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While only a partially transmetalated network was observed in

a rigid metal–organic framework (MOF), not only a completely

transmetalated isostructural network but also a partially

transmetalated core–shell heterostructural network could be

obtained in a flexible MOF by controlling the reaction

conditions.

Covalent and dative postsynthetic modifications (PSMs) of metal–

organic frameworks (MOFs) have been well developed and have

proved to be a general and facile synthetic strategy toward new

functionalized MOFs.1–3 Recently, the exchange of framework

metal ions (i.e., transmetalation)4,5 or the replacement of structural

organic linkers6 have been reported as new types of dative PSMs.

The transmetalation of framework metal ions or the exchange of

structural organic ligands can proceed via even a single-crystal to

single-crystal transformation. Although the replacement of frame-

work metal ions has been reported several times, most reports are

of incomplete transmetalation.4 Recently, Kim and co-workers

reported a complete and reversible exchange of the framework

metal ion in a water-stable tricarboxylate MOF system.5a The

exchange reaction was completed within a week at ambient

temperature. Zou and co-workers also reported a complete but

irreversible exchange of the framework metal ion in a 3-D MOF

system based on a paddle-wheel secondary building unit (SBU).5b

However, the exchange reaction was much slower than that in the

MOF system reported by Kim’s group, and the complete

transmetalation took three months. Postsynthetic transmetalation

could be utilized as a new approach toward heterometallic MOFs

with multifunctional properties in addition to being a general

approach for the preparation of isostructural MOFs that are

difficult to obtain or unattainable by a direct synthetic strategy.

However, it is not well investigated how quickly the transmetala-

tion takes place, which factors control the reaction kinetics,

whether the transmetalation will be partial or complete, and

whether the transmetalation process in a single MOF crystal is

occurring homogeneously with no site selectivity or heteroge-

neously with site selectivity in the single crystalline particle.

Two Zn-based 3-D MOFs have been chosen as model systems

with the same Zn2(COO)4 paddle-wheel SBUs but which are

interlinked via different organic ligands of different flexibilities to

study the reaction characteristics related to the transmetalation.

Zn-HKUST-1 ([Zn3(BTC)2(H2O)3], where BTC = 1,3,5-benze-

netricarboxylate), which is a Zn analogue of Cu-HKUST-1 with a

(3,4)-connected tbo net topology,7 was chosen as a model MOF

made with the small and rigid tricarboxylate, BTC, as an organic

component. As reported, Zn-HKUST-1 based on a Zn2(COO)4

paddle-wheel cluster as a 4-connected SBU is unstable when the

lattice solvent molecules in the pore are removed from the pore of

the MOF, although the framework with the lattice solvent in the

pore is structurally rigid in anhydrous solvents. For the best

comparison, an isoreticular Zn–MOF of the same net topology

but with a larger tricarboxylate as a ligand might be appropriate as

another model. However, no such isoreticular Zn–MOF has been

reported yet. Therefore, Zn-PMOF-2 ([Zn24L8(H2O)12], where L =

1,3,5-tris(3,5-dicarboxylphenylethynyl)benzene) was chosen as a

model MOF having the same Zn2(COO)4 cluster with the same

4-connected SBU, but the clusters were connected via hexacarbox-

ylate ligand L, which is larger than BTC, as shown in Scheme 1.8

In the framework structure, the isophthalate moiety in L is linked

through the Zn(II) paddle-wheel SBU to form a more flexible

MOF with a (3,24)-connected rht net topology.

Zn-HKUST-17a was prepared using a procedure that was

slightly modified from the reported procedure.{ The framework

metal ions of Zn-HKUST-1 were replaced by Cu(II) ions in 0.3 M
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Scheme 1 Ligand BTC interlinking three Zn(II) paddle-wheel SBUs

(left) and ligand L interlinking six Zn(II) paddle-wheel SBUs (right).

CrystEngComm

Cite this: CrystEngComm, 2012, 14, 5753–5756

www.rsc.org/crystengcomm COMMUNICATION

This journal is � The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 5753–5756 | 5753

http://dx.doi.org/10.1039/c2ce26115d
http://dx.doi.org/10.1039/c2ce26115d
http://dx.doi.org/10.1039/c2ce26115d
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE014018


Cu(NO3)2?2.5H2O methanol solution at ambient temperature.

Optical microscopic photographs of a single crystal soaked in the

Cu(II) methanol solution indicate the replacement of the frame-

work metal ion, i.e., transmetalation (Fig. S1{). The crystal in the

Cu(II) methanol solution changes from colorless to blue during the

soaking. The powder X-ray diffraction (PXRD) study also

supports the structural integrity and the crystallinity during the

transmetalation (Fig. S2{). However, the metal ion contents

analyzed using an inductively coupled plasma-atomic emission

spectrometer (ICP-AES) showed that the transmetalation was

incomplete for the sample soaked for a month (Fig. S3a{). The

transmetalation to Cu-HKUST-1 could not be completed even for

the sample soaked for three months in a 0.5 M Cu(II) methanol

solution. The amount of the replaced framework metal ions varied

depending on the concentration of the soaking solution and the

soaking time, so the extent of the transmetalation could be

controlled by adjusting the concentration and the soaking time.

However, the ultimate contents of the framework metal ions of the

sample soaked for an extended period are not dependent on the

concentration. Up to #56% of the framework metal ions were

replaced by Cu(II) ions in methanol solution. The choice of the

soaking solvent is also important. In N,N9-dimethylformamide

(DMF), the exchange rate was too slow to observe meaningful

transmetalation. The transmetalation in DMF at an elevated

temperature (70 uC) was complicated because of the formation of

blue powder as a side product during the transmetalation process.

The reverse transmetalation, from Cu-HKUST-1 to Zn-

HKUST-1, is not possible. The soaking of as-synthesized Cu-

HKUST-1 or transmetalated Cu0.56Zn0.44-HKUST-1 in a Zn(II)

methanol solution did not indicate any reverse transmetalation no

matter how long the sample was kept in the solution.{ Cu-

HKUST-1 is thermodynamically more stable than Zn-HKUST-1

in methanol solution.

The framework metal ions of Zn-PMOF-2 could also be

transmetalated by Cu(II) ions in 0.1 M Cu(NO3)2?2.5H2O

methanol solution at ambient temperature. The optical micro-

scopic photographs of a single crystal soaked in the Cu(II)

methanol solution (Fig. 1) and the PXRD pattern of the sample

soaked in the solution for 3 d (Fig. S4{) support the structural

integrity and the crystallinity of the sample during and after the

transmetalation. Unlike Zn-HKUST-1, the ICP-AES analysis

showed that the transmetalation was complete within 3 d even in

the lower concentration of Cu(II) methanol solution (Fig. S3b{).

As in Zn-HKUST-1, the soaking of Zn-PMOF-2 in DMF

solution did not show any indication of transmetalation, and

soaking at elevated temperature (70 uC) also generated blue

powder as a side product during the transmetalation process. As

expected, the reverse transmetalation from Cu-PMOF-2 to Zn-

PMOF-2 did not occur, which again indicates that Cu-PMOF-2 is

thermodynamically more stable than its Zn(II) analogue.

Optical microscopic photographs of a Cu1Zn0-PMOF-2 crystal

and its face-cut fragments also support the complete transmetala-

tion in the methanol solution (Fig. 2a,b). In contrast, the optical

microscopic photographs of a partially transmetalated

Cu0.22Zn0.78-PMOF-2 crystal and its face-cut fragments clearly

show that the cyan color is localized only at the external shell

region of the crystal, while the internal core remained colorless

(Fig. 2c,d).§ The exchange of the framework metal ions has

occurred selectively at the external shell, which led to a core–shell

heterostructure. The exchange occurs heterogeneously with site

selectivity in a single crystalline particle.

The sorption behaviors of the transmetalated MOFs were

investigated to study the effects of the modification. The as-

synthesized Zn-HKUST-1 activated via the conventional

vacuum drying (CVD) process is not stable, losing its crystal-

linity during the activation, and does not show any significant

N2 sorption at 77 K, as reported (Fig. 3a and Table S2{).7a

However, the transmetalated core–shell MOF prepared by

soaking Zn-HKUST-1 for one month, Cu0.56Zn0.44-HKUST-1,

keeps its crystallinity and shows type I sorption isotherms with

259 cm3 g21 N2 uptake amount and 980 m2 g21 BET specific

surface area, which are #65 and #67% of those of the as-

synthesized Cu-HKUST-1, respectively. In addition, the sorp-

tion capacity could be adjusted simply by controlling the metal

content in the transmetalated MOF. The transmetalated MOF

prepared by soaking Zn-HKUST-1 for 15 d, Cu0.46Zn0.54-

HKUST-1, shows a 208 cm3 g21 N2 uptake amount and

770 m2 g21 BET specific surface area, which are #52 and

#53% of those of the as-synthesized Cu-HKUST-1, respec-

tively. The recovery of the sorption capacity is approximately

proportional to the extent of the framework metal replacement.

As-synthesized Zn-PMOF-2 activated via the CVD process also

did not show any significant N2 sorption, as in the case of Zn-

HKUST-1. However, the complete transmetalation led to full

Fig. 1 Optical microscopic photographs of a single crystal of Zn-PMOF-

2 (0.36 6 0.36 6 0.20 mm in size) soaked in 0.1 M Cu(NO3)2?2.5H2O

methanol solution at ambient temperature. The photographs are for a

single crystal in the Cu(II) methanol solution after different periods of

time.

Fig. 2 Optical microscopic photographs of (a) a single crystal of Zn-

PMOF-2 soaked in 0.1 M Cu(NO3)2?2.5H2O methanol solution for 3 d at

ambient temperature and (b) its face-cut fragments. Optical microscopic

photographs of (c) a single crystal of Zn-PMOF-2 soaked in the same

solution for 12 h and (d) its face-cut fragments.
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recovery of the sorption capacity. The N2 adsorption amount

(942 cm3 g21) and the BET specific surface area (3550 m2 g21) of

Cu1Zn0-PMOF-2 activated via the CVD process are comparable

to the reported values of as-synthesized Cu-PMOF-2 (Fig. 3b and

Table S2{).8 The recovery of the sorption capacity in the PMOF-2

system is also approximately proportional to the extent of the

framework metal replacement. The partially transmetalated core–

shell heterostructures, Cu0.62Zn0.38-PMOF-2 and Cu0.22Zn0.78-

PMOF-2, have 2010 m2 g21 and 950 m2 g21 BET specific surface

areas, respectively, which are #56 and #27%, respectively, of the

BET specific surface area of the fully transmetalated Cu1Zn0-

PMOF-2. The replacement of the framework metal ions enhances

the overall framework stability and subsequently increases the

sorption capacity of the transmetalated MOF system.

The metal centers connected via a flexible organic linker are

more reactive than those connected via a rigid organic linker. The

different reactivities of the same metal centers within a single

crystalline particle are related to the different rigidities of the metal

centers, depending on their locations. It is natural that the metal

centers close to the surface of a particle are more flexible than

those in the internal core of the particle. Hence, even in the same

MOF system, the metal centers close to the surface are more

reactive than those in the internal core. The transmetalation starts

at the surface of a single crystalline particle and gradually

propagates toward the internal core region, which leads to core–

shell heterostructures.

Conclusions

Here, we have demonstrated transmetalation using the two

MOFs, Zn-HKUST-1 and Zn-PMOF-2, having the same Zn

paddle-wheel framework metal centers but linked by ligands

of different size and flexibility. The characteristics of the

transmetalation are determined by several factors controlling

the thermodynamics and the kinetics of the reaction, such as

choice of solvent, concentration of soaking solution, and

reaction temperature. The thermodynamically unstable Zn-

based MOFs could be transmetalated in methanol to the

corresponding isostructural Cu-based MOFs, which are

thermodynamically more stable. However, no significant

reverse transmetalations were observed. A similar attempt in

DMF did not show any appreciable indication, probably

because of the extremely slow exchange kinetics of the

reaction. The transmetalations in DMF at an elevated

temperature led to the formation of a side product together

with the transmetalation.

The transmetalation kinetics is influenced not only by the

chemical nature but also by the flexibility of the framework

metal center. While the complete transmetalation could be

accomplished in a flexible Zn-PMOF-2 framework system

made with a large organic linker, only the partial transme-

talation could be observed in a rigid Zn-HKUST-1 frame-

work system consisting of a small and rigid organic linker.

The framework metal centers seemingly in the same chemical

environments actually are not in the same environment

because the single particle itself behaves like an extended

macromolecule. Depending on the locations of the framework

metal ions in the particle, they are in different environments

and show different reactivities. The metal centers in close

vicinity of the surface of the particle are in a more flexible

environment; hence, they are more reactive than the metal

centers in the internal core region, which are in a more rigid

environment. The different site reactivities led to a core–shell

heterostructure.
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