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Abstract

The microporous nature of metal–organic frameworks (MOFs) often limits their capacity to 

incorporate large molecular guests, such as organometallic catalysts. In this work, we 

demonstrate a defect-engineering strategy for the Zr-based MOF UiO-66 to generate 

hierarchical pore structures capable of hosting the bulky Lehn-type complex [Re(bpy-4-

COOH)(CO)₃Cl]. By introducing missing-linker and missing-cluster defects - both during 

synthesis and through a selective ligand removal (SeLiRe) process - we modulate the 

framework’s pore structure and volume. Using a post-synthetic modification approach, 2,2′-

bipyridine-4-carboxylic acid (bpy-4-COOH) is anchored into the MOF structure via solvent-

assisted ligand incorporation, followed by complexation with [Re(CO)₅Cl]. A comprehensive 

suite of characterization techniques including TGA, Ar-physisorption, STEM-EDX, solid-state 

NMR, XAS and other spectroscopic methods confirmed the formation and uniform distribution 

of the Re-complex within the MOF porosity. Our results show that the introduced defects and 

the associated creation of mesoporosity are essential for successful incorporation of the large 

Re-complex, while nearly defect-free UiO-66 cannot be modified with the ligand post-

synthetically. The use of the SeLiRe process enables us to gain reasonable control over the 

amount of the Re-complex inside the MOF and leads to a homogeneous distribution throughout 

the particles. Photocatalytic CO2RR experiments show CO as the main product with high 

selectivity when using TEOA as a sacrificial agent. This work demonstrates the potential of 

engineering hierarchical porosity in MOFs for immobilizing large, catalytically active 

molecular species in a stable and well-defined environment.
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Introduction
MOFs have emerged over the past decade as highly tunable platforms for applications 

ranging from heterogeneous catalysis and water purification to gas storage and drug delivery 

1–6 - an area of chemistry recognized by the 2025 Nobel Prize. These crystalline and often 

porous materials are built from an inorganic cluster or ion, connected with organic linkers. 

Their modular design enables the synthesis of isoreticular structures of a material – where the 

underlying secondary building unit (SBU) and topology remain constant while pore size and 

functionality are tuned by varying linker length or composition.7 For example, the UiO-series 

(UiO-66, UiO-67 and UiO-68, UiO = Universitetet i Oslo) share the same inorganic 

Zr6O4(OH)4 cluster and face-centered cubic topology, yet pore apertures span from 6 Å to 10 

Å by increasing the number of phenyl rings from 1 to 3 in the dicarboxylate linker.8–10 MOFs 

from the UiO-family have been widely employed as heterogeneous catalysts (either unmodified 

or after the introduction of defects and or metal-nanoparticles); however, these materials are 

not intrinsically active for photocatalysis and are typically modified with photoactive metal 

complexes to impart such functionality.11–16 In this context, host–guest chemistry in MOFs 

describes the selective inclusion and organization of molecular ‘guests’ within a crystalline 

‘host’ lattice, where pore size, aperture, and chemical functionality govern uptake, orientation, 

and dynamics. For bulky organometallic complexes, successful host–guest engagement hinges 

on matching framework architecture to guest dimensions and interaction motifs (e.g., 

coordination or secondary interactions).

Molecular catalysts are celebrated for their superior selectivity and tunability, enabled by 

well-defined coordination environments. Their incorporation into porous frameworks creates 

hybrid materials that couple molecular control with accessible, structured pore networks. 
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MOFs offer a promising bridge between homogeneous and heterogeneous catalysis by 

providing a stable, high-surface-area support that can preserve the unique activity of molecular 

catalysts while offering the benefits of a heterogeneous platform.17–20 Anchoring such catalysts 

within MOFs combines the advantages of both catalytic paradigms: robust framework 

encapsulation with the fine control over reaction pathways typical of molecular species.19–23 

Additionally, this combination allows for the design of tailored environments for studying 

confinement effects of molecular complexes in porous supports.24 Despite their high surface 

areas and structural robustness, conventional MOFs are inherently microporous (pore size 

< 2 nm), limiting the diffusion and encapsulation of bulky guest molecules.25–28 Isoreticular 

expansion can lead to increased pore sizes and give the possibility of linker functionalization 

for direct incorporation of molecular complexes. Previous publications have functionalized 

UiO-67 with metal complexes by replacing part of the biphenyldicarboxylic acid linker with a 

bipyridine-dicarboxylic acid, which serves as a binding site for many catalytically active metal 

complexes.14,25,29–32 However, the availability and cost of modified biphenyl linkers can be a 

hindrance for the synthesis of functionalized UiO-67 materials. Additionally, the increase in 

linker length has been shown to decrease the MOF stability in aqueous (especially acidic) or 

humid environments.33 While UiO-66 doesn’t share these disadvantages, the pores of the 

pristine framework are too small to host larger organometallic complexes.25 A potential 

solution could be the selective ligand removal (SeLiRe) strategy, which has recently been 

developed to introduce controlled mesoporous structures via defect engineering.34–39 During 

this process, a mixed-linker MOF is heated to a temperature at which one of the linkers is 

selectively removed due to differences in their thermal stability, leading to hierarchical pore 

systems. Feng et al. as well as Bueken et al. have shown that the process can be used to create 
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mesoporous structures in UiO-66 by mixing either NH2-BDC or trans-1,4-cyclohexane-

dicarboxylate with BDC during the synthesis and later removing it via a thermal treatment.36,39 

In contrast to the random addition of defects during solvothermal synthesis, SeLiRe provides 

better control over cavity or pore-formation, which is essential for the incorporation of catalyst 

species and has been used previously for the functionalization of hierarchically porous MOFs 

with metal ions or metal nanoparticles.40–42 Here, we utilise the previously established SeLiRe 

strategy and defect generation via synthetic parameters in UiO-66 to deliberately generate 

hierarchical micro-mesoporosity with coordinatively accessible defect sites, which in turn 

enables the post-synthetic SALI of bpy-4-COOH and in-pore formation of the bulky Lehn-type 

[Re(bpy-4-COO-)(CO)3Cl] complex. Under identical conditions, a nearly defect-free UiO-66 

does not incorporate bpy-4-COOH, directly linking SeLiRe-derived hierarchical porosity and 

defect-anchoring sites to the successful uptake and uniform distribution of the Re-complex 

within the framework. Unlike prior UiO-67 linker-functionalization routes for incorporating 

Re complexes, which rely on modified biphenyl linkers29,31,32,43, or the addition of metal 

complexes during the synthesis15,16, this work applies SeLiRe in UiO-66 to enable the post-

synthetic incorporation of the complex.

In this work, UiO-66 synthesis parameters were systematically tuned to modulate defect 

formation, enabling a versatile defect‐control strategy in UiO‑66 to generate hierarchical 

micro-mesoporous architectures capable of accommodating the Lehn‑type complex 

[Re(bpy‑4‑COOH)(CO)3Cl], a Re-complex with activity in the photocatalytic CO2 reduction 

reaction (CO2RR) to CO.44 Our strategy leverages host–guest chemistry, wherein hierarchical 

meso-micro porosity and tailored binding sites in UiO-66 act in concert to admit, position, and 

retain this large organometallic guest. We employ both missing‑linker (ML) and 
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missing‑cluster (MC) defect motifs - introduced synthetically and via SeLiRe - to modulate 

pore connectivity and size, creating large, interconnected pores that facilitate the transport of 

guest molecules through the MOF. Post‐synthetic, solvent-assisted ligand incorporation 

(SALI) of 2,2′‑bipyridine‑4‑carboxylic acid introduces the electron rich N,N moiety on defect 

sites, which is followed by sequential metalation of a Re-precursor to generate the immobilized 

catalyst within the pore network (Scheme 1). We first characterize the defect distribution and 

porosity evolution in UiO‑66 under varied synthesis conditions and then quantify bipyridine 

loading and Re incorporation by NMR, TGA, physisorption, LA‑ICP‑MS and STEM-EDX. 

Our results provide a proof-of-concept for engineering defects in MOFs via the established 

SeLiRe technique to host large molecular catalysts and set the stage for the design of 

next‐generation hybrid catalytic materials.

Scheme 1. Synthesis steps used to modify UiO-66 with the large molecular complex 

[Re(bpy-4-COO-)(CO)3Cl].
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Results
In total, four base samples were produced to study the effect of defect type and density on 

the incorporation of large metal-organic complexes into UiO-66. The first two samples, UiO 

and UiONH2, have been synthesized via a microwave-assisted method following the protocol 

developed by Taddei et al.45 The Zr-precursor (ZrCl4) and  a stoichiometric amount of organic 

linker  with respect to Zr were dissolved in DMF and heated to 120 °C for 15 min (see SI for 

experimental details). In the case of UiO, only terephthalic acid (benzene-1,4-dicarboxylic 

acid, BDC) was utilized as the organic linker and in the case of UiONH2 a mixture of 90% BDC 

and 10% 2-amino-terephthalic acid (NH2-BDC) were used to generate a mixed-linker MOF. 

The mixed-linker MOF was then subjected to a heat treatment at 310 °C for 12 h (see 

experimental details in the SI and Figure S3) thereby selectively removing NH2-BDC ligands. 

At this temperature, the bond between the NH2-BDC ligands and the cluster is broken first on 

one side, followed by decarboxylation and after breaking the second connection to the cluster 

the remaining aniline readily oxidizes creating open sites on the Zr-clusters in the process.35,36 

This sample with selectively removed ligands was designated UiOSeLiRe. All samples contained 

a certain degree of random and uncontrolled ML and MC defects arising from the equimolar 

Zr:linker ratio in the synthesis, low reaction temperature and short reaction time. The further 

thermal treatment of UiOSeLiRe enhanced the formation of ML defects by specifically removing 

the NH2-BDC linkers and capping agents, which were still attached to the Zr-clusters. To 

provide a reference without ML defects, an “ideal” UiO-66 (nearly ML defect-free) was 

prepared following the procedure published by Shearer et al.46 by heating a mixture of two 

equivalents of BDC with one equivalent of Zr-precursor at 220 °C for 24 h in an autoclave (see 
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Experimental details in the SI). The use of a higher temperature, longer synthesis time and 

excess ligand led to a significantly reduced defect concentration in UiOIdeal.

Figure 1. a) Low-angle PXRD (2θ = 2-16°) collected in capillary mode with an extended 

acquisition time (12 h) can resolve reo-type superlattice reflections arising from correlated 

missing-cluster (MC) domains. UiO exhibits a single broad feature centered at ~5°, indicative 

of smaller, isolated MC regions, whereas UiOIdeal shows two sharp reflections at ~4° and ~6°, 

consistent with better-correlated reo domains despite the overall reduced ML defect 

concentration. b) 1H-digestion NMR spectra and c) TGA curves under a constant flow of 

synthetic air of the 4 base samples. d) Table showing the TGA-plateaus as well as the calculated 

a)

c)

b)

d)

UiO

UiOIdeal

UiONH2

UiOSeLiRe

H1

H3 & H2H1

#Re / Zr6
#bpy-4-
COOH /

Zr6

# of
linkers /

Zr6

TGA
plateau
[% ZrO2]

Sample

0.390.398.9189 %UiO

0.370.208.5186 %UiONH2

0.430.468.0180 %UiOSeLiRe

-0.0011.8219%UiOIdeal

Page 9 of 40 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

5:
06

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA02595A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02595a


10

connectivities, number of bipyridines per Zr6-cluster from digestion NMR and the amount of 

Re per Zr6-cluster calculated from LA-ICP-MS analysis.

The synthesized powders showed particle sizes between 200-500 nm and while the samples 

synthesized by the microwave-assisted method had an octahedral shape, the particles of UiOIdeal 

looked more rounded (see SEM images in Figure S1). Powder XRD patterns (Figure S2) of 

UiO and UiONH2 match the simulated UiO-66 pattern, with no extraneous peaks observed. 

UiOSeLiRe also maintained all characteristic UiO-66 reflections matching the UiONH2-sample in 

position and intensity, confirming that the addition of the second linker (NH2-BDC) and the 

subsequent heat treatment do not alter the overall crystal structure. Additionally, no secondary 

phases (e.g., ZrO2) were observed. Defective UiO-66 often exhibits superlattice reflections 

between 2θ = 4° and 6°, characteristic of correlated MC (reo) domains.47,48 These superlattice 

reflections were not observed in Bragg-Brentano measurements (powder placed on a Si zero-

background holder, Figure S2). However, when the sample is measured in a capillary mode 

using an extended scan time of 12 h the superlattice reflections are readily observed (Figure 

1a). While UiO shows a single broad feature centered at ~5°, UiOIdeal shows two sharp peaks at 

4° and 6°. The reason for the difference has previously been attributed to different sized reo-

regions in the MOF.48 While regions of correlated MC defects produce the two distinct peaks 

at 4° and 6° (UiOIdeal), smaller regions of isolated MC produce the broad peak (UiO).

1H-NMR spectra of the dissolved MOFs (a.k.a digested) (Figure 1b) revealed an intense peak 

at 7.8 ppm, assigned to BDC2- in accordance with Shearer et al.48 The additional peaks at 7.5, 

7.1 and 7.0 ppm confirm the incorporation of NH2-BDC2- for the mixed-linker sample UiONH2 

and verify the successful incorporation of the amino-linker in the framework (expected shifts 

Page 10 of 40Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

5:
06

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA02595A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02595a


11

were determined from dissolving only NH2-BDC in the same solvent and analyzing the 

dissolved linker with the same measurement parameters). Relative quantification of the signals 

of BDC and NH2-BDC yield a ratio of NH2-BDC/total linkers of 11% which fits with the 

intended ratio of 10% (see Figure S4). A resonance at 8.3 ppm is assigned to formate - 

generated by DMF decomposition during synthesis - which acts as a modulator by capping 

some of the Zr-cluster binding sites, generating ML defects.48 After selective ligand removal, 

UiOSeLiRe exhibits a complete disappearance of peaks corresponding to NH2-BDC2- and formate, 

while the BDC signal remains, confirming the selective and complete removal of the 

thermolabile linker NH2-BDC (see Figure S5). Notably, no new signals attributable to 

decomposition products are observed, contrasting with Feng et al., where incomplete 

NH2-BDC degradation produced 2-aminobenzoic acid residues.36 The absence of such residues 

here suggests that the extended calcination time employed was sufficient to achieve complete 

removal.

TGA analysis was performed in air up to a temperature of 700 °C to track the different weight 

loss profiles and calculate an average linker connectivity of the Zr-clusters (Figure 1c). The 

TGA curves of the UiO-type frameworks show several distinct weight loss steps which are in 

corroboration with previous studies.36,48 According to these, the degradation profile can be 

described by the following steps: below 100 °C, desorption of physisorbed H2O and residual 

solvents, adsorbed from the atmosphere. Between 100-400 °C, the TGA curve contains several 

overlapping weight loss steps corresponding to dehydroxylation of the inorganic clusters, loss 

of entrapped DMF and loss of formate and acetate modulator.48 Finally, between 400-550 °C, 

the largest weight loss step comprises the loss of the BDC linkers and the collapse of the 

organic framework yielding ZrO2. Additional characterization with in-situ FTIR and NMR 
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spectroscopy of the Ti-based MOF MIL-125 have revealed a 2-step decarboxylation process 

during the thermal degradation of MIL-125, which, due to the similar Lewis acidity of Ti4+ and 

Zr4+, suggests a similar mechanism in UiO-66 based MOFs.35 While the TGA curves of UiO 

and UiOIdeal are well described by these steps, UiONH2 exhibits a continuous mass loss between 

300 and 350 °C, most likely due to the removal of thermolabile NH2-BDC linkers. In this case, 

this linker weight loss overlaps with the loss of monocarboxylate ligands as well as the loss of 

BDC linkers at higher temperatures. In the case of UiOSeLiRe, the TGA curve shows no distinct 

weight loss step between 100-400 °C since the heat treatment has already removed all the 

thermolabile NH2-BDC as well as formate ligands and remaining DMF. The remaining weight 

loss could be explained by a gradual dehydroxylation of the clusters as well as removal of 

trapped organic fragments remaining in the pores. This is also supported by the digestion NMR 

spectra (see Figure 1b), which show no detectable NH2-BDC or formate ligands remaining in 

the MOF after the heat treatment process.

Since the magnitude of the final weight loss step depends on the amount of BDC linkers 

present in the MOF, it is possible to calculate the average number of linkers per Zr-cluster from 

the mass loss due to BDC-combustion.10,46,48–50 A fully dehydroxylated, defect-free UiO-66 

would exhibit a plateau at 220.2 wt%, which corresponds to a dehydroxylated composition of 

Zr6O6(BDC)6 (see the section “Determination of MOF composition” in the SI). UiOIdeal shows 

a plateau very close to this value (see Figure 1c, dashed arrow) indicating an almost complete 

12-linker coordination. In contrast, UiO, UiONH2 and UiOSeLiRe reach lower plateau values due 

to ML defects48 from which the SBU connectivity (linkers per cluster) can be calculated. Figure 

1. a) Low-angle PXRD (2θ = 2-16°) collected in capillary mode with an extended acquisition 
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time (12 h) can resolve reo-type superlattice reflections arising from correlated missing-cluster 

(MC) domains. UiO exhibits a single broad feature centered at ~5°, indicative of smaller, 

isolated MC regions, whereas UiOIdeal shows two sharp reflections at ~4° and ~6°, consistent 

with better-correlated reo domains despite the overall reduced ML defect concentration. b) 1H-

digestion NMR spectra and c) TGA curves under a constant flow of synthetic air of the 4 base 

samples. d) Table showing the TGA-plateaus as well as the calculated connectivities, number 

of bipyridines per Zr6-cluster from digestion NMR and the amount of Re per Zr6-cluster 

calculated from LA-ICP-MS analysis.Figure 1d shows the average connectivity for each 

sample yielding 11.8 for UiOIdeal and reduced connectivities of 8.9, 8.5 and 8.0 for UiO, UiONH2 

and UiOSeLiRe, respectively.

Consistent with prior reports that key synthesis parameters (temperature, time, and 

ligand/modulator stoichiometry) strongly influence UiO-66 cluster connectivity,46 the 

conditions used here for UiO and UiONH2 (120 °C, 15 min, and an equimolar Zr:BDC ratio) 

produce highly defective materials, reflected in the reduced average connectivities ( ∼ 8.5–8.9) 

relative to the ideal 12. Interestingly, while the mixed-linker sample UiONH2 exhibited a close 

match between the intended and observed linker ratio, it still showed a substantial amount of 

ML defects, indicating that deficiencies in both BDC and NH2-BDC contribute to the defect 

structure. In contrast, the UiOIdeal sample prepared under optimized conditions approaches the 

defect-free limit (11.8), in line with the trends established by Shearer et al. and in spite of the 

MC defects observed in the capillary PXRD measurements.46 The SeLiRe treatment reduced 

the average number of linkers per Zr6 cluster in UiOSeLiRe even further (8.0).
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Figure 2. Ar physisorption results: a) Ar isotherms measured at 87 K. b) ratios of total mesopore 

volume (Vmeso) to total micropore volume (Vmicro). c) NLDFT pore distribution of the 4 base 

samples before modification. The results show a large increase in mesoporosity for UiOSeLiRe 

and evidence of MC defects in the defective samples UiO, UiONH2 and UiOSeLiRe.

To evaluate the porosity of the base samples, Ar isotherms were recorded at 87 K (Figure 2a) 

since the use of Ar is usually preferred for the evaluation of pores smaller than 2 nm.51 To 

compare the evaluation with the more typical N2 physisorption, additional isotherms were 

recorded at 77 K using N2 gas (see Figures S6 and S7), and the results were comparable in both 

cases. All samples are highly porous, and exhibit Brunauer-Emmett-Teller (BET) surface areas 

higher than 1000 m²/g (see Table S1). The isotherm of UiOSeLiRe displays a small hysteresis 
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loop at intermediate relative pressure (~0.4–0.9 p/p₀). Its shape is H2-type51, consistent with 

constricted mesopores, expected from mesopore formation via SeLiRe. The UiO and UiONH2 

curves are nearly overlapping, showing only a very subtle hysteresis, suggesting minor H4-like 

features, i.e., microporous frameworks with limited mesoporosity.51 UiOIdeal shows no visible 

hysteresis, typical of a purely microporous material, consistent with a nearly defect-free UiO-

66. The corresponding density functional theory (NLDFT) pore distributions in Figure 2c show 

that all the samples have a large number of micropores centered at ca. 6 Å. UiO, UiONH2 and 

UiOSeLiRe also exhibit an additional, smaller peak centered at ca. 15 Å, indicating a second type 

of larger micropore, attributable to localized MC defects.36,47 These findings align with the 

appearance of the “broad” low-angle peak in the PXRD diffractograms of UiO (see Figure 1a), 

associated with reo-type defect domains.48 Interestingly, UiOIdeal does not exhibit a peak at 

15 Å, despite PXRD evidence for MC defects. One plausible explanation is that MC defects 

are present but partially ‘filled’ by non-bridging BDC linkers coordinated to a single Zr cluster 

and oriented into the vacant pore, effectively suppressing the appearance of a larger-pore 

feature in the adsorption-derived distribution. An alternative explanation would be occluded, 

unreacted BDC molecules within the pores; however, combined TGA and digestion NMR point 

to minimal linker deficiency in UiOIdeal, making this less likely. After the heat treatment and 

selective ligand removal, UiOSeLiRe retains the 6 Å peak but develops mesoporosity in the 20-

80 Å range, attributable to the loss of the NH2-BDC ligand and concomitant pore enlargement. 

Correspondingly, the height and area of the peak at 15 Å decrease relative to UiONH2 consistent 

with a fraction of these larger micropores coalescing into mesopores. This behavior has already 

been observed and described for UiO-66 and the Ti-based MOF MIL-125 (see also Figure 

5a & b).35,36
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Modification with bpy-4-COOH

Following characterization, the pristine materials were subjected to post-synthetic 

modification with 2,2’-bipyridine-4-carboxylic acid (bpy-4-COOH) anchoring the bipyridine 

for subsequent formation of the Re-complex in the next step. The MOFs UiO, UiONH2, 

UiOSeLiRe, and UiOIdeal were stirred with bpy-4-COOH in DMF overnight (see Experimental 

section in the SI) to incorporate the new ligand via SALI. The newly formed samples were 

designated UiO-bpy, UiONH2-bpy, UiOSeLiRe-bpy and UiOIdeal-bpy. To quantify the amount of 

bpy-4-COOH, digestion NMR experiments were performed after thorough washing of the 

samples with fresh DMF and methanol. Figure 3a shows the successful incorporation of bpy-

4-COOH in UiO, UiONH2 as well as UiOSeLiRe. In contrast, UiOIdeal-bpy contains no detectable 

bpy-4-COOH signal under identical conditions, suggesting that defect sites and/or larger pores 

are essential for incorporating bulky ligands. The absence of larger pores and free binding sites 

in UiOIdeal likely prevents uptake of the bipyridine. By combining the relative integration of 

bpy-4-COOH to the linker peaks and the independently determined number of linkers per 

cluster, we calculate the amount of bpy-4-COOH per cluster for each sample (Figure 1d and 

Table S2). UiOSeLiRe exhibits the highest loading - nearly twice that of UiONH2 - consistent with 

its hierarchical porosity and greater abundance of accessible defect sites that facilitate diffusion 

and binding. Collectively, these results underscore the critical role of defect density and pore 

architecture in enabling the incorporation of bulky ligands into UiO-66-type frameworks.
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Figure 3. a) 1H-NMR digestion NMR showing new peaks belonging to bpy-4-COOH for every 

sample except for UiOIdeal. b) 13C-solid-state NMR spectra of UiOSeLiRe, UiOSeLiRe-bpy, 

UiOSeLiRe+bpy (a physical mixture between the MOF and bpy) and the pure bpy-4-COOH 

showing a shift in the bpy-4-COOH signals upon incorporation into the MOF pores.

To further elucidate how the bipyridine is incorporated into the framework, solid-state 13C-

NMR analyses were performed. Figure 3b shows the spectra of UiOSeLiRe before and after the 

reaction with bpy-4-COOH, a physical mixture between bpy-4-COOH and UiOSeLiRe 

(UiOSeLiRe+bpy) and the spectrum of pure bpy-4-COOH. The 3 large peaks at 170, 135, and 

127 ppm in UiOSeLiRe, UiOSeLiRe-bpy and UiOSeLiRe+bpy belong to the terephthalate linkers inside 

the framework. Additionally, the spectrum of UiOSeLiRe–bpy shows several peaks which were 

assigned to the bipyridine inside the framework (157, 149, and 123 ppm). The pristine linker, 

bpy-4-COOH, exhibits a low intensity peak at 174 ppm, assigned to the quaternary carbon from 

the free carboxylic acid group. After MOF modification, this peak disappears, consistent with 

coordination of the carboxylic acid to the MOF-clusters forming a carboxylate and with the 

removal of non-coordinated species during washing. However, intense peak of the 

terephthalate carboxylates at 170 ppm, has a broad base that extends further than 174 ppm, 

potentially masking any signal from residual free carboxylic acid. Still, the increase in chemical 
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shift by 2-3 ppm in UiOSeLiRe-bpy versus UiOSeLiRe+bpy indicates some interaction with the 

positively charged Zr-cluster and is thus consistent with the incorporation of the ligand into the 

pores of the framework.52,53

Complex formation of [Re(bpy-4-COO-)(CO)3Cl]

Following the modification of the MOF-materials with bpy-4-COOH, they were further 

reacted with [Re(CO)5Cl] to form the targeted [Re(bpy-4-COO-)(CO)3Cl] complex in the pores. 

The resulting materials - UiO-Re, UiONH2-Re & UiOSeLiRe-Re – were characterized using PXRD 

(see Figure S8) and N2-physisorption (see Figure S9). The three modified samples still showed 

all expected peaks in the PXRD diffractogram for UiO-66 and no additional peaks from a 

potential [Re(bpy-4-COOH)(CO)3Cl] phase. Furthermore, the samples are still highly porous, 

exhibiting a slight reduction in their surface area to about 800 m²/g and a lower pore volume, 

consistent with the modification of the pores. During the reaction, the samples underwent a 

visible color change to yellow, which was further studied by UV-Vis diffuse reflectance 

spectroscopy (DRS, Figure 4a). While the pure [Re(bpy-4-COOH)(CO)3Cl] complex in 

solution shows an absorption band centered at 367 nm, which corresponds to the metal-to-

ligand charge transfer (MLCT) band of this complex 54, the Re-modified MOFs all show red-

shifted bands centered around 393 nm, 412 nm, and 394 nm for UiO-Re, UiONH2-Re, and 

UiOSeLiRe-Re respectively. This indicates electronic coupling between the carboxylate-bound 

Re complex and the UiO-66 framework.16,54,55 The latter two samples already show absorption 

in this region before the modification (see Figure S10a). Accordingly, the new peak is only 

visible as a shoulder on the peak at 351 nm in the case of UiONH2 and the center position was 

calculated by fitting the shape with Gauss peaks (see Figure S10). Su et al. have also observed 

a shift in the MLCT band of the same complex with a dicarboxylated bipyridine incorporated 
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into UiO-66; however, in the opposite direction (blue-shift), which was attributed to 

luminescence rigidochromism.16 This is likely due to the rigorous spatial confinement of the 

Lehn-type catalyst in their UiO-66 samples, hindering the free rotation of the complex. In 

contrast, the added porosity in our samples provides more rotational freedom for the Re-

complex, i.e., the electronic interactions dominate over the steric effects. Furthermore, the 

complex synthesized by Su et al. has an additional free carboxylic acid group, which could 

further hinder the movement of the complex in the pores. The bathochromic shift of the MLCT 

band upon immobilization indicates a modified local electronic environment for the Re center 

within UiO-66. DFT calculations reproduce the direction and magnitude of the shift and 

suggest a redistribution of charge density from the Zr node toward the bipyridine ligand upon 

binding, accompanied by increases in the HOMO and LUMO energies relative to the free 

complex (see Computational analysis of optical and charge properties of Re-modified UiO-

66). These results are consistent with host–guest interactions at defect-bound sites modulating 

the frontier levels of the immobilized complex.

Figure 4. a) DRS spectra of the Re-modified samples. The three samples show a new peak 

which was assigned to the MLCT of the Re-complex inside the pores. It is shifted compared to 

the homogeneous complex in solution, indicating a confined environment in the pores. b) PL 

emission spectra (excitation 310 nm) of UiO, UiO-Re and a physical mixture between UiO and 

a) b) c)
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[Re(bpy-4-COOH)(CO)3Cl] showing decreased luminescence for UiO-Re indicative of charge 

transfer between the MOF and the complex. c) ATR-FTIR spectra of the Re-modified samples, 

showing three new bands, which are characteristic for the formation of the [Re(bpy-4-COO-

)(CO)3Cl] complex.

To further characterize the electronic properties of the newly formed material, 

photoluminescence (PL) emission spectra of UiO and UiO-Re were compared with a physical 

mixture of UiO and the pure complex [Re(bpy-4-COOH)(CO)3Cl] (UiO+Re, see Figure 4b for 

UiO and Figure S12 for UiONH2 and UiOSeLiRe). All samples exhibited luminescence; however, 

the PL intensity of the Re-modified samples was significantly reduced compared to the 

unmodified ones, hinting at a photoinduced electron transfer process from the photoexcited 

MOF to the confined Re-complex. The physical mixture also displayed a decrease in PL 

intensity, albeit to a lesser extent, effectively ruling out secondary absorption of emitted light 

by the Re-complex as the primary cause for the quenching.

The successful anchoring of the complex was further confirmed using ATR-FTIR 

spectroscopy (Figure 4c). All materials show three characteristic peaks of the MOF backbone 

at 1583, 1507, and 1395 cm-1, which were assigned to the asymmetric stretching of carboxylate 

(COO-), aromatic C=C stretching and symmetric carboxylate stretching from the terephthalate 

linkers, respectively. The shift and splitting pattern of the ν(CO) bands (2026, 1925, 1910 cm⁻¹) 

relative to [Re(CO)₅Cl] is characteristic of a facial tricarbonyl Re(I) center bound to bipyridine, 

consistent with [Re(bpy-4-COO)(CO)₃Cl] indicating a change in the coordination environment 

and successful complexation within the MOF. 
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To quantify the Re loading, LA-ICP-MS measurements were performed on UiO-Re, UiONH2-

Re and UiOSeLiRe-Re (Figure 1d as well as Table S2), yielding Re/Zr molar ratios from which 

the number of Re-atoms per Zr6-cluster was calculated. This elemental quantification technique 

offers significant advantages for samples that are difficult to dissolve or where only a limited 

amount of sample is available.56 Because of differences in absorbed moisture content and the 

limited sample amount, exact weighing was not possible, therefore, only the relative Re/Zr 

ratio was considered. For UiO-Re and UiOSeLiRe-Re, the Re-loading closely matches the bpy-4-

COO- loadings per Zr6-cluster, indicating that all the bipyridine moieties have formed the Re-

carbonyl complex. However, in UiONH2-Re the amount of Re is approximately twice as large 

as the number of bpy-4-COO- groups (see Figure 1d). This could be attributed to an additional 

stabilization of Re via the NH2-groups of the second linker (NH2-BDC). 

TEM images of UiO-Re and UiOSeLiRe-Re (Figure 5a and b) showed homogeneous particles 

of approx. 200 nm in size. While the particles of UiO-Re show some differences in brightness 

due to overlapping areas, the particles of UiOSeLiRe-Re show small bright spots which could be 

indicative of mesopores in the sample which decrease the density of the particle.36 Elemental 

mapping via STEM-EDX of UiOSeLiRe-Re (Figure 5d-g) revealed a curved shape of the lateral 

Re-distribution, which importantly follows the distribution of Zr as well. Figure 5i shows a 

schematic representation of the expected STEM-EDX profiles resulting from different Re-

distributions in the MOF particle for the observed orientation of the particle. The measured 

profile aligns more closely with a model in which Re is evenly distributed throughout the MOF 

pores. This aligns with the previous results that report the Re-complex resides predominantly 

within the pores rather than being anchored on the external surface. The homogeneous Re 

distribution across entire crystallites corroborates the spectroscopic interpretations by 
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excluding phase segregation or surface agglomeration as origins of the observed optical 

changes.

Figure 5. a) TEM image of UiO-Re and b) UiOSeLiRe-Re showing bright areas in the particle 

which could indicate the formation of mesopores. c) STEM image of UiOSeLiRe-Re with the 

STEM-EDX elemental mapping for zirconium, oxygen, chlorine and rhenium shown in d)-g). 

h) is an extracted line profile along the line drawn in d) from the mappings in d)-g) showing 

the lateral homogenous distribution of several elements across the particle displayed in the 

STEM image. i) Expected STEM-EDX scan profiles resulting from pure surface attachment 

and a homogenous distribution of a species throughout the particle.

To gain deeper structural insights into the local coordination environment of the anchored 

Re centers, synchrotron X-ray absorption spectroscopy (XAS) measurements were conducted 

in fluorescence mode with a solid-state detector to ensure high-quality data acquisition despite 

the heavy Zr-matrix. X-ray absorption near-edge structure (XANES) spectra for both UiONH2-

200 nm

a) b) c)

50 nm

d) Zr

f) Cl g) Re
50 nm

e) O

50 nm
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Re and UiOSeLiRe-Re exhibit nearly identical edge positions located between that of Re foil 

(Re(0)) and ReO2 (Re(IV)), consistent with a Re(I) oxidation state (Figure 6a and S12 as well 

as additional XPS spectra of UiOSeLiRe-Re in Figure S15).57 Furthermore, the spectra display a 

sharp and intense white line peak characteristic of molecular Re-carbonyl complexes, arising 

from the 2p → 5d transition into discrete unoccupied molecular orbitals. 

Extended X-ray absorption fine structure (EXAFS) analysis and Wavelet Transform (WT) 

plots revealed distinct differences in the coordination spheres of the two samples (Figure 6b-e 

and Figures S13 and S14). To better assess the local coordination environments, the EXAFS 

data were refined by freely floating the coordination numbers (only constraint applied was to 

the Debye-Waller factors, σ2). For UiOSeLiRe-Re, the freely coordination numbers for Re–C 

(2.8), Re–N (2.4), and Re–Cl (0.8) are in great agreement with the theoretical values of the 

[Re(bpy-4-COOH)(CO)3Cl] (Table S3). This confirms the successful and pristine 

complexation of the target structure within the engineered MOF.

In contrast, the unconstrained R-space analysis of UiONH2-Re indicates a distinct 

coordination environment. Notably, the fit yielded a significantly elevated average Re–C 

coordination number of 3.9. This increase in carbonyl coordination serves as evidence for a 

mixed-species system within the framework. It corroborates the LA-ICP-MS results, indicating 

that alongside the bpy-coordinated complex, a substantial fraction of the Re precursor may 

coordinate with the free amino groups (-NH2) of the BDC linkers. In this secondary interaction, 

the Re center likely retains four carbonyl ligands, forming a [Re(NH2-MOF)(CO)4Cl] species.
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Figure 6. a) Re L3-edge XANES spectra of UiONH2-Re and UiOSeLiRe-Re. Reference spectra for 

Re foil and ReO2 are provided for comparison. b, c) FT-EXAFS k3-weighted χ(k) function 

spectra in R-space of UiONH2-Re and UiOSeLiRe-Re. d, e) WT contour plots of UiONH2-Re and 

UiOSeLiRe-Re.

Computational analysis of optical and charge properties of Re-modified UiO-66

To analyze the optical properties and charge distributions of the synthesized complexes 

further, DFT calculations were performed to compare the Re-complex attached in the MOF 

with an isolated [Re(bpy)(CO)₃Cl] complex solvated in DMF (see Figure S11). To describe 

the isolated complex solvated in DMF, we employed an implicit solvation method. To account 

for solvation effects, i.e., the electrostatic environment created by the solute, several 

approaches are available, including the polarizable continuum model (PCM), the conductor 

like screening model (COSMO), or the self-consistent continuum solvation (SCCS) model.58–

60 For this study, we used an “Multipole Expansion (MPE) implicit solvation method” that 
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combines accuracy with computational efficiency.61 It effectively partitions the whole system 

into subdomains coupled via an electrostatic boundary condition and solves multiple coupled 

Poisson equations at different dielectric permittivities. We used the dielectric constant of DMF 

(εr = 36.7) as solvent permittivity.62

Modeling the Re-complex embedded within UiO-66 is more challenging, considering the 

possibility of (partial) presence of DMF remaining from the synthesis. To obtain a tractable 

system size, we replaced the full organic linkers (terephthalic acid) of the Zr6O4(OH)4 cage with 

hydrogens, while retaining all the details of the charge transfer between UiO-66 and the 

[Re(bpy-4-COO-)(CO)₃Cl] complex. This gave us a cluster with preserved local coordination 

geometry at the attachment site with a substantially lower number of atoms and hence lower 

number of basic functions. Compared to the full 228-atom supercell of UiO-66, such a simple 

cluster allows an easy systematic analysis of electronic couplings between the Zr6O4(OH)4 cage 

and the Re-complex, including direct insight into the charge transfer between them. We 

investigated two relative orientations of the Re-complex with respect to the cage, differentiated 

by the dihedral angle of rotation (α) at the point of attachment. α is defined as the angle between 

the Re-complex’s molecular plane and the plane created by the carboxylate attachment 

group.  Upon relaxation we found two local minima with α1 = 55.0° (Orientation-1) and α2 = –

6.2° (nearly coplanar, Orientation-2). To obtain an accurate description of the dielectric 

environment of the Re-complex embedded within the MOF, we used three different boundary 

conditions for both orientations: (i)  periodic boundary conditions in a moderate-sized box, (ii) 

non-periodic cluster calculations in vacuum and (iii) the cluster embedded using an implicit 

Page 25 of 40 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/6
/2

02
6 

5:
06

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA02595A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02595a


26

solvation model (computational details for all these approaches are listed in the SI). For each 

boundary condition we calculated the total energy, Fermi energy and frontier orbital gap 

(HOMO-LUMO (H-L) gap) and compared them to the experimental values. The non-periodic 

and non-solvated cluster calculations (ii) yielded the closest agreement with the experiment. 

For simplicity, we focus here on this geometry exclusively, while the remaining results are 

discussed in the supplementary information. The structural details of Orientation-1 are given 

in Figure 7a while Orientation-2 is depicted in Figure S16.

Figure 7. a) Relaxed geometry of Orientation-1 (α1 = 55.0°). The other images represent the 

isodensity plots (at 0.003) of the b) HOMO orbital and c) LUMO orbital of the Re-complex 

before attachment to the Zr-cluster as well as the d) HOMO orbital and e) LUMO orbital of the 

Re-complex after attachment to the Zr-cluster. Yellow and blue iso-surface parts correspond to 

two different signs of the wavefunction at the same density value. Atom colors represent Zr 

(large green spheres), Cl (small green sphere), O (red), C (black), N (light blue), Re (grey) and 

H (white).

a) b)

c)

d) e)

Orientation-1 LUMO–Re(bpy)CO3Cl HOMO- UiO(Re) LUMO - UiO(Re)

HOMO–Re(bpy)CO3Cl
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To elucidate the red shift observed in the experiment we performed an orbital analysis, which 

yields the energies of the HOMO and LUMO orbitals, and the H-L gap. The values are listed 

in Table 1 and iso-surface plots (Figure 7b-e) show the dispersion of the charge cloud on the 

Re-complex before and after binding with the cage. Including further ligands, further 

delocalizes the LUMO along the carbon π-system of the ligands, slightly reducing its energy 

(10 meV, see Figure S17 & Table S4). The reduced H-L gaps after the complexation confirm 

the charge transfer between the Re-complex and cage, consistent with experimental 

observations. Linear-response time-dependent DFT calculations of the Re-complex confirm 

the lowest-energy peak in photoluminescence centred at the HOMO-LUMO gap (see 

Figure S18), validating its role in estimating the influence of the MOF. The H-L gap changes 

from 3.37 eV (367.13 nm) for the solvated complex to 3.04 eV (407.81 nm) for the cage-bound 

complex, explaining the red shift observed in the experiment. The reduction in H-L gap is 

dominated by the lowering of the HOMO orbital in Orientation-1. By contrast, the LUMO 

orbital does not change much upon complexation. The lowering of the HOMO orbital energy 

explains the increase in charge transfer between the Re-complex and the MOF. The slight 

mismatch between the experimental values and the calculated value for Orientation-1 is 

probably due to the replacement of the linkers with hydrogen or remaining DMF inside the 

pores of the MOF. The slight increase in LUMO energy upon complex formation is consistent 

with the greater redistribution of electron density in the LUMO, which extends onto the Re 

complex, whereas the HOMO shows minimal change in its electronic distribution (see Figure 

7d-e and Figure S19).
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Table 1. The HOMO and LUMO orbital energies of Re-complex before and after the 

attachment to the MOF, wavelengths from λ (nm) = 1240 / E (eV). The UV-Vis spectrum of 

the Re-complex in DMF can be seen in Figure S11.

Sample HOMO 
(eV)

LUMO 
(eV) Gap (eV) Gap 

(nm)
Experimental 

values

Re-complex
(in solvent) -6.34 -2.96 3.38 367 370 nm

Orient.1
(no solvent) -5.98 -2.94 3.04 408 393 nm

Mulliken charge analysis revealed the distribution of electron density before and after the 

attachment of the Re-complex to the Zr-cluster. Most of the atoms on Re-complex undergo 

small changes (~ 0.005 to 0.01). The charge density became more negative on the oxygen atom 

of the carbonyl group, indicating an accumulation of electron density upon complexation of 

the Re complex with MOF. The Re metal also showed a slight increase in electron density; 

however, the bipyridine-carbon attached to the carboxylate (see C15 in Figure S20) becomes 

more positive showing a decrease in the electron density at this point. For a detailed list of 

notable changes in the Mulliken charge analysis, see Tables S78 and S9 in the SI. 

Photocatalytic CO2RR

To demonstrate the feasibility of using the synthesized materials for photocatalytic CO2 

reduction, experiments were conducted in DMF using triethanolamine (TEOA) as sacrificial 

agent under 365 nm irradiation in a sealed batch reactor at 15 °C (see SI for details). After 

1 hour of illumination, gaseous products were quantified by GC and the results are displayed 

in Figure 8a.
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Figure 8. Photocatalytic CO2RR in DMF with TEOA under UV-LED illumination (365 nm): 

CO and H2 production rates. a) Unmodified samples show negligible or small amounts of CO, 

whereas Re-modified MOFs exhibit markedly higher CO rates with minimal H2. b) Repeating 

the CO2RR experiment with the filtered UiOSeLiRe-Re sample retains some of the original 

activity and the supernatant shows almost no activity (normalized to the same mass). c) By 

normalizing the activity to the Re-amount, the results can be compared to the homogeneously 

dissolved [Re(bpy-4-COO-)(CO)3Cl]. d) A long-term experiment of UiOSeLiRe-Re and [Re(bpy-

4-COO-)(CO)3Cl] shows a rapid decrease in activity over the first few hours, while still 

retaining a small base activity over the experiment duration of 21 h.

b)a)

d)c)
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The pristine samples UiO and UiOIdeal show no measurable evolution of CO or H2, consistent 

with their negligible absorption at 365 nm (see Figure S10). In contrast, both UiONH2 and 

UiOSeLiRe produce small amounts of CO with minimal H2, in line with their DRS absorption at 

365 nm (Figure S10) and prior reports of photocatalytic activity in NH2-UiO-66.63

All Re-modified samples evolve mostly CO with a small amount of H2. The CO rates increase 

in the order of UiO-Re < UiONH2-Re < UiOSeLiRe-Re (0.02, 0.11 & 0.14 µmol/mg/h). Although 

the Re-loadings of these samples are similar, the increase in CO production of UiOSeLiRe-Re is 

consistent with facilitated mass transport enabled by the hierarchical meso-microporosity, 

while UiONH2-Re incorporates basic amino-groups which are reported to enhance affinity 

toward adsorption of CO2 in the framework and enhance CO2 activation.63 This interpretation 

aligns with the MLCT red-shift, PL quenching, and homogeneous Re dispersion discussed 

above, which together indicate effective host–guest electronic coupling and intrapore catalysis. 

To verify that CO2 is the carbon source for the evolved CO (rather than adventitious carbon 

from the MOF or solvent), we performed control experiments by: (i) replacing CO2 with Ar, 

(ii) stirring the reaction in the dark, and (iii) using only DMF without TEOA as a sacrificial 

agent (see Figure S21). Under Ar, only trace CO and increased H2 were observed, indicating 

that CO2 is required for elevated CO production. The dark and DMF-only controls yielded 

negligible product formation.

Catalyst recyclability and leaching were evaluated by filtering UiOSeLiRe-Re after reaction, 

redispersing the solid in fresh solvent, and repeating the experiment under identical conditions 

(1 h illumination). As shown in Figure 8b, the recycled catalyst retains a large fraction of its 

initial activity, while the corresponding supernatant generates only trace amounts of CO, 

indicating a negligible homogeneous contribution from leached Re species. To quantify 
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leaching, ICP-OES analysis of the post-reaction supernatant revealed that 16% of the total Re 

loading was present in solution after 1 h, confirming that the majority of Re remains confined 

within the MOF (see Figure S22). After prolonged operation (21 h illumination), the dissolved 

Re fraction increased to 26%, suggesting that leaching occurs predominantly at early stages 

and that the framework remains largely stable under photocatalytic conditions.

As a homogeneous reference, dissolved [Re(bpy-4-COOH)(CO)3Cl] was tested under the 

same conditions and the and the Re-normalized activity (turnover frequency, TOF) is depicted 

in Figure 8c. The UiOSeLiRe-Re material performs similarly to the molecular complex, with 

TOFs of 1.2 and 1.5 h-1 during the first hour of illumination, respectively. Both systems exhibit 

a marked loss of activity within the first 3 h, as evidenced by the long-term data in Figure 8d. 

After that time, both catalysts only show a slight increase in their total turnover number (TON) 

during the next 19 h. Given that post-catalysis PXRD (Figure S23) indicates the MOF 

framework remains intact, the observed activity loss may stem from deactivation of the 

Re-complex.64

Overall, these results demonstrate that defect engineering and hierarchical porosity in 

UiO-66 are crucial for incorporating and activating the Lehn-type Re complex, yielding 

selective CO2-to-CO conversion with suppressed H2 evolution and clear performance gains as 

pore accessibility and defect-bound binding sites increase.

Conclusions
In this study we have demonstrated the successful immobilization of the bulky molecular 

catalyst [Re(bpy-4-COO-)(CO)3Cl] within the pores of UiO-66. Compared to prior UiO-67 

strategies that rely on pre-functionalized biphenyl linkers or co-encapsulation approaches for 
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Re-complex functionalization, our work introduces a UiO-66 platform in which hierarchical 

micro-mesoporosity and coordinatively accessible defect sites are generated via SeLiRe to 

enable post-synthetic admission and uniform immobilization of the bulky Lehn-type [Re(bpy-

4-COO-)(CO)3Cl] complex. This lowers the cost and prevents stability drawbacks associated 

with modified biphenyl linkers in UiO-67, while providing more control over pore architecture 

and defect-anchoring sites that directly govern ligand uptake and loading in UiO-66, which is 

not achievable in nearly defect-free UiO-66. Beyond the uptake of the complex, we 

demonstrate MOF-complex electronic coupling (bathochromic MLCT shift and PL 

quenching), evidencing a modified local electronic environment for the immobilized Re-center.

Our results show that structural defects, specifically ML defects, play a critical role in 

enabling the incorporation of large molecular species. While the nearly defect-free UiOIdeal was 

unable to accommodate the bipyridine ligand, all three defect-rich samples successfully 

incorporated bpy-4-COOH via SALI. Subsequent complexation with [Re(CO)5Cl] led to the 

formation of the target complex [Re(bpy-4-COO-)(CO)3Cl] within the MOF pores.

Among the defect-engineered samples, UiOSeLiRe, which was derived from UiONH2 by 

selective ligand removal of amino-functionalized linkers, exhibited the highest bpy-4-COOH 

and Re loadings. Although UiO and UiONH2 contained random ML and MC defects from the 

synthesis, which permitted the incorporation of some Re-complex, these samples lacked the 

control over defect number and location achieved in the SeLiRe-modified sample. The 

introduced mesoporosity facilitates better dispersion of the complex in the MOF, thereby 

directly controlling the incorporation of the Re-complex. Characterization by PXRD, digestion 

and solid-state NMR, physisorption, FTIR, PL, LA-ICP-MS and STEM-EDX confirmed the 

structural integrity of the materials and homogeneous incorporation of 
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[Re(bpy-4-COO-)(CO)3Cl]. EXAFS confirmed the local coordination environment of the 

embedded complex, hinting at a difference in the specific coordination of Re in UiOSeLiRe-Re 

and UiONH2-Re due to the presence of an additional nitrogen binding site from the free -NH2 

groups. The pronounced PL quenching observed in UiO-Re further supports photoinduced 

electron transfer from the excited MOF to the Re-complex. Photocatalytic CO2RR experiments 

show measurable CO evolution, confirming that the complex operates within the MOF pores, 

however, the composite deactivates quite rapidly, with only a fraction of the original activity 

remaining after 3 h.

Overall, this work demonstrates a proof-of-concept that hierarchical porosity and defect 

engineering in MOFs can be strategically employed to incorporate and stabilize large 

organometallic complexes, thereby expanding the functional landscape for catalysis and related 

applications.
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Data availability
Original data for generation of the figures will be made available upon reasonable request. 

In addition, we include supporting information (SI) containing experimental details about 

synthesis and characterizations as well as theoretical and defect calculations, SEM, TGA, 

digestion NMR, N2-physisorption data as well as DRS fitting, PL emission spectra and XAS 

data of additional samples and XPS spectra.
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