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Abstract

Antiferromagnetically coupled bimetallic hydrides are promising catalysts for olefin

hydrogenation, but their electronic structure presents a challenging problem for single-

reference electronic structure methods. We investigated ethylene hydrogenation by

unsupported and silica-supported dinuclear Ni and Fe hydride catalysts using den-

sity functional theory (DFT) and GPU-accelerated localized active-space (LAS) mul-

tireference methods and multiconfiguration pair-density functional theory (MC-PDFT).

For the unsupported dinuclear Ni hydride catalyst, different DFT functionals predict

different spin-state orderings along the catalytic cycle, ethylene binding energetics,

transition-state barriers, and even different rate-determining step. In contrast, mul-

tireference methods provide a consistent description of the spin manifold and reaction
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energetics across the pathway, with substantially reduced sensitivity to the choice of

on-top functional. The calculations further show that the bridging Ni–H–Ni motif re-

mains intact during ethylene coordination and migratory insertion, in contrast to pre-

viously proposed mechanisms involving prior bridge opening. Comparison of sup-

ported and unsupported systems reveals strongly metal-dependent support effects.

Silica coordination substantially lowers the hydride-transfer barrier in the Ni cata-

lyst, whereas the Fe systems are influenced more strongly by intrinsic metal-centered

electronic structure effects. These results show that antiferromagnetically coupled

bimetallic hydrides can fall outside the reliable regime of single-reference DFT and

require multireference treatments to obtain consistent mechanistic predictions.

1 Introduction

Ethylene hydrogenation is a prototypical reaction and an important platform for un-

derstanding fundamental mechanisms of olefin hydrogenation in catalysis.1–3 Molecular

transition-metal complexes supported on oxide surfaces are particularly attractive be-

cause they combine tunable coordination environments with the practical advantages

of heterogeneous catalysts.4–11 For example, silica-supported organovanadium and irid-

ium catalysts have been shown to hydrogenate alkenes and alkynes efficiently,12–14 and

supported Ir and Rh hydride complexes promote alkene hydrogenation under mild con-

ditions.15,16 Computational studies have also demonstrated that the local support envi-

ronment can strongly influence the reactivity and electronic structure of supported cata-

lysts.17–21

Dinuclear hydrides are especially interesting because cooperative interactions between

two metal centers can alter substrate activation and hydrogen-transfer chemistry. Re-

cently, Czerny et al. reported a silica-supported dinuclear nickel hydride catalyst capable

of alkene and alkyne hydrogenation at room temperature.22 The corresponding molecu-

lar precursor was previously synthesized by Pfirrmann and co-workers as an antiferro-
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magnetically coupled dinuclear Ni hydride complex.23 The supported dinuclear catalyst

was proposed to operate through opening of the bridging Ni–H–Ni motif prior to ethy-

lene insertion and hydrogenolysis. Despite these experimental advances, the molecular-

level mechanism of ethylene hydrogenation in dinuclear hydride catalysts remains unre-

solved.

In particular, it is unclear whether the bridging hydride must open as proposed or can

remain intact during catalysis, how strongly the two metal centers cooperate along the

reaction coordinate, the identity of the rate-determining step, and how the silica support

perturbs the reaction energetics. These questions are electronically challenging because

antiferromagnetically coupled transition-metal systems often exhibit substantial near-

degeneracy and multireference character. More broadly, previous studies on strongly

correlated transition-metal complexes have shown that density functional theory (DFT)

can yield qualitatively different spin-state orderings and reaction energetics depending

on the chosen exchange-correlation functional.24–29 Similar challenges have motivated the

use of multireference methods in studies of transition-metal catalysis, including methane

activation at metal–oxo centers,26 supported vanadia catalysts,30 and correlated catalytic

systems in metal–organic frameworks.31–37

Multireference methods such as complete active space self-consistent field (CASSCF)

and restricted active space self-consistent field (RASSCF) explicitly treat static correla-

tion and provide a more appropriate framework for electronically complex catalytic sys-

tems.38,39 Dynamical correlation can be recovered through second-order perturbation the-

ories such as complete active-space perturbation theory (CASPT2)40,41 and n-electron va-

lence perturbation theory (NEVPT2).42 Their application to realistic catalyst models, how-

ever, has historically been limited by computational cost. Localized active-space (LAS)

approaches43–45 and their recent GPU-accelerated implementations46 now make mul-

tireference treatments feasible for substantially larger transition-metal systems. In par-

ticular, localized-active space state interaction singles (LASSIS)47 and multiconfiguration
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pair-density functional theory (MC-PDFT)48,49 provide a practical route to incorporating

inter-fragment and dynamical correlation in multimetallic catalysts.

Here, we investigate ethylene hydrogenation in silica-supported and unsupported

dinuclear Ni hydride catalysts together with the corresponding Fe analogues. Using

unsupported Ni catalyst as a benchmark for method validation, we first benchmarked

LASSCF against CASSCF, and validated MC-PDFT against NEVPT2. We then assessed

the sensitivity of the spin-state ordering, ethylene binding, and catalytic barriers to the

choice of DFT functionals relative to GPU-accelerated LASSCF/LASSIS/MC-PDFT meth-

ods. The calculations show that different density functionals can predict qualitatively

inconsistent ethylene binding strengths, and different rate-determining steps and spin-

state orderings, whereas the multireference approaches provide a more mechanistically

and energetically consistent descriptions throughout the catalytic cycle. The results fur-

ther indicate that the bridging hydride motif remains intact during ethylene insertion and

that support effects are strongly metal dependent.

2 Results and Discussion

2.1 Catalyst model and reaction mechanism

For the silica-supported catalysts, the silica support was truncated to obtain a model that

retains the essential electronic effects while remaining computationally tractable. We first

modeled the support using a silsesquioxane (SSQ) cage, consistent with cluster models

commonly employed for silica-supported catalysts.17–21,50–52 The bimetallic hydride unit

was grafted onto the SSQ cage through the metal–oxygen bonds, in which the SSQ oxygen

atom is bridging the two metal centers, consistent with experimentally proposed silica-

supported structure (Figure S1).22 After geometry optimization, the support was further

reduced to a smaller silanol-based cluster for the multireference calculations. The trun-

cated model contains one Si atom and four O atoms, with terminal Si–O bonds saturated

4



by hydrogen atoms (Figure 1a). Natural charge analysis shows nearly identical charge

distributions at the active site for the SSQ and silanol models (Table S1). In both models,

the two Ni centers carry essentially the same charge, while differences on neighboring H,

O, and Si atoms remain below 0.05 e. The silanol cluster therefore reproduces the local

electronic environment of the larger SSQ model while substantially reducing the compu-

tational cost. The unsupported molecular catalysts contain two bridging hydrides and

preserve the same bimetallic core geometry (Figure 1b). All geometry optimizations are

performed at the B3LYP/def2-TZVP level of theory;53–55 additional details are provided

in the Methods section 4.1.

Figure 1: Structures of active catalysts for (a) silica-supported (b) unsupported Ni models.
Hydrogens are omitted for clarity. (c) Mechanism of ethylene hydrogenation by silica-
supported bimetallic hydride catalysts, with the Ni-H-Ni-silanol motifs displayed along-
side the catalytic cycle for clarity while the full structures are shown in SI. Color code: Ni:
green, N: blue, O: red, Si: light brown, C:gray, and H:white.

The computed catalytic cycle for the silica-supported Ni system is shown in Figure 1c.

Although the structures shown correspond to the silica-supported Ni system, the unsup-
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ported and supported Ni catalysts, as well as the two Fe analogues, follow a similar reac-

tion pathway. The active catalyst, A, contains a hydride asymmetrically shared between

the two Ni centers as the Ni-H-Ni motif. The reaction begins with the binding of ethylene

molecule to A, forming the ethylene-bound intermediate, B. Importantly, the computed

mechanism suggests a revision to the previously proposed picture: The experimental pa-

per22 proposed that the Ni-H-Ni bridge first opens up to form a monometallic hydride

and an under-coordinated metal site for ethylene binding; nevertheless, this study sug-

gested that the Ni–H–Ni bridge remains intact and participates directly in a cooperative

dinuclear pathway.

From intermediate B, migratory insertion proceeds through transition state, TS1, dur-

ing which the hydride becomes increasingly associated with the ethylene-coordinated Ni

center as C-H bond formation develops. Passage through TS1 yields ethyl intermediate,

C, in which the newly formed ethyl fragment remains associated with both Ni centers, al-

though this interaction becomes strongly asymmetric after hydride transfer. Thus, the in-

sertion step proceeds within an overall dinuclear environment rather than through prior

dissociation of the Ni–H–Ni bridge.

Subsequent coordination of H2 to intermediate C generates intermediate D through

cooperative interaction with the dinuclear Ni framework. At this stage, the ethyl frag-

ment preferentially associates with one Ni center, while H2 activation occurs at the second

Ni site. Hydrogenolysis then proceeds through transition state, TS2, via concerted H–H

bond cleavage and C–H bond formation, leading to release of ethane and regeneration of

the original bridging hydride catalyst, A.

Overall, the calculations support a cooperative dinuclear mechanism in which the

bridging hydride motif remains intact until migratory insertion. Differentiation between

the two metal centers emerges only after hydride transfer and during H2 activation. This

mechanistic picture is consistent with prior selective poisoning experiments reported, in

which the amount of ethylene converted corresponded to approximately half of the total
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Ni sites, supporting the involvement of dinuclear motifs in the hydrogenation mecha-

nism.22 Optimized structures and selected bond distances are shown in Figure S2.

2.2 MC-PDFT benchmarking and validation

We benchmarked the multireference protocol using the unsupported Ni catalyst as a ref-

erence system. Specifically, we examined the sensitivity of the reaction-energy profile to

active-space size, (n,m), where n and m correspond to the number of electrons and orbitals

in the active space, respectively, assessed the accuracy of the LAS approximation relative

to CASSCF, compared MC-PDFT against NEVPT2, and evaluated basis-set effects.

We first examined the dependence of the reaction energetics on the active-space def-

inition. Three active spaces were considered for the Ni system: a minimal LAS(4,4), an

intermediate LAS(16,16), and a larger LAS(16,20). Additional details of the active-space

construction are provided in Section 4.2. Unless otherwise stated, all benchmark calcu-

lations in this section employed a reduced basis partition with def2-TZVP on Ni and

def2-SVP on all remaining atoms.

The reaction-energy profiles obtained with the three active spaces differ by less than

1.5 kcal/mol (Figure 2a), indicating weak sensitivity of the energetics to active-space size.

Although LAS(4,4) reproduces the overall energetics reasonably well for the unsupported

Ni system, it does not yield consistent active orbitals for several intermediates and tran-

sition states in the silica-supported Ni catalyst. We therefore employ LAS(16,16) through-

out this work. For the Fe systems, the minimal LAS(8,8) active space similarly produced

inconsistent active orbitals, whereas LAS(12,12) and LAS(12,20) gave nearly identical en-

ergetics, differing by only 0.2 kcal/mol (Figure S3). We therefore adopt LAS(12,12) for

both unsupported and supported Fe catalysts.

Next we benchmarked the LAS approximation against CASSCF using the unsup-

ported Ni system and the same basis-set partitioning. Because CASSCF(16,20) calcula-

tions were computationally prohibitive, we chose (16,16) active space for both CASSCF
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Figure 2: Comparison of reaction energy profile for unsupported Ni catalytic sys-
tem with (a) LASSCF(16,16), LASSCF(16,20) and LASSCF(4,4), (b) LASSCF(16,16) vs
CASSCF(16,16) (c) Computed ethylene binding energies and two transition state barriers
(∆TS1 and ∆TS2), obtained with MC23 and NEVPT2 with (4,4) active space. (e) Compar-
ison of reaction energy profile with different basis set partitions. All the results for plots
(a) - (c) use a reduced basis set scheme, i.e., def2-TZVP on Ni and def2-SVP on the rest of
the atoms.

and LASSCF for comparison. The LAS(16,16) and CAS(16,16) reaction-energy profiles

agree closely (Figure 2b), within 0.5 kcal/mol difference for all species except for inter-

mediate C, which differs by 2 kcal/mol. These results show that the localized active-space

treatment captures the essential multireference character of the bimetallic catalyst while

substantially reducing the computational cost.

We then compared MC-PDFT with NEVPT2 using the tPBE,48 tPBE0,56 and MC2357

on-top functionals. All methods produce qualitatively similar reaction-energy profiles

(Figure S4). Among the three on-top functionals, MC23 gives the closest agreement with

NEVPT2 for both ethylene binding and transition-state barriers (∆TS1 = ETS1 - (EB+EEthylene)

and ∆TS2 =ETS2 - (EC+EH2
)) (Figure 2c). These benchmark calculations were performed

with the minimal active space, LAS(4,4), because of the computational cost of NEVPT2.
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Based on this agreement, the scientific inferences are primarily based on MC23 results

obtained with LAS(16,16), while tPBE and tPBE0 are used for comparison throughout the

manuscript.

Finally, we examined basis-set effects using three basis partitions: (i) a reduced basis

treatment with def2-TZVP only on Ni and def2-SVP55 on all remaining atoms; (ii) a mixed

basis treatment with def2-TZVP on the reactive core (containing Ni atoms, hydrides, the

six-membered rings containing Ni, and reacting molecular moieties) and def2-SVP on

the surrounding ligand environment; and (iii) full basis set treatment with def2-TZVP

on all atoms. Each full def2-TZVP calculation required approximately 6000 min on six

GPUs on Aurora,58 highlighting the importance of identifying a reduced-cost scheme.

The mixed-basis and full def2-TZVP calculations yield nearly identical reaction-energy

profiles, differing by less than 0.5 kcal/mol (Figure 2d). In contrast, the reduced-basis

scheme systematically underestimates the barriers, with deviations increasing to ∼5.6

kcal/mol near TS2. These results show that triple-ζ quality basis functions are required

primarily on the atoms directly involved in bond breaking and formation, while the ex-

tended ligand environment can be described adequately with def2-SVP.

Based on these benchmarks, all subsequent calculations employ the mixed basis par-

tition together with LAS(16,16) for Ni and LAS(12,12) for Fe. Interfragment correla-

tion is incorporated through LASSIS,47 and dynamical correlation is included using MC-

PDFT.48

2.3 Spin-state energetics

An accurate description of spin-state energetics is essential for these antiferromagneti-

cally coupled bimetallic systems, where small changes in electronic structure can alter

the reaction profile. We therefore examined the spin-state energetics of all intermediates

and transition states for the unsupported Ni catalyst using both DFT and multireference

methods with the LAS(16,16) active space. The results for the active catalyst, A, and the
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ethylene-bound intermediate, B, are shown in Figure 3, while the remaining spin ladders

are provided in Figure S5.

Figure 3: Comparison of the spin-state energetics for (a) active catalyst, A and (b)
ethylene-bound species, B, for the unsupported Ni catalyst, obtained with DFT (pink
background) and MR (blue background) methods. For MR results, (16,16) active space is
used.

For A, both DFT and MR approaches predict an open-shell singlet (OSS) ground state,

consistent with the experimentally proposed antiferromagnetically coupled Ni centers in

the precursor complex.23 However, the relative energetics of the low-lying excited spin

states vary substantially across the different DFT functionals. Depending on the func-

tional, the triplet state is predicted to lie within ∼0.5–9 kcal/mol of the OSS state, while

the quintet spans a broader range of ∼18–30 kcal/mol. In contrast, the MR approaches

provide a comparatively more compact and internally consistent description of the spin

ladder, with both triplet and quintet states remaining within ∼6 kcal/mol of the OSS

ground state.

Larger differences between DFT and MR descriptions emerge for B. While all consid-

ered DFT functionals predict a triplet ground state followed by the OSS and quintet states,

the MR methods consistently favor an OSS ground state with closely spaced triplet and

quintet excitations. Although the energetic differences between the OSS and triplet states

are relatively small, the MR approaches provide a more uniform qualitative description

10



across the catalytic pathway.

This trend extends to the remaining intermediates and transition states (Figure S5).

For TS1 and D, both DFT and MR methods predict an OSS ground state. In contrast,

for intermediate C and TS2, the DFT methods favor a triplet ground state, whereas the

MR approaches predict an OSS ground state for C. For TS2, the MR methods identify a

quintet ground state, although the OSS and triplet states remain nearly degenerate within

∼1 kcal/mol. Overall, the DFT spin-state ordering oscillates between OSS and triplet

states along the reaction coordinate, whereas the MR approaches provide a more uniform

description dominated by OSS character across most intermediates and transition states.

The same qualitative trends are observed for the silica-supported Ni catalyst and for

both unsupported and supported Fe analogues. Notably, the predicted OSS ground state

for the unsupported Fe catalyst is consistent with experimentally reported antiferromag-

netic coupling between the Fe centers in related dinuclear hydride complexes.59

2.4 Ethylene binding energy

Ethylene binding in transition-metal catalysts depends sensitively on the treatment of cor-

relation and metal–olefin interactions.60–62 To examine the metal–ethylene interaction in

intermediate B, we computed ethylene binding energies for the unsupported Ni catalyst

using several DFT functionals together with the three MC-PDFT on-top functionals and

the LAS(16,16) active space (Figure 4a).

Conventional GGA and hybrid-GGA functionals without dispersion corrections pre-

dict weak or unfavorable ethylene binding, whereas dispersion-corrected functionals sta-

bilize the ethylene-bound intermediate. Similar behavior is observed for the Minnesota

meta-GGA functionals (M06L and M06), which also predict favorable binding. These

results indicate that medium- and long-range correlation effects play a major role in ethy-

lene coordination.

The MC-PDFT calculations also predict favorable ethylene binding. Although the cor-
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Figure 4: (a) Comparison of ethylene binding energy for unsupported Ni catalyst with
different DFT functionals (pink) and MC-PDFT on-top functionals (blue) with (16,16)
active space. (b) Ethylene binding energy for all catalytic systems obtained with MC-
PDFT/MC23 functional with (16,16) active space for Ni systems and (12,12) for Fe sys-
tems.

responding single-reference PBE- and PBE0-based DFT calculations give weak or unfa-

vorable binding, the analogous tPBE and tPBE0 calculations stabilize the ethylene-bound

intermediate. The strongest binding is predicted by MC23. Overall, the results show

that the description of ethylene coordination is highly sensitive to the electronic structure

treatment.

We next compared the MC23 ethylene binding energies across all four catalytic sys-

tems (Figure 4b). All systems exhibit favorable ethylene binding. In both the Ni and

Fe catalysts, silica coordination strengthens ethylene binding relative to the unsupported

analogues, indicating that the support electronically stabilizes the coordinated olefin in-

termediate. The experimentally observed room-temperature activity of the silica-supported

Ni catalyst22 is consistent with favorable ethylene binding.
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2.5 Transition-state barriers

Having established that MC23 reproduces NEVPT2 reaction energetics well, and that MC-

PDFT provides a more consistent description of spin-state ordering and ethylene binding

than DFT, we next examined the transition-state barriers. We compare the two barrier

heights (∆TS1 and ∆TS2), of the unsupported bimetallic Ni system across different DFT

and MR methods, as summarized in Figure 5a. The computed ∆TS1 exhibits pronounced

functional dependence, spanning approximately 5-19 kcal/mol across the functionals.

This wide spread indicates substantial functional sensitivity for the step associated with

hydride migration and C–H bond-forming reorganization. In contrast, MC-PDFT gives

a substantially narrower range of ∼27–32 kcal/mol across the three on-top functionals,

indicating reduced functional sensitivity of the three PDFT functionals. DFT functionals

also predict significantly lower ∆TS1 barriers than MC-PDFT. For ∆TS2, the spread across

methods is smaller, with DFT and MC-PDFT values differing by only ∼5–6 kcal/mol.

Figure 5: (a) Comparative distribution of calculated barrier heights (∆TS1 and ∆TS2)
from DFT (blue) and MC-PDFT (red) functionals for the two transition states (b) Com-
puted ∆TS1 and ∆TS2 for unsupported Ni system.

The predicted rate-determining step depends strongly on the electronic structure method.

B3LYP, PBE, and PBE0 predict TS2 as rate limiting, whereas dispersion-corrected and
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Minnesota functionals predict TS1 (Figure 5b). In contrast, all MC-PDFT calculations

consistently identify TS1 as the higher barrier along the reaction coordinate. Although

dispersion-corrected DFT recovers the same qualitative assignment, the corresponding

barriers remain systematically lower than the multireference values.

We next examined how the barriers change with support and metal identity using

MC23 (Figure 6 and Table 1). Results obtained with tPBE and tPBE0 show the same qual-

itative trends (Figure S6). The silica support strongly affects the Ni catalysts. For the

Figure 6: Computed transition state barriers, ∆TS1 and ∆TS2, for all the four studied
catalysts from MC-PDFT with MC23 on-top functional. For Ni and Fe systems, the ac-
tive space of (16,16) and (12,12) is used respectively. The dotted and solid bars represent
catalysts without and with silica-support respectively. The purple and green colors cor-
respond to Ni and Fe systems respectively.

unsupported Ni system, ∆TS1 is 32.1 kcal/mol, whereas silica coordination lowers the

barrier to 24.7 kcal/mol. In contrast, ∆TS2 changes only slightly, increasing from 16.7 to

17.6 kcal/mol. The support therefore selectively stabilizes the hydride-transfer transition

state and lowers the overall kinetic barrier. The Fe systems show qualitatively differ-

ent behavior. The unsupported Fe catalyst already exhibits substantially lower barriers,

with ∆TS1 and ∆TS2 of 19.7 and 16.3 kcal/mol, respectively. Upon silica coordination,

∆TS1 changes only marginally, while ∆TS2 increases to 24.1 kcal/mol, shifting the rate-

determining step from TS1 to TS2. Thus, whereas silica lowers the dominant barrier in

the Ni systems, it destabilizes the later hydrogenation step in the Fe catalysts.
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Table 1: Computed transition state barriers (kcal/mol), ∆TS1 and ∆TS2, from MC-PDFT
with MC23 functional across the four studied catalytic systems with the active space of
(16,16) for Ni and (12,12) for Fe systems.

Catalyst ∆TS1 ∆TS2

Ni/no support 32.1 16.7
Ni/silica support 24.7 17.6

Fe/no support 19.7 16.3
Fe/silica support 20.3 24.1

These results indicate that support effects are strongly metal dependent. In the Ni

systems, the support primarily stabilizes the hydride-transfer transition state. In the Fe

systems, the reaction energetics depend more strongly on the intrinsic electronic structure

of the bimetallic core.

Although direct experimental analogues of the present Fe hydride models remain lim-

ited, prior studies on silica-supported bimetallic Fe catalysts have reported enhanced

olefin hydrogenation activity relative to related monometallic systems.63 Importantly,

those experimentally studied catalysts differ substantially from the present Fe hydride

models in coordination environment and bridging ligand identity, as the reported sys-

tems are derived from mesitylene-bridged Fe dimers that undergo support-dependent re-

structuring upon grafting, whereas the present models retain a more structurally defined

hydride-bridged Fe2 framework. Consequently, the comparison should be regarded as

qualitative rather than one-to-one. Nevertheless, the experimental observations support

the broader conclusion that cooperative Fe–Fe interactions can facilitate hydrogenation

chemistry, while the present calculations additionally highlight the sensitivity of the cat-

alytic energetics to support-induced electronic effects.

To further characterize these systems, we examined two complementary analyses: the

N diagnostic, which quantifies the degree of multireference character where N>0.1 im-

plies significant MR character,57 and Mulliken charge analysis, which probes the redis-

tribution of electron density upon support coordination. Most unsupported Ni and Fe

species show substantial MR character (N= 0.12 - 0.22), whereas the silica-supported ana-
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logues exhibit generally smaller values (N=0.05–0.12) (Table S2 and Figure S8). The only

exception is the TS2 for unsupported Ni, which has an anomalously low N= 0.03, consis-

tent with its quintet, more single-configurational ground state.

Mulliken charge analysis shows that both Ni and Fe become more positively charged

upon coordination to silica, while the coordinating oxygen becomes substantially more

negative than the remaining oxygen atoms of the support (Table S3 and Figure S9). These

results indicate electron withdrawal from the bimetallic core through metal–oxygen bond-

ing.

Overall, the calculations identify Fe-based bimetallic hydrides as promising alterna-

tives for hydrogenation catalysis and show that antiferromagnetically coupled bimetallic

systems can exhibit strong sensitivity to the underlying electronic structure treatment.

3 Conclusions

We investigated ethylene hydrogenation in silica-supported and unsupported dinuclear

Ni and Fe hydride catalysts using DFT and multireference methods. Benchmark calcula-

tions on the unsupported Ni system showed good agreement between MC-PDFT MC23

on-top functional and NEVPT2, supporting the use of MC23 for efficiently incorporat-

ing dynamical correlation effects. The calculations show that the bridging hydride motif

remains intact during ethylene coordination and migratory insertion, supporting a coop-

erative dinuclear mechanism rather than prior M-H-M bridge opening.

The electronic structure of these antiferromagnetically coupled systems is highly sen-

sitive to the computational method. Different density functionals predict different spin-

state orderings, ethylene binding energetics, transition-state barriers, and even different

rate-determining steps. In contrast, the multireference methods provide a substantially

more consistent description of the catalytic cycle, with reduced sensitivity across the MC-

PDFT on-top functionals.
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The results from MC23 (MC-PDFT) further point to strongly metal-dependent support

effects. Silica coordination lowers the hydride-transfer barrier in the Ni catalysts, whereas

the Fe systems are governed more strongly by intrinsic metal-centered electronic structure

effects. The Fe catalysts also exhibit lower overall barriers than the corresponding Ni

systems.

These results show that antiferromagnetically coupled bimetallic hydrides can fall

outside the reliable regime of single-reference DFT. In these systems, multireference treat-

ments are required to obtain consistent spin-state ordering, reaction energetics, and mech-

anistic assignments.

4 Methods

4.1 DFT calculations

Geometry optimizations were carried out using DFT with the B3LYP functional53,54 and

def2-TZVP55 basis set along with AUTOAUX for the automatic generation of auxiliary

basis set.64 RIJCOSX was used to speed up the calculations.65 Stationary points were

characterized by vibrational frequency calculations: minima exhibited no imaginary fre-

quencies, while transition states were confirmed by the presence of a single imaginary fre-

quency corresponding to the reaction coordinate. The thermal corrections of the gas phase

molecules were calculated at 298.15 K and 8 bar pressure, consistent with experimental

conditions.22 We discuss electronic energy barriers (Table S4-S9) throughout the main

text to directly compare the differences between DFT and MR methods at the electronic-

structure level. Gibbs free energies were also evaluated and are reported in the SI (Table

S10-S12). To preserve a uniform thermochemical treatment across methods, the thermal

correction for each stationary point was taken from the corresponding B3LYP value and

added to the DFT and multireference electronic energies. Because full multireference ge-

ometry optimizations remain computationally prohibitive for systems of this size, all mul-
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tireference energetics were evaluated on DFT-optimized structures; accordingly, while the

benchmark tests indicate that the resulting trends in spin-state ordering and relative bar-

rier heights are qualitatively robust, the absolute energies may retain some dependence

on the underlying DFT geometries.

For the unsupported Ni system, single-point calculations with multiple local and hy-

brid functionals (M06L,66 M06,61 PBE,67 PBE0,68 B3LYP,53,54 and dispersion (D3BJ)69,70

corrected PBE, PBE0, and B3LYP) were performed on B3LYP-optimized geometries to as-

sess functional dependence. For all remaining systems, including silica-supported mod-

els and Fe-based bimetallic hydride analogues, B3LYP functional was used exclusively

to maintain consistency across the four systems studied. All DFT calculations were per-

formed in ORCA v6.0.1.71,72

4.2 Multireference calculations

Multireference calculations were performed using the localized active space self-consistent

field (LASSCF)43 as implemented in the mrh code73 within PySCF.74,75 GPU-accelerated

LASSCF46 was employed for all calculations, providing speedups of up to 13x with 8

GPUs relative to CPU-only execution (Figure S7). CASSCF calculations were also per-

formed within the same GPU-accelerated version. For the bimetallic Ni systems, the

minimal (4,4) active space comprises two unpaired electrons on two 3d orbitals of each

fragmented Ni (II)(d8) center. The active space of (16,16) is partitioned as two fragments

of (8,8) centered on each Ni center. Each fragment include five 3d and three correlating

4d orbitals. The number of correlating 4d orbitals corresponds to the number of dou-

bly occupied 3d orbitals on each metal center: for Ni(II), three of the five 3d orbitals are

doubly occupied, and each requires a correlating 4d orbital to describe the “double-shell”

radial correlation effect.76 The active space of (16,20) includes all the 4d orbitals of each Ni

center. For the Fe(II) (d6) systems, a (8,8) minimal active space consists of four unpaired

electrons on four orbitals of each Fe center, (12,12) active space with (6,6) per fragment:
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five 3d orbitals and one correlating 4d orbital corresponding to one doubly occupied 3d

orbital and (12,20) consists of all 4d orbitals.

Inter-fragment correlation is introduced through localized active space state interac-

tion singles (LASSIS),47 in which all states generated within the LASSCF fragment decom-

position were included in the state interaction. The fragment definitions used in LASSIS

were identical to those employed in the LASSCF calculations described above. Dynami-

cal correlations are subsequently incorporated via multiconfiguration pair-density func-

tional theory (MC-PDFT) using three on-top functionals, the translated versions of PBE

and PBE0 i.e., tPBE,48 tPBE0,56 and MC23.57

Spin ladders were constructed for all intermediates and transition states by computing

the energies of all spin states arising from the coupling of the two metal centers. For the

Ni dimer, two S=1 centers couple to give open-shell singlet (OSS), triplet (T), and quintet

(Q) states. For the Fe dimer, two S=2 centers lead to five states, open-shell singlet (OSS),

triplet (T), quintet (Q), septet (S), and nonet (N).

The N-diagnostic was evaluated to quantify the degree of multireference character

using the natural orbital occupation numbers (NOONs) obtained from LASSCF where N

is calculated according to the following equation,57

N =
1

2

[

2 − NMCDOMO + NMCUMO +

nSOMO

∑
i

|NSOMO,i − 1|

]

(1)

NMCDOMO is the NOON of the most correlated nominally doubly occupied molecular

orbital, NMCUMO is the NOON of the most correlated nominally unoccupied molecular

orbital, and NSOMO,i is the NOON of the ith nominally singly occupied molecular or-

bital, and nSOMO is the total number of singly occupied molecular orbitals. Following

the classification scheme proposed by Bao et al.,57 orbitals with NOONs greater than or

equal to 1.5 are classified as doubly occupied, those with NOONs less than or equal to

0.5 as unoccupied, and those with NOONs between 0.5 and 1.5 as singly occupied. Mul-

liken population analysis was performed on the LASSCF wave functions to obtain atomic
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charges.77

5 Data Availability

The data supporting the findings of this study are available within the paper and its sup-

plementary information file.
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