
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

The Metal Hydride Problem of Computational Chemistry: Origins and Consequences

Moltved, Klaus August; Kepp, Kasper Planeta

Published in:
Journal of Physical Chemistry Part A: Molecules, Spectroscopy, Kinetics, Environment and General Theory

Link to article, DOI:
10.1021/acs.jpca.9b02367

Publication date:
2019

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Moltved, K. A., & Kepp, K. P. (2019). The Metal Hydride Problem of Computational Chemistry: Origins and
Consequences. Journal of Physical Chemistry Part A: Molecules, Spectroscopy, Kinetics, Environment and
General Theory, 123(13), 2888-2900. https://doi.org/10.1021/acs.jpca.9b02367

https://doi.org/10.1021/acs.jpca.9b02367
https://orbit.dtu.dk/en/publications/a58dea1e-e745-4468-a015-85cd50a04300
https://doi.org/10.1021/acs.jpca.9b02367


1 
 
 

The Metal Hydride Problem of Computational Chemistry: Origins and Consequences 

Klaus A. Moltved and Kasper P. Kepp* 

Technical University of Denmark, DTU Chemistry, Building 206, 2800 Kgs. Lyngby, DK – 

Denmark.  *Phone: +045 45 25 24 09. E-mail: kpj@kemi.dtu.dk 

 

Abstract 

Formation and breaking of metal-hydrogen bonds are central to many important catalytic 

processes such as transition-metal catalyzed ammonia synthesis, hydrogenation reactions, and 

water splitting, and thus require an adequate theoretical description. We studied a dataset of all 

30 M-H and 30 M+-H bonds of the 3d, 4d, and 5d transition series; 50 of these systems have 

experimentally known bond dissociation enthalpies (BDE); to probe both the limit of low and 

high coordination number, we also studied a dataset of 19 MLnH complexes. The BDEs were 

computed using Hartree-Fock (HF), MP2, CCSD, CCSD(T), and ten diverse density 

functionals including local, GGA, hybrid GGA, meta hybrid, range-separated and double 

hybrids. Our ten most important findings are: 1) HF fails completely to describe the metal 

hydrogen bond due to its lack of static correlation; 2) this makes post-HF methods such as MP2 

and even CCSD(T) perform worse than many density functionals; 3) DFT requires much more 

HF exchange (~35% on average) to describe the pure M-H bonds than to describe other metal 

ligand bonds (0-20%); 4) we design a test to determine if self-interaction error (SIE) is 

important by correlating DFT errors against a one-electron SIE metric; 5) we show that SIE 

correlates directly with the DFT errors and thus causes most of the problem; 6) HF-DFT cannot 

handle these systems because the HF method is too pathological already at the density level; 

7) instead, we define and apply a simple metric of electronic abnormality as the difference in 
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PBE energy computed at the self-consistent PBE0 and SVWN densities; this metric gives 

appropriate spread and effectively captures density-derived errors; 8) the low electronegativity 

of the metal enforces a diffuse hydride-like electron density, which make the metal hydrides 

primary examples of many-electron systems exhibiting SIE already at equilibrium geometries; 

9) in the coordinatively saturated MLnH systems, much less HF exchange is required, i.e. the 

HF exchange requirements vary drastically with coordination number. Accordingly, DFT is 

unbalanced for any catalytic process involving both M-H and M-L bonds and changing 

coordination numbers; 10) importantly, the range-separated and double-hybrid functionals 

CAM-B3LYP and B2PLYP alone perform well for both M-H and M-L systems and in both 

limits of low and high coordination number, and at least as well as CCSD(T). This lends hope 

to a balanced treatment of computational chemistry for all types of M-L bonds at variable 

coordination number, as required for real catalytic reactions. 

 

Keywords: Metal hydrogen bond, DFT, coupled-cluster, electron correlation, self-interaction 

error, transition metal, catalysis, density error. 
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Introduction 

Many important processes, such as transition-metal-catalyzed water splitting, the Haber-Bosch 

process, and hydrogenation reactions, involve the transient formation and breaking of metal-

hydrogen bonds (M-H)1,2. These processes are studied computationally and depend directly on 

the energy of the metal-hydrogen bond, which accordingly feature prominently e.g. in semi-

quantitative models of catalysis.3,4 It is of major importance to ensure that theoretical chemistry 

accurately describes these chemical bonds, and we need to understand the sources and 

magnitudes of the errors involved.  

 Density functional theory (DFT) is the method of choice for most problems in chemistry 

and catalysis due to the necessary tradeoff between accuracy and computational cost5–7. It was 

found long ago8 and recently confirmed for many more functionals9,10 that DFT commonly 

fails dramatically at describing the chemical bonds between transition metals and a hydrogen 

atom. Questions that immediately arise are: 1) How are these bonds special compared to other 

chemical bonds? 2) Why is this important? 3) How large are the computational errors? 4) What 

are the potential consequences for theoretical catalysis? 5) Which remedies exist? 

 Despite the massive use of DFT for understanding and improving catalytic 

reactions11,12, it is very hard to assess computational accuracy, because systematic benchmark 

data are scarce. For example, a recently compiled experimental benchmark data set of 

adsorption energies13, although clearly a step in the right direction, contains 34 data points in 

total and only a handful of data points for each type of adsorbed molecule, while statistical 

significance probably requires 10-20 data points per adsorbing molecule on different catalysts. 

To understand and improve computational catalysis, we have argued for a bottom-up strategy 

starting from small systems that reflect the essential pure M-L bond without diverse modulating 

effects of other ligands. Experimental data for metal-ligand (M-L) bond dissociation enthalpies 
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(BDE) in diatomic molecules are more generic and much more abundant and systematic, thus 

enabling statistically meaningful conclusions that cannot be obtained from studies of large 

systems.10,14–16. Furthermore, the experimental BDEs are much less noisy than other data as 

they reflect gas-phase enthalpies without complications of dispersion effects, solvent effects, 

and entropy effects, and worse, the combinations of these, e.g. solvent dispersion and 

polarization, which contribute substantial noise to other benchmark data and prevent accurate 

conclusions to be drawn.  

 A central point in these efforts is to identify the accuracy bottlenecks for full catalytic 

process. Metal-catalyzed reactions usually involve changes in the coordination number and 

type of ligands. The M-L diatomic molecules represent the pure bonds and the limit of low 

coordination number, and the impact of ligand modulations needs to be accounted for 

separately. We need to understand how transferable DFT is when applied to the diverse 

situations of low and high coordination numbers and bonds modulated by diverse ligands. 

Recent full-cycle benchmarking on a simple model of the Haber-Bosch process showed that 

different functionals fail for different steps of the catalytic cycle that are electronically 

distinct.16 The M-H bonds were particular problematic. The specialness of M-H bonds has been 

explored in other contexts1. Most M-L bonds are typically optimally described by 10-20% HF-

exchange, but this fraction importantly varies with ligand type.10,15,17 Accordingly, we suspect 

that DFT is fundamentally unbalanced when applied to both M-H and other M-L bonds, as in 

e.g. H2 activation, ammonia synthesis, hydrogenation reactions, or hydrogen evolution by 

transition metal catalysts, with either a large error in the M-H or M-L states. By unbalanced we 

mean that DFT has non-uniform accuracy for different categories of electronic systems and 

processes. We suspect that this issue also arises with respect to changes in coordination 

number, which varies from low to high in real processes.  
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 To understand the M-H bond in systematic detail without bias to any metal or dq 

configuration, we studied all the 30 neutral M-H and 30 cationic M+-H systems involving all 

combinations of the 3d, 4d and 5d transition metals. Experimental BDEs are available for 50 

of these 60 systems, enabling a statistically valid assessment of the performance of DFT. To 

assess also the limit of high coordination number, we computed the BDEs of 19 coordinatively 

saturated MLnH complexes with M = Co, Cr, Fe, Hf, Ir, Mn, Mo, Ni, Os, Pt, Re, Rh, V, W, or 

Zr. A representative group of density functionals was studied in comparison to HF, MP2, 

CCSD, and CCSD(T) wave function methods, and we analyzed the DFT errors, the HF-related 

errors and the density errors.  

 

  



6 
 
 

 

Methods 

 Computational details. Computations were performed using the Turbomole software, 

version 7.0.18,19, except the CAM-B3LYP energies, which were computed using Gaussian 16.20 

Computations were converged to 10-6 au, using the resolution of identity approximation21. 

BDEs were calculated for all the 30 neutral M-H and 30 cationic M+-H systems of the 3d, 4d 

and 5d transition metals. Optimized geometries for the 60 diatomic systems were obtained 

using the BP8622,23 functional and the def2-TZVPP24 basis set, with optimized bond lengths 

given in Table S1. This protocol gives average errors in M-L bond lengths of 0.02 Å25 which 

is close to optimal at the current state of the art. Single-point energies for calculating the BDEs 

were computed with the def2-QZVPPD24 basis set for the metals (Sc-Zn, Y-Cd and La-Hg) 

and aug-cc-pV5Z8 for hydrogen to ensure that the diffuse electron-rich hydride state was 

adequately described. 

 Spin states and spin-annealing to avoid meta-stable configurations. In all cases, 

regardless of the known ground state, we ensured adequate convergence by using a protocol of 

“spin annealing”, i.e. starting the geometry optimization from a higher spin multiplicity than 

expected for the system (for most systems MS + 2) and, after energy calculation, decreasing the 

spin multiplicity in steps of 2 by converting one alpha electron to beat electron in the control 

input file of Turbomole. The alternative optimization starting directly from the expected spin 

state commonly leads to meta-stable configurations that are not completely spin polarized, 

because the start orbitals are very approximate. This is true for DFT but very much also for 

post-HF methods, since a CCSD(T) calculation on a meta-stable HF is completely erroneous. 

The spin multiplicities of the ground states used were either experimentally known or, if not 

available, those determined to have the lowest energy upon geometry optimization using the 
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procedure described above. The spin states used can be found in Table S2 for easy 

reproducibility. Table S3 shows the experimental spin state. As can be seen, the computational 

protocol correctly identifies the ground state spin for all cases where experiment is available, 

giving us trust in the assignment of the remaining spin states as well. Table S4 shows the 

experimental spin states of atoms and ions available in NIST27. In five systems there was 

another spin state within 20 kJ/mol of the identified ground state; these five cases are listed in 

Table S5. For these systems, we are uncertain about the assignment of the spin state, but the 

energy effect on the BDE amounts to maximally 16 kJ/mol and as they constitute only 10% of 

all systems where experimental BDEs can be used for benchmarking, the impact on the final 

reported mean absolute errors (MAE) will be maximally 1.6 kJ/mol, if all differences work to 

change the MAE in the same direction. Thus, the assignment of applied spin states is robust to 

the conclusions and results stated later in this work. 

Zero-point vibrational and relativistic corrections to the electronic energies. Zero 

point energies (ZPE) were calculated from a frequency analysis of the optimized ground state 

and can be seen in Table S6. For the 3d metal hydrides, scalar-relativistic effects were 

estimated using the sum of the Darwin term and the expectation value of 𝑃𝑃4 from B3LYP; the 

corresponding correction to the BDE can be seen in Table S7. For the 4d and 5d transition 

metal hydrides the scalar-relativistic effects were approximated by using effective core 

potentials. The effect of spin-orbit coupling (SOC) was estimated by performing a Douglas-

Kroll-Hess B3LYP energy calculation of 4th order for the 3d metal hydrides with the dhf-

QZVPP-2c basis set28. The effect of SOC for the 4d and 5d metal hydrides was estimated by a 

two-component calculation including ECP calling the Turbomole keyword soghf also using the 

dhf-QZVPP-2c basis set. The SOC corrections to the BDE are compiled in Table S8. Please 

note that the two different treatments of the SOC give different SOC corrections. The DKH-

based SOC corrections for the 3d systems is probably overestimated by a factor of 2 when 
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using the all electron treatment, whereas the SOC for the 4d and 5d system may be slightly too 

small when using ECPs28,29. However this does not influence our conclusions since the largest 

SOC correction for the 3d systems is 2.5 kJ/mol, i.e. even a 100% overestimation would cause 

a maximum error of 2.5 kJ/mol in the worst case. For the 4d and 5d systems the largest SCO 

correction is -23.7 kJ/mol; a 20% underestimation would introduce an error of ~5 kJ/mol. These 

errors are upper estimates for the largest SOC values, and thus the effect on the average data 

used in this paper’s analysis will be substantially smaller.  

Methods studied. The functionals used for the energy calculations are compiled in 

Table 1. We were not interested in performing a benchmark of DFT broadly as this has already 

been done previously for a smaller set of M-H systems9,10,15,25,30. We wanted to explore how 

transferable (“universal”) DFT is, i.e. the generality, magnitude, and origin of the failure for 

metal hydrides across all three d-blocks and all d-electron configurations, and thus studied the 

most complete experimental data set of M-H BDEs so far. B2PLYP31, BHLYP32, CAM-

B3LYP33, M06-2X34, PBE035 and B3LYP36–38 have shown good performance for describing 

3d metal hydrides10. PBE35 and RPBE39 were studied because of their widespread use in 

theoretical catalysis. BLYP37,40 was used to provide non-hybrid comparison to the 20% HF-

exchange in the much-used hybrid functional B3LYP. SVWN was included to see the behavior 

of a strictly local non-GGA functional. In addition to these density functionals in Table 1, 

BDEs were also computed for all 60 molecular systems using HF, MP2, CCSD and CCSD(T) 

and the same basis sets as for DFT for direct comparison. The raw single point electronic 

energies are compiled for reproducibility purposes in Tables S9-S11 for the atoms and Tables 

S12-S14 for the diatomic metal hydrides.  
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Table 1. The ten exchange-correlation functionals studied, their functional type, the amount of 

Hartree-Fock exchange (if any), and key references. 

Functional Type 

 

 

 

 

% HF exchange References 
SVWN LSDA 0 41,42 

BLYP GGA 0 40,43 

PBE GGA 0 35 

RPBE GGA 0 39 

B3LYP Hybrid GGA 20 36–38 

PBE0 Hybrid GGA 25 35,44 

BHLYP Hybrid GGA 50 32 

CAM-B3LYP Range-separated hybrid 19-65 33 

M06-2X Hybrid meta GGA 54 34 

B2PLYP Double Hybrid 53 31 
 

Calculation of BDEs and errors. The BDEs were calculated as: 

 𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀−𝐻𝐻) = 𝐵𝐵(𝑀𝑀) + 𝐵𝐵(𝐻𝐻) − 𝐵𝐵(𝑀𝑀−𝐻𝐻) − 𝐵𝐵𝑍𝑍𝑍𝑍𝑍𝑍 + 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆 + 3.7 kJ/mol

  (1) 

Here, 𝐵𝐵(𝑀𝑀), 𝐵𝐵(𝐻𝐻) and 𝐵𝐵(𝑀𝑀−𝐻𝐻) are the single point energies of the metal, H and M-H 

respectively. 𝐵𝐵𝑍𝑍𝑍𝑍𝑍𝑍 is the computed zero-point energy of the metal hydride. 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the scalar 

relativistic energy correction previously mentioned. 𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆 is the computed SOC correction for 

the metal hydride and 3.7 kJ/mol corresponds to 3/2 RT at 298 K which is used to convert the 

BDE from 0 K to 298 K. The 60 BDEs calculated for the ten functionals of Table 1, and for 

HF, MP2, CCSD and CCSD(T) are compiled in Tables S15-S17.  

 The signed errors (SE) discussed in this work were calculated by Equation 2: 

 𝑆𝑆𝐵𝐵 = 𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀𝐻𝐻)𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀𝐻𝐻)𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑠𝑠𝑠𝑠     (2) 
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where 𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀𝐻𝐻)𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the BDE calculated from Equation 1, and 𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀𝐻𝐻)𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑠𝑠𝑠𝑠 

is the experimental BDE from Table S18 (black numbers and MnH = 126 kJ/mol).  

Experimental data and sensitivity analysis. For 20 of the neutral M-H systems and 

30 of the cationic M+-H systems, experimental BDEs are available from the CRC Handbook 

of Chemistry and Physics45 and from additional literature as seen in Table S18, with reported 

experimental errors in Table S19. In most cases the experimental BDEs are similar within their 

reported uncertainty. However, there are a few cases with significant differences in reported 

values, most notably MnH. As previously discussed10 the value reported in CRC Handbook45 

for MnH is unreasonable, and the alternative value of 126 kJ/mol of Table S18 was thus used. 

To test whether the choice of experimental data used affect our results, we performed a 

sensitivity test by comparing the difference between experimental and computed BDEs using 

as experimental test set either 1) the CRC handbook data, 2) the average values of all the 

experimental data in Table S18 (counting duplicates only once), or 3) the values with the 

largest reported deviations from the CRC handbook data. The results of this analysis in the 

form of the mean signed error (MSE), MAE, the standard deviation of the signed error and 

absolute error, and the maximum and minimum errors, are shown for all alternative 

comparisons in Tables S20-S23. The use of average experimental values had a very small 

impact on the errors (maximally 1.5 kJ/mol for the MAEs), but this changes ranking for some 

of the similarly performing methods.10 Using the data with the largest deviation worsened 

performance for all methods, including CCSD(T), consistent with the use of less correct 

benchmark numbers. The smallest errors were seen using the CRC Handbook data but 

changing MnH to the consensual 126 kJ/mol reported by two other sources (Table S23). The 

data set used in the analysis is thus that of Table S23.  
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BDEs of M-H bonds of coordination complexes with more ligands. To investigate 

also the limit of high coordination number, 19 complexes of the type MLnH (L can be several 

types of ligands) were treated with the same functionals as for the diatomic systems (Table 1). 

The experimental M-H BDEs of these complexes were taken from the CRC Handbook45 (Table 

S24). The basis set used for these larger systems was def2-QZVPP24 for both metals and ligand 

atoms. Since these systems have intramolecular dispersion interactions, the DFT-D3 

correction46 was included in the calculation (for RPBE and M06-2X the dispersion correction 

for B3LYP was used). Thus the BDE of the MLnH systems was calculated using Equation 3: 

𝐵𝐵𝐵𝐵𝐵𝐵(𝑀𝑀𝐿𝐿𝑒𝑒 − 𝐻𝐻) = 𝐵𝐵(𝑀𝑀𝐿𝐿𝑒𝑒) + 𝐵𝐵(𝐻𝐻) − 𝐵𝐵(𝑀𝑀𝐿𝐿𝑒𝑒𝐻𝐻) − 𝐵𝐵𝑍𝑍𝑍𝑍𝑍𝑍 + 3.7 kJ/mol  (3) 

𝐵𝐵(𝑀𝑀𝐿𝐿𝑒𝑒) is the energy of MLnH with a hydrogen removed. 𝐵𝐵(𝑀𝑀𝐿𝐿𝑒𝑒𝐻𝐻) is the energy of MLnH, 

with computed numbers in Tables S25-S26. The single point energies can be found in Tables 

S27-S28. The BDEs calculated using equation 3 can be found in Table S29-S30. The D3 

dispersion corrections and 𝐵𝐵𝑍𝑍𝑍𝑍𝑍𝑍 values from frequency calculation are compiled in Table S31. 

These 19 complexes constitute a relatively homogenous data set with similar ligands, generally 

cyclopentadienyls, carbonyls, and phosphines, and sample many metals across the d-block (M 

= Co, Cr, Fe, Hf, Ir, Mn, Mo, Ni, Os, Pt, Re, Rh, V, W, or Zr). 

HF-DFT energies, abnormality metrics, and SIE metrics. Burke’s group has 

advocated47,48 using a DFT non-consistent single-point energy calculation on the self-

consistent HF density (HF-DFT) for abnormal electronic systems. Since the transition metal 

hydrides are expected (and showed below) to be challenging, a test of this remedying protocol 

was applied. PBE, PBE0 and RPBE calculations were carried out on the HF densities (referred 

to as HF-PBE, HF-PBE0 and HF-RPBE subsequently) by setting the number of iterations for 

the SCF procedure to 1 and changing the density convergence criteria to 107 au. The single-

point energies obtained in this way can be seen in Tables S10 and S13. Following the 
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sensitivity protocol that we proposed49, Sim et al.50 suggested a simpler metric 𝑆𝑆(𝐵𝐵�𝑋𝑋𝑆𝑆) for 

quantifying abnormality that involves only the densities from a HF and a local SVWN41,42 

calculation with the non-consistent energies computed by PBE (referred to as SVWN-PBE 

below). The resulting values of the 𝑆𝑆(𝐵𝐵�𝑋𝑋𝑆𝑆) metric for the calculated BDEs can be seen in Table 

S32, together with our pure-DFT metric, which involves PBE0 instead of HF. 

 The SIE is well-defined for one electron by Zhang and Yang51. Quantifying the N-

electron SIE is however less obvious51. Some approaches have been developed e.g. by 

Lundberg et al.52 and Ruzsinszky et al.53 Several functionals seek to eliminate the 1-electron 

SIE, but typically with a cost of accuracy, although e.g. the newer MYC3 and rCAM-B3LYP 

show promise for the description of SIE-prone systems.54 In the present paper we used the 

archetypical SIE-prone H2
+ dissociation to establish the 1-electron SIE based on the equation 

of Zhang and Yang51, calculated at 10 Å separation of the hydrogen atoms. We find this metric 

to be very robust and it spreads the functionals effectively as required. We used this value as 

our measure of the inherent SIE of the studied functionals (Table S33). 
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Results and Discussion 

 Errors of modeled M-H BDEs. Considering the importance of the M-H bond to many 

catalytic processes and the limited benchmarks available in particular for catalytically 

important 4d and 5d metals, we wanted to understand the ability of theoretical methods to 

describe this bond using the available experimental data. Suspecting the major importance of 

the HF description for these systems10, we selected a group of density functionals with specific 

emphasis on various design types ranging from local DFT (SVWN), via gradient-corrected 

non-hybrids (PBE, BLYP, RPBE), to hybrids and meta hybrids with variable amounts of HF 

exchange (B3LYP, PBE0, M06-2X), double hybrids (B2PLYP), and range-separated hybrids 

(CAM-B3LYP). We also computed the BDEs using HF, MP2, CCSD, and CCSD(T) at the 

same def2-QZVPP/aug-cc-pV5Z basis set level for direct comparison.  

 Figure 1 shows the performance for the ten selected functionals, together with HF, 

MP2, CCSD and CCSD(T). Figure 1A shows the MAE for the methods, whereas Figure 1B 

shows the MSE. The same results divided into M-H and M+-H systems separately are shown 

in Figure S1 and Figure S2; we find that they show similar behavior and are thus treated in 

combination in the following analysis. The HF description is of interest because the systems 

require hybrids with a large HF fraction for good performance. The HF method (black bars) 

underbinds on average by 99 kJ/mol and has a similar MAE, because this underbinding is very 

consistent across all three d-transition series. This finding resembles that seen for other 

transition metal bonds and tells us that HF is very inadequate for these systems because of the 

correlation resulting from close-lying d-configurations, which are not described by the HF 

determinant wave function. Thus, even though the pure M-H bonds require much more HF 

exchange in the DFT treatment, the HF theory itself is inherently pathological.  



14 
 
 

 

Figure 1. A) Mean unsigned errors of all methods vs. the 50 experimental M-H and M+-H 

bonds. B) The corresponding mean signed errors. 

 The most accurate functionals are the PBE0 and BHLYP global hybrids and the 

B2PLYP double hybrid with 25, 50 and 53% HF exchange, having MAEs of 17.3, 18.2 and 

18.6 kJ/mol, respectively. CAM-B3LYP and B3LYP with 19-65 and 20% HF exchange also 

perform well, with MAEs of 21.8 and 22.2 kJ. The gradient-corrected non-hybrid functionals 

with 0% HF exchange (BLYP and PBE) perform quite poorly (MAE of 30.9 and 28.0 kJ/mol). 

Thus, higher HF exchange up to 50% describes the M-H bond more accurately. M06-2X with 

54% HF exchange and RPBE with 0% HF exchange have MAEs of 22.9 kJ/mol and 23.4 

kJ/mol, respectively, making M06-2X and RPBE comparable in performance to B3LYP. The 

performance of M06-2X relates to the fact that it is heavily parametrized mainly for non-

metals34, and thus it is less useful for providing physical insight in this particular study, 
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although its performance is decent. The relatively good performance of RPBE compared to e.g. 

PBE also having 0% HF exchange relates to the fact that RPBE by design binds more weakly 

than PBE in an attempt to improve the description of chemisorption on metal surfaces39. As 

expected, the LDA functional SVWN produces very large overbinding and a correspondingly 

large MAE of 66.6 kJ/mol.  

 The MSEs in Figure 1B describe the systematic tendency towards overbinding or 

underbinding. It importantly shows that for the functionals selected here, we can approach a 

maximal systematic accuracy because HF-exchange reduces the over-binding tendency to 

approximately 0 kJ/mol towards the right. Thus for example, the BLYP functional has an MSE 

of 26.6 kJ/mol while the BHLYP functional has an MSE of -6.0 kJ/mol. This trend in 

systematic errors is fundamentally different from that of other M-L bonds, which are 

adequately described by 0-20% HF exchange, depending on the nature of L15,17,55.  

 This major difference is important to the errors of a theoretical study of any catalytic 

reaction involving both M-H and M-L bonds. To illustrate this more clearly, let us take as 

example transition-metal catalyzed ammonia synthesis. M-O and M-N bonds of transition 

metals are adequately described by 10-20% HF exchange10,15,17, and for some late-transition 

metal atoms such as gold14, and for halide ligands10, the HF requirements are even smaller. 

Any attempt to correctly estimate the thermochemistry of the catalytic cycle requires balancing 

the errors of the hydride and nitride states (M-H and M-N), as well as potentially the adsorbed 

H-H and N-N states, which are however more similar for different metals and thus produce 

smaller errors in the trend chemistry of different M, as crucially affecting e.g. volcano plots. 

Using a functional such as PBE or RPBE will favor a more appropriate description of the more 

statically correlated M-N bonds at the expense of error-prone M-H bonds. Alternatively, a 

higher HF exchange such as in BHLYP would provide a good description of the M-H bonds 
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as shown in Figure 1, but a worse description of M-N bonds16. Thus, when studying such a 

catalytic process, DFT is fundamentally unbalanced because of the distinct requirements of the 

different electronic states (M-H, M-N, N-N etc.). For the light-atom bonds (O-O, N-N, C-O) 

non-hybrid GGAs such as PBE dramatically overbind from 100 to 40 kJ/mol, decreasing with 

effective nuclear charge. This unbalance can be partly reduced by systematic error cancellation, 

since the error made in the M-H states is potentially similar for different M. Hybrid functionals 

with a modest amount of HF exchange such as PBE0, range-separated hybrids (CAM-B3LYP) 

and double hybrids (B2PLYP) have the smallest systematic errors (Figure 1B) and also 

performed well in L-L and M-L benchmarks10,56, making them the best choices for these 

problems. 

The performance of CCSD(T) can be seen to be lower than most of the studied density 

functionals, giving a MAE of 24.1 kJ/mol. CCSD(T) also performs worse than CCSD with a 

MAE of 19.5 kJ/mol. This difference in MAE is larger than the uncertainty in MAE due to 

experimental data variations as shown from our sensitivity analysis in the methods section.  

Accordingly, it implies a lack of a treatment of static correlation in the post-HF methods, which 

is inherently but indirectly treated adequately by DFT. HF with neither static nor dynamic 

correlation fails massively. MP2 which adds dynamic correlation performs much better, but 

misses static correlation that makes it still the third-worst method. CCSD and CCSD(T) greatly 

improves upon this description. The missing static correlation in the coupled-cluster 

description breaks the expected behavior of improvement from CCSD to CCSD(T), which is 

very unusual. 

Origins of the metal hydride problem: Electron density effects. Recent focus on the 

accuracy of DFT has emphasized both the two fundamental dimensions of DFT, the density 

and energy, rather than just the latter.57,58 Any choice of density error is unfortunately 
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somewhat arbitrary: Results are very dependent on how the density error is measured, and thus 

these errors only make sense in relation to the energy of the very same systems57.  

As suggested by Burke,59 the error in a DFT calculation can be divided into a density-

driven error and functional-driven error (the error in energy due to the functional itself). 

Calculations having a large density-driven error are classified as abnormal.59 Such a metric that 

uses the energy effect of the density error as a single number is the only reasonable way to 

avoid arbitrary density error estimates central to the current debate on DFT.49,57 Unfortunately, 

this definition requires knowledge of the exact or near-exact energy and density, which is 

elusive for most chemical systems of interest. Instead, our solution49 to the energy-density 

conundrum is go to the root of the problem, i.e. the variational Hohenberg-Kohn theorem, and 

perform a sensitivity analysis to simply measure the effect on energy of a reasonable variation 

in electron density49. For this purpose, one should use a set of trial densities computed using 

different functionals, preferably from different rungs of Jacob’s ladder60. Our protocol to do 

this that can involve any number of density functionals used to generate trial densities and then 

the computation of the energy on all these densities to quantify energy sensitivity to density49. 

For a four-functional trial set (used as illustration to cover the first four rungs), this becomes a 

somewhat tedious calculation, and Sim et al.50 accordingly suggested a simpler 𝑆𝑆(𝐵𝐵�𝑋𝑋𝑆𝑆) metric 

using only the SVWN and HF densities, which is much more sensitive than a pure DFT metric, 

because the HF density is so distinct.50  
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Figure 2. A) Mean absolute errors for various versions of HF-DFT and their corresponding 

pure functionals, vs. 50 experimental M-H BDEs. B) Corresponding mean signed errors. C) 

Electronic abnormality = difference in the PBE energy evaluated at the SVWN and PBE0 

densities. 

Figure 2A and 2B summarize the performance of the HF-DFT, LDA-DFT and PBE-

B3LYP methods (the latter representing a B3LYP energy evaluated on a PBE density). The 

performance is substantially worse than for the corresponding self-consistent treatments, with 

MAEs of 27.5-30.7 kJ/mol. We conclude from this that there is a large density-derived error in 

the systems, larger than commonly the case59, but that HF-DFT is not a solution to this problem, 

because the uncorrelated HF density makes performance markedly worse despite reducing the 

SIE (see below). 
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The 𝑆𝑆(𝐵𝐵�𝑋𝑋𝑆𝑆) metric suggested by Sim et al.50 was calculated for all 60 systems and can 

be seen in Table S32. Many values are very large, and they average to 36 kJ/mol (standard 

deviation: 33 kJ/mol) for all 60 systems. Thus, almost all systems would be classified as 

abnormal and this precludes the sensitivity needed for our analysis. More importantly, the 

numbers are very affected by the pathology of the HF framework, which we consider 

unreasonable from a pure DFT perspective. In fact, although HF-DFT was suggested to 

improve results for abnormal systems,50 as seen from the MAEs in Figure 2A it does the 

contrary due to the adverse impact of the HF density. The reason is that for statically correlated 

systems residing in the d-transition groups, HF is so pathological that it is unacceptable to use 

HF-DFT, and the metric was only tested on s- and p-group systems. The systematic errors in 

Figure 2B show that the HF density overcompensates the reduction in binding by changing the 

sign of the method even though the same functional is used for the energy. 

 Figure 2 also shows the MAE for all 50 calculations with self-consistent B3LYP vs. 

the 50 calculations with B3LYP on PBE densities (PBE-B3LYP). As seen, using a PBE density 

as basis for calculating the energy with the substantially different functional B3LYP does not 

influence the accuracy of  the calculation to a significant extent, consistent with our previous 

suggestion that PBE-DFT (where DFT is the functional used for the energy, and PBE is the 

density) is a powerful fast method of similar quality as the DFT method itself49. The same 

conclusion can be drawn even using a SVWN density (SVWN-PBE). This analysis indicates 

that the electron density, once correlated by DFT, which indirectly accounts for static 

correlation, does not influence the accuracy for metal hydrides to any large extent.  

We conclude that density sensitivity analysis49 is a useful tool in the analysis of DFT 

calculations. However, despite the non-empirical appeal of local DFT and HF, the simplified 

metric suggested by Sim et al.50 produces too large and insensitive estimates of abnormality 
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because the HF density is so pathological. Rather, we revert to a pure DFT metric of density 

sensitivity as originally suggested49, but using the difference in PBE energy computed on an 

SVWN and a PBE0 density, i.e. E(SVWN-PBE)-E(PBE0-PBE). This abnormality metric 

contains DFT correlation for both densities but at the local and hybrid level, to ensure a 

reasonable density variation of the type expected in real systems without suffering the 

pathology of pure HF densities. This measure of abnormality is shown in Figure 2C and 

directly quantifies the sensitivity of the computed BDE to variations in electron density at the 

DFT-correlated level. The two most abnormal systems are, not surprisingly, the first-row 3d 

block FeH and MnH systems which are in the middle of the first 3d transition period and thus 

particularly subject to close-lying d configurations, with a consequential larger effect of using 

a density with some vs. no HF included. For most other systems, the metric gives 1-5 kJ/mol, 

in the order of chemical accuracy, which is a suitable threshold for separating abnormal 

systems49, and thus it effectively separates the abnormal systems as required.  

 SIE contributions to the description of the metal hydrogen bond. The pure M-H 

bonds are unusual, not so much by the fact that HF is pathological, which is true for many 

statically correlated M-L bonds61,62, but because DFT still requires a large component of the 

HF exchange to perform accurately (this changes with the modulation from larger coordination 

number, see below). DFT applied to transition metal chemistry is characterized by a trade-off 

between the need for electron correlation and the problem of self interaction error (SIE), with 

these two features commonly in conflict.7,51,63,64 SIE represents the failure of density 

functionals when the exchange-correlation treatment abandons the exact cancellation of the 

exchange and Coulomb integrals for a given electron (the self energy). The problem manifests 

in particular for diffuse odd-electron densities where the electrons are artificially delocalized.  
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The extent of SIE in many-electron systems is currently a matter of debate51,52,63–65. The 

archetypical pathological case of SIE is the dissociation curve of H2
+, where DFT produces 

artificially and increasingly stable states along the dissociation potential energy curve, as 

illustrated for convenience with a few examples in Figure 3A (this curve has been shown for 

select functionals in many papers previously).65,66 To estimate the importance of SIE in the 

metal hydrides, we computed the SIE using Equation 4 as suggested by Zhang & Yang51: 

𝑆𝑆𝑆𝑆𝐵𝐵 = J�ρq� + Exc[ρq]        (4) 

Here J�ρq� is the classical electron-electron repulsion for density 𝜌𝜌𝑞𝑞 and Exc[ρq] is the 

exchange-correlation energy for density 𝜌𝜌𝑞𝑞. The SIE was calculated for the H2
+ system with 

the two H atoms separated by 10 Å where we know the system behaves pathologically (values 

in Table S33). Please note that for B2PLYP the pure-DFT-derived SIE is computed for 

comparison to other methods, ignoring the modifying influence of the MP2 correlation energy. 

 Figure 3B shows the correlation between |SIE| and the MAE of the GGA and hybrid 

functionals, where gradient-corrected exchange-correlation is expected to produce SIE (the 

range-separated CAM-B3LYP does not have a well-defined SIE as the HF exchange is variable 

and was not included). The MAEs of the methods scale with the SIE with R2 = 0.70. RPBE 

deviates from this trend because it was reparametrized to increase performance for M-L 

bonding39 but without reducing the SIE of PBE. Removing RPBE increases R2 to 0.84, further 

strengthening this relationship. We conclude that functionals with a lower SIE tend to describe 

the M-H bond more accurately. Thus, the pathology of the M-H bonds is largely due to SIE, 

and partly to correlation of 3d/4d/5d and 4s configurations. Figure 3C shows the relationship 

between the SIE and the amount of HF exchange, which as expected is linear with R2 = 0.998.  



22 
 
 

 

Figure 3. A) Energy of H2
+ as a function of distance for selected functionals. B) Correlation 

between the absolute value of SIE (Equation 4) and the MAE for all 50 metal hydrides. C) 

Linear relationship between SIE and the amount of HF-exchange in GGA functional.  
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Figure 4. A) Absolute error of M-H systems for CCSD(T). B) Absolute error of M-H systems 

for BHLYP. C) Absolute error of M+-H systems for CCSD(T). D) Absolute error of M+-H 

systems for BHLYP. A threshold of 30 kJ/mol (red color) is used to identify pathological cases. 

 

 Figure 3B and 3C in combination explain why the pure M-H bonds impose particularly 

high HF exchange requirements. The SIE is reduced significantly going from 0% HF-exchange 

to 20% in B3LYP. From B3LYP to BHLYP with 50% HF-exchange it becomes positive. 

Accordingly, we immediately identify an optimal value of HF exchange of ~35% as producing 
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zero SIE and minimal MAE for the M-H bonds in the limit of low coordination number (= 1). 

Consistent with this interpolation, PBE0 (25%) and BHLYP (50%) are of similar accuracy but 

on opposite sides of the linear trend curve in Figure 3B. The reduced amount of SIE for 

functionals with more HF-exchange also explains why B2PLYP and CAM-B3LYP produce 

low MAEs for the M-H bonds, as they enable more of the SIE-free HF-exchange without loss 

of accuracy (Table 1). 

Difficult systems. To understand the system-dependencies and accuracy bottlenecks 

more completely, we divided errors into system type. Tables S34-S40 show the errors for the 

density functionals divided into atomic configuration being either s0, s1, or s2, and into d-block 

(3d, 4d, 5d) and period group number. It emerges from Table S34 that DFT has particular 

problems with the s1 configurations, whereas other system categorizations produce similar 

performance across system types. The s1 configuration, due to the diffuse nature of this single, 

outermost electron, is a likely contributor to SIE in the atomic and ionic systems, supporting 

the analysis above. 

Figure 4 shows the absolute errors for all systems computed using CCSD(T) and 

BHLYP, as a representative well-performing functional with a large amount of HF exchange. 

A pathological case is defined here as a system where the absolute error compared to 

experiment is >30 kJ/mol (indicated by the red circles in Figure 4). For CCSD(T) these systems 

are ScH, VH, MnH, NiH, CuH, MoH, RuH, RhH, AgH, AuH, VH+, NiH+, ZnH+, TcH+, OsH+, 

PtH+, and HgH+. For BHLYP the systems are: FeH, MoH, PtH, AuH, TiH+, NiH+, RhH+, PdH+, 

and IrH+. BHLYP has nearly half as many pathological systems (9) as CCSD(T) (17).  Figure 

4 illustrates the important trade-off between static correlation and SIE that particularly haunts 

the metal hydrides. We are operating with large basis sets with small errors for these 

problems10; the calculations adequately reflect the thermochemical observable BDE, and 
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relativistic effects are well-described as seen from the uniform performance across all three 

periods of the d-block; this comparative test is our preferred assessment of the adequacy of 

relativistic corrections as these cannot be measured experimentally.  

If the system is statically correlated, CCSD(T) is expected to have difficulties 

describing it. The D1 diagnostic of CCSD(T) has been suggested as a proxy of multi-reference 

character.67 Of the 17 systems that are pathological for CCSD(T), ScH and VH have D1 values 

above 0.15 and many others have values higher than 0.05. As also established by Jiang et al. it 

does not exclude other systems from also having multi-reference character as the metric is 

sensitive but not sufficient. The six systems (FeH, PtH, TiH+, RhH+, PdH+, IrH+) that are 

pathological only for BHLYP but not for CCSD(T) are likely suffering from an incomplete 

description of the dynamic correlation or SIE of BHLYP, since CCSD(T) describes them well. 

We note the adjacent position of Pd, Pt, Rh, and Ir in the periodic table in this regard, all being 

important metals in terms of catalyzed M-H bond breaking and formation. 

Study of coordinatively saturated complexes. In the above analysis, we showed that 

HF requirements for pure M-H bonds are much larger (on average 35%) than for typical M-L 

diatomics and for normal coordinatively saturated complexes, which are typically 0-

20%.7,10,15,17  These systems are relevant as the pure unmodified M-H bonds and as the limit of 

low coordination number. In catalytic reactions the coordination number typically changes. In 

order to also test the limit of high coordination number which is more commonly encountered 

in real reactions, we performed a new study of 19 coordinatively saturated complexes with 

experimentally known BDEs for the M-H bonds, and computed their M-H BDEs as described 

in the Methods section. These 19 systems in their H-bound form are shown in Figure 5. The 

main results are summarized in Figure 6, with BDEs given in the Supporting Information, 

Tables S29-S30, and the HOMO-LUMO gaps in Tables S41-S42.  
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Figure 5. The 19 saturated coordination complexes studied in this work. 

As seen from the MAEs in Figure 6A and the MSEs in Figure 6B, the methods are 

still challenged in describing the M-H bonds, but a remarkable change towards very low HF 

requirements is seen for high coordination number. Thus, non-hybrid GGA functionals perform 

very well for the saturated complexes although they fail for the diatomics. Reversely, high-HF 

hybrids such as PBE0 and BHLYP fail substantially for high coordination number. Our finding 

that HF requirements change dramatically with coordination number can be explained from the 

changed relative importance of SIE vs. correlation effects of the electron-dense states at high 

coordination number. The balance of errors due to SIE and correlation effects of the d-shells is 

now shifted toward the latter, such that the HF treatment becomes further pathological.  
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Figure 6. A) Mean absolute errors (in kJ/mol) of ten density functionals, HF, and MP2 for 

computing the M-H BDE of 19 coordinatively saturated complexes shown in Figure 5. B) The 

corresponding mean signed errors. C) Relationship between the HOMO-LUMO gap (in eV) 

and the error in M-H BDE, computed with BHLYP with 50% HF exchange. D) Same as C, but 

for BLYP with 0% HF exchange. 

 

We hypothesized that the failure of DFT due to this balance can be reflected in the 

HOMO-LUMO gap because it is a proxy of the density of states. Figure 6C and 6D show the 

relationship between the HOMO-LUMO gap and the error in BHLYP and BLYP vs. 

experimental BDE for the 19 saturated complexes, as representative extremes of high and low 

HF exchange fractions (50% and 0%). In both cases, despite the expectedly large scatter, the 

relationship is statistically significant at the 95% confidence level (P-values 0.0013 and 0.0071) 

and suggests that the functionals overbind for small gaps (high density of states) and underbind 

for large gaps (low density of states). 
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Importantly, we find that B2PLYP and CAM-B3LYP still performs well for the 

saturated complexes (Figure 6A/B). Thus, while DFT is fundamentally unbalanced in its HF 

requirements as a function of coordination number, which typically changes during catalytic 

reactions, these two functionals remedy this problem and are the only transferable (or 

“universal”) functionals for treating M-H bonds across the coordination number range. This is 

well in line with the analysis above that these methods balance the HF exchange requirements 

with the electronic diversity and density of states of the two regimes of coordination number, 

where low coordination number errors are dominated by SIE that make the HF picture more 

valid and high coordination numbers by correlation effects that make the HF picture less valid. 

Why metal hydrogen bonds are particularly SIE-prone. The failure of HF and 

modest performance of CCSD(T) on one hand, and the better but variable performance of DFT 

on the other hand show that metal hydrides are unique in their combined requirements for a 

treatment of static correlation and SIE. This is relatively easy to understand: The metals have 

low electronegativity and therefore enforce a hydride-like state upon the hydrogen atom in the 

system. Because the proton charge is only 1, the hydride state is extremely diffuse. In 

combination with a bonding that involves unpaired electrons allocated to a diffuse hydrogen 

density, this creates SIE that is unprecedented in any equilibrium geometry system that we are 

aware of, since the ratio of electrons per effective nuclear charge is probably the maximally 

attainable in these systems. We thus conclude that they represent a prominent example of 

many-electron molecules with major SIE already in their ground state geometries (Ne2
+ and 

other odd-electron molecules have SIE upon dissociation but not at equilibrium). Accordingly, 

the metal hydrides are not only very important catalytically, they are also very special 

electronically. 
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Trend chemistry for metal hydrogen bonds. The trend chemistry, which is ultimately 

the most important aspect of performance in many applications e.g. for comparing different 

metal catalysts, is summarized in Figures S3-S22. Following consistently the conclusions from 

the analysis above, we find that all methods that use the HF density directly (HF-DFT) show 

very poor trend accuracy compared to the pure DFT methods (typical R2 = 0.79-0.88) and 

CCSD/CCSD(T), which notably show the best trend accuracy (R2 = 0.90). The generally high 

trend accuracy of DFT lends promise to possible cancellation of systematic errors that may 

reduce some of the errors identified in this analysis when using DFT comparatively, although 

this requires specific documentation in any actual application of computational catalysis 

involving formation or breaking of M-H bonds.  

 

Conclusions 

Transition metal hydrides, despite their enormous importance to many catalytic processes, pose 

a challenge not only to DFT but also to correlated post-HF wave function methods that use a 

single Slater determinant as their reference state. To understand when, why, and by how much 

DFT fails to describe the M-H bond, we explored all 30 M-H and 30 M-H+ systems of the 3d, 

4d, and 5d metals. 50 of these 60 systems have known BDEs that we can conveniently use as 

benchmark. We design various tests and metrics for SIE and abnormality that help us dissect 

the physical origins of the failure to describe the M-H bonds. Since coordination numbers vary 

substantially in real catalytic reactions, we also explored the limit of high coordination number 

using a data set of 19 coordinatively saturated complexes with known M-H BDEs. 

 The ten main findings arising from this work are: 1) the HF method fails to describe the 

M-H bond due to its lack of correlation; 2) accordingly, post-HF methods such as MP2 and 

even CCSD(T) perform worse than many density functionals; 3) for the pure bonds in the 
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diatomic molecules, DFT requires much more HF exchange (~35%) to describe M-H bonds 

than other metal ligand bonds (0-20%); 4) we design a test to determine if self-interaction error 

(SIE) is important by correlating DFT errors against a one-electron SIE metric; 5) we show 

that SIE correlates directly with the DFT errors and thus causes most of the problem; 6) HF-

DFT cannot handle these systems because the HF method is too pathological already at the 

density level; 7) instead, we define and apply a simple metric of electronic abnormality as the 

difference in PBE energy computed at the self-consistent PBE0 and SVWN densities; this 

metric gives appropriate spread and effectively captures density-derived errors; MnH and FeH 

are particularly abnormal, due to their close-lying d-configurations in the middle of the d-block; 

8) the low electronegativity of the metal enforces a diffuse hydride-like electron density, which 

make the metal hydrides primary examples of many-electron systems exhibiting SIE already 

at equilibrium geometries; 9) in the coordinatively saturated MLnH systems, much less HF 

exchange is required, i.e. the HF exchange requirements vary drastically with coordination 

number. Accordingly, DFT is unbalanced when studying any catalytic process involving both 

M-H and M-L bonds (L being a non-hydrogen-ligand) with changing coordination numbers; 

10) the range-separated and double-hybrid functionals CAM-B3LYP and B2PLYP alone 

perform well for both M-H and M-L systems, and in both limits of low and high coordination 

number, and at least as well as CCSD(T), because they balance the HF exchange requirements 

across the electronic diversity caused by the coordination number. Since these methods are 

transferable between low and high coordination number and M-L type, they lend hope to the 

possibility of a balanced (i.e. universal) application of DFT to catalysis, which we show is 

impossible with standard global hybrids or GGA functionals. 
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