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Supplementary Figure 1. (a) XRD, (b) FTIR, (c) CHN analysis and (d) N sorption isotherms of as-

synthesized MOF samples with 0%, 10% and 25% defect ligand-engineered compositions.



Supplementary Note 1. N, physisorption data of H-activated MOF catalysts.

Surface area of MOF catalysts was determined before and after H, activation at 150 °C to confirm the

stability of the catalysts after forming the Ru—H active species. Pore diameter was determined to be 1.5 nm

for both MOF catalysts after H, activation.
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Supplementary Figure 2. N2 sorption isotherms and pore volume distribution for 0 % (left) and 25 %

(right) defect ligand-engineered MOF samples before and after activation under N, at 200 °C + H; at 150

°C and at 200 °C.



Supplementary Note 2. Pore filling with Na.

The physisorption data with N2 (Supplementary Figure 3) are used as reference to estimate the required
relative saturation pressure during ethylene dimerization. Inert gas molecules, such as N, condense into
MOF micropores via capillary condensation following Kelvin's equation. In this work, N; is used as
surrogate to predict the ethylene condensation during dimerization in MOF catalysts, as previously
explained in Ni-based MCM-41 mesoporous materials.® As shown in the N, uptake data at 77 K
(Supplementary Figure 3), the cumulative pore volume data for MOF catalysts show a plateau at ~ P/Ps of
0.4. This P/Pgy is the one required to fill the pores below 1.5 nm (as shown in Supplementary Figure 2).
This P/Psa is used in Figure 5 (main text) to explain the deactivation effects in the presence of intrapore

liquid-ethylene conditions.
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Supplementary Figure 3. Cumulative pore volume for 25 % defect ligand-engineered MOF samples as a

function of Ny relative pressure (P/Psz).
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Supplementary Figure 4. XRD pattern for MOF s after treatment at 200 °C in H,.

Supplementary Note 3. TEM images after H; for ligand-engineered MOF catalysts.

Supplementary Figure 5 shows the TEM analysis for pristine MOFo, which leads to the formation of Ru
nanoparticles when exposed to the beam at 80 kV. Pristine MOF.o, however, only contains oxidized Ru
atoms, suggesting that such TEM methods are not appropriate to evaluate the possible presence of metallic

Ru.
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Supplementary Figure 5. TEM for pristine MOFo (without any thermal treatment). Measurement at 80
kV.



Supplementary Note 4. Product selectivity in the presence of intrapore liquid-ethylene.

Low reactant conversions allow the determination of primary butene products, as evidenced on (Ni-OH)*.1
Butenes (Cs) account for 100% products within defect-engineered MOF samples. As shown in
Supplementary Figure 6, 1-butene selectivity within C, extrapolate to 100% at zero ethylene conversion,
indicating that the primary ethylene-dimer product is 1-butene. This indicates the high-selectivity of such
MOF structures for ethylene dimerization reactions, and also indicates the effects of intrapore liquids in

reducing the formation of large oligomers that lead to deactivation.
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Supplementary Figure 6. 1-Butene selectivity as a function of ethylene conversion at 50 °C and 4.2 MPa
ethylene with 25% defect ligand-engineered MOF (MOF_2s).



Supplementary Note 5. Ru-H regeneration after deactivation.

Active-site regeneration in most oligomer-deactivated catalysts is usually carried out via post-reaction
organic solvent extraction (determined by oligomer solubility) or high-temperature desorption (for weakly
bound species) or calcination procedures (as chemical reaction to CO2). Supplementary Figure 7 shows the
dimerization rates vs. time-on-stream at 50 °C for H.-activated MOF_sin the presence of intrapore liquids
(4.2 MPa, blue dots) and under gaseous conditions (2.1 MPa, red dots). The presence of intrapore liquids
leads to stable rates on time, and catalyst deactivates on time in the absence of liquid-ethylene. After this
procedure, the reactor was flushed with N> at 150 °C to remove physisorbed species and treated back in H
at 150 °C, which allow to recover initial rates in the presence of intrapore liquids. These results indicate

that deactivated Ru—H species regenerate via oligomer-hydrogenation rather than desorption, as 150 °C
treatments in N2 does not produce similar effects.
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Supplementary Figure 7. Ethylene dimerization rates for 25% defect ligand-engineered MOF (MOFs5)
after activation under N at 200 °C + H, at 150 °C in the presence of intrapore liquid (0-6 h), gas ethylene
(6-12 h) and intrapore liquid after a second H.activation at 150 °C (12-15 h).



Supplementary Note 6. Experimental quantification of Ru—H formation energy with Hxfor ligand-

engineered MOF.

Supplementary Figure 8 shows the DRIFT spectra after H treatments for MOF_.s. The increasing Ru-H
peak (shown at 1970 cm™) is amplified in Supplementary Figure 8b. This confirms the catalytic activation
of Ru species after H, treatment. The corrected integrated areas of Ru-H species are depicted in an
Arrhenius plot, and the Ru-H activation energies (30.6 kimol?, 0.32 eV) derived from the experimental IR
data coincide with those obtained from DFT estimates (34.7 kJ mol, 0.36 eV), as shown in Supplementary

Figure 2 in the manuscript.
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Supplementary Figure 8. a) DRIFT spectra after H treatments at increasing temperatures for MOF2s. b)
DRIFT spectra in the Ru-H region after H, treatments at increasing temperatures for MOF 5. ¢) Arrhenius
plot of corrected activation constants (derived from integrated areas) as a function of inverse of reaction
temperature (right), shown with error bars (standard deviation). The trend slope corresponds to Ru-H

activation energy in kJ mol=.



Supplementary Note 7. Defect concentration on MOF 25 compared to MOF evidenced by CO-

DRIFT.

DRIFT analysis of CO probe molecules strongly adsorbed over the available catalytically active sites of the
H.-activated MOF catalyst (measured at room temperature after N> purge) provides a quantitative evidence
of the defect concentration for ligand-engineered MOF catalysts containing different concentration of

defects (see Supplementary Table 1). This experiment also demonstrates the notable concentration of

defects already present on non-defective MOF o originated by thermal treatment at 200 °C under No.
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Supplementary Figure 9. DRIFT spectra after CO adsorption on MOF, and MOF 25 (left) and
amplified in the Ru-H/Ru—-CO region (right) after N, treatment at 200 °C and H; treatment at 150 °C.

Supplementary Table 1. Band position and area of identified species after CO adsorption for MOF, and

MOF2s.

MOF 25 MOFo
cmt Area cm? Area
Ru*>-CO 2082 12394 2083 7420
Ru*2-H 2059 7892 2074 5066
Ru*-CO 2015 31299 2018 16055
Ru*— 1978 23867 1998 11272

T T
1900
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Supplementary Figure 10. a) IR spectra for Hz-activated MOF 25 before (red) and after (blue) ethylene
adsorption at 50 °C in the cell. IR measurements carried out in N after ethylene purging for 10 min at 50

°C. b) Schematic drawing of ligand-engineered MOF after ethylene adsorption.



Supplementary Note 8. Dimerization reactivity of ligand-engineered MOF samples.

As shown in Supplementary Figure 11, dimerization rates per catalyst mass increase as a function of defect
incorporation through pyridine ligand-engineering after N»-treatment at 200 °C and H-treatment at 150 °C.
Highest rates are achieved for 25% ligand-engineered samples, but rate values decline as additional defects
are incorporated (50%), indicating the partial structural degradation and microporosity drop above 25%
ligand-incorporation (as shown by N> sorption isotherms in Supplementary Figure 2).
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Supplementary Figure 11. Ethylene dimerization reactivity per catalyst mass at 4.2 MPa ethylene and 50

°C vs time-on-stream for ligand-engineered defects after N, treatment at 200 °C and H, treatment at 150
°C.



Supplementary Note 9. Thermogravimetric analysis (TGA) in N2 of ligand-engineered MOF

samples.

As shown in Figure 3 in the main text, TGA analysis was used to calculate the concentration of defects. In
order to calculate the concentration of the thermal-engineered defects, each temperature step was hold for

1 h to reach the equilibrium.
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Supplementary Figure 13. TGA in N, for MOFs.



Supplementary Note 10. Thermogravimetric analysis (TGA) + Mass spectrometry (MS) analysis.

TGA-MS analysis combined with TPR-MS analysis was performed for MOF catalysts containing different
ligand-engineered defects (MOFLo, MOF_10 and MOF_25) under the activation conditions (N treatment at
200 °C and H, treatment at 150 °C). This experiment evidences the release of H,O, CO,, CO, CH4 and HCI
during the N»-activation at 200 °C, which justifies the presence of CO adsorbed after this treatment. Only
H-O is released during the Ho-treatment at 150 °C. The consumption of H during this treatment is also
indicated in the following figures, thus indicating that MOF catalysts containing thermal-engineered defects
consume more H; during the H,-treatment to form H>O from O adsorbed species which may be originated

from the CO, cleavage.
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Supplementary Figure 14. TPR-TGA-MS for MOF1o.
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Supplementary Figure 15. TPR-TGA-MS for MOF 5.



Supplementary Note 11. In situ IR monitoring of thermal-engineering of defects in MOF

As shown Supplementary Figure 16, in situ IR monitoring of the thermal-engineering of defects in MOFo

shows the evolution of the carboxylates linking Ru paddle-wheels and phenyl rings as well as adsorbed CO

and hydrides at each temperature (measured under N.). More details about the mechanism for thermal

engineering of defects on MOF catalysts is shown in Supplementary Figure 16.
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Supplementary Figure 16. In-situ IR spectra of MOF_, sample at increasing temperatures under Na.
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Supplementary Figure 17. Correlation between TGA analysis and in situ IR spectra at corresponding

temperature ranges for thermal engineering of defects on MOF .

Supplementary Table 2. Elemental analysis of thermally-treated MOF .

Temperature (°C) | % C | % H | % CI
150 30.17 | 1.57 | 6.21
200 26.46 | 1.81 | 1.62
300 23.03 | 1.64 | 1.82
400 1897 | 0.8 | 0.44
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Supplementary Figure 18. N treated (red) and CO adsorbed (green) comparison between MOF treated
at 300 °C and 400 °C in N..
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Supplementary Figure 19. N sorption isotherms for MOF o as a function of thermal treatment in Na.



Supplementary Note 12. XPS analysis for thermal-engineered defective MOF catalysts.

XPS analysis of the thermal-engineered defective MOF catalysts evidences the advanced reduction of Ru*®
to Ru*?/Ru* species at 200 °C and further reduction to Ru® at 400 °C, as seen in Supplementary Figure 20.
XPS signals between 292 and 280 eV were more difficult to assign due to the overlapping of Ru(3d) and

C(1s) species, as resumed in Supplementary Table 3. Peaks attributed to CI species are also reduced at 200

°C.
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Supplementary Figure 20a. XPS analysis of thermal-engineered MOF catalysts: (left) Ru(3p) (490-455
eV), (middle) Rusg + Cys (292-280 eV) and (right) Clz, (203-196 eV).

Supplementary Figure 20b. XPS deconvolution plots of Ru(3d) and C(1s) between 292 and 280 eV.)
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Supplementary Table 3. % for each species after XPS deconvolution analysis of Ru(3d) and C(15s).

species  Referenceld = MOFLo(150°C)? | (%0)° | (H)MOFLo(200°C)2 = %°  (H)MOFLo(400°C)? = %P

cd 288.5, 285.0 288.5, 285.0 s 288.2, 285.0 285.0 =
Ru*®  286.7,282.5 286.7,282.8 49.2 287.0, 282.9 125 - -
Ru*? | 285.7,281.5 285.5,281.9 50.8 286.1, 282.3 37.5 - -
Ru*® | 284.2,280.6 - - 284.3,281.4 50. 285.1,281.2 31.8
Ru® = = = = 284.8, 280.5 68.2

2 Binding Energy (eV). ® Abundance calculated from Ru 3ds; region. Ru 3ds;; and 3dss region for Ru*®, Ru*?, Ru*®
and Ru®. Cis peak at 285.0 and carboxylate-related Cys peak at 288.5.



Supplementary Note 13. Ethylene dimerization rates for thermal-engineered MOF samples.

Supplementary Figure 21 shows dimerization rates (per catalyst mass) at 50 °C for MOF, samples
thermally-treated in N,. Highest rates are achieved for samples containing highest available Ru-H species,
as evidenced from IR spectra in Figure 3. MOF, samples thermally-treated above 300 °C show much lower
rates due to full Ru atom reduction in the presence of excess framework decarboxylation and the slight
deactivation due to enhanced at structural collapse.

4

107 4
F/.-\
Ry eﬁeeeeeeeeZSOOC
S )
@
o
o °
> QQ
% ®eeceaeoe e 20°C
et ®

5 ©
g 10° Ceeeceoecees 30C
N—r b Q
g °feesc°c°e . g0
-
C
©
IS
N
=
5}
£
(a)
6
10 T | T | T T T
0 1 2 3 4

Time on stream (h)

Supplementary Figure 21. Ethylene dimerization rates (per catalyst mass) for MOF as a function of

thermal treatment in N». Reaction conditions at 50 °C and 4.2 MPa ethylene.



Supplementary Note 14. Comparison of ethylene dimerization turnovers numbers for MOF s and

reported Ni-based MOFs.

Supplementary Table 4 shows dimerization TOFs for reported Ni-MOFs and this study. Most Ni-MOFs

use co-catalysts and solvents in reaction, and lower TOFs are obtained under gas-conditions. Moreover, Ni-

MOFs deactivate time-on-stream and do not show regeneration methods. This study shows comparable

TOF values using Ru-MOFs in the presence of intrapore liquids and the absence of co-catalysts and

solvents.

Supplementary Table 4. MOF-catalyzed ethene dimerization turnovers, stability and 1-butene

selectivities.
Butene
Activator Temperature TOF (per metal, M) L Mean life
Support /metal T ase C)  (MOlbutene Molut ) S?(',/ff:]‘;'lt)y Uks(hyp ~ TON Ref
Ni-(Fe)MIL-101 70 (Al) (Lt;gt‘é;g 10 10400 94 - - 2
Ni-MFUA4I 500 (Al) E‘b'gt‘(‘:'f) 25 41500 94 - - 3
Zrs04(OH)a(bpydc)s 100 (Al) (LblgtLélrg 55 36000 73 - - 4
. Gas/Liquid 16000
(bpy)Ni" 70 (Al) (ﬂov‘j) 24 1570 97 12 Gferizh  °
Ni-AIM DMF/HCI (fcl';ofi;) 45 252 46 - - 6
Ni-Facac-AIM-NU- Gas
1000 ELAIC g 45 16 99 10 160 7
RuUDEMOF Et,AICI Heptane 80 4 99 - - 8
Gas . 13000 .
(Ru)HKUST-1 0 (flow) 60 200 99 120 eeroon) TS

@ kq: first order deactivation constant.
b Turnovers measured per Ru active, as determined from IR and DFT



Supplementary Note 15. Long-term ethylene dimerization rates MOF.

Supplementary Figure S22 shows ethylene dimerization rates for MOF1o during 120 h time on stream and
in the presence of intrapore liquid-ethylene. The MOF_4, catalyst shows remarkable dimerization rates,

attributed to intrapore liquids that solvate specific desorption intermediate before bound oligomer growth.
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Supplementary Figure 22. Ethylene dimerization rates per catalyst mass at 4.2 MPa ethylene and 50 °C

vs. time-on-stream for ligand-engineered MOF_yo after N treatment at 200 °C and H. treatment at 150 °C.



Supplementary Note 16. Ethylene relative pressure at operating dimerization conditions (4.2 MPa).

Supplementary Figure 23 shows ethylene relative saturation pressure (P/Psx, taking 4.2 MPa as reference

pressure) using ethylene saturation pressure (Psat) at a given temperature. As temperature increases, P/Psat

decreases. Capillary condensation effects for Ru-based MOF catalysts (1.5 nm pore aperture) at 50 °C were

observed above P/Psx of 0.4. This suggests that narrower pores in MOFs (0.5 nm) condensing ethylene at

P/Psat 0f 0.15 could achieve ethylene condensation at higher temperatures. According to Supplementary

Figure 23, narrow pores could condense ethylene at P/Ps ~ 0.15 at 150 °C, achieving both kinetic and

stability benefits.
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Supplementary Figure 23. Ethylene relative saturation pressure (4.2 MPa / Psyx) as a function of

temperature. Blue line represents the minimum P/Pg: value to have intrapore liquids in 1.5 nm MOF and

grey line represents the minimum P/Ps; value to have intrapore liquids in 0.5 nm MOF catalysts.



Supplementary Figure 24. TEM analysis of Ru nanoparticles on a carbonaceous matrix after heating at
500 °C in Na.



Supplementary Note 17. Solid-state *C NMR data.

Supplementary Supplementary Figure 25 shows the *C NMR CP-MAS analysis for pristine (Ru)-HKUST-
1 material, which is compared to the spectra of the MOF ligand. The paramagnetic nature of such Ru-based
MOF structures, however, leads to a very broad band for phenyl carbons (130 ppm) and very noisy or absent

carboxylic carbons, in contrast to the sharp *C band obtained for the trimesic acid (MOF ligand).
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Supplementary Figure 25. *C NMR CP-MS spectra of pristine (Ru)-HKUST-1 (red) and spectra of
benzene-1,3,5-tricarboxylate MOF ligand (green).



Supplementary Note 18. Computational details.
All inputs, outputs, and final structures can be found in the ioChem-BD repository.®°

Periodic methods details. Periodic calculations were performed at the DFT level using the Vienna Ab-initio
Simulation Package (VASP).1112 The PBE functional®® was used together with Grimme’s D2 dispersion
scheme'* and modified parameters for transition metals.®® This functional performs well for structural
parameters of MOFs.%¢ Core electrons were described by projector augmented wave (PAW)!” and valence
electrons in plane waves with a kinetic energy cutoff of 450 eV. Cell optimization of the pristine MOF was
performed with a cutoff of 600 eV. The Brillouin zone was sampled at the I"-point through the Monkhorst—
Pack method.® Transition states (TSs) were located with the climbing image nudged elastic band method.®
The assessment of the minima and transition states was performed by diagonalizing the numerical Hessian
matrix obtained by + 0.015 A displacements. Only selected atoms were allowed to move during frequency

calculations. A benchmark calculation was performed at HSEQ3 level?2! including 13% exact exchange.??

Cluster methods details. Cluster calculations were performed at the DFT level using Gaussian09.%2 Ru
atoms were described with a SDD pseudopotential and its associated basis set;>* H, C, O, and CI atoms
were described with the 6-31G** basis set.>% Diffuse functions were added to O and Cl atoms.?” The
following density functionals were tested: M06-L,%2 which can capture the multiconfigurational character
of metallic nodes,* PBE-D3,?! and B3LYP-D3,*13* commonly used for paddlewheel cluster models®=®
and molecular complexes.®’*® We cropped one bimetallic node with eight linkers from the periodic
structure; the carboxylic groups of the linkers were capped with hydrogen atoms and the four p-carbon

atoms were kept fixed during geometry optimization to mimic the mechanic constraint of the framework.
Supplementary Note 19. Periodic models for pristine and defective MOFs.

The initial cubic unit cell of the Ru-MOF (a = 26.634 A) containing 24 nodes was taken from literature;
missing H and CI atoms were added according to previous studies (Supplementary Figure 26a).%> Notice
that although Cl would be randomly oriented in the material, the use of periodic boundary conditions (PBC)
assumes the same local structure for all the nodes. We introduced the ligand-based defect by modifying one
1,3,5-benzenetricarboxylate of one node to pyridine-3,5-dicarboxylate (Supplementary Figure 26b).
Similarly, we introduced the thermal-based defect by changing one carboxylic group of one node to
hydrogen and removing one Cl to mimic the thermal decarboxylation (Supplementary Figure 26c¢). The

large extension of the unit cell precludes the spurious high concentration of defects due to PBC.



Supplementary Figure 26. Optimized structures of (a) pristine, (b) ligand-based, and (c) thermal-based
defective MOFs.



Supplementary Note 20. Benchmark calculations.

In this section we consider quartet and doublet spin states for the pristine bimetallic MOF node using cluster
and periodic models (Supplementary Table 5). For cluster calculations we use M06-L, PBE-D3, and
B3LYP-D3 density functionals. We found the quartet as the most stable spin state. Despite having Ru atoms
with different chemical environments, they show similar spin densities of ca.1.2 and 1.5 for all three density
functionals. Periodic calculations at PBE-D2 level are in agreement with cluster calculations. Moreover, a
single-point calculation using the hybrid functional HSE03-13%-22 provided the same result, which further

validates the use of the more computationally affordable PBE protocol for periodic calculations.

Supplementary Table 5. Spin densities and relative spin state energies of bimetallic nodes on pristine
MOF at different levels of theory.

Periodic | Periodic
Method MO06-L PBE-D3 B3LYP-D3

PBE-D2 | HSE-13
Spin state Quartet® | Doublet | Quartet | Doublet | Quartet | Doublet | Quartet® | Quartet®
p(Ru—Cl) 1.24 0.52 1.26 0.47 1.19 0.53 ~1.25 ~1.25
p(Ru-vacancy) 1.47 0.41 1.39 0.44 1.48 0.40 ~1.33 ~1.40
Energy / eV 0.00 0.52° 0.00 0.43° 0.00 0.63 - -

2 The sextet spin state is found at 1.41 eV. ® Yamaguchi-corrected value.*®** Quartet spin state per node, i.e., 72

unpaired electrons overall.
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Supplementary Figure 27. Computed H: heterolytic cleavage promoted by a frustrated Lewis pair in

ligand-engineered (L) defective nodes. Potential energies referred to L-1 and gas-phase H; (in eV).
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Supplementary Figure 28. Computed frequencies of (a) hydride, (b) CO, and (c) formyl ligands on
MOF nodes.

Supplementary Note 21. Influence of spin state.

The reaction mechanism reported in the main text (Figure 4c) was calculated considering 73 unpaired
electrons for ligand-engineered (L) species. Here, we compute the key steps of the mechanism considering
71 unpaired electrons (Supplementary Figure 29). Although alkyl intermediates are more stable in a lower

spin state, the energy profile is essentially the same for both spin surfaces.
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Supplementary Figure 29. Computed reaction energy profile for insertion and alkene release steps in high

(black) and low (blue) spin surfaces.



Supplementary Note 22. Influence of secondary metal on alkene desorption.

The original MOF node contains two Ru atoms, but only one is actively participating in the reaction (Figure
4). To test the influence of the second Ru, we prepared a node model by removing the [Ru"CI]* unit and
adding one proton to one carboxylate linkers to balance charge. The alkene release step via the original
defective node (Supplementary Figure 30a) is 0.65 eV more favorable than that via the monometallic model
(Supplementary Figure 30b). We suggest that the secondary Ru atom strongly influences the coordination
shell of the reactive Ru by promoting ligand desorption. These results support the need of bimetallic nodes

to enhance selectivity.

[Ru] [Ru]

Supplementary Figure 30. Alkene desorption energies for (a) bimetallic ligand-based defective node and

(b) monometallic model.
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