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ABSTRACT: Post-synthetic modification (PSM) of metal–organic frameworks (MOFs) is an important strategy for accessing 
MOF analogues that cannot be easily synthesized de novo. In this work, the rare-earth (RE) cluster-based MOF, Y-CU-10, with 
shp topology was modified through transmetallation using a series of RE ions, including: La(III), Nd(III), Eu(III), Tb(III), 
Er(III), Tm(III), and Yb(III). In all cases, metal-exchange higher than 70 % was observed, with reproducible results. All 
transmetallated materials were fully characterized and compared to the parent MOF, Y-CU-10, in regards to crystallinity, sur-
face area, and morphology. Additionally, single-crystal X-ray diffraction (SCXRD) measurements were performed to provide 
further evidence of transmetallation occurring in the nonanuclear cluster nodes of the MOF.  

1. Introduction 

Metal–organic frameworks (MOFs) are a family of structur-
ally diverse and porous materials comprised of concate-
nated organic building blocks, known as linkers, and inor-
ganic building units extending in 2- or 3-dimensions.1–6 The 
rapid development of MOFs in the past few decades has 
spawned a myriad of materials with varied architectures 
and functionalities.7 Due to their chemical and physical 
properties, MOFs have potential applications in several 
fields including, but not limited to, catalysis,8–11 gas adsorp-
tion and storage,12–14 chemical sensing,15,16 and light har-
vesting.17   

MOFs can be designed de novo through the use of reticular 
chemistry.18 After selecting the appropriate metal nodes 
and organic linkers to give a desired topology, synthetic 
conditions must then be controlled to facilitate metal-ligand 
bonding with suitable geometry and connectivity. Nonethe-
less, it can be challenging to control reaction conditions to 
obtain a desired topology, since many metal and organic 
precursor combinations can give rise to multiple possible 
topologies.19 One way to circumvent this challenge and to 
avoid rigorous synthetic optimization, is through the use of 
post-synthetic modification (PSM) strategies.20 PSM is a 
group of methodologies that involves the modification of 
parent MOFs into novel daughter frameworks exhibiting 
different, and sometimes enhanced, properties compared to 
their predecessors.21,22  There are several different types of 
PSM methods, which include modifying the MOF linker, 
node, or encapsulating guests inside the framework. Linker-
based PSM in MOFs includes (i) linker modification (i.e., co-
valent PSM), where the linker in the structure is chemically 

modified while still part of the MOF,23,24 (ii) linker exchange 
(i.e., solvent assisted linker exchange (SALE),25 or post-syn-
thetic exchange (PSE)26), in which a linker is exchanged for 
a different one, or (iii) post-synthetic annealing (PSA), 
where linkers and capping ligands in a MOF are rear-
ranged.27 On the other hand, metal-based PSM of MOFs in-
cludes (i) transmetallation, where the metal is replaced 
with a new metal that can adopt the same coordination 
number and geometry,28,29 (ii) atomic layer deposition in a 
MOF (AIM) where metal ions/clusters are deposited on a 
MOF metal node,30,31 or (iii) solvent assisted metal insertion 
(SAMI), where metal ions are post-synthetically coordi-
nated to a MOF metal node.32,33 Transmetallation, in partic-
ular, is one strategy that can be used to access MOF ana-
logues that are difficult to synthesize de novo. The partial or 
complete substitution of a metal in a MOF, through 
transmetallation, has the potential to lead to a daughter ma-
terial with new properties such as enhanced catalytic activ-
ity or adsorption. In general, the degree of transmetallation 
in a MOF will be governed by a series of factors, including 
the lability of the M-L bond, the ionic radii of the incoming 
vs. outgoing metal ion, the preferred coordination number 
and geometries of the incoming and outgoing metal ion, the 
solvent used, and the chemical stability of the parent and 
daughter MOFs.34 

Rare-earth (RE) elements, which include Y, Sc and the 15 
f-block lanthanoids, are a group of metals that share similar 
chemistry and are therefore expected to behave similarly in 
regards to MOF synthesis and structure.35 However, de novo 
synthesis of isostructural RE-MOFs comprised of each of the 
17 RE elements can be challenging due to the variability in 



 

ionic radii and preferred coordination number of these 
ions.36 De novo synthesis can be particularly challenging 
when constructing RE-MOFs with high nuclearity cluster-
based nodes, since the lability and thus stability of the RE-
clusters vary with ionic radii. For this reason, PSM, specifi-
cally transmetallation, is attractive for the synthesis of new 
RE-MOFs not easily attainable de novo. In that sense, 
transmetallation is an effective way of incorporating or 
completely substituting new RE ions into a parent MOF, be 
it via metal (non-RE) to RE ion,37–39 or RE to RE ion ex-
change.40–42 However, to this date, only a few examples of 
transmetallation in RE-MOFs have been shown in the liter-
ature,40–42  and to the best of our knowledge, none involve 
RE-cluster based MOFs.  

Herein, we report the transmetallation of Y(III) ions for 
other RE(III) ions (RE(III) = La(III), Nd(III), Eu(III), Tb(III), 
Er(III), Tm(III), and Yb(III)) in Y-CU-10. This MOF is com-
prised of nonanuclear cluster nodes bridged by tetratopic 
pyrene-based linkers, giving rise to a framework with shp 
topology (Figure 1). Attempts to synthesize RE-CU-10 ana-
logues (RE(III) = La(III), Nd(III), Eu(III), Tb(III), Er(III), 
Tm(III), and Yb(III)) de novo through the direct translation 
of synthetic conditions for Y-CU-10 (i.e., simply using the 
same molar ratio of metal ion precursor) have been unsuc-
cessful. Indeed, a recent report on the synthesis of Eu-CU-
10/PCN-502(Eu) demonstrates that synthetic conditions 
are quite different than those used for Y-CU-10.43 As such, 
the results shine light on transmetallation as a viable ap-
proach for obtaining difficult-to-synthesize RE-MOF ana-
logues. The daughter MOFs are fully characterized, demon-
strating a high degree of transmetallation, while maintain-
ing the expected network structure. Furthermore, single 
crystal X-ray diffraction (SCXRD) of the transmetallated 
Tm-CU-10 analogue demonstrates that the incoming 
Tm(III) ion is incorporated into the nonanuclear cluster 
node of the MOF. 

2. Experimental Section 

2.1 Materials 

All chemicals were used as received. N,N’-dimethylforma-
mide (DMF), acetone, methanol, nitric acid, hydrogen per-
oxide (30 %, w/w) and glacial acetic acid (HAc) were pur-
chased from Fisher Scientific. 2-fluorobenzoic acid, yt-
trium(III) nitrate hexahydrate [Y(NO3)3.6H2O], lantha-
num(III) nitrate hexahydrate [La(NO3)3.6H2O], neodym-
ium(III) nitrate hydrate [Nd(NO3)3.xH2O], europium(III) ni-
trate hexahydrate [Eu(NO3)3.6H2O], terbium(III) nitrate hy-
drate [Tb(NO3)3.xH2O], erbium(III) nitrate hydrate 
[Er(NO3)3.xH2O], thulium(III) nitrate hydrate 
[Tm(NO3)3.xH2O], and ytterbium nitrate hydrate 
[Yb(NO3)3.xH2O] were purchased from Alfa Aesar. 

2.2. Synthesis of Y-CU-10 

The 4,4',4'',4'''-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid 
(H4TBAPy) linker was synthesized following a reported 
procedure.44 In a typical synthesis of Y-CU-10,45 
Y(NO3)3.6H2O (249.3 mg, 0.652 mmol), H4TBAPy (111.0 mg, 
0.163 mmol), and 2-fluorobenzoic acid (4560.6 mg, 32.5 
mmol) were mixed with 28.3 mL of DMF, 2.3 mL (130 
mmol) of deionized water and 6.1 mL (106 mmol) of HAc.  

  

Figure. 1. Structure of RE-CU-10, showing the nonanuclear 
RE-cluster node and H4TBAPy linker. 

  

This suspension was homogenized by sonication for 10 
minutes and then equally transferred to three 8-dram vials, 
which were placed in a preheated oven at 120 ºC for 48 h. 
The obtained yellow crystals were separated via centrifuga-
tion and washed three times with fresh DMF over the course 
of 24 h. Solvent exchange was conducted by replacing DMF 
and washing the MOF three times with fresh acetone over 
the course of 24 h. Finally, the material was air dried and 
activated at 120 ºC for 12 h under vacuum. 

2.3 Transmetallation of Y-CU-10 

In the optimized transmetallation procedure, 2.75 mmol 
of Y-CU-10 (10 mg, 24.76 mmol of Y) was added to 5 mL of 
a DMF solution containing 5 eqv. (123.8 mmol) of the 
RE(NO3)3.xH2O salt (RE = La, Nd, Eu, Tb, Er, Tm, Yb). The re-
action mixture was then placed in a preheated oven at 140 
ºC for 14 days. After 3, 7 and 11 days, the material was col-
lected and washed three times with fresh DMF, and the 
RE(NO3)3.xH2O salt solution was replaced by a new one 
(123.8 mmol in 5 mL of DMF). The obtained materials were 
washed three times with DMF over the course of 24 hours, 
followed by washing with fresh acetone over the course of 
24 hours. The materials were air dried and activated at 120 
ºC for 12 h under vacuum. The degree of transmetallation 
was measured by inductively coupled plasma mass spec-
trometry (ICP-MS). For comparison purposes, all 



 

transmetallation reactions were performed in quadrupli-
cates. 

2.4 Characterization 

Powder X-ray diffraction patterns were recorded using a 
Bruker D2 Phaser diffractometer with CuKα irradiation (λ = 
1.54178 Å) equipped with a LYNXEYE linear position sensi-
tive detector (Bruker AXS, Madison, WI) over a range of 4° 
< 2θ < 20° at a scan rate of 6° min-1. Brunauer-Emmett-
Teller (BET) specific surface area measurements were de-
termined by N2 adsorption-desorption isotherms collected 
at 77 K on a Micromeritics TriStar II Plus instrument. Prior 
to the analysis, the samples were subject to washing and 
solvent exchange with DMF followed by acetone, and then 
activated at 120 ºC for 12 h using a Micromeritics Smart 
VacPrep instrument equipped with a hybrid turbo vacuum 
pump. Scanning electron microscopy (SEM) images and en-
ergy-dispersive X-ray (EDX) spectroscopy were recorded 
on a Phenom ProX Desktop SEM instrument. ICP-MS meas-
urements were carried out using a 7500 Agilent 7500ce 
equipment. Prior to the analysis, 0.5–1.0 mg of MOF sample 
was added to 0.8 mL of concentrated HNO3 and heated at 
100 ºC for 1 h in a sand bath. Then, after cooling down to 
room temperature, 0.2 mL of H2O2 (30%, w/w) was added 
to the mixture and heated at 100 ºC for another 2 h. Finally, 
the samples were sonicated for 30 minutes or until com-
plete solubilization. The volumes of the digested samples 
were first adjusted to 10 mL using MilliQ water, and then 
further diluted 30 times. Crystals of transmetallated Tm-
CU-10 were coated with a thin layer of amorphous oil and 
mounted on single crystal X-ray diffraction (SCXRD) at 
room temperature. Data were measured on a Bruker D8 
Venture diffractometer equipped with a Photon 200 area 
detector, and IμS microfocus X-ray source (Bruker AXS, 
CuKα source).  

3. Results and Discussion 

Y-CU-10 is one of a handful of RE-MOFs found in the litera-
ture comprised of a highly connected, high nuclearity (> 6 
ions) cluster node.46–49 Owing to the high chemical and ther-
mal stability of Y-CU-10, as well as the 12 Å channels, our 
group recently demonstrated that Y-CU-10 is a highly effec-
tive catalyst for the oxidative detoxification of a sulfur mus-
tard simulant via the production of singlet oxygen (1O2).45 
Furthermore, by substituting Y(III) for heavier rare-earth 
metals, such as Tb(III), enhanced catalytic activity is ob-
served. However, the synthesis of RE-CU-10 analogues has 
been challenging, as the synthetic procedure cannot be di-
rectly translated from that developed for Y-CU-10, resulting 
in a series of issues related to phase impurities (Figure S1), 
and low yields. Thus, in an attempt to access additional RE 
analogues of Y-CU-10, we performed metal-exchange (i.e., 
transmetallation) of the Y(III) ions using other RE(III) pre-
cursors (RE(III) = La(III), Nd(III), Eu(III), Tb(III), Er(III), 
Tm(III), and Yb(III)), to yield a series of RE-CU-10 ana-
logues, most of which could not be obtained de novo. 

To determine if transmetallation could be performed on 
Y-CU-10, methanol and DMF were screened as reaction sol-
vents at 60 and 120 ºC, respectively (Figure S2, Table S1). 
While metal-exchange in the presence of methanol has 
shown promising results in previous works,50,51 DMF can 

 

 

Figure 2. a) The degree of transmetallation in Y-CU-10 
when using eight different RE(III) precursors and b) the 
nonanuclear cluster of CU-10 before and after the 
transmetallation experiments (pink spheres = Y(III); green 
spheres = RE(III)). 

 

be heated at higher temperatures  (boiling point: 64.7 vs. 
153 ºC, respectively) and has also proven to be an effective 
solvent for transmetallation.52,53 

After 7 days of reaction in methanol at 60 ºC using 5 
equivalents of RE(III) precursor, approximately 5 % and 
7 % of the Y(III) ions of Y-CU-10 were exchanged by Eu(III) 
or Tb(III), respectively. On the other hand, when DMF was 
used as a reaction solvent at 120 ºC using the same molar 
ratio of RE(III) ion precursor, exchange of 14 % (Eu) and 15 
% (Tb) of the Y(III) ions in Y-CU-10 was observed after only 
3 days of reaction. These preliminary results indicate that 
higher temperature enhances the transmetallation process 
in Y-CU-10. Additional attempts at optimizing the degree of 
transmetallation were carried out by increasing the reac-
tion temperature in DMF from 120 to 140 ºC, as well as the 
amount of RE(III) precursor from 5 to 10 equivalents (Fig-
ure S3, Table S2). Not surprisingly, both increasing the 
RE(III) precursor concentration and increasing the temper-
ature to 140 ºC were found to enhance the transmetallation 
efficiency in Y-CU-10. For example, after 7 days of reaction 
in DMF using 10 equivalents of RE(III) precursor, 
transmetallation of Tb(III) was enhanced from 22 to 60 % 
while that of Eu(III) was enhanced from 29 to 58 %, when 
changing the temperature from 120 to 140 ºC. Furthermore, 
by increasing the reaction time at 140 ºC in DMF to 14 days, 
and the amount of RE(III) precursor from 10 to 15 equiva-
lents (Figure S4, Table S3), exchange as high as 91 % for 
Eu(III) was observed. These results demonstrate that near 
complete transmetallation of the Y(III) ions in Y-CU-10 with 
other RE(III) ions is possible. 



 

Given that some RE(NO3)3·xH2O precursors are expen-
sive, and that even partial substitution of the Y(III) ions with 
RE(III) ions is expected to endow the daughter framework 
with new properties, we sought to optimize the transmetal-
lation process to obtain the highest exchange efficiency pos-
sible while minimizing the use of RE(III) precursors. As 
such, the degree of transmetallation in Y-CU-10 with several 
RE(III) ions was evaluated using 5 equivalents of RE(III) 
precursor in DMF at 140 ºC for 3, 7 and 14 days (Figure 2a, 
Table S4). After 14 days, the metal exchange in Y-CU-10 was 
found to be higher than 70 % when using seven rare-earth 
metals: La(III), Nd(III), Eu(III), Tb(III), Er(III), Tm(III), and 
Yb(III). Furthermore, these experiments were completed in 
quadruplicates and the amount of Y(III) exchanged was 
found to be highly reproducible. Ultimately, these results in-
dicate that 6 or more of the 9 Y(III) ions in the metal cluster 
node of Y-CU-10 can be exchanged under these conditions 
optimized for a balance of cost and efficiency (Figure 2b). 

To confirm the structural integrity of the post-syntheti-
cally modified RE-CU-10 analogues, PXRD was performed. 
Upon close inspection of the reflections found in the pat-
terns pre- and post-transmetallation, it can be stated that 
the bulk of the material remains structurally the same, as no 
considerable changes in the diffraction patterns were ob-
served (Figure 3). Nonetheless, the crystallinity of the 
daughter RE-CU-10 analogues varies as a function of RE(III) 
ion (Figure S5). Since there is no evidence of new crystalline 
phases being formed, this variation in crystallinity can be 
attributed to a partial amorphization of the material. Inter-
estingly, the crystallinity of the daughter RE-CU-10 ana-
logues is clearly associated with the ionic radii of the RE(III) 
used, where an increase in iodic radius – towards the lighter 
lanthanoids – seems to  

 

Figure. 3. Normalized PXRD patterns of Y-CU-10, as well as 
the MOF after metal exchange with La(III), Nd(III), Eu(III), 
Tb(III), Er(III), Tm(III), and Yb(III). 

 

 

Figure. 4. N2 sorption isotherms of Y-CU-10 and the 
transmetallated RE-CU-10 analogues. 

 

weaken the structure and lead to a greater decrease in bulk 
crystallinity of the material. It is well-known that carbox-
ylates of larger RE(III) ions prefer higher coordination num-
bers (CNs), so when Y(III) (CN = 8) is replaced with lantha-
noids from La(III) to Nd(III) (preferred CN = 9) these ions 
are less likely to adapt to the lower coordination number 
environment.54 It is possible that when trying accommodate 
a CN of 9 in these larger ions, there are steric issues that lead 
to instability of the nonanuclear cluster, resulting in partial 
amorphization of the material. This hypothesis is further 
supported by studying the crystallinity of Y-CU-10 ex-
changed with La(III). After 3 days reaction, the transmetal-
lation rate follows the same trend as that observed for the 
other RE metals, where approximately 3 of the 9 Y(III) ions 
of the cluster are exchanged, and only a small decrease in 
the bulk crystallinity is observed (Figure 2a, Figure S6). 
Whereas after 7 days, approximately 6 of the 9 Y(III) ions 
are exchanged, accounting for a more marked decrease in 
bulk crystallinity. Finally, after 14 days, approximately 8 of 
the 9 Y(III) ions in the cluster are exchanged for La(III), a 
clear deviation (> 10%) in comparison with the heavier lan-
thanoids, and the crystallinity of the material has greatly de-
creased. This suggests there is a threshold in the percentage 
of Y(III) (CN = 8) that can be exchanged with larger lantha-
noids (preferred CN = 9) in the nonanuclear cluster before 
the system collapses. 

To evaluate the effects of transmetallation on the surface 
area of CU-10, nitrogen sorption isotherms were collected 
and used to calculate BET surface areas. As can be seen in 
Figure 4, all materials display the expected reversible Type-
I(a) isotherm.55 While the parent MOF, Y-CU-10, displays a 
BET surface area of 1790 m2 g-1, a slight decrease in surface 
area is observed for the heavier lanthanoids: Eu (1400 m2 g-

1), Tb (1470 m2 g-1), Er (1720 m2 g-1), Tm (1520 m2 g-1), and 
Yb (1360 m2 g-1). The surface areas of these 



 

 
Figure. 5. SEM micrographs of the parent Y-CU-10 and the metal-exchanged MOFs. 

 

daughter RE-CU-10 analogues are decreased compared to 
the parent MOF due to the presence of heavier RE(III) ions, 
the use of activation procedures that were optimized for Y-
CU-10 only, and in the case of Eu(III) and Tb(III) a small de-
gree of amorphization of the material. On the other hand, 
the early lanthanoids, La and Nd, demonstrated a steep drop 
in surface area: La (480 m2 g-1) and Nd (475 m2 g-1), con-
sistent with the observed decrease in crystallinity and par-
tial amorphization of these CU-10 analogues.  

In order to obtain a more complete understanding of the 
location of the new RE(III) ions exchanged in Y-CU-10, SEM 
micrographs coupled with EDS data were obtained. As 
shown in Figure 5, crystals with hexagonal prismatic shapes 
consistent with the shp topology are observed for Y-CU-10 
and for all transmetallated MOFs. However, the Y-CU-10 an-
alogues exchanged with early lanthanoids (i.e., La(III), and 
Nd(III)) clearly show a rough surface, possibly indicating 
the formation of structural defects. Consistent with PXRD 
and nitrogen sorption data, the surface roughness of these 
materials increases with increasing ionic radii of the 

incoming RE(III) ion. On the other hand, the transmetallated 
samples containing Er(III), Tm(III), and Yb(III) have well-
defined hexagonal morphology, nearly identical to the par-
ent Y-CU-10. Additionally, EDS line scan analysis was per-
formed on single crystallites of all transmetallated samples 
(Figures S7-S13). In all cases, homogeneous distributions of 
the lanthanoids and Y could be observed, indicating that the 
metal-exchange process is indeed taking place throughout 
the framework, rather than on the external surface only. 

Finally, to unequivocally confirm that RE(III) ions are be-
ing introduced into the nonanuclear cluster of Y-CU-10, sin-
gle crystal X-ray diffraction was performed on a single crys-
tal of the transmetallated Tm(III) analogue (Table S5). Our 
group, and others have shown that the nonanuclear cluster 
node in Y-CU-10, Tb-CU-10 and other RE(III)-shp-MOFs is 
disordered over two positions.45,56 SCXRD performed on the 
transmetallated Tm(III) analogue shows that, in both nona-
nuclear clusters, 6 of the 9 Y(III) ions are replaced with 
Tm(III). When analyzing the double six membered ring 
(d6r) building unit of CU-10 (Figure 6), the top and bottom 



 

rings are comprised of Tm(III) ions, while the middle layer 
is comprised of Y(III). This result is consistent with the ~70 
% exchange determined using ICP-MS. 

 

Figure. 6. Representation of (a) the transmetallated disor-
dered RE9 cluster (appearing as a RE18 cluster), and sepa-
rated into nonanuclear building units: (b) and (c). 

 

4. Conclusions 

In summary, post-synthetic modification of Y-CU-10 was 
performed by transmetallation of Y(III) using seven differ-
ent RE ions: La(III), Nd(III), Eu(III), Tb(III), Er(III), Tm(III), 
and Yb(III). By optimizing the reaction conditions for cost 
and efficiency, all seven daughter MOFs displayed 
transmetallation rates higher than 70 %. Characterization 
of the daughter materials indicates that the overall network 
structure of CU-10 is maintained after the transmetallation 
process. However, the metal-exchanged La- and Nd-CU-10 
analogues clearly demonstrate a higher degree of amor-
phization of the structure, which can be attributed to their 
higher ionic radii and different coordination number pref-
erences, compared to the other RE(III) ions. Finally, SCXRD 
measurements on transmetallated Tm-CU-10 confirmed 
that the Y(III) ions were replaced by Tm(III) in the nonanu-
clear clusters of the MOF with a ratio of Y:Tm of 3:6, match-
ing the results obtained by ICP-MS. These results shine light 
on the use of transmetallation in RE cluster-based MOFs, 
something that has not been explored in the literature be-
fore. The example here shows that by simply adjusting the 
reaction parameters, partial or near-complete transmetal-
lation can be accomplished, with the potential to give new 
RE-MOF analogues with unique properties and applica-
tions. 
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