was shown to exhibit a very favorable root-mean-
square-deviation (of just 0.0059 Å) when assessed 
against all bond lengths of the 122 molecules contained 
in the W4-11-GEOM dataset. In this article, the notation 
A’VnZ (for n = D, T, and Q) indicates that combination 
of cc-pVnZ basis sets on H atom, aug-cc-pVnZ basis 
sets for first row atoms, and aug-cc-pV(n+d)Z basis 
sets for second row elements [22, 23]. The validity of 
all structures as being equilibrium in nature (i.e., not 
transition states) was confirmed by way of harmonic 
vibrational frequency calculations at the same level 
of theory, ensuring the absence of any imaginary 
frequencies. 
Benchmark-quality B–Cl BDEs were obtained using 
the W1w thermochemical protocol. The procedure for 
performing W1w calculations has been defined in detail 
in Ref. 15. The zero-point vibrational energy (ZPVE) 
and enthalpy (Hvib(298 K)) corrections resulting from 
the harmonic vibrational frequency calculations (i.e., 
those obtained at the B3LYP/A’VTZ level) have been 
used to correct the relativistic bottom-of-the-well W1w 
BDEs to values at 0 K (BDE0) and 298 K (BDE298). 

These corrections have been scaled according to 
literature scaling factors, namely 0.9884 for the ZPVE 
and 0.9987 for Hvib(298 K) [24]. In addition, an atomic 
spin-orbit correction of 3.52 kJ mol–1 has been included 
for Cl• [25]. 
Finally, the performance of a wide range of DFT 
methods have been assessed against the bottom-
of-the-well all-electron, non-relativistic B–Cl BDEs 
(reported as BDEBM in Table 1, which constitute 
bottom-of-the-well, all-electron, non-relativistic BDEs 
without the inclusion of the spin orbit correction for 
chlorine atom. The DFT functionals that have been 
employed in this assessment study include: (i) the 
pure generalizable gradient approximation (GGA) 
functionals: BP86 [26, 27], BLYP [26, 28],  PBE [29, 
30], B97-D [31], HCTH407 [32], and N12 [33]; (ii) the 
meta-GGAs (MGGA): M06-L [34], TPSS [35], τ-HCTH 
[36], VSXC [37], M11-L [38], and MN12-L [39]; (iii) the 
hybrid-GGAs (HGGA): BH&HLYP [40], B3LYP [28, 41], 
B3P86 [27,41], B3PW91 [41, 42], PBE0 [43], B97-1 [44], 
B98 [45], X3LYP [46], and SOGGA-11X [47]; (iv) the 
hybrid-meta GGAs (HMGGA): M06 [48], M06-2X [48], 
BMK [49], TPSSh [35, 50], and τ-HCTHh [36]; (v) the 
range-separated functionals (RS): CAM-B3LYP [51], 
LC-ωPBE [52, 53], ωB97 [54], ωB97X [54], ωB97X-D 
[55], HSE06 [56], N12-SX [57], MN12-SX [57], and 
M11 [58]; and (vi) the double-hybrid DFTs (DHDFT): 
B2-PLYP [59], B2-PLYP-D3 [60], B2GP-PLYP [61], 
B2K-PLYP [62], mPW2-PLYP [63], and DSD-PBEP86 
[64]. For selected functionals, we have also included 
empirical D3 dispersion corrections [60, 65, 66], which 
make use of the Becke-Johnson damping potential as 
recommended in Ref. 60 (denoted by the suffix -D3).

RESULTS AND DISCUSSION
Dataset of Homolytic Gas-Phase B–Cl BDEs: The 
set of 25 gas-phase homolytic B–Cl BDEs, obtained 
using the benchmark-quality W1w thermochemical 
protocol (referred here as the BCl25BDE dataset) is 
presented in Table 1. In addition to the B–Cl BDEs 
at 0 K and 298 K (denoted as BDE0 and BDE298, 
respectively), an additional set of BDEs, referred to as 
BDEBM, have also been included in Table 1. The BDEBM 
values constitute bottom-of-the-well all-electron, non-
relativistic BDEs, without the inclusion of a spin-orbit 
correction for chlorine atom, that are used in assessing 
the performance of DFT methods for their ability to 
accurately compute B–Cl BDEs (next section). In 
addition, we have also included the equilibrium B–Cl 
bond lengths (rB–Cl).
For the species in this set, we note that the B–Cl BDEs 
(at 298 K) differ by as much as 136.6 kJ mol–1. The 
monomethyl-substituted molecule, (CH3)HBCl, gives 
rise to the largest BDE (525.1 kJ mol–1), while (BH2)2BCl 
has the lowest BDE (388.5 kJ mol–1). Compared with 
the BDE of the parent molecule, H2BCl (524.6 kJ mol–1), 
in all but one case (i.e., (CH3)HBCl), introduction of the 
selected substituents lower the B–Cl BDEs. 
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Perhaps the most notable effect to emerge from this 
study concerns the magnitude by which substitution 
by one or two -BH2 substituents, and to a somewhat 
smaller extent, -AlH2 group(s), reduce the energies 
necessary to induce gas-phase homolytic B–Cl bond 
dissociation. For example, substitution with a single 
-BH2 substituent (as in (BH2)HBCl) lowers the BDE 
by 93.8 kJ mol–1 compared with that of H2BCl, while 
substitution with two -BH2 substituents lowers the BDE 
by 136.1 kJ mol–1. Delocalization effects in the -BH2 
substituted product radicals are likely a significant 
contributor to the significantly lower BDEs of these 
molecules. The extent of such delocalization effects 
is revealed by inspection of the spin densities of the 
product radicals. For example, at the B3LYP/A’VTZ 
level, the substituent boron atom in (BH2)HB• is 
associated with a spin density of 0.331, whilst for the 
(BH2)2B• radical, each substituent boron atom has a 
spin density of 0.170. Regarding substitution with -AlH2 
group(s), the presence of one such substituent (as in 
(AlH2)HBCl) lowers the B–Cl BDE by 61.9 kJ mol–1 
compared with that of H2BCl, while the presence of two 
such substituents (as in (AlH2)2BCl) lower the BDE by 
102.8 kJ mol–1. The smaller extent of BDE reduction in 
species substituted with -AlH2 group(s), compared with 
those containing -BH2 group(s), may be accounted for, 
in part, due to a reduced extent of delocalization in the 

aluminium-substituted radicals. For example, we find 
that the spin density on the aluminium atom in (AlH2)HB• 
(0.174) is significantly lower than the spin density of the 
boron atom of the -BH2 substituent in (BH2)HB• (0.331). 
The decreased extent of delocalization of the unpaired 
electron in the case of radicals containing aluminium-
based substituents versus those with -BH2 substituents 
may arise, in part, because of a relative mismatch in 
orbital size between the smaller half-filled 2p-orbital on 
the central boron atom and the larger formally vacant 
3p-orbital(s) of the aluminium substituent(s), which 
would be expected to limit the extent of orbital overlap. 
Concerning the geometric parameters of chloroborane-
type molecules, for a small number of molecules 
(necessarily limited by the scarcity of previously 
reported reliable experimental data), it has been 
possible to compare the theoretically-determined B–
Cl bond lengths, as well as several other geometric 
parameters, with those obtained using experimental 
methods. Beginning with H2BCl, the computed B–Cl 
bond length of 1.742 Å is in generally good agreement 
with the value of 1.735 Å reported by Kawashima et al., 
which was determined using microwave spectroscopy 
[67], while good agreement is also noted for the B–H 
bond lengths (which differ by 0.008 Å) and the H–B–H 
angles (differing by just 0.4o). Regarding the geometry 
of dichloroborane (HBCl2), the computed B–Cl bond 
length differs by only 0.008 Å from the spectroscopically-
determined value reported by Matsumura and co-
workers [68], while there is also good agreement in the 
bond angles (differing by just 0.4o). The theoretically-
determined B–Cl distance of 1.746 Å in BCl3 differs by 
just 0.004 Å compared with that obtained by Konaka 
et al., who employed gas electron diffraction [69]. 
In addition, we note that our B–Cl bond lengths are 
in good agreement (~0.001 Å in the case of all three 
molecules) with those obtained by Grant and Dixon 
[14], who used the more rigorous CCSD(T)/aug-cc-
pVTZ level to obtain the geometries of these three 
species. Finally, we note that when considering the 
effect of the selected substituents in governing the 
magnitude of the length of the B–Cl bonds the set of 25 
chloroborane-type molecules, the molecules have B–
Cl bond lengths that differ by up to 0.076 Å, with (CN)
HBCl having the shortest bond length (1.733 Å) and 
(NH2)(BH2)BCl having the longest (1.809 Å).
Finally, as the B–Cl BDEBM values will be employed for 
the purposes of assessing a diverse range of lower-
cost conventional and double-hybrid DFT methods 
(see next section), it is of interest to establish whether 
the inclusion of post-CCSD(T) corrections, which are 
not included in the W1w thermochemical protocol, are 
likely to have a significant effect on the underlying non-
relativistic bottom-of-the-well all-electron energies. An 
accurate and effective way of assessing this is to use 
an energy-based diagnostic, namely the percentage of 
the total atomization energy (TAE) accounted for by the 
(T) component to the TAE (denoted as %TAEe[(T)])), 
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R1 R2 BDEBM BDE0 BDE298 rB–Cl (Å)
BH2 BH2 397.4 385.6 388.5 1.793
AlH2 AlH2 429.1 420.1 421.8 1.795
NH2 BH2 432.5 418.3 422.0 1.809
BH2 F 433.0 419.8 423.6 1.776
BH2 H 441.8 426.6 430.8 1.764
AlH2 H 473.0 459.6 462.7 1.767
PH2 PH2 492.7 480.1 483.5 1.769
Cl Cl 505.9 493.2 496.9 1.746
HC2 H 514.6 494.5 499.7 1.754
SH H 513.4 497.5 501.8 1.755
PH2 H 514.1 498.3 502.4 1.754
Cl F 515.2 501.7 505.7 1.747
SiH3 H 518.8 502.1 506.1 1.749
CN H 521.2 502.6 507.3 1.733
Cl H 523.5 506.5 511.2 1.743
OH OH 522.3 507.8 512.2 1.800
F F 522.4 508.2 512.5 1.748
NH2 H 531.4 514.2 518.9 1.779
OH H 532.4 515.0 519.9 1.776
CH3 NH2 531.7 516.1 520.2 1.800
NH2 NH2 532.0 516.1 520.5 1.802
F H 534.9 516.7 521.8 1.751
CH3 CH3 536.8 520.7 524.5 1.784
H H 540.7 518.8 524.6 1.742
CH3 H 539.5 520.6 525.1 1.761

Table 1. Homolytic gas-phase bond dissociation energies 
for a set of 25 chloroborane-type species (ob-
tained using the W1w thermochemical protocol 
with all energies expressed in kJ mol-1).
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which has been reported and validated previously [16]. 
It has been shown that for species with %TAEe[(T)] 
≤ 5.0%, post-CCSD(T) contributions are unlikely to 
exceed 2.1 kJ mol–1. The %TAEe[(T)] values for the 
species in the BCl25BDE dataset (both the closed-shell 
precursors and the product radicals) are well below 5% 
(ranging from 0.6 to 3.1%), indicating that the inclusion 
of post-CCSD(T) contributions are unlikely to affect 
the BDEs to any significant extent, and consequently, 
further validates the benchmark-quality nature of this 
dataset of B–Cl BDEs for the purposes of assessing 
the performance of other theoretical methods. 
Performance of DFT methods for the computation of 
Gas-Phase Homolytic B–Cl BDEs: Having obtained a 
set of accurate benchmark-quality B–Cl BDEs using the 
W1w thermochemical protocol, attention is now turned 
to assessing the performance of a diverse range of DFT 
methods for their ability to provide quantitatively reliable 
BDEs. In this study, a selection of functionals from 
each rung of Jacob’s ladder (i.e., the GGAs, MGGAs, 
HGGAs, HMGGAs, RS and DH methods) have been 
assessed. The results of this analysis are presented in 
Table 2. For each method, the mean absolute deviation 
(MAD), mean deviation (MD), largest deviation (LD) 
and number of outliers (NO, arbitrarily defined as the 
number of species with a deviation ≥10 kJ mol–1) have 
been tabulated. 
In addition, the effect of basis set size has also been 
considered by way of having performed calculations 
using two basis sets, namely A’VTZ and A’VQZ.Before 
commenting on the performance of each functional 
within each class, a few general points emerge upon 
inspection of the data presented in Table 2. Looking 
at the data overall, it is of interest to note that only 
a very small number of the chosen DFT methods 
(namely M06-L, SOGGA11-X, BMK, M06, ωB97 and 
DSD-PBEP86) offer performance that falls below the 
threshold of “chemical accuracy”, which has been 
arbitrarily defined as performance ≤ 4.2 kJ mol–1. 
Furthermore, there appears to be a general tendency 
for the more highly empirical functionals (i.e., those 
with dozens of adjustable parameters) to outperform 
the more lightly empirical methods. This general 
observation is consistent with previous studies, for 
example, when a range of such functionals were 
assessed against the BDE261 dataset [17]. 
Of the methods investigated in this study, we note that 
the best performance is achieved by ωB97/A’VQZ 
(MAD = 3.0 kJ mol–1 and LD = 7.5 kJ mol–1) and M06/
A’VTZ (MAD = 3.2 kJ mol–1 and LD = 9.8 kJ mol–1). 
The double-hybrid functional DSD-PBEP86 also offers 
reliable performance (in conjunction with the A’VQZ 
basis set), with an MAD of 4.0 kJ mol–1, and notably, 
an LD of just 6.4 kJ mol–1 (the lowest LD of any of the 
methods surveyed in this study). The worst performing 
methods are BH&HLYP and BLYP, with MADs in 
conjunction with the A’VQZ basis set of 36.5 and 36.8 
kJ mol–1, respectively.

Several other general points emerge from an analysis 
of this data. First, for the overwhelming majority of 
the functionals, better performance is obtained in 
conjunction with the A’VQZ rather than A’VTZ basis 
set. For the conventional DFTs, the MADs obtained in 
conjunction with the A’VQZ basis set are lower than those 
obtained using the A’VTZ basis set by amounts ranging 
from 0.1–0.6 kJ mol–1, with the notable exceptions 
of MN12-L, VSXC and M11-L, where the differences 
reach 1.2, 1.5 and 2.8 kJ mol–1, respectively. For the 
double hybrid procedures, which are generally known 
to exhibit considerably slower basis set convergence, 
use of the A’VQZ rather than A’VTZ basis set results 
in improvements in MADs by 2.2 (B2PLYP) to 3.8 
kJ mol–1 (DSD-PBEP86). Second, the vast majority 
of functionals tend to systematically underestimate 
the BDEs (i.e., the MDs adopt negative values). 
Third, except for BMK and ωB97X, inclusion of a 
dispersion correction serves to improve the performance 
of the underlying functional, with performance 
improvements ranging from 3.6 (in the case of PBE-D3) 
to 10.2 kJ mol–1 (in the case of BLYP-D3 and BPBE-D3). 
For ωB97X and BMK, the inclusion of a dispersion 
correction results in a deterioration in performance 
by 3.0 and 6.0 kJ mol–1,  respectively. Forth, for  the  
majority of  the  selected functionals (33 out of 56), 
the calculation of the BDE of (NH2)(BH2)BCl appears 
to be the most troublesome, giving rise to the largest 
deviations for these methods. 
Attention is now given to considering the performance 
of the functionals within each class (i.e., GGA, MGGA 
etc…). For the discussion that follows, given that the 
A’VQZ basis set is expected to afford results near 
enough to the basis-set-limit for each of the selected 
functionals, it will be these values that are quoted.
Beginning with the GGA functionals, for which we 
have considered 12 such methods, the PBE-D3 
functional offers the best performance with an MAD of 
7.0 kJ mol–1, an LD of 17.6 kJ mol–1 (observed when 
predicting the B–Cl BDE of (BH2)FBCl), with only 
four BDEs having deviations from the W1w reference 
values of ≥10 kJ mol–1. In contrast, BLYP exhibits the 
worst performance of any of the functionals considered 
in the present study, with an MAD of 36.8 kJ mol–1. It 
is of interest to note that the BLYP functional has also 
shown relatively poor performance for the computation 
of C–Cl BDEs [70] (MAD = 30.9 kJ mol–1), N–H and N–
Cl BDEs (MADs = 23.7 and 25.2 kJ mol–1, respectively) 
[71] and N–Br BDEs (MAD = 27.1 kJ mol–1) [72]. The LD 
of BLYP, amounting to 44.8 kJ mol–1 is associated with 
the computation of the BDE of (NH2)(BH2)BCl. Where 
applicable, augmentation of the GGA functionals with 
a D3 dispersion correction serves to improve their 
performance. For BLYP and BPBE, the performance 
of both functionals is improved by 10.2 kJ mol–1, while 
for BP86 and PBE, the performance enhancements are 
somewhat smaller, amounting to 7.9 and 3.6 kJ mol–1, 
respectively.  
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Regarding the performance of the MGGA functionals, 
for which we have considered a total of seven such 
methods, we note that M06-L offers relatively robust 
performance, with an MAD of 4.0 kJ mol–1. The largest 
deviation, amounting to 12.2 kJ mol–1 is noted in the 

case of the BDE of (PH2)2BCl, while the next largest 
deviation (9.4 kJ mol–1) is observed in the computation 
of the BDE of (CN)HBCl. For the calculation of the BDE 
of the parent molecule, H2BCl, the M06-L functional 
offers a deviation of just 0.6 kJ mol–1 from the W1w 
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Table 2. 	Performance of a range of density functional theory procedures for the computation of homolytic gas-phase 
	 B–Cl bond dissociation energies

A’VTZ A’VQZ
Class Functional MAD MSD LD NO MAD MSD LD NO

GGA

BLYP 37.4 -37.4 45.6 25 36.8 -36.8 44.8 25
B97-D 32.3 -32.3 41.2 25 32.2 -32.2 40.8 25
HCTH407 30.6 -30.6 40.5 25 30.1 -30.1 40.0 25
BLYP-D3 27.2 -27.2 33.9 25 26.6 -26.6 33.2 25
B97-D3 25.9 -25.9 34.3 25 25.7 -25.7 33.9 25
BPBE 23.4 -23.4 34.0 25 23.3 -23.3 33.8 25
BP86 17.6 -17.6 28.6 21 17.4 -17.4 28.3 21
BPBE-D3 13.3 -13.2 23.4 18 13.1 -13.0 23.4 18
PBE 10.9 -10.7 22.4 14 10.5 -10.3 21.8 13
N12 10.1 +10.1 20.6 14 9.9 +9.9 20.6 14
BP86-D3 9.7 -9.4 19.8 11 9.5 -9.2 19.8 11
PBE-D3 7.3 -6.2 18.0 5 7.0 -5.8 17.6 4

MGGA

TPSS 25.7 -25.7 32.1 25 25.9 -25.9 32.4 25
τ-HCTH 24.9 -24.9 35.9 25 24.8 -24.8 35.8 25
TPSS-D3 19.8 -19.8 23.2 25 19.9 -19.9 23.4 25
VSXC 17.6 -17.6 37.2 20 16.1 -16.1 34.3 18
M11-L 7.2 -5.7 15.1 6 10.0 -9.6 17.5 13
MN12-L 7.7 +5.6 16.1 9 6.5 +1.8 12.8 4
M06-L 4.4 -3.8 13.4 3 4.0 -2.6 12.2 1

HGGA

BH&HLYP 36.9 -36.9 42.0 25 36.5 -36.5 41.7 25
B3LYP 30.6 -30.6 36.9 25 30.1 -30.1 36.4 25
X3LYP 28.2 -28.2 34.4 25 27.7 -27.7 33.9 25
B3PW91 22.2 -22.2 30.2 25 22.1 -22.1 30.0 25
B3LYP-D3 22.1 -22.1 27.4 25 21.7 -21.7 26.8 25
PBE0 14.7 -14.7 22.7 22 14.4 -14.4 22.4 22
B3PW91-D3 13.7 -13.7 20.2 21 13.6 -13.6 20.0 21
B98 12.9 -12.9 19.3 18 12.5 -12.5 19.0 17
B3P86 11.5 -11.5 20.3 13 11.4 -11.4 20.2 13
PBE0-D3 10.5 -10.5 17.8 12 10.3 -10.3 17.5 12
B97-1 7.8 -7.7 14.8 7 7.5 -7.4 14.4 5
SOGGA11-X 4.4 -4.1 10.6 2 4.0 -3.6 10.3 1

HMGGA

TPSSh 26.0 -26.0 32.2 25 26.1 -26.1 32.5 25
BMK-D3 10.5 +10.5 17.9 15 10.0 +10.0 17.3 14
τ-HCTHh 10.3 -10.3 18.5 13 10.0 -10.0 18.1 13
M06-2X 8.4 -8.4 12.8 6 8.9 -8.9 13.8 9
BMK 4.2 +3.5 8.7 0 4.0 +3.0 8.2 0
M06 3.2 -3.0 9.8 0 3.5 -3.4 10.8 1

RS

CAM-B3LYP 23.7 -23.7 29.4 25 23.3 -23.3 28.9 25
LC-ωPBE 21.4 -21.4 26.6 25 21.1 -21.1 26.2 25
CAM-B3LYP-D3 19.6 -19.6 24.6 25 19.2 -19.2 24.1 25
LC-ωPBE-D3 16.7 -16.7 21.0 25 16.4 -16.4 20.6 25
HSE06 16.7 -16.7 24.4 25 16.3 -16.3 24.0 24
M11 11.2 -10.3 18.1 15 10.9 -10.2 18.0 15
ωB97X-D 9.9 -9.9 13.3 9 9.9 -9.9 13.3 9
ωB97X 7.2 -7.2 10.9 2 6.9 -6.9 10.5 2
N12-SX 5.0 +4.3 10.5 1 4.7 +4.0 10.5 1
ωB97 3.6 -3.4 8.4 0 3.0 -2.7 7.5 0

DH

B2PLYP 17.8 -17.8 20.5 25 15.4 -15.4 18.3 25
mPW2PLYP 16.4 -16.4 18.7 25 14.2 -14.2 16.7 25
B2PLYP-D3 13.6 -13.6 15.7 24 11.2 -11.2 13.5 19
B2GP-PLYP 13.8 -13.8 15.2 25 10.7 -10.7 12.4 15
B2K-PLYP 11.4 -11.4 12.7 21 8.0 -8.0 9.5 0
DSD-PBEP86 7.8 -7.8 9.8 0 4.0 -4.0 6.4 0
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reference value. Moving to the next best performing 
MGGA functional, namely MN12-L, we compute an 
MAD of 6.5 kJ mol–1, and note that unlike M06-L, which 
tends to underestimate BDEs (MD = –2.6 kJ mol–1), 
MN12-L has a slight tendency to overestimate them 
(MD = +1.8 kJ mol–1). In addition, compared with M06-L, 
we note that the MN12-L functional perform more 
poorly for the calculation of the BDE of H2BCl (with 
a deviation of +12.2 kJ mol–1). The worst performing 
MGGA functionals are TPSS and τ-HCTH, with MADs 
of 25.9 and 24.8 kJ mol–1, respectively.  It should be 
noted that augmentation of the TPSS functional with a 
dispersion correction serves to reduce the MAD by 5.9 
kJ mol–1, whilst also lowering the LD by 9.0 kJ mol–1. 
Moving now to a consideration of the performance 
of the HGGA functionals, the SOGGA11-X functional 
emerges as the best performer, with an MAD of 4.0 kJ 
mol–1 and an LD of 10.3 kJ mol–1 (for the computation of 
the BDE of (NH2)(BH2)BCl). In fact, with the exception of 
BH&HLYP and B3LYP-D3 (for which the LDs are noted 
in the case of (PH2)2BCl and (HC2)HBCl, respectively), 
for the rest of the selected HGGA functionals, the worst 
performance is noted in the case of the computation 
of the BDE of (NH2)(BH2)BCl. The B97-1 functional 
emerges as the second best of the selected HGGAs, 
with an MAD of 7.5 kJ mol–1, and gives rise to five 
species with deviations that are ≥10 kJ mol–1, compared 
with only one in the case of SOGGA11-X. The worst 
performance is noted in the case of BH&HLYP, with 
an MAD of 36.5 kJ mol–1, no species with deviations 
from the W1w reference values of less than 10 kJ mol–1, 
and an LD of 41.7 kJ mol–1. This poor performance is 
consistent with previous literature reports concerning 
the use of BH&HLYP for the computation of C–Cl [70], 
N–H and N–Cl [71], N–Br [72], and S–F BDEs [19]. 
The immensely popular B3LYP functional also offers 
relatively poor performance, with an MAD of 30.1 kJ 
mol–1 and an LD of 36.4 kJ mol–1, and as such would 
not be recommended as a method of choice for the 
computation of accurate B–Cl BDEs. Regarding the 
inclusion of a D3 correction, which we have probed 
in the context of three functionals, performance 
improvements of 4.1, 8.4 and 8.5 kJ mol-1 are noted in 
the case of the PBE0-D3, B3LYP-D3 and B3PW91-D3 
functionals, respectively. 
Regarding the performance of the HMGGA functionals, 
we note that both M06 and BMK offer robust 
performance, with MADs of 3.5 and 4.0 kJ mol–1, 
respectively. It is of interest to note that although M06 is 
associated with a slightly lower MAD than BMK (by 0.5 
kJ mol–1), the LD of M06 (10.8 mol–1) is larger than that of 
BMK (8.2 kJ mol–1). Furthermore, although M06 tends to 
underestimate the BDEs (MD = –3.4 kJ mol–1), the BMK 
functional tends to overestimate them (MD = +3.0 kJ 
mol–1). For the parent molecule, H2BCl, M06 performs 
significantly better than BMK, with a deviation of 0.8 
kJ mol–1 versus 8.1 kJ mol–1 from the W1w reference 
value. The worst performing HMGGA, by far, is TPSSh 

(MAD = 26.1 kJ mol–1 and LD = 32.5 kJ mol–1). Finally, 
we note that augmentation of the BMK functional with 
a D3 correction serves to decrease the performance, 
raising the MAD by 6.0 kJ mol–1 compared with that of 
the parent BMK functional. In this context, in the present 
study, BMK was one of only two functionals (the other 
being the range-separated functional ωB97X-D) where 
inclusion of such a correction resulted in a deterioration 
in performance compared with the non-corrected 
functional. 
Of the range-separated (RS) functionals, the best 
performing method appears to be ωB97, with an MAD 
of 3.0 kJ mol–1 and an LD = 7.5 kJ mol–1 (noted in the 
case of the computation of the BDE of (NH2)(BH2)BCl), 
and exhibits a tendency to underestimate the BDEs 
(MD = –2.7 kJ mol–1). The next best performing method, 
N12-SX, is associated with an MAD of 4.7 kJ mol–1, and 
unlike ωB97, tends to overestimate the BDEs (MD = 
+4.0 kJ mol–1). The LD for N12-SX, amounting to 10.5 
kJ mol–1, was noted in the case of the computation of 
the BDE of H2BCl. Both CAM-B3LYP and LC-ωBPBE 
offered the worst performance of the considered RS 
functionals, with MADs of 23.3 and 21.1 kJ mol–1, 
respectively. The performance of these two functionals 
was improved slightly upon the inclusion of the D3 
correction, with CAM-B3LYP-D3 and LC-ωBPBE-D3 
having MADs of 19.2 and 16.4 kJ mol–1, respectively. 
Regarding the performance of M11, we note that this 
functional performed significantly worse (MAD = 10.9 
kJ mol–1) than that of the HMGGA functional M06 (MAD 
= 3.5 kJ mol–1).
Finally, we examine the performance of the six selected 
double-hybrid DFT methods. As mentioned previously, 
these functionals were found to be somewhat more 
sensitive to the nature of the basis set compared 
with the “conventional DFTs”, with the difference 
between the A’VTZ and A’VQZ results amounting to 
between 2.2 (mPW2PLYP) and 3.8 (DSD-PBEP86) kJ 
mol–1. Furthermore, all the double-hybrid functionals 
systematically underestimated the BDEs (i.e., MD = –
MAD). The DSD-PBEP86 functional in conjunction with 
the A’VQZ basis set emerged as the best performing 
method with an MAD of 4.0 kJ mol–1 and an LD of 6.4 kJ 
mol–1 (noted in the case of the computation of the BDE 
of F2BCl). The LD for DSD-PBEP86 was in fact found to 
be the lowest of any of the methods investigated in this 
assessment study. The B2K-PLYP functional, which 
was optimized for the computation of barrier heights, 
offered an MAD (8.0 kJ mol–1) that is double that of 
DSD-PBEP86, and had an LD of 9.5 kJ mol–1 (also for 
the computation of the BDE of F2BCl). The remaining 
four functionals have MADs that range from 10.7 
(B2GP-PLYP) to 15.4 (B2PLYP) kJ mol–1. For these 
four functionals, the LDs (ranging from 12.4 to 18.3 kJ 
mol–1) were associated with the calculation of the BDE 
of (NH2)(BH2)BCl. Finally, we note that the inclusion of 
a D3 correction served to improve the performance of 
the B2PLYP functional by 4.2 kJ mol–1. 
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CONCLUSIONS
In this study, the highly accurate W1w thermochemical 
protocol (which represents a layered-extrapolation 
to the all-electron, relativistic, CCSD(T)/CBS limit) 
has been employed to obtain a benchmark dataset 
of 25 gas-phase homolytic B–Cl BDEs (referred to 
herein as the BCl25BDE dataset) of a diverse range 
of chloroborane-type molecules. The BDEs (at 298 K) 
range from 388.5 kJ mol–1 (in the case of (BH2)2BCl) 
to 525.1 kJ mol–1 (in the case of (CH3)HBCl). This 
dataset of BDEs fills a void that currently exists in the 
literature concerning the strength of B–Cl bonds toward 
homolytic cleavage, for which at present, only a very 
limited amount of reliable data currently exists. Having 
obtained an accurate and chemically diverse dataset, 
an assessment of more computationally economical 
conventional and double-hybrid DFT methods has 
been performed, with the effect of basis set size also 
examined in the context of both the smaller A’VTZ and 
larger A’VQZ basis sets. The effect of basis set size on 
the performance of the conventional DFTs was shown 
to be modest (typically ranging between 0.1–0.6 kJ 
mol–1), although was somewhat larger for the double-
hybrid DFTs (with differences ranging from 2.2 to 3.8 kJ 
mol–1). Of the functionals investigated, we find that the 
best performing methods for the computation of gas-
phase homolytic B–Cl BDEs are ωB97/A’VQZ (MAD = 
3.0 kJ mol–1) and M06/A’VTZ (MAD = 3.2 kJ mol–1). The 
double-hybrid functional DSD-PBEP86 also offered 
reliable performance (with an MAD of 4.0 kJ mol–1 when 
used in conjunction with the A’VQZ basis set) and was 
associated with the lowest LD (6.4 kJ mol–1) of any of 
the methods considered in this assessment study. 
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