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Abstract:  Catalytic ethylene dimerization to 1-butene is a crucial reaction in the polymer 

industry, as 1-butene is used in the production of most common plastics (linear low-density 

and high-density polyethylene). With well-defined tunable structures and unsaturated active 

sites, defective metal−organic frameworks have recently emerged as potential catalysts for 

ethylene dimerization. Herein, we computationally design a series of metal hydrides on 

defective HKUST-1 namely H-M-DHKUST-1 (M: Co, Ni, Cu, Ru, Rh and Pd), subsequently 

assess their catalytic activity for ethylene dimerization by density functional theory 

calculations. Due to the antiferromagnetic behavior of the dimeric metal-based clusters, we 

comprehensively investigate all possible multiplicity states on H-M-DHKUST-1 and 

multiplicity crossing is observed. The ground-state reaction barriers for the four elementary 

steps involved in ethylene dimerization are rationalized and C-C coupling is revealed to be the 

rate-determining step on H-Co-, H-Ni-, H-Ru-, H-Rh-, and H-Pd-DHKUST-1. The energy 

barrier for β-hydride elimination is found to be the lowest on H-Ru- and H-Rh-DHKUST-1, as 

attributed to weak stability of agostic arrangement; however, the energy barrier for 1-butene 

desorption is the highest on H-Rh-DHKUST-1. Among the designed H-M-DHKUST-1, Co- 

and Ni-based are predicted to possess the best overall catalytic performance. The mechanistic 

insights from this study may facilitate the development of new MOFs towards efficient 

ethylene dimerization and other industrially important reactions. 
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1. Introduction 

Light olefins are the primary feedstock of many petrochemical and refinery processes 

with annual production of over 160 million tons.1 Particularly, ethylene receives the major 

focus in steam cracking plants and accounts for ~40% of the global market of light olefins.2 In 

the last decade, ethylene transformation into more valuable products like linear alpha olefins 

(LAO) has increased considerably from 7 million metric tons per year (Mtpy) in 2016 to more 

than 8.5 Mtpy in 2021. Ethylene dimerization into 1-butene is a key process in the production 

of polyethylene, as 1-butene is used to produce common plastics, e.g., linear low-density 

polyethylene (LLDPE) and high-density polyethylene (HDPE). Commercially, ethylene 

dimerization to 1-butene is achieved on homogenous catalysts in the presence of aluminium 

activators.3-6 These homogeneous Ziegler-Natta catalysts are highly selective, but lack 

recyclability and require environmentally undesirable solvents and activators. While 

heterogeneous catalysts like metal oxides are also explored for this reaction, they exhibit low 

selectivity and yield.7-9 Therefore, it is highly desired to develop robust catalysts for effective 

ethylene dimerization to 1-butene. 

Metal−organic frameworks (MOFs) are a class of hybrid nanoporous materials, in which 

metal clusters are assembled with organic ligands to form extended networks.10 With readily 

tuneable structures and functionalities, MOFs possess an unprecedentedly large degree of 

design flexibility from diverse metal and organic building blocks. These salient features have 

attracted considerable interest in using MOFs for many potentials applications. In MOFs, 

organic linkers or metal nodes can be truncated, thus producing defective MOFs (DMOFs) 

with multiple pore sizes and/or vacancies. Generally, there are two procedures to synthesize 

DMOFs: de novo method by truncating linkers during synthesis and post-synthetic 

modification of pristine MOFs to eliminate chemisorbed coordination modulators.11 Common 

DMOFs include HKUST-1,12, 13 MOF-5,14 UiO-66,15, 16 and MIL-101.17-19  

With readily accessible open metal sites as well as rich electronic configuration and 

structural environment, DMOFs have demonstrated high potential in selective ethylene 

dimerization and oligomerization.20 Using mixed ligand approach, Fischer and coworkers 

introduced defects into Ru-HKUST-1 with one linker (benzene-1,3,5-tricarboxylate) replaced 

by pyridine-3,5-dicarboxylate, generating coordinatively unsaturated metal sites; then tested 

the catalytic activity for ethylene dimerization in toluene with the presence of Et2AlCl at 80 oC 

and 55 bar.21 A long-term stability over 24 h was observed, despite a low catalytic activity with 

turnover frequency (TOF) of 4.36 h-1. Nevertheless, the catalytic activity in a liquid phase was 
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enhanced by increasing the concentration of defective metal sites in Ru-HKUST-1.22 They also 

synthesized defective monometallic Ru-HKUST-1 (univalent RuII-RuII and multivalent RuII-

RuIII), Rh-HKUST-1 and bimetallic Ru/Rh-HKUST-1 by controlling the formation of defects 

through thermal elimination and/or fragmentation of organic ligands to generate highly 

accessible unsaturated metal sites of reduced oxidation states.23 Subsequently, Soukri and 

coworkers created two types of defects in Ru-HKUST-1 and examined their effects on ethylene 

dimerization and 1-butene selectivity.24 The defective Ru-HKUST-1 was synthesized via 

incorporating 25% of pyridine-3,5-dicarboxylate ligands in hydrogen gas at 150 oC. This led 

to the formation of highly accessible and robust Ru-H species for ethylene dimerization due to 

heterolytic H-H bond breaking. After pre-treatment in N2 gas at 200 oC, ethylene dimerization 

was tested in H2 at 4.2 MPa and 150 oC. The defective Ru-HKUST-1 showed high selectivity 

(99%) and stability (> 120 h) with TOF > 200 h-1 in optimal conditions. Meanwhile, from 

density-functional theory (DFT) calculations, they found similar electronic energy profiles for 

ligand- and thermal-engineered defective Ru-HKUST-1 following the Cossee-Arlman 

mechanism.25 The rate-determining step was predicted to be C-C coupling with energy barriers 

of 20.9 and 21.4 kcal/mol on the ligand- and thermal-engineered defective Ru-HKUST-1, 

respectively. Furthermore, the activation of β-hydride was found to barrierless, the adsorption 

of ethylene and desorption of 1-butene were predicted with barriers of 6.7 and 26 kcal/mol, 

respectively.24  

While the above handful of studies have demonstrated the catalytic activity of DMOFs 

for ethylene dimerization, extremely pure 1-butene (99.7%) is required for polyethylene 

production.26, 27 To develop stable, sustainable and economic catalysts with reasonable activity 

and high 1-butene selectivity, it is indispensable to better understand the mechanism of 

ethylene dimerization from bottom-up. In this context, computation at the electronic structure 

level is crucial as it is capable of predicting catalytic activity and selectivity, identifying 

preferential reaction pathway and probable products. Such microscopic insights would 

facilitate designing and tunning high-performance catalysts.  

In this study, we computationally design a series of metal hydrides on defective HKUST-

1 (H-M-DHKUST-1, M: metal atom), then evaluate their catalytic performance for ethylene 

dimerization through DFT calculations. As shown in Figure S1, the metals include late 

transition metals of 3d and 4d, specifically Co, Ni, Cu, Ru, Rh and Pd, because these metals 

usually exhibit considerable activity for ethylene dimerization via the Cossee-Arlman route.19 

Our motivation is to mechanistically understand ethylene dimerization on H-M-DHKUST-1, 
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including the effects of multiplicity, electronic configuration and structural environment. By 

comparing the performance of different H-M-DHKUST-1, we can identify which metal is the 

best and possibly design new H-M-DHKUST-1 with low-cost metals for ethylene dimerization 

and other catalytic reactions.  

 

2. Methodology  

HKUST-1 consists of a paddle-wheel like secondary building unit (SBU), in which four 

1,3,5-benzene tricarboxylate (BTC) linkers are bridged with dimeric Cu atoms (Figure 1a).28 

Defective HKUST-1 (DHKUST-1) is created when one BTC linker is missing, as shown in 

Figure 1b for its cluster model with cleaved bonds saturated by -CN groups. DHKUST-1 can 

be experimentally activated by thermal treatment in H2 atmosphere (Figure 1c) to produce 

monohydride DHKUST-1 (Figure 1d).11, 21, 24 To investigate the effect of metal, the Cu atoms 

can be replaced by different metals.21  

  

Figure 1. (a) Crystal structure of HKUST-1. (b) Cluster model of DHKUST-1. (c) Activation 

of DHKUST-1 to monohydride DHKUST-1 shown in (d). Copper, nitrogen, carbon, oxygen, 

and hydrogen atoms are in brown, blue, grey, red, and white, respectively.  

 

(d)

(b)(a)

Thermal treatment

H2 atmosphere

Pristine HKUST-1 H-DHKUST-1

(c)
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We consider six monohydrides H-M-DHKUST-1 with M = Co, Ni, Cu, Ru, Rh and Pd. 

Simplified as the cluster models, all the H-M-DHKUST-1 were optimized using M06-L 

functional, which performs well for transition metals and accounts for medium-range 

dispersion interactions.29 The polarized split-valence basis set def2-SVP30 was used for p-block 

atoms (H, C, N and O atoms), and the doubly polarized triple-ζ basis set def2-TZVPP were 

used for 3d and 4d metals.29, 30 The built-in effective core potential in def2-TZVPP was also 

applied for 4d metals. The nitrogen atoms in -CN were fixed during optimization. Due to the 

formation of long-range magnetic electron spin ordering with conjugated linkers, MOFs with 

dimeric transition metals were found to exhibit antiferromagnetic behavior.31-33 Thus, stability 

calculations were performed to identify the stable electronic configurations of H-M-DHKUST-

1. Thereafter, vibrational frequencies were computed at the same level of theory to verify the 

nature of stationary points (no imaginary frequency for an energy minimum and only one 

imaginary frequency for a transition state) and provide thermal corrections to thermochemical 

properties. Each transition state was confirmed to directly connect with reactant and product 

through the intrinsic reaction coordinate (IRC) calculations. The reaction pathway of ethylene 

dimerization based on the Cossee-Arlman route was examined by considering all reasonable 

multiplicities to deduce the ground-state intermediates and transition states. To further 

understand the charges of catalytic sites and charge transfer during reaction, the Natural Bond 

Orbital (NBO) charges were evaluated at the same level of theory. The Gibbs energies (G) were 

estimated at 298.15 K by G = E + Gcorr, where E is the electronic energy and Gcorr is the thermal 

correction. All the calculations were performed with Gaussian 16 package.34 The relative Gibbs 

energy profiles G were constructed by combining all key intermediates and transition states. 

Moreover, possible intersystem spin crossing (ISC) was explored from the energy profiles and 

its effect was quantified.  

 

3. Results and Discussion 

We first present the stable electronic configurations and NBO charges on six H-M-

DHKUST-1 clusters (M: Co, Ni, Cu, Ru, Rh and Pd) clusters, as well as the M-H and M-M 

bond lengths.  Then, relative Gibbs energy profiles for four elementary steps (initiation, C-C 

coupling, β-hydride elimination, and 1-butene desorption) are closely examined and the Gibbs 

energy barriers are quantified, thus predicting the favourable/unfavourable steps. Furthermore, 

the catalytic activity of H-M-DHKUST-1 is compared with other MOFs reported in the 

literature, including MFU-4l(Ni), Ni, Co, Cu and Pd-decorated NU-1000.35-38 Finally, the 
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effects of multiplicity on stability and Gibbs energy are discussed for electronic-structural 

intercorrelations in different intermediates and transition states.  

3.1. Stability and NBO charges 

As listed in Tables S1–S7, the open-shell electronic configurations are stable on Co, Ni, 

Ru and Pd based H-M-DHKUST-1 clusters, while the closed-shell configurations are stable on 

Cu and Rh based clusters. Quintet is the ground-state multiplicity on H-Co-DHKUST-1, triplet 

on H-Ni-DHKUST-1 and H-Ru-DHKUST-1, open-shell singlet on H-Pd-DHKUST-1, and 

closed-shell singlet on H-Cu-DHKUST-1 and H-Rh-DHKUST-1, respectively. The electronic 

energies at different multiplicities are also provided, as well as the energy differences relative 

to the ground-state multiplicity. Figure 2 shows the optimized structures with M-H bond 

lengths on the six H-M-DHKUST-1 clusters. There is a bridged hydride between the dimeric 

Cu atoms on H-Cu-DHKUST-1, and this hydride is not centered between the two Cu atoms 

but shifted to one of them giving partial hetero-valent arrangement of Cu-H-Cu. On the other 

five H-M-DHKUST-1 clusters, a vertically bonded hydride on one metal is observed and 

causes apparent hetero-valent configuration of dimeric metals. This information introduces a 

prior knowledge in the accessibility of hydride for initiating ethylene dimerization.  

 

Figure 2. Optimized structures with M-H bond lengths (Å) on H-M-DHKUST-1. Carbon, 

oxygen and hydrogen atoms are in grey, red and white, respectively.  
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Table 1 lists the M-H and M-M bond distances on the six H-M-DHKUST-1 clusters. The 

M-H bond length increases in the order of H-Ni-DHKUST-1 < H-Co-DHKUST-1< H-Pd-

DHKUST-1 < H-Rh-DHKUST-1 < H-Cu-DHKUST-1 < H-Ru-DHKUST-1. The longest M-H 

bond distance is 1.62 Å on H-Ru-DHKUST-1, which implies that this cluster is the most readily 

accessible among the six for hydride-based reaction. Also listed in Table 1 are the NBO 

charges on H and M atoms. The NBO charges of the hydride H atoms on metals are nearly 

zero, which was also observed in β-hydride elimination on Au(III) products39 and metal 

complexes.40, 41 This phenomenon is attributed to the high electronegativity of oxygen atoms 

surrounding metals; consequently, the charges are redistributed within the cluster. From Bent’s 

rule, increasing ionic character of M-O bond would lead to decreasing d-character of M-H 

bond.42 Due to the high electronegativity of oxygen, the M-O bond is expected to attain high 

d-character, corresponding to the low d-character of M-H bond and the small negative charge 

of hydride H atom. It is also noticed that 4d metals attached to hydride carry smaller NBO 

charges than the corresponding 3d metals, while the secondary metal atoms hold larger NBO 

charges. Specifically, Rh and Ru have the smallest charges of 0.363e and 0.435e, respectively. 

The stabilization of hydride on metal and its availability for initiating ethylene dimerization 

are expected to depend on the type of metal.  

 

Table 1. M-H and M-M bond distances (Å), NBO charges (in terms of e) of H and M atoms 

on H-M-DHKUST-1. (a) vertical hydride and (b) bridged hydride. 

 

To predict catalytic properties and design efficient catalysts, it is indispensable to 

understand the oxidation state and coordination environment of metallic dimer on H-M-

DHKUST-1. Tables S8-S13 list the optimized M-M bond distances (Å), NBO charges, and 

NBO spin density distributions in ground-state intermediates and transition states. On the 

bimetallic sites, the metallic interaction can significantly affect multiplicity, which is directly 

H-M-DHKUST-1 𝓁M1-H 𝓁M2-H 𝓁M1-M2 QH QM1 QM2 

H-Co-DHKUST-1(q) 1.49 2.905 2.45 0.001 0.537 0.985 

H-Ni-DHKUST-1(t) 1.46 2.577 2.33 0.003 0.507 0.986  

H-Cu-DHKUST-1(cs) 1.59 1.692 2.41 -0.053 0.786 0.800 

H-Ru-DHKUST-1(q) 1.62 2.791 2.25 0.001 0.435 0.873 

H-Rh-DHKUST-1(cs) 1.55 2.910 2.40 0.047 0.363 0.808 

H-Pd-DHKUST-1(t) 1.53 3.020 2.54 0.088 0.473 0.815 
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related to the number of unpaired electrons, and this interaction can cause a change in electronic 

configuration, as reported on perfect HKUST-1 and bimetallic paddlewheel complexes.43-45 

Clusters with open shell configurations such as quintet on H-Co-DHKUST-1 and H-Ru-

DHKUST-1, as well as triplet on H-Ni-DHKUST-1 and Pd-DHKUST-1, tend to possess an 

oxidation state of +2 on both metal atoms. The formation of M-M bond in each metallic dimer 

consumes one unpaired electron from each metal atom, with remaining two, two, one and one 

unpaired electrons in each metal atom on H-Co-, H-Ru-, H-Ni- and H-Pd-DHKUST-1 clusters, 

respectively. Due to difference in coordination environment, the electron spin density in the 

secondary metal atom is found to be larger than in the primary counterpart. Specifically, the 

electron spin densities are Co2 = 2.351e, Ru2 = 2.374e, Ni2 = 1.432e and Pd2 = 1.166e; by 

contrast Co1 = 1.514e, Ru1 = 1.428e, Ni1 = 0.427e and Pd1 = 0.395e. We thus infer there is 

electron delocalization from the primary to secondary metal atom. However, the closed-shell 

singlet configuration on H-Cu-DHKUST-1 and H-Rh-DHKUST-1 suggests a complete filled 

suborbital in each metal atom, where no unpaired electrons exist. It is likely that each metal 

atom is divalent like Cu2+(d9) and Rh2+(d7), and the two unpaired electrons from each atom 

interact to form M-M bond. An alternative is the formation of multivalent metal dimer 

Cu1
+(d10)–Cu2

3+(d8) and Rh1
+(d8)–Rh2

3+(d6). Overall, the approximate determination of 

oxidation state from NBO electron density distribution provides valuable insight into the 

electronic structure and coordination environment of a catalyst, which is essential for 

understanding its catalytic activity.   

3.2. Catalytic mechanism and activity  

Ethylene dimerization catalysed by defective Ru-HKUST-1 and other similar MOFs were 

revealed to follow the Cossee-Arlman mechanism.24, 46 We also consider this mechanism in the 

current study on H-M-DHKUST-1. As shown in Figure 3, there are four elementary steps, 

namely initiation, C-C coupling, β-hydride elimination, and 1-butene desorption. (1) initiation 

starts with an ethylene molecule adsorbed on catalyst 1 to form a complex 2, which is then 

hydrogenated to ethyl intermediate 3; (2) upon supplying another ethylene molecule to form 

intermediate 4, M-ethyl bond breaks and C-C coupling occurs to generate butyl intermediate 

5; (3) after reorientation of butyl intermediate 5 to form 6, β-hydride elimination takes pace to 

form intermediate 7 with 1-butene adsorbed; (4) the final step is 1-butene desorption and 

catalyst 1 is recovered. The reaction cycle can be restored with successive supply of ethylene.  
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Figure 3. Ethylene dimerization to 1-butene via the Cossee-Arlman mechanism with four 

elementary steps: initiation (including adsorption and hydrogenation), C-C coupling, β-

hydride elimination, and 1-butene desorption.   

 

To identify the ground-state configurations of intermediates and transition states during 

ethylene dimerization, we performed a deep analysis of relative Gibbs energies G at different 

multiplicities on H-M-DHKUST-1 clusters (Tables S14-S19 and Figures S2–S7). The effects 

of multiplicity on energy will be discussed in detail below (Section 3.3). Table S20 lists the 

imaginary frequencies of transition states for hydrogenation, C-C coupling and β-hydride 

elimination. Single imaginary frequency is observed for each transition state, which confirms 

the nature of each stationary point. Since the stable configurations on H-Cu-DHKUST-1 and 

H-Rh-DHKUST-1 are closed-shell, stability analysis was further conducted for ethylene 

dimerization on these two clusters (Table S7). Stability calculation of the closed shell singlet 

on H-Rh-DHKUST-1 reveals that the stable closed-shell configurations are maintained 

throughout all the intermediates and transition states, while the stable open-shell configurations 
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are observed for species 2, TS2-3, TS4-5, TS6-7 and 7 on H-Cu-DHKUST-1. This finding 

implies that the electronic structures of intermediates and transition states on the two clusters 

are substantially different, which would likely cause the two clusters to display different 

electronic configurations for the reaction. Figure 4 summarize the G profiles of ethylene 

dimerization on the six H-M-DHKUST-1 (M: Co, Ni, Cu, Ru, Rh, Pd). The profiles include 

four elementary steps for ethylene dimerization: initiation (adsorption and hydrogenation), C-

C coupling, β-hydride elimination, and 1-butene desorption.  

 
 

Figure 4. G profiles of ethylene dimerization on H-M-DHKUST-1. The top illustrates the 

four elementary steps: initiation (adsorption and hydrogenation), C-C coupling, β-hydride 

elimination, and 1-butene desorption. The Gibbs energy barriers Gb are listed in Table 2. 

 

Initiation: Initiation includes ethylene adsorption and hydrogenation. Ethylene adsorption is 

accompanied with a decrease in Gibbs energy. As shown in Figure 5 for the optimized 

structures of intermediate 2, the M-H bonds increase to 1.61, 1.61, 1.72 Å on H-Co-, H-Ni-, H-

Cu-DHKUST-1 upon ethylene adsorption from 1.49, 1.46, 1.59 Å (Figure 2). On H-Ru-, H-

Rh-, H-Pd-DHKUST-1, however, the bonds remain nearly unchanged. Geometry analysis of 

intermediate 2 suggests two potential hydride modes. These modes are crucial in determining 
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the extent to which the hydride is accessible for transforming π-complex into alkyl form on H-

M-DHKUST-1. The 3d metal-based clusters (H-Co, H-Ni-, and H-Cu-DHKUST-1) adsorb 

ethylene in a bridged hydride mode, with the hydride approaching to the secondary metal as on 

the pristine H-Cu-DHKUST-1. The M-H bond lengths are 1.61 and 1.81 Å on H-Co-DHKUST-

1, 1.61 and 1.63 Å on H-Ni-DHKUST-1. Such hydrides bridged between M-M sites with long 

M-H bond lengths would not hinder ethylene hydrogenation on these two clusters. On H-Cu-

DHKUST-1, however, the hydride is likely being less accessible because one of M-H bond 

lengths is only 1.57 Å. On 4d metal-based clusters (H-Ru, H-Rh-, and H-Pd-DHKUST-1), the 

primary metal adsorbs ethylene with no interference from the secondary metal; their M-H bond 

lengths are 1.61, 1.55, and 1.53 Å. Upon adsorption, shorter distancing is noticed between the 

C atom of adsorbed ethylene and the metal atom on H-Ni-DHKUST-1 (2.13 Å) and H-Rh-

DHKUST-1 (2.17 Å), compared to the other four clusters. The shorter bridged hydride (i.e., 

M-H bond) and shorter distancing of ethylene-metal facilitate ethylene adsorption. 

Consequently, the adsorption of ethylene on H-Rh-DHKUST-1 exhibits an energy decrease of 

18.6 kcal/mol, which is the most favorable among the six clusters. While the M-H bonds are 

altered upon ethylene adsorption, the M-M bonds are also affected. Compared to the pristine 

clusters, as listed in Tables S8-S13, ethylene adsorption induces spin transition on H-Ni-

DHKUST-1 (from triplet to open-shell singlet) and H-Cu- DHKUST-1 (from closed-shell to 

open-shell singlet), accompanied by minor NBO charge distributions. In contrast, the primary 

metal atoms on Co-, and Ru- and Rh- clusters become significantly more anionic upon 

interaction with C=C in ethylene. Moreover, the M-M bonds are shorter on H-Co-DHKUST-1 

(2.37 Å), elongated on H-Ni- (2.58 Å), H-Cu- (2.48 Å), H-Ru- (2.32 Å) and H-Rh-DHKUST-

1 (2.47 Å), and unchanged on H-Pd-DHKUST-1 (2.56 Å).  
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Figure 5. Optimized structures and key bond distances (Å) of intermediate 2 for ethylene 

adsorption on H-M-DHKUST-1. Carbon, oxygen and hydrogen atoms are in grey, red and 

white, respectively.  

 

When hydrogenation occurs, the M-H bonds of transitions state TS2-3 are observed in 

Figure S8 to become shorter from intermediate 2 on H-Co- (1.48 Å) and H-Ni-DHKUST-1 

(1.47 Å), longer on H-Cu-DHKUST-1 (1.83 Å), and remain nearly the same on the other three 

clusters. Meanwhile, the M-M bonds become longer as listed in Tables S8-S13 on H-Co- (2.46 

Å), H-Ru (2.40 Å) and H-Rh-DHKUST-1 (2.64 Å) from intermediate 2, largely unchanged on 

H-Cu- (2.50 Å) and H-Pd-DHKUST-1 (2.59 Å), but shorter on H-Ni-DHKUST-1 (2.41 Å). 

Table 2 lists the Gibbs energy barriers Gb for hydrogenation on the six H-M-DHKUST-1. The 

Gb are 0.9, 4.7, 4.7, 5.5, and 5.4 kcal/mol on Co, Ni, Ru, Rh and Pd-based clusters, respectively, 

whereas the Gb on H-Cu-DHKUST-1 is significantly higher with a value of 18.4 kcal/mol. This 

is consistent with the less accessible hydride on H-Cu-DHKUST-1, in which one of M-H bond 

lengths is only 1.57 Å. Overall, for the initiation step including both adsorption and 

hydrogenation, the largest change in M-M bond length is observed on H-Ru- and H-Rh-

DHKUST-1 from 2.25 to 2.40 Å and 2.40 to 2.64 Å, respectively. Thus, H-Ru- and H-Rh-
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DHKUST-1 possess a greater tolerance than the other four clusters in terms of structural 

change. On H-Co- and H-Ni-DHKUST-1, the M-M bond lengths are restored to a certain extent 

due to multiplicity transitions. Specifically, on H-Co-DHKUST-1, the multiplicity is initially 

quintet intermediate 2 then to triplet in TS2-3; the M-M bond length changes from 2.45 to 2.37 

then to 2.46 Å. On H-Ni-DHKUST-1, the M-M bond length changes from 2.33 to 2.58 then to 

2.41 Å upon multiplicity transition from triplet to open-shell singlet then back to triplet. 

 

Table 2. Gibbs energy barriers Gb (in kcal/mol) on H-M-DHKUST-1 and other MOFs reported 

in literature. 

 Hydrogenation 
C-C 

coupling 

β-H 

elimination 

1-butene 

desorption 
Ref. 

H-Co-DHKUST-1 0.9 19.3 10.4 8.4 This work 

H-Ni-DHKUST-1 4.7 22.5 9.9 3.6 This work 

H-Cu-DHKUST-1 18.4 22.7 28.5 7.0 This work 

H-Ru-DHKUST-1 4.7 37.3 1.6 7.7 This work 

H-Rh-DHKUST-1 5.5 39.6 0.2 17.9 This work 

H-Pd-DHKUST-1 5.4 30.0 19.2 3.2 This work 

MFU-4l(Ni) 10.7 22.0 17.3 −6.1  36, 47 

Ni-NU-1000 3.7 13.7 9.6 5.7 48 

Co-NU-1000 8.3 24.8 22.3 −4.0 48 

Cu-NU-1000 2.3 20.9 23.8 −6.0 48 

Pd-NU-1000 3.5 12.3 1.5 16.4 48 

 

C-C coupling: After hydrogenation, intermediate 3 is formed with ethyl coordinated on H-M-

DHKUST-1, thus vacant site is available and the second ethylene molecule is adsorbed. Upon 

the adsorption to form intermediate 4, as shown in Figure 4, Gibbs energy changes marginally 

on 3d metal-based clusters H-Co- (1.5 kcal/mol), H-Ni- (1.5 kcal/mol) and H-Cu-DHKUST-1 

(−1.2 kcal/mol), but significantly on 4d metal clusters H-Ru- (−17.3 kcal/mol), H-Rh- (−23.7 

kcal/mol) and H-Pd-DHKUST-1 (−10.5 kcal/mol). Apparently, the dimeric metal atoms play 

a crucial role in the change of Gibbs energy. As shown in Figure 6 for the optimized structures 

of intermediate 4, the distances between the secondary metal and the H atom of ethyl are 1.82 

and 1.76 Å on H-Ru- and H-Rh-DHKUST-1, respectively, which are shorter than those on the 

other four clusters. Moreover, the distances between the primary metal atom and the second 

adsorbed ethylene are also shorter on H-Ru- and H-Rh-DHKUST-1 (2.16 and 2.14 Å) 

compared to 2.61 ~ 2.76 Å on the other four clusters. These shorter distances of metal atom 
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with ethyl and second adsorbed ethylene stabilize intermediate 4 on H-Ru- and H-Rh-

DHKUST-1, thus reducing Gibbs energy upon adsorption. In addition, Ru and Rh atoms are 

observed to have the lowest NBO charges of 0.321e and 0.369e upon second ethylene 

adsorption, as shown in Tables S11-S12, with triplet-to-quintet and triplet-to-closed shell 

singlet multiplicity transitions, respectively. 

 

Figure 6. Optimized structures and key bond distances (in Å) of intermediate 4 for the 

adsorption of second ethylene molecule on ethyl-M-DHKUST-1. Carbon, oxygen and 

hydrogen atoms are in grey, red and white, respectively.  

 

It is observed in Figure 6 that the second adsorbed ethylene tends to align horizontally 

with the metal atoms on H-Cu- and H-Pd-DHKUST-1, and vertically with the metal atoms on 

the other four clusters. Geometrically, the vertically aligned ethylene is likely to couple with 

ethyl. In Table 2, the Gibbs energy barriers Gb for C-C coupling are 19.3, 22.5, 22.7 kcal/mol 

on 3d metal-based H-Co-, H-Ni- and H-Cu-DHKUST-1; on 4d metal-based clusters, the Gb are 

generally higher. Particularly, Gb on H-Ru- and H-Rh-DHKUST-1 are the highest of 37.3 and 

39.6 kcal/mol among the six clusters. This is attributed to the most stable intermediate 4 on H-
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Ru- and H-Rh-DHKUST-1, as discussed above. From the optimized structures of transition 

state TS4-5 in Figure S9, we observe ethylene reorientation and C-C distance shortening upon 

C-C coupling. In addition, the M-M bonds are elongated from intermediate 4 to TS4-5, as listed 

in Tables S8-S13, from 2.44 to 2.61 Å on H-Co-DHKUST-1, 2.36 to 2.47 Å on H-Ni-

DHKUST-1, 2.57 to 2.91 Å on H-Cu-DHKUST-1, 2.36 to 2.39 Å on H-Ru-DHKUST-1, 2.42 

to 2.71 Å on H-Rh-DHKUST-1, and 2.58 to 2.62 Å on H-Pd-DHKUST-1.   

 

Figure 7. Optimized structures and key bond distances (in Å) of intermediate 6 for β-hydride 

elimination on H-M-DHKUST-1. Carbon, oxygen and hydrogen atoms are in grey, red and 

white, respectively.  

 

β-hydride elimination: The third step is the elimination of hydride from β-C of butyl after 

intermediate 5 is structurally reoriented into intermediate 6. The reorientation is exergonic on 

H-Co- (3.5 kcal/mol), H-Ni- (1.3 kcal/mol), and H-Cu- (1.5 kcal/mol), while endergonic on H-

Ru-DHKUST-1 (−8.6 kcal/mol), H-Rh- (−6.1 kcal/mol) and H-Pd-DHKUST-1 (−10.3 

kcal/mol). From Figure 7 for the optimized structures of intermediate 6, close contacts between 
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metals and the C−H bond of butyl (i.e., agostic arrangement) are observed on four clusters (H-

Co-, H-Ni-, H-Ru- and H-Rh-DHKUST-1). Moreover, the β-C-hydride bonds on these clusters 

are found to be elongated compared to aliphatic C-H bond (1.10 Å). Usually, the longer the β-

C-hydride bond, the easier is β-hydride elimination (BHE), and such a trend was observed on 

2H-DHKUST-1.21, 24 Therefore, facile BHE occurs on the four clusters with Gb of 10.4, 9.9, 

1.6 and 0.2 kcal/mol, respectively (Table 2). This is consistent with experimental observation 

of  high selectivity for 1-butene on defective Ru-HKUST-1.24 Comparatively, there is no 

agostic arrangement on H-Cu- and H-Pd-DHKUST-1 at all the calculated multiplicities, giving 

high Gb of 28.5 and 19.2 kcal/mol, respectively. Interestingly, as shown in Figure S10, agostic 

arrangement is present in the transition state TS6-7 on all the six clusters. Meanwhile, the β-

C-hydride bonds become longer and the M-H bonds become shorter than the corresponding 

bonds in intermediate 6. The high performance of BHE on H-Co-, H-Ni-, H-Ru-, and H-Rh-

DHKUST-1 is accompanied with a considerable decrease in the NBO charges of main metals: 

Co (0.158e), Ni (0.393e), Ru (0.053e) and Rh (0.212e), ) as listed in Tables S8-S9 and Tables 

S11-S12. We should note that BHE is an essential step for ethylene dimerization, 

isomerization, or subsequent oligomerization of 1-butene, it is important to examine the 

ground-state structures of reacting species involved. In future study, we plan to further perform 

comprehensive calculations to explore the possibility of different reactions through competing 

pathways. 

1-butene desorption: The last step is 1-butene desorption from H-M-DHKUST-1 involving 

the release of 1-butene from intermediate 7. As shown in Figure 8, the distances between the 

C atom of 1-butene and the metal of cluster in intermediate 7 are comparatively longer than 

those in TS6-7 (Figure S10). The desorption step is endergonic on all the clusters (Figure 4). 

As listed in Table 2, the Gb are 8.4, 3.6, 7.0, 7.7, 17.9, and 3.2 kcal/mol on H-Co-, H-Ni-, H-

Cu-, H-Ru-, H-Rh- and H-Pd-DHKUST-1. The high Gb predicted on H-Rh-DHKUST-1 is 

associated with the short distance between 1-butene and Rh atom as seen in Figure 8. Tables 

S8-S13 show that the adsorption of 1-butene causes a marked decrease in the NBO charges of 

the primary metal atoms on H-Co-, H-Ru- and H-Rh-DHKUST-1. Additionally, Ni and Cu 

clusters undergo a multiplicity transition, similar to the effect observed in ethylene adsorption 

and hydrogenation. 
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Figure 8. Optimized structures of intermediate 7 on H-M-DHKUST-1. Carbon, oxygen and 

hydrogen atoms are in grey, red and white, respectively.  

 

 

By comparing the above four elementary steps (Table 2), we find that the Gb for C-C 

coupling is the highest on all the six clusters, except H-Cu-DHKUST-1 on which the Gb for 

BHE is the highest. This reveals that BHE is the rate-determining step in ethylene dimerization 

on H-Cu-DHKUST-1, but C-C coupling is on the other five clusters. Overall, H-Co- and H-

Ni-DHKUST-1 are predicted to outperform the other four. It is also instructive to compare the 

catalytic performance of H-M-DHKUST-1 under this study with other MOF catalysts reported 

in the literature. As tabulated in Table 2, H-M-DHKUST-1, MFU-4l(Ni), Ni, Co, Cu and Pd-

decorated NU-1000 exhibit similar magnitude of Gb (< 10 kcal/mol) for hydrogenation, 

however, H-Cu-DHKUST-1 (18.4 kcal/mol) is an exception to this trend. For C-C coupling, 

the Gb on H-M-DHKUST-1 are generally higher than MFU-4l(Ni) and metal-decorated NU-

1000. Particularly, the Gb are 37.3, 39.6, 30.0 kcal/mol on the precious metal-based H-Ru-, H-

Rh- and H-Pd-DHKUST-1. This reveals that H-M-DHKUST-1 clusters are less active for C-C 
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coupling; comparatively, Ni-NU-1000 and Pd-NU-1000 with square-planar Pd sites are more 

favoured with Gb of 13.7 and 12.3 kcal/mol, respectively. For BHE, H-Ru- and H-Rh-

DHKUST-1 are predicted to have the lowest Gb of only 1.6 and 0.1 kcal/mol respectively, 

leading to facile formation of 1-butene. On Pd-NU-1000, Gb of 1.5 kcal/mol is also rather low 

due to agostic arrangement, in contrast to 17.1 kcal/mol on octahedral sites of H-Pd-DHKUST-

1 without agostic arrangement.40, 48 However, the desorption of 1-butene on H-Rh-DHKUST-

1 and Pd-NU-1000 is impeded by high Gb (17.9 and 1.64 kcal/mol).  

Ni-based catalysts have been extensively examined for ethylene dimerization. Square-

planar configuration was revealed to be the stable structural environment on Ni-exchanged 

MFU-4l and Ni-supported NU-1000.35, 47 The Gb on MFU-4l(Ni) were predicted to be 10.7, 

22.0 and 17.3  kcal/mol for hydrogenation, C-C coupling and BHE,36, 47 and lower Gb (3.7, 13.7 

and 9.6 kcal/mol) were estimated on Ni-NU-1000.48 Despite the difference in electronic 

environment, H-Ni-DHKUST-1 with octahedral site possesses similar Gb (4.7, 22.5 and 9.9 

kcal/mol). The reason is the electron withdrawal by oxygen atoms in organic linkers facilitates 

BHE on H-Ni-DHKUST-1. Comparatively, H-Co-DHKUST-1 displays lower Gb (0.9, 19.3 

and 10.4 kcal/mol) than Co-NU-1000 (8.3, 24.8 and 22.3 kcal/mol) for hydrogenation, C-C 

coupling and BHE, suggesting its better catalytic performance and the octahedral site of H-Co-

DHKUST-1 is more effective than triagonal pyramidal site of Co-NU-1000. However, Cu-NU-

1000 shows greater tendency for hydrogenation (2.3 kcal/mol) and facilitates 1-butene 

desorption (−6.0 kcal/mol) compared to H-Cu-DHKUST-1, which requires higher Gb for the 

same steps (18.4 and 7.0 kcal/mol). 

3.3. Effects of multiplicity 

As pointed out above, it is important to investigate the effects of multiplicity on catalytic 

properties. Tables S14-S19 and Figures S2-S7 compare the Gibbs energies at different 

multiplicities on H-M-DHKUST-1. Due to the binding and coordination of reacting species 

with catalyst, intersystem crossing (ISC) may occur and two energy surfaces at different 

multiplicities compete for the ground state.47, 49-52 It is observed that the ground-state 

multiplicity on H-M-DHKUST-1 shows a decreasing trend upon moving through the same row 

of 3d transition metals. On H-Co-DHKUST-1, quintet and triplet are the dominant ground-state 

multiplicities in most intermediates and transitions states, except for septet in intermediate 5 

(Figure S2). Triplet-singlet crossing is seen on H-Ni-DHKUST-1 (Figure S3), while singlet 

(open and closed shells) is the only ground-state multiplicity on H-Cu-DHKUST-1 (Figure 

S4). A similar trend exists on the 4d transition metal H-M-DHKUST-1. On H-Ru-DHKUST-
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1, there is ISC between quintet and triplet, though quintet is more prevalent (Figure S5). On 

H-Rh-DHKUST-1, closed-shell singlet and triplet states compete with each other (Figure S6). 

However, triplet is the common ground-state multiplicity on H-Pd-DHKUST-1 with open-shell 

singlet existing only in intermediate 6 (Figure S7). 

Ethylene dimerization is remarkably associated with the interplay between electronic 

configuration and structural environment of catalyst. A singlet-to-triplet ISC was reported on 

MFU-4l(Ni) from square-planar to tetrahedral for ethylene dimerization and oligomerization.47 

Similarly, ISC between triplet and singlet is also observed on H-Ni-DHKUST-1. As illustrated 

by Figure S3, triplet persists in most of the intermediates and transition states, but it switches 

to open-shell singlet in intermediates 2 and 7 upon the adsorption of ethylene and 1-butene, 

respectively. Compared to triplet, singlet exhibits lower Gibbs energy (0.9 kcal/mol in 

intermediate 2 and 1.7 kcal/mol in intermediate 7). The reason is that H-Ni-DHKUST-1 with 

octahedral site requires 7-fold-like arrangement upon coordinating with ethylene molecule and 

1-butene (Figures 5 and 8), thus adopting singlet as the ground state with bridged-like hydride. 

Such a configuration allows easy hydrogenation (with a low Gb of 4.7 kcal/mol), as well as 

facile 1-butene desorption (with a low Gb of 3.6 kcal/mol). In this context, it is helpful to 

understand the significance of ISC during ethylene adsorption and 1-butene desorption to 

practically tailor the catalytic performance toward ethylene dimerization.47, 53  

 

Figure 9. Intermediate 6 on H-Co-DHKUST-1 with different multiplicities (a) triplet, (b) 

quintet and (c) septet. Quintet displays the lowest Gibbs energy with non-agostic arrangement, 

while triplet and septet exhibit agostic arrangement with 10.4 and 4.0 kcal/mol higher Gibbs 

energy, respectively. 

 



21 
 

The electronic-structural intercorrelations at different multiplicities are also observed on 

other H-M-DHKUST-1 except for H-Cu-DHKUST-1. There is quintet-to-triplet crossing on 

H-Ru-DHKUST-1 (Figures S2 and S5), while triplet-to-singlet crossing is seen on H-Rh- and 

H-Pd-DHKUST-1 (Figures S6 and S7). Interestingly, certain structures are not fully attainable 

at all multiplicities. For instance, agostic arrangement of β-hydride intermediate 6 on H-Co-

DHKUST-1 is not observed at quintet state; instead, a reoriented butyl-intermediate (Figure 

9b) is formed.  On the other hand, intermediate 6 is attainable with agostic arrangement at both 

triplet (Figure 9a) and septet states (Figure 9c). As shown in Figure S2, the quintet has a 

lower Gibbs energy (−39.8 kcal/mol) than triplet (−29.4 kcal/mol) and septet (−39.8 kcal/mol). 

Nevertheless, agostic arrangement is crucial for BHE, thus the septet structure essentially 

represents intermediate 6 on H-Co-DHKUST-1 and the Gb for BHE is thus 10.4 kcal/mol. 

Similarly, agostic arrangement is not observed to be feasible at singlet and triplet states on H-

Cu-DHKUST-1 and H-Pd-DHKUST-1 (Figures S11 and S12). 

          

Figure 10. Intermediate 6 and transition state TS6-7 on H-Rh-DHKUST-1 with closed-shell 

singlet and triplet states. Closed-shell singlet displays pentacyclic arrangement, while triplet 

exhibits agostic arrangement with 2.4 and 3.0 kcal/mol lower in Gibbs energy, respectively. 

 

Figure 10 further highlights the role of multiplicity during BHE on H-Rh-DHKUST-1. 

The closed-shell singlet state is found to allow for pentacyclic stabilization of intermediate 6 

and transition state TS6-7 in a synergistic manner of both metal atoms. Comparatively, the 

triplet adopts agostic arrangement with 2.4 and 3.0 kcal/mol lower in Gibbs energy (Figure 

S6). With such a small energy difference, BHE could be sidestepped by other reaction 

pathways unless the secondary metal atom is fully saturated.24 This observation underpins the 

importance of complete saturation of the secondary metal atom in dimeric metal catalysts for 

ethylene dimerization. Overall, ISC is revealed to be crucial to determine the reaction pathway. 

Nevertheless, the significance between difference multiplicities is not highly appreciable 
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among analogous geometries, because the energy difference is usually only within a few 

kilocalories. As shown on H-Pd-HKUST-1, the energy profiles of singlet and triplet states are 

nearly identical (Figure S7).  

 

4. Conclusions 

We have computationally designed metal hydrides on defective HKUST-1 (H-M-

DHKUST-1 (M: Co, Ni, Cu, Ru, Rh and Pd) and investigate their catalytic performance for 

ethylene dimerization. Four elementary steps in the Cossse-Arlman route are considered 

including initiation, C-C coupling, β-hydride elimination, and 1-butene desorption. For each 

step, the Gibbs energy profiles are comprehensively calculated at all possible multiplicities. 

Interestingly, intersystem spin crossing is observed on the six H-M-DHKUST-1 clusters, 

revealing the importance of electronic-structural intercorrelations in ethylene dimerization. 

Compared to 3d metal (Co, Ni and Cu) based H-M-DHKUST-1, 4d metal (Ru, Rh and Pd) 

based are predicted to be less favorable in C-C coupling but more active in β-hydride 

elimination (BHE). Particularly, the Gibbs energy barriers are only 1.6 and 0.2 kcal/mol for 

BHE on H-Ru- and H-Rh-DHKUST-1, respectively. However, the energy barrier for 1-butene 

desorption is high of 17.9 kcal/mol on H-Rh-DHKUST-1 due to strong stability of adsorbed 1-

butene. From the calculated results, the rate determining step is determined to be C-C coupling 

on H-Co-, H-Ni-, H-Ru-, H-Rh- and H-Pd-DHKUST-1 with Gibbs energy barriers of 19.3, 

22.5, 37.3, 39.6 and 30.0 kcal/mol, respectively. The barriers on H-Ru- and H-Pd-DHKUST-1 

are the highest due to the interference of the second metal atom. Nevertheless, BHE is the rate 

determining on H-Cu-DHKUST-1 with barrier of 28.5 kcal/mol, as a result of stabilization of 

non-agostic arrangement. Overall, H-Co- and H-Ni-DHKUST-1 are predicted to outperform 

the other four counterparts. This computational study provides not only microscopic insights 

into the catalytic activity and performance of bimetallic H-M-DHKUST-1, but also quantitative 

understanding of the effects of electronic configuration and structural environment of H-M-

DHKUST-1 on ethylene dimerization. These bottom-up insights are useful to facilitate the 

rational design of defective MOF catalysts for important catalytic reactions. 
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