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Introduction

Optimizing post-synthetic metal incorporation in
mixed-linker MOFs: insights from metalation
studies on bipyridine-containing UiO-67 single
crystalsy

Wanja Gschwind, 2@ Gyula Nagy, ¢ ® Daniel Primetzhofer (2 °€ and Sascha Ott () *2
The postsynthetic metalation (PSM) of metal-organic frameworks (MOFs) with intrinsic metal binding
sites is an intriguing strategy to introduce catalytic function into MOFs. The spatial distribution of the cata-
lytic sites within the MOF crystal will affect the efficiency of the material, but the factors that govern depth
distribution of the introduced metal sites are often not well understood. Herein, we employ Rutherford
backscattering spectrometry (RBS) to investigate the metal distribution in a series of post-synthetically
metalated mixed linker bpdc/BPY UiO-67 (UiO = Universitet i Oslo, bpdc = biphenyl-dicarboxylate, BPY =
2,2'-bipyridine-5,5'-dicarboxylate) single crystals as a function of linker ratio and metalation time. The RBS
spectra reveal large differences in the depth distribution of inserted Ni2* ions, and core/shell architectures
are observed in high BPY materials at shorter incubation times. The incubation times to achieve uniform
metal incorporation increases with increasing BPY ratios in the materials, suggesting that the presence of
the BPY linkers slow down metal uptake. We propose a combination of ionic interactions and pore clog-
ging, where coordinated ions reduce the available pore space for further ions to diffuse deeper into the
framework as reasons for the observed trends. The observations are likely relevant for other mixed-linker
MOF systems, and understanding the effect that linker ratios have on PSM and cation distribution will aid
in future optimizations of catalytic MOFs.

this procedure, catalytically active metal cations are introduced
into pre-formed MOF crystals that contain suitable anchoring

Metal organic frameworks (MOFs) are a class of highly versatile
materials for a variety of applications, ranging from carbon
capture,’ storage,” sensing,® separation, biomedicine,’ to cat-
alysis.® In terms of catalytic applications, MOFs have generally
been recognized as highly potent support materials for the het-
erogenization of molecular catalysts.®™" They offer structural
control, tunable environments, and high internal surface
areas, making them promising host materials for catalytic pro-
cesses, with potential applications in green chemistry and
renewable fuel production.'®*?

A popular approach for the production of such MOF-catalyst
hybrid materials is via post-synthetic metalation (PSM).**** In
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sites. A common design strategy is to have the anchoring site
on the linker, such as in free base porphyrinic MOFs or UiO-67
analogues with BPY linkers (BPY = 2,2"-bipyridine-5,5-dicar-
boxylate)."® During PSM, MOF crystals are soaked in a solution
of the desired metal ions, allowing the latter to diffuse into the
porous material and to bind to the anchoring sites.
Understanding the movement of metal ions through the MOF
is important for the optimization of the metalation step
because the spatial distribution of the catalytic sites will
strongly influence the catalytic efficiency of the materials.
Several factors are expected to influence the depth profile of
the introduced metal centers, such as metalation time, temp-
erature, solvent, but also the nature of the metal ion and the
structure of the MOF.

MOFs that are composed of zirconium-based secondary
building units (SBUs) are known for their thermal, chemical,
and mechanical stability.’”'® One prominent example is the
UiO MOF series, which is based on Zr-oxo clusters that are
linked by carboxylate-terminated organic linkers."*?° Within
this series, UiO-66 and UiO-67 are the most widely used struc-
tures and have been modified in many ways to enable the
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incorporation of molecular catalysts.">*! As many established
metal catalysts feature a bipyridine moiety coordinating to the
metal center, this structure was introduced into UiO-67 by
exchanging a fraction of the native biphenyl-dicarboxylate (bpdc)
linkers for BPY linkers. The resulting UiO-67-BPY has been exten-
sively used for the incorporation of metal catalysts and produced
promising catalytic systems.'*** One additional benefit of such a
MOF is the tunability obtained by varying the ratio between the
original linker and linker with the coordination site.® This vari-
ation will impact the catalyst concentration in the MOF, but can
also influence framework stability”®> or mass- and charge
transport>**> phenomena within the framework.

Many catalytic MOF materials use such a mixed linker
system, where a fraction of the linkers contains an anchoring
site for catalyst binding.>* In those mixed linker materials, the
overall topology is assumed to remain unchanged, regardless
of the linker ratio. What has been neglected so far is how the
ratio of different linker types influences the spatial distri-
bution of post-synthetically introduced metal sites. This is
important, because ions that enter crystals with high contents
of metal binding sites experience different chemical environ-
ments compared to those that diffuse into MOFs with few
binding sites (Fig. 1).

Herein, we synthesized a series of mixed linker UiO-67-BPY
single crystals containing different proportions of bpdc and
BPY linkers, and post-synthetically metalated them for varying
amounts of time. To investigate the effect of the linker ratio on
the diffusion of the metal ions, we studied the spatial distri-
bution of metal ions in UiO-67-BPY single crystals by micro-
Rutherford backscattering spectrometry (RBS). This method
allows the determination of elemental depth profiles in indi-
vidual MOF single crystals, providing information on post-syn-
thesis metal distribution.>®

Results & discussion

UiO-67-BPY single crystals containing varying ratios of BPY
and bpdc linker (100, 50, 30 and 15% BPY, subsequently
written as UiO-67-BPY,,,) Were grown on Si substrates using a
modified version of our previous procedure.>® In short, a pre-
cursor solution was prepared from a mixture of 2,2"-bipyridine-
5,5"-dicarboxylate and biphenyl-dicarboxylate (0.2 mmol com-

MOF pores

High BPY% Low BPY%

Fast Diffusion

Fig. 1 Schematic representation of Ni?* cations entering a MOF with
high (left) and low (right) BPY content.
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bined), benzoic acid (1.85 g, 15.2 mmol), ZrCl, (87.4 mg,
0.4 mmol), and 24 pL water in anhydrous DMF (15 mL).
Washed Si slides were placed face down at a tilt angle inside
4 mL glass vials, and covered by 2 mL precursor solution. The
vials were sealed with septa containing caps, placed in a sand
bath and transferred to an oven preheated to 120 °C for 5 days.
After removal from the oven, the wafers were washed and
stored in DMF. Prior to analysis, the solvent was exchanged to
acetone and the substrates were dried under vacuum.

Successful MOF synthesis was confirmed by X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM). The
representative XRD graph (Fig. 2a) shows the presence of the
characteristic UiO-67 (111) and (222) reflections (black line),
confirming the presence of crystalline UiO-67-type materials.
The absence of the remaining peaks that are present in the
simulation for bulk powder UiO-67 (red line) confirms the
high orientation of the surface-grown crystals. The SEM image
(Fig. 2b) shows a well separated single crystal of circa 15 pm
diameter, in the characteristic shape of UiO-67 octahedra
grown in a (111) orientation.

To confirm the linker composition of the materials, the syn-
thesized MOF crystals were digested in aqueous NaOD (see
ESI}) and subjected to NMR analysis (Fig. 3). From the result-
ing NMR spectra, the bpdc:BPY ratios in the mixed linker MOF
could be calculated and related to the feeding ratio of the two
linkers in the solvothermal syntheses.

The results show a satisfactory match between the feeding
ratio and the linker ratio in the MOF. There likely is no prefer-
ence for either one or the other linker during the mixed linker
synthesis. This finding also implies that a statistical distri-
bution of both linkers within a single MOF crystal can be
expected. This assumption is further supported by the fact
that UiO-67 has been shown to undergo post-synthetic linker
exchange with exogenously added BPY, meaning that there is a
pathway to equilibrate any potential inhomogeneities in the
mixed linker MOF under the solvothermal reaction
conditions."*!

a)

\
o / o M o pm EHT = 2,00 kV
é 1'0 1'5 WD = 7.6 mm
Fig. 2 (a) In black, a measured XRD pattern of synthesized UiO-67-

BPY100% crystals displaying only the (111) and (222) reflections; in red a
simulated XRD spectrum of non-oriented UiO-67 crystals. (b) SEM
picture of a synthesized UiO-67-BPY g0y crystal on a Si substrate.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 NMR spectra of digested UiO-67 crystals containing different
percentages of BPY linker. The table shows the BPY percentage in the
precursor solution compared to the measured BPY percentage in the
digested MOF crystals. BPY percentage values were rounded to mul-
tiples of 5.

For the post-synthetic metalation, the wafers were rinsed to
remove loosely bound precursor components, and transferred
directly into the metalation solution. More specifically, the
metalation was studied using Ni** (4 mM NiCl, in DMF) as
cation of choice. This is motivated by the fact that [Ni(BPY)]**
- type species are prominent redox catalyst for a variety of
transformations.>’>® The metalation process was then per-
formed at 100 °C for a specified amount of time. The retention
of structure and crystallinity during PSM was confirmed by
X-ray diffraction (Fig. S17). Further support for the structural
integrity of the samples was obtained from SEM which showed
unaltered crystal morphologies after PSM (Fig. S2).

For the investigation of post-synthetic metal distribution,
the metalated crystals were analyzed by RBS.’' For such
measurements, a continuous beam of He ions of known
energy is focused onto the sample where the individual ions
can get backscattered from encountered target atoms. The
energy of the backscattered He ion is related to the mass of the
encountered atom in the sample, and to the depth in which
the collision occurred. From this data, element specific depth
profiles for the encountered atoms can be constructed. A repre-
sentative RBS spectrum is presented in Fig. 4 in which the
experimental data (in black), obtained from a 5 MeV He ion
beam, is fitted using the SIMNRA software package (blue
line).>” The Y-axis presents the number of back-scattered ions
of a specific energy, which depends on the concentration of
the elements that have contribution to this specific energy.
The X-axis displays the energy of the backscattered ions which
is dependent on the mass of the encountered nucleus, and
also on the depth, at which the nucleus was encountered.
Therefore, heavier elements, and atoms at the surface of the
crystal, both produce higher energy signals compared to
lighter elements or atoms deeper within the sample,
respectively.

With diffusion being a time dependent phenomenon, it is
intuitive to assume that metalation time will impact the depth

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 RBS spectra (5 MeV He ion beam) of metalated UiO-67-BPY
single crystals containing 30% BPY, incubated in 4 mM solution of Ni?*
in DMF for 1 and 48 hours.

distribution of Ni** in UiO-67-BPY single crystals, as well as its
total incorporation yield. Thus, two samples of UiO-67-BPY;3¢q
were incubated in a Ni** containing solution for 1 and
48 hours. RBS spectra were measured to reveal the Ni** distri-
bution within the metalated crystals (Fig. 4). The region of
interest (lower part of Fig. 4) depicts the energy range contain-
ing the Zr and Ni signals. The highest energy signal results
from ions scattering off the heaviest element found on the
surface of the sample - in this case Zr. Moving towards lower
energies, the detected ions have traveled deeper into the
crystal before scattering off a Zr nucleus. The number of
counts remains constant in this part of the spectrum, indicat-
ing a constant Zr concentration. At approximately 3800 keV, an
increase in the number of counts is observed. According to the
kinematic equation, this increase in counts results from
surface Ni** and not from a sudden increase in Zr at a certain
depth.?® The Ni signal lies on top of the Zr signal, but the two
signals can be separated assuming that the Zr concentration
remains constant throughout the crystal. Again, towards lower
energy, the signals from Ni** at increasing crystal depth is
observed. It is here that the two spectra in Fig. 4 start to differ.
The spectrum after 48 hours metalation depicts a constant Ni
count with increasing probing depth, indicating a constant
Ni*" concentration throughout the probed layer. The 1 hour
metalated sample, however, exhibits a distinct decrease of the
Ni signal with increasing probing depth. At lower energies, the
count number stabilizes at the height of the Zr signal,
suggesting the absence of Ni** below a certain depth. This
indicates a concentration gradient from elevated Ni*" concen-
trations near the crystal surface towards minimal Ni** content
in the crystal core. The horizontal (energetic) distance between
the appearance of the Ni signal and its disappearance can be
used to calculate the thickness of the layer containing Ni
(vide infra). The observed Ni concentration gradient is a direct

Dalton Trans., 2024, 53,14779-14785 | 14781
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result of the diffusion of Ni*" through the crystal pores. These
spectra, therefore, aptly demonstrate the critical role of time
for PSM, visualizing the time dependent progression of the
diffusion layer within the crystal.

At lower energies, signals from the lighter elements such as
the Si substrate, carbon from the linkers and oxygen form the
SBUs can be observed. The count numbers of these elements
are however highly dependent on elastic resonances, and
cannot be used to visually deduct any information on elemen-
tal concentrations.

In a second set of experiments, the correlation between the
Ni** uptake and the percentage of BPY linker was investigated.
Since the BPY linker bears the anchoring site for Ni**, higher
Ni** concentrations are expected in a crystal with higher BPY
percentage. Therefore, three mixed linker UiO-67-BPY samples
containing different BPY percentage (approximately 15, 30,
and 50%) were analyzed by RBS and compared (Fig. 5).

All three RBS spectra show a constant Zr and Ni** concen-
tration throughout the probed depth. When comparing the
spectra, a higher Ni edge is observed with increasing BPY
linker percentage, indicating a higher Ni:Zr ratio in the
crystal. A perfect crystal model would be comprised of 6
organic linkers per ZrsO,(OH), cluster, resulting in a linker to
Zr ratio of 1: 1. In case of a stoichiometric metalation process,
each BPY linker would coordinate one Ni** ion, leading to a
Ni:Zr ratio that corresponds exactly to the BPY percentage.
Looking at the table of extracted Ni:Zr ratios (Fig. 5), it
becomes apparent that the ratios are slightly higher than
expected based on that ideal model, suggesting some excess
Ni*" being adsorbed in the MOF pores. This extra population
could be due to interactions with coordinatively unsaturated
SBUs or the formation of Cl~ or H,O bridged (Ni**), com-
plexes, both of which have precedence in the literature.>*™’
Despite of this complication, the data clearly confirms a corre-
lation between the BPY percentage and Ni** uptake.

While the BPY percentage dictates the maximum amount
of Ni** that can be coordinated within the framework, Fig. 4
shows that the incorporation yield and depth distribution of
PSM strongly depends on metalation time. This strong time
dependence is because metalation is mostly dictated by two

2 15 0.28 0.15
3 2000
3 30 0.34 0.30
1000
50 0.61 0.50

10002000 3000  4000;
Backscattered ion energy (keV)

o 5% BPY, 24 hours

50% BPY, 48 hours

o 30% BPY, 48 hours

\

o [[]2 S — \ 1] —
2000 2500 3000 3500 4000 2000 2500 3000 3500 4000 2000 2500 3000 3500 4000

Fig. 5 RBS spectra of UiO-67-BPY single crystals containing different
BPY percentages. Table showing the extracted Ni : Zr ratios.
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factors: the speed with which the introduced metal precursor
diffuses into the crystal, and how fast it coordinates to the BPY
linkers.”® There is though a lack of research on how the BPY
percentage influences the metal distribution. That is by chan-
ging the MOF pore environment enough to cause a notable
change in diffusion processes and thereby relating metalation
time to linker ratio.

To assess the impact of varying linker ratios in mixed linker
MOFs, UiO-67-BPY single crystals with different BPY percen-
tages were metalated for either 1 or 24 hours. Subsequent ana-
lysis using RBS was used to reveal the distribution of Ni**
within each sample (Fig. 6).

Comparison of the shape and size of the Ni signals between
the spectra within the same column in Fig. 6, visualizes the
influence of the incubation time on the Ni** distribution in a
UiO-67 crystal with a specific BPY linker concentration. At
100% BPY after 1 hour of incubation, a very small and rapidly
decaying Ni signal is observed, suggesting Ni*" incorporation
only in the surface regions (0.3 pm) of the crystal. After
24 hours of incubation, the Ni signal is much more pro-
nounced and declines less rapidly. Higher concentrations of
Ni*" ions are thus detected deeper within the crystal, indicat-
ing higher Ni*" uptake and farther diffusion (2.7 pm) into the
crystal, but still not reaching the crystal core. In contrast, the
materials with a low BPY content exhibit relatively comparable
Ni*" distributions after both 1 and 24 hours of incubation.
This observation implies that, at lower BPY percentage, the
relevance of metalation time diminishes, indicating a signifi-
cantly accelerated Ni** diffusion in lower BPY materials. The
pronounced difference in the Ni signals at high BPY percen-
tages, however, suggests that incubation time has a strong
impact on the resulting Ni** distribution. Evaluating these
findings across all materials reveals a clear trend, showing that
the higher the BPY percentage of the material the more impor-
tant the metalation time becomes.

Comparing the spectra of Fig. 6 horizontally, the effect of
the BPY:bpdc ratio can be observed. Looking at the spectrum
of 100% BPY, 24 h, a pronounced slope in the Ni signal can be
observed, indicating a rapid decline of the Ni** concentration
towards the crystal core. In contrast, at 15% BPY, 24 h, the Ni
signal runs parallel to the underlying Zr baseline, indicating a
uniform Ni** concentration throughout the probed depth.
Comparing the Ni slopes of samples incubated for the same
duration provides information on the relationship between the
BPY ratio and the Ni*" distribution. A clear trend is observed,
showing a more pronounced Ni** concentration gradient
towards high BPY percentages and more uniform metalation
towards low BPY percentages. These differences in the Ni** dis-
tribution seem to be a direct result of the different BPY:bpdc
ratios in the analyzed crystals. This supports our previous con-
clusion, suggesting a diminished Ni** diffusion rate in high
BPY frameworks.

The Ni** ions diffusing into the framework experience
different environments when moving through MOFs with
varying amounts of BPY binding sites. A material featuring
high BPY concentration will offer many coordination opportu-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 RBS spectra of Ni®*-metalated UiO-67-BPY single crystals with varying percentages of BPY linker, metalated for 1 or 24 hours.

nities to incoming ions, also resulting in a high number of
interactions between the framework and the ions. If coordi-
nation is fast compared to diffusion, subsequent Ni** ions
move through pores filled with high concentrations of co-
ordinated Ni**. In contrast, when moving through a low BPY
material, the linker-ion interactions and coordination oppor-
tunities are fewer, and subsequent Ni*" ions do not encounter
high concentrations of coordinated Ni**,

From this, two plausible factors may account for the slower
Ni** diffusion in high BPY materials. Firstly, interactions
between diffusing Ni*" ions and the bipyridine anchoring sites
are expected to slow down diffusion.’® The attracting forces
between the opposing charges of the Ni*" ions and the electron
lone pairs on the non-coordinated nitrogen atoms will slow
down the movement of Ni** ions through the material.
Therefore, an increasing BPY ratio would increase the fre-
quency of such interactions, and slow down diffusion.
Secondly, diffusion is susceptible to steric hindrance, which is
highly relevant when a species is diffusing through the narrow
pores of a MOF.?** With the binding of a Ni** ion to an open
coordination site on a BPY linker, we expect a concomitant
reduction of the available pore space for subsequent Ni** ions.
Consequently, as the ratio of BPY linker and coordinated Ni**
ions increases, the available pore space is reduced, notably
hindering diffusion into deeper regions of the crystal.

Another noteworthy phenomenon observed in the RBS
spectra following extended incubation time (24 h, 100-30%
BPY), is the appearance of a pronounced peak at the high
energy edge of Zr (4150 keV). Such an increased Zr signal at
the high energy edge indicates higher Zr concentration at the
crystal surface, which suggests the accumulation of Zr at the

This journal is © The Royal Society of Chemistry 2024

surface. This phenomenon also appears to correlate with the
BPY percentage. Prior investigations of UiO-67 MOFs have
indicated the possibility of partial structural degradation due
to hydrolysis.*® Some studies also observed accelerated hydro-
lysis in the presence of BPY linkers, which act as base to depro-
tonate incoming water molecules, thereby accelerating the
hydrolysis of the linker-Zr bonds.”' The observed accumu-
lation of Zr may therefore be rationalized by a moisture
induced structural collapse of the outer crystal layers, resulting
in the formation of a denser and amorphous layer of Zr and
linker. The presence of such a layer is expected to impede the
ingress of material into and out of the crystal, possibly being
another factor that contributes to diminished Ni** incorpor-
ation.>® Moreover, surface collapse is likely to influence the
washing procedure as well, slowing down the removal of non-
specifically adsorbed Ni*" and thus providing another poten-
tial explanation for the superstoichiometric amounts of Ni**
within the crystals.

The information obtained through the fitting of the RBS
spectra enables the calculation of diffusion coefficients.*> A
simple Fickian diffusion function was used to plot curves for
each diffusion coefficient extracted from the measured crystals,
enabling the visualization and comparison of Ni** diffusion in
the different materials (Fig. 7).

Fig. 7 nicely visualizes the substantial influence of the BPY-
linker percentage on metal diffusion within the frameworks.
For the 15% BPY crystal, an almost uniform Ni** distribution
can be observed after only 1 hour metalation, while, in con-
trast, the 100% BPY crystal shows only near surface metal
uptake. The formal diffusion coefficients (c) differ by orders of
magnitude depending on the BPY ratio of the mixed-linker

Dalton Trans., 2024, 53,14779-14785 | 14783
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Fig. 7 Depth-dependent Ni?* concentration in four mixed-linker
UiO-67-BPY MOFs (15-100% BPY) after (a) 1 hour, and (b) 24 hours
metalation. The graphs were obtained by plotting diffusion functions
using the different diffusion coefficients presented in (c) table of Fickian
Ni2* diffusion coefficients extracted from fitting the RBS spectra of the
different mixed-linker crystals metalated for one hour (from Fig. 6).

MOF. Such tables and graphs greatly facilitate the comparison
of the metal diffusion during PSM under different conditions,
and help us understand metal distribution in post-syntheti-
cally metalated MOF crystals.

Conclusions

The Ni** distribution in a series of post-synthetically metalated
UiO-67-BPY MOFs containing various ratios of BPY linker (100,
50, 30, and 15%) was investigated by RBS. The resulting
spectra revealed new information, relating the Ni** distri-
bution to the BPY percentage and metalation time. As
expected, the total Ni*" uptake correlates with the ratio of BPY
linkers, which act as coordination sites for the incoming metal
ions, allowing the framework to take up higher amounts of
Ni** with increasing BPY linker content. Furthermore, since
PSM relies on diffusion of the Ni** ions into the MOF, the
uptake of Ni*" and its distribution within the crystals is natu-
rally influenced by the metalation time. This time dependence
is clearly visible in the analyzed spectra. However, the analyzed
series also revealed a strong link between the BPY percentage
of a material and the Ni** diffusion. The spectra point to a sig-
nificantly slower Ni** diffusion in high BPY materials,
suggested by a Ni** distribution only near the crystal surface.
In contrast, the low BPY materials showed much faster Ni**
uptake and uniform distribution of the Ni** throughout the
crystal.

Longer incubation time of high BPY crystals enables higher
and deeper Ni** incorporation but possibly at the cost of struc-
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tural degradation of the surface layers. This was indicated by
the appearance of higher Zr concentrations at the crystal
surface, signifying a layer of more densely packed Zr structures
at the surface, suggesting a collapse of the pores.

The slower Ni** diffusion related to higher BPY linker per-
centage revealed in this work could be related to an increasing
amount of polar interactions between the linkers and the
diffusing Ni** ions. Another reason could be that coordinated
Ni*" decreases available pore space that is needed for sub-
sequent Ni*" to diffuse through the framework, resulting in a
clogging effect, when the amount of BPY linker and co-
ordinated Ni** gets too high.

Furthermore, the fitting of the spectra enables the extrac-
tion of quantitative values of formal Ni** diffusion coefficients.
This approach enables visual representations of metal distri-
bution in post-synthetically metalated MOFs, aiding the under-
standing and comparisons of these systems. Such compari-
sons further enable discussions on the efficiency of the syn-
thesized materials and may offer pathways to improvement.
The use of RBS as a technique to obtain depth profiles of intro-
duced metal ions is by no means limited to the MOFs used
herein. The findings are likely to be relevant for other mixed
linker MOF systems, and could help future research choosing
specific linker ratios to optimize catalyst loading in such
hybrid materials.
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