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Metal-organic frameworks (MOFs) are gaining considerable attention not only because of their diverse
structures but also due to their interesting properties and potential applications. However, fabrication of
MOFs with desired structures and properties remains a great challenge. In this study, a strategy based on
ligand exchange via single-crystal-to-single-crystal (SCSC) transformation has been undertaken, which
can be used to achieve MOFs not available by direct synthesis and also to enrich the family of isoreticular
MOFs. Direct X-ray crystallographic observation provides undoubted evidence that the pyrazine (pyz)
ligand in [Cus(L)>(pyz)(H-0)] (L3~ = [1,1:3",1"-terphenyl]-4,4",5'-tricarboxylate) was replaced by its deriva-
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are able to be fine-tuned by introducing definite substituent group decorated on the pore surface. Thus, it
is expected that the ligand exchange will be powerful for replacing linker molecules with others having
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Introduction

Metal-organic frameworks (MOFs), consisting of inorganic
building blocks and organic bridging linkers, have attracted
remarkable attention from chemists due to their interesting
properties and potential applications in gas storage and separ-
ation, sensing, catalysis and so on."”” A wide variety of MOFs
with diverse structures have been reported in the past few
decades;® however, it is still a significant challenge to achieve
MOFs with predesigned structures and desired properties.” On
the one hand, it is known that many factors, including organic
ligand, metal center, reaction solvent, temperature etc., can
affect the resultant structures of MOFs,'*"" which make it
difficult to predict and control the final MOFs formed. On the
other hand, in some cases it is difficult to characterize the pro-
ducts, for example complicated reactions without pure phase
crystalline products. Thus, there are reports in recent studies
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desirable substituents, and as a result to afford desired MOFs.

on the post-synthesis modification (PSM) strategy, aiming to
construct MOFs retaining their structural integrity after modi-
fication.”>"® In addition, central metal ion exchange was used
to improve the properties of MOFs.'* Also, organic linker
exchange was found to be useful in the synthesis of unattain-
able MOFs.">” Both metal ion and organic ligand exchanges
are demonstrated to be effective in the fabrication of MOFs;
however, normally it is difficult to determine the completion
or the extent of exchange. Further direct evidence is required.
In this study, a strategy based on ligand exchange via
single-crystal-to-single-crystal (SCSC) transformation of MOFs
has been employed.'® The direct X-ray crystallographic obser-
vation provides undoubted evidence of complete ligand
exchange in the MOFs, and more importantly this can be used
to achieve MOFs not available by direct synthesis. We reported
a MOF [Cuj;(L),(DABCO)(H,0)]-15H,0-9DMF (1-DABCO) (L~ =
[1,1":3',1"-terphenyl]-4,4",5-tricarboxylate, DABCO = 1,4-diazabi-
cyclo[2.2.2]octane, DMF = N,N-dimethylformide) with
[Cu,(0OCO),] paddle wheel secondary building units (SBUs)
linked by DABCO."® The high thermal stability and large pore
size of 1-DABCO offer an ideal platform for further pore
surface engineering. Considering the similar distance between
the two nitrogen atoms in DABCO and pyrazine (pyz) as well
as its derivatives, we started studying the replacement of
DABCO in 1-DABCO by pyz and a new MOF [Cu;(L),(pyz)
(H,0)]-13DMF (1) was achieved. Furthermore, the ligand
exchange of pyz in 1 with its derivatives, namely 2,5-Me,pyz,
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Scheme 1 Schematic illustration of the ligands used in the MOFs.
DABCO = 4-diazabicyclo[2.2.2]octane, pyz = pyrazine, 2,5-Me,pyz =
2,5-dimethylpyrazine, qx = quinoxaline, H,O = water, 2,5-(CzHs50,),-pyz
= pyrazine-2,5-diylbis(methylene) diacetate and 2-NH,-pyz = pyrazine-
2-amine.

gx, 2,5-(C3H50,),-pyz and 2-NH,-pyz as illustrated in Scheme 1
was investigated and, fortunately, complete ligand exchange
with desired groups on the internal surface of the MOFs
was found to proceed through the SCSC transformations, and
MOFs [Cuj(L),(2,5-Me,pyz)(H,0)]-12DMF (2), [Cus(L),(qx)(H,0)]-
12DMF  (3), [Cus(L)s(H;0),(H,0)]-12DMF  (4), [Cus(L),
(2,5-(C3H50,),-pyz)(H,0)]-8SDMF (5) and [Cus(L),(2-NH,-pyz)
(H,0)]-12DMF (6) were successfully obtained.

Experimental section
Synthesis and characterization of the compounds

The syntheses and characterization of MOFs 1-6 are described
in the ESL¥

In situ X-ray diffraction

Time-dependent X-ray diffraction analysis of the ligand
exchange reaction was carried out using single crystal 1
(0.5 mm x 0.5 mm x 0.4 mm) in a capillary (~0.2 ml DMF),
which was injected with 10 uL qx/DMF (10~ mol ml™) solu-
tion. X-ray diffraction data were collected at different times
after the injection using the same single crystal.

Ligand exchange

From 1 to 3. Complex 1 (200 mg) was suspended in a DMF
(10 ml) solution of gx (52 mg) at room temperature for 24 h.
The solution was removed, replaced with a fresh qx/DMF
(52 mg/10 ml) solution and the mixture was allowed to stand
at room temperature for 24 h. The product was washed using
DMF and then analyzed by "H-NMR (Fig. S10 and S127).

From 1 to 6. Complex 1 (200 mg) was suspended in a NH,-
pyz/DMF (38 mg/10 ml) solution. The mixture was heated at
50 °C for 24 h. The solution was removed, replaced with a
fresh NH,-pyz/DMF (38 mg/10 ml) solution and the mixture
was again heated at 50 °C for 24 h. The product was washed
using DMF and then analyzed via "H-NMR (Fig. S10 and S157).

Catalytic Knoevenagel condensation reaction

Before the reaction, the materials were soaked in cyclohexane
at room temperature for 2 h to remove the DMF in the sample.
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In a typical experiment, 214 mg of benzaldehyde (2 mmol) and
0.1 mmol of the dried catalyst [100.7 mg of [Cu;(L),(pyz)(H,O)]
(1) or 102.2 mg of [Cu(L),(2-NH,-pyz)(H,O)] (6)] were mixed in
5 ml of cyclohexane as a solvent and heated to 80 °C, and then
226 mg of ethyl cyanoacetate (2 mmol) was rapidly added into
the reactor. All the catalytic reactions were carried out under
N, in a glass flask that was equipped with a reflux condenser
and a magnetic stirrer. The reactor was placed in a thermo-
static oil bath. After the reaction, the catalyst was separated by
filtration. The products were analyzed by "H-NMR. The conver-
sions were calculated based on dibromomethane as an
internal standard.

Results and discussion

As an isoreticular analogue of previously reported MOF
[Cu;(L),(DABCO)(H,0)]15H,0-9DMF (1-DABCO)," [Cus(L),(pyz)
(H,O)]'13DMF (1) using pyz as a bridging linker was syn-
thesized by the solvothermal reaction of a mixture of H;L,
Cu(NO;),-3H,0 and pyz in DMF at 140 °C for 72 h. The reaction
gave a pure crystalline product of 1 in a high yield, that was
further characterized by single crystal X-ray diffraction (Fig. 1),
'H-NMR, TGA and IR (Fig. S1, S10, S17 and S23%).
Furthermore, we are pleased to find that 1 can be easily pre-
pared on the gram scale, which is important for further study
and application. The results of crystallographic analysis
confirm that 1 has the same structure and topology as 1-
DABCO. It is noteworthy that there are two different cages in 1
as illustrated in Fig. 1. The smaller cage A, highlighted by a
violet sphere, consists of 4 Cu,(OCO), paddle wheel SBUs, 4
L*” and 2 pyz, while the larger one (cage B), highlighted by an
yellow sphere, contains 9 Cu,(OCO), SBUs and 8 L*~ and 3 pyz
ligands.

To enhance the properties of MOFs by introducing func-
tional groups as well as to enrich the family of isoreticular
MOFs, reactions with pyz derivatives were investigated.
However, it was found that, in contrast to the pure product

Fig. 1 Single crystal structure and topology of 1. (a) Small cage A is
highlighted with a violet sphere. (b) Simplified representation of the
tiling of the small cage. (c) Large cage B is highlighted with a yellow
sphere. (d) Simplified representation of the tiling of the large cage. (e)
The overall structure of 1. (f) 3D representation of the tiling of the
topology.
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obtained from the preparation of 1, the reactions with pyz
derivatives such as 2,5-Me,pyz, qx (Scheme 1) instead of pyz
are complex along with the formation of uncharacterizable
impurities. Alternatively, we explored the ligand exchange
route to access the MOFs with desired properties. As a typical
example, biphasic ligand exchange experiments were per-
formed by suspending 1 in a DMF solution of gx. "H-NMR
spectral measurements confirm that the linker pyz molecule
in 1 was replaced by gx at room temperature (Fig. 2a, b and
Fig. S127). It is noteworthy that the crystal of 1 remains intact
and transparent upon the ligand exchange. The obtained crys-
tals (3) after the exchange still have strong diffraction and are
suitable for crystallographic analysis (Fig. S31) implying an
SCSC transformation of the ligand exchange process.
Furthermore, the ligand exchange is reversible as evidenced by
"H-NMR spectral measurements (Fig. 2b and c). The ligand
exchange between 1 and 3 was performed in a DMF solution
for different times at different temperatures. Interestingly, the
replacement is fast even at room temperature (Fig. 2a-c) and
the exchanges achieve completion as high as 98%, while in the
previously reported studies, the complete ligand exchange
usually requires a long reaction time ranging from a few days
to several weeks.'® And it may be attributed to different metal-
ligand bonds from those of previous studies.

The SCSC transformation of ligand exchange as mentioned
above encourages us to carry out in situ X-ray diffraction
studies.”® As shown in Fig. 2d-g and Fig. S16,7 X-ray diffrac-
tion was used to capture snapshots of the reaction intermedi-
ates. The electron density change caused by the exchanged pyz
derivative qx was clearly observed. The carbon atoms in pyz in
1 were disordered into two positions (Fig. 2d), while in the
exchanged product 3, no disorder was observed for gx probably
due to the steric hindrance (Fig. 2g). In situ X-ray diffraction
data provide a time dependent ligand exchange process which
can be clearly seen from Fig. 2d-g and Fig. S16.} Least-square
refinements converged to about 35% of pyz in 1 replaced by qx
in 5 h (Fig. 2e). The exchange proceeds further with 35% of
pyz and 65% of gx in the crystal in 19 h (Fig. 2f). After 31 h
exchange, it is hard to find the electron residue for C atoms of
pyz from the electron density map contoured at 1.0c (Fig. 2g).
The electron density map revealed that the pyz ligand in 1
gradually disappeared and was replaced by the gx ligand in 3,
preserving the stacking pattern of the structure throughout the
exchange process. The structural transformations were also
monitored by PXRD measurements (Fig. S7b¥).

Direct observation clearly confirms the ligand exchange
within the MOFs, which is beneficial for the preparation of
new MOFs under mild conditions in a simple way, namely
hydro-/solvothermal reactions, and purification of the reaction
products can be avoided. More importantly, the ligand
exchange provides a pathway for the preparation of MOFs
which are not available by direct synthesis reactions.
Particularly in the cases of ligands with reactive groups it may
be difficult to achieve the predesigned MOFs since side reac-
tions related to the reactive groups may occur. In the present
work, we failed to get MOFs with 2,5-(C3H50,),-pyz or 2-NH,-

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 NMR spectra and time-dependent X-ray diffraction data in the
conversion from 1 to 3. (a) *H-NMR spectrum of 1 after digestion; (b)
*H-NMR spectrum of 1 after the exchange with 4 eq. qx three times in
5 min. (c) *H-NMR spectrum of 3 after the exchange with 4 eq. pyz three
times in 5 min. (d)-(g) Time-dependent X-ray diffraction data in the con-
version from 1 into 3. Electron density maps (Fo) obtained at 15 min, 5 h,
19 h and 31 h after the addition of a DMF solution of gx. All the electron
density maps are depicted within a 1.41 A-thick slice of the pyrazine
moiety and contoured at the absolute 1.0s level.

pyz linkers through direct reactions following the same
process used for the preparation of 1, although we succeeded
in the preparation of MOFs 1-4 by direct reactions (Fig. S1-54,
S7a, $10-S13, S17-520 and S23-5267). Under the solvothermal
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reaction conditions 2,5-(C3H;0,),-pyz was found to be decom-
posed in the presence of Cu(u) at a high temperature, while in
the case of 2-NH,-pyz, the reaction mixture becomes black
(Scheme S1t) which may be due to the presence of the amino
group. The results prompt us to explore the ligand exchange of
1 with 2,5-(C3H50,),-pyz and 2-NH,-pyz linkers.

MOF 1 was suspended in a DMF solution containing excess
2-NH,-pyz and left to undergo exchange for 0.5 h. The "H-NMR
spectra reveal the presence of peaks only from 2-NH,-pyz,
implying the complete linker exchange from pyz to 2-NH,-pyz
(Fig. S15%). Single crystal X-ray diffraction analysis shows that
MOF 6 obtained by ligand exchange maintains the overall
framework of 1 (Fig. S61). MOF 5 with the 2,5-(C3H50,),-pyz
linker is also available from the ligand exchange from 1 with
the 2,5-(C3H50,),-pyz linker (Fig. S5, S14, S21, and S277).
Above all, our results show that linkers can be systematically
modified thoroughly in the whole MOFs. Such a ligand
exchange method may offer a new opportunity for the con-
struction of MOFs for specific functional groups.>>?

Since the stability of MOFs is important for their appli-
cations, the chemical stability of MOFs 1-6 was investigated by
immersing them in CHCI;, acenitrile, THF, acetone and
pentane for 24 h. From the powder X-ray diffraction (PXRD)
patterns, it was found that MOF 4 with water molecules
instead of pyz, which has a different structure from the pre-
viously reported framework UMCM-151,>® is unstable in most
organic solvents except pentane (Fig. S8t). While the other
MOFs with pyz and its derivatives show high stability to the
solvents listed above, a typical example is shown in Fig. S9.f
Impressively, all the samples except MOF 4 are stable in air
even after weeks. Thermogravimetric analysis (TGA) of the
desolvated sample of 1 showed a plateau temperature region
ranging from 25 to 210 °C, indicating high thermostability
(Fig. S177). Furthermore, investigation on the PXRD patterns
demonstrated that the framework of 1 retained its integrity
after the removal of the guest molecules (Fig. S9F).

The porosities of 1-6 were investigated by N, gas adsorption
at 77 K. Before sorption, the samples were exchanged by
acetone except sample 4, which was exchanged by pentane. As
shown in Fig. S29,f each sample exhibits a Type I adsorption
isotherm, which is characteristic of microporous materials.
Interestingly, MOFs 1-6 have similar lattice parameters and
their N, uptakes are different depending on the linkers.
Significantly, 4 shows the highest N, uptake (867 cm® g™").
Other MOFs can take up amounts of N, ranging from 658
ml g~ (for 5) to 854 ml g~* (for 1). Based on these sorption data,
the calculated Brunauer-Emmett-Teller (BET) surface areas
(P/P, < 0.15) range from 2399 to 3207 m* g~ and the Langmuir
surface areas range from 2739 to 3727 m® g~ '. By comparing
1-6 and 1-DABCO, it is found that the surface area varies in
the sequence of 4 (H,0) > 1 (pyz) > 2 (2,5-Me,pyz) > 3 (qx) > 1-
DABCO > 6 (2-NH,-pyz) > 5 (2,5-(C3H;0,),-pyz). MOF 5 with a
large 2,5-(C3H50,),-pyz group has the smallest surface area
because of the bulky linker which would diminish the accessi-
ble surface area. Moreover, MOF 4 with the smallest water
molecule shows the highest surface area.>* The high surface
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areas and stabilities of isoreticular 1-6 prompted us to study
their CO, adsorption at 273 and 298 K, and the results are
shown in Fig. S30-S41.1 The adsorption enthalpies were calcu-
lated by fitting virial-type equations (see Table S371). The CO,
adsorption enthalpy at 1 bar varies in the order of 6 (2-NH,-
pyz) > 2 (2,5-Me,pyz) > 1 (pyz) ~ 5 (2,5-(C3H502)2-pyz) > 3 (qx) >
4 (H,0) > 1-DABCO, which is different from the sequence of
the surface area. Particularly, it is noticeable that 6 with a
2-NH,-pyz linker shows the largest adsorption enthalpy, which
is ascribed to the strong interaction between the functional
NH, group on the pore surface of MOF 6 and CO, molecules.?®
Compared with the MOFs reported thus far, the adsorption
enthalpy of 6 is higher than those of MOFs such as IRMOF-3
(17.4 kJ mol™),>*® MOF-177 (15.7 kJ mol™*)*” and PCN-61.%*
However, it is lower than those of bio-MOF-11 (45 kJ mol*)**
and Zn,(Atz),(0x) (40.8 k] mol").**> Another point that should
be noticed is that the CO, adsorption enthalpies of MOFs 1-6
are all higher than that of 1-DABCO. This may be attributed to
the different nature of sp> carbon in pyz derivatives and sp®
carbon in DABCO.*" The results definitively demonstrate that
the sorption properties of MOFs are able to be fine-tuned by
introducing definite substituent groups decorated on the pore
surface.

To further assess the functionality of the MOFs with
specific substituent groups, the catalytic performance of 1 and
6 was studied for the Knoevenagel condensation reactions
(Scheme 2).% Fig. 3b shows the results of the catalytic conden-
sation of benzaldehyde with ethyl cyanoacetate at 353 K. It was
found that 6 accelerated the reaction with a good yield com-
pared with 1 and without using a catalyst. There are free
amino groups on the surface of MOF 6, and the results imply
that the reaction occurred within the amino-modified surface
of MOF. It is known that mixtures of E- and Z-isomers were
obtained from the conventional Knoevenagel condensation
reactions.®® It should be noted that the E-selectivity was
observed in our MOF catalyzed reactions and no isomerization
of Z-form to E-form was observed (Fig. S42t), which means
that the reaction is controlled thermodynamically. This is
rarely observed in previous studies.** To extend the application
scope, the Knoevenagel condensation of various aldehydes
(including electron-donating and electron-withdrawing aro-
matic aldehydes) with ethyl cyanoacetate has been investigated
in the presence of MOF 6. All the corresponding products can
be obtained in good yields and excellent E-configuration
selectivity (Table S4t). To obtain mechanistic insights into the
reactions, the reaction of 6 and PhCHO was performed first.
Before the reaction, the solvent DMF of single crystal 6 was
completely replaced with cyclohexane. Then the solvent-
exchanged samples were immersed in a cyclohexane solution

Q N 9 N
=
o 5 mol% MOF HACH,CO 7 HaCH,CO ~
J AN +rReHo T | e |
H3CH,CO R, Ri

Cyclohexane, 1 atm, 80°C

Scheme 2 Knoevenagel condensation of varied benzaldehyde with
ethyl cyanoacetate.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Gas sorption and catalytic properties. (a) The isosteric adsorption
enthalpies for 1-6 and 1-DABCO. (b) Conversion (%) vs. time (hour) for
the Knoevenagel condensation reaction of 2 mmol of benzaldehyde
with 2 mmol of ethyl cyanoacetate in cyclohexane at 353 K with no
catalyst (gray cross), 0.1 mmol of 1 (red circle) and 0.1 mmol of 6 (dark-
yellow triangle).

of PhCHO at 85 °C for 24 h. The formation of imine in the
pore was observed from the crystal structural analysis
(Scheme 3). Although the NH, group before the reaction could
exist both in small cage A and large cage B, the phenyl ring
from PhCHO could only exist in small cage A after the reaction.

Scheme 3 Schematic representation of the Knoevenagel reaction in
the MOFs.

This journal is © The Royal Society of Chemistry 2017
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The next reaction of 6-imine with ethyl cyanoacetate at room
temperature was too fast to be observed (less than 5 min) in
the crystal structural analysis, resulting in 6 with 2-NH,-pyz.
All these results affirm that the Knoevenagel reactions took
place in the small cage in the crystal. Similar reactions with
tert-butyl 2-cyanoacetate failed due to the large steric repulsion
from the tert-butyl group and the Z-isomers being fewer than
the E-isomers in the reaction can be probably ascribed to the
steric effects. The recyclability of 6 in the Knoevenagel conden-
sation was examined. The catalyst of 6 was easily isolated from
the reaction system by centrifugation and could be reused
without any loss of activity (Fig. S431). The PXRD patterns of 6
before and after the reactions were the same, indicating the
high stability of 6.

Conclusions

In conclusion, we have demonstrated the complete and defi-
nite ligand exchange of MOF [Cus(L),(pyz)(H,0)]-13DMF (1) by
pyz derivatives. The merits of such ligand exchange not only
provide a way to prepare new MOFs, particularly for the prepa-
ration of those not available by direct synthesis, but also
enhance and improve the functionality of MOFs through the
introduction of functional groups into the pore surface of
MOFs. The results of this work show that the internal surface
of MOFs can be modified through the introduction of different
functional groups via easy and fast ligand exchange in the
system. A typical example of MOF 6 with 2-NH,-pyz linkers is
given. The introduction of amino group into MOF 6 leads to
the largest CO, adsorption enthalpy and catalytic reactivity for
Knoevenagel condensation reactions. The present study
further shows that the ligand exchange is an invaluable syn-
thesis tool and will guide the design and synthesis of new
functionalized MOFs.*?
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