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KAbstract: An anionic metal-organic framework,
H;[(Mn,Cl);Lg]-30H,0-2.5 DMF-5 Diox (UPC-15), was success-
fully prepared by the reaction of MnCl, with tris(p-carboxylic
acid)tridurylborane (Hs;L) under solvothermal conditions.
UPC-15 with wide-open pores (~18.8 A) is constructed by
packing of octahedral and cuboctahedral cages, and exhibits
high gas-sorption capabilities. Notably, UPC-15 shows selec-
tive adsorption of cationic dyes due to the anion framework.
Moreover, the catalytic and magnetic properties were inves-
tigated, and UPC-15 can highly catalyze the cyanosilylation

-

of aromatic aldehydes. UPC-15 exhibits the exchange of\
metal ions from Mn to Cu in a single-crystal-to-single-crystal
manner to generate UPC-16, which could not be obtained
by the direct solvothermal reaction of CuCl, and H,L. UPC-
16 exhibits similar properties for gas sorption, dye separa-
tion, and catalytic activity. However, the magnetic behaviors
for UPC-15 and UPC-16 are distinct due to the metal-specific
properties. Below 47 K, UPC-15 exhibits a ferromagnetic cou-
pling but UPC-16 shows a dominant antiferromagnetic be-
havior.

/

Introduction

Organic dyes are widely used in many industries, such as tex-
tile, paper, printing, cosmetics, and pharmaceutical industries.
However, the emission of dyes contains some toxic contami-
nants, interferes with gas solubility in water, and inhibits the
growth of aquatic biota." Thus, scavenging dyes from waste
water is a significant task. So far, various physical, chemical,
and biological approaches have been proposed.” Among
them, adsorption as one of the most feasible technologies has
been used to remove dyes from contaminated water due to its
effectiveness and economic competitiveness. The well-known
adsorbents mainly include zeolites, carbons, and polymeric ma-
terials, which can effectively adsorb multiple mixed organic
dye pollutants, but are difficult to selectively separate the tar-
geted organic dyes.”! Metal-organic frameworks (MOFs) with
extra-large surface area have received considerable attention,
as they exhibit the potential to impact technologies for cataly-
sis, luminescence, gas storage and separation, magnetism, and

[a] L. Zhang, F. Dai, Prof. R. Wang, Prof. D. Sun
State Key Laboratory of Heavy Oil Processing
College of Science
China University of Petroleum (East China)
Qingdao, Shandong, 266580 (P.R. China)
E-mail: dfsun@upc.edu.cn

[b] X. Wang, J. Yang, Prof. D. Sun
Key Lab of Colloid and Interface Chemistry, Ministry of Education
School of Chemistry and Chemical Engineering
Shandong University
Jinan, Shandong, 250100 (PR. China)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/asia.201500234.

Chem. Asian J. 2015, 10, 1535 - 1540 Wiley Online Library

1535

other applications.*® Due to tunable pore sizes and intriguing
topological structures, MOFs are good candidates for selective
separation of organic dyes.”” On the one hand, MOFs can be
used to separate dyes with different size, based on the size-ex-
clusion effect via reasonable adjusting pore sizes.'"” On the
other hand, ionic MOFs have more unique advantages on se-
lective adsorption of cationic or anionic dyes due to guest-
guest exchange interactions or host-guest electronic interac-
tions.™ However, in most cases, selective separation of organic
dyes is mainly based on the size-exclusion effect. Thus, it is
vital to design and synthesize ionic MOFs that can be used to
selectively separate organic dye molecules by virtue of ionic
selectivity.

Generally, MOFs are obtained by a one-pot synthesis (hydro/
solvothermal), but this strategy lacks control and requires
a trial and error to obtain predictable structures and excellent
properties.'? Recently, the post-synthetic modification (PSM)
has gathered considerable attention as a viable option to pre-
pare new analogues of porous MOFs. Compared with the
direct synthesis, PSM can give a better control over the desired
structures. Various PSM processes have been reported, which
mainly include solvent-assisted linker exchange, non-bridging
ligand replacement, transmetalation, or metal-ion exchange."
Among them, metal-ion exchange as a simple and effective
method has been successfully used to synthesize MOFs with
desired metal ions that are inaccessible through direct meth-
ods. Due to the incorporation of desired metal ions, the result-
ing MOFs could exhibit some desired functional behaviors,
such as gas sorption, high stability, magnetism, ionic conduc-
tivity, and mediating site-isolated chemistry."™ Although a syn-
thetic pathway has been employed in some successful cases,
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more studies are needed to further understand various funda-
mental aspects that govern some unique chemical transforma-
tions.

In our previous work, we showed that the porosity and cata-
lytic capacity of an MOF can be improved significantly through
metal-ion metathesis."*? Herein, we report the metal-ion meta-
thesis in a triarylboron-functionalized Mn" MOF (UPC-15) based
on a chloro-bridged square-planar tetrametallic cluster as the
secondary building unit (SBU), generating a Cu'/Mn" MOF
(UPC-16) due to incomplete metal-ion metathesis. The proper-
ties of the materials (UPC-15 and UPC-16) including gas
uptake, adsorption of dye molecules, catalysis, and magnetism
were fully studied and compared. Significantly, both UPC-15
and UPC-16 exhibit selective adsorption of cationic dye mole-
cules over anionic and neutral ones due to their anionic frame-
works. Interestingly, when Mn ions were partly replaced by Cu
ions, its magnetic property transforms from a ferromagnet to
an antiferromagnet below 47 K. However, other properties
changed only slightly with the metal-ion exchange.

Results and Discussion
Synthesis and crystal structure of UPC-15

Crystals of H;[(Mn,Cl);Lg]-:30H,0-2.5DMF-5Diox (UPC-15) were
obtained by the reaction of MnCl,-6 H,O with H,L in a mixture
of DMF, 1,4-dioxane, and water at 95 °C for 50 h. Single-crystal
X-ray determination reveals that UPC-15 crystallizes in the
cubic space group P,;, and possesses an anionic 3D porous
framework based on a u,-Cl-bridged square-planar [Mn,Cl]"*
SBU (Figure 1a). To balance the charge of the framework, three
hydrogen ions per formula unit were suggested by elemental
analysis. All Mn?* ions are five-coordinated in a square pyrami-
dal geometry, completed by a central chlorine atom, and four
oxygen atoms from the carboxylate groups. The average dis-
tances of Mn—Cl and Mn—0O are 2.329 A and 2.187 A, respec-
tively. Each [Mn,CI”* unit is surrounded by eight L>~ ligands.

Figure 1. (a) Coordination environment of Mn" ions in UPC-15 and the link-
age mode of HsL. (b) The octahedral cage. (c) The cuboctahedral cage.

(d) The 3D packing of UPC-15. (e) Schematic representations of a simplified
3D network for UPC-15.
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Meanwhile, each L*>~ ligand connects three [Mn,CII’" moieties
to form a (8, 3)-connected net (Figure 1e). Overall, six square-
planar [Mn,CI’* units at the corners and eight planar L*~ li-
gands on the faces define octahedral cages, which are con-
nected together through the vertices to generate cuboctahe-
dral open cages (Figure 1b and 1c). The open cages are fur-
ther interconnected to form 3D open channels with a diameter
of 18.8 A (atom-to-atom distance) (Figure 1d). The void space
calculated using PLATON is approximately 55.0%, which is oc-
cupied by disordered solvent molecules." Thermogravimetric
analysis (TGA) of UPC-15 indicates that the solvent molecules
are removed from 20°C to 298°C, and then the complex starts
to decompose (Figure S1, Supporting Information). Additional-
ly, the IR spectrum and the powder XRD diffraction for UPC-15
were also measured to verify its structure and the phase purity
(Figures S2 and S3, Supporting Information).

Post-synthetic modification via metal-ion metathesis

A solid-state post-synthetic modification as a novel synthetic
strategy has been used to synthesize isomorphous MOFs with
different metal ions, which are hard to obtain via conventional
solvothermal reactions. Here, we tried to synthesize the iso-
structure of UPC-15 with Cu ions via metal-ions metathesis,
and the analogous framework UPC-16 was obtained simply by
soaking UPC-15 in a solution of CuCl, in DMF for 15 days. The
color of the crystals gradually turned green, indicating the sub-
stitution of the Cu ions (Figure 2b). To further confirm the
metal-ion exchange reaction, inductively coupled plasma-
atomic emission spectrometry (ICP-AES) and energy-dispersive
X-ray spectroscopy (EDX) measurements were carried out (Fig-
ure 2c and 2d). Figure 2c shows that the metal-ion exchange
rate is fast within the first 24 h and then becomes slow. The
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Figure 2. (a) Exchange of central metal ions at the SBUs. (b) Photos of

a single crystal of UPC-15 during immersion in a DMF solution of CuCl,

(0.1 m) for different periods of time. (c) Kinetic profile of the Mn/Cu exchange
process. (d) EDX spectra of UPC-15 after immersion in a CuCl, solution for

5 days.
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Mn?* ions in UPC-15 could not be completely exchanged by
Cu** ions. An exchange of 83.2% of Mn by Cu was established
by ICP-AES analysis after 15 days. On the basis of the ICP-AES
analysis, the formula of UPC-16 is H;[(Cu;3;3Mng4,Cl);sLgl. The
powder X-ray diffraction (PXRD) patterns indicated that UPC-
15 and UPC-16 have the same crystalline structure (Figure S3).
Furthermore, the single-crystalline nature of UPC-16 can be
confirmed by the single-crystal X-ray diffraction data, which re-
vealed that UPC-16 is isomorphous with UPC-15 and exhibits
the same SBU (Figure 2a). Thus, the outcome reveals that
a single-crystal-to-single-crystal transformation occurred during
the metal-ion metathesis. It is well known that the metal-ex-
change mechanism of MOFs includes two dominant factors:
the coordination geometry and the coordination stabilities be-
tween the ligands and the central metal atoms. Since Mn**
and Cu?t usually exhibit similar coordination modes,"* no
extra energy is required to overcome changes in configuration
in the Mn/Cu exchange process. The Mn?>" ions are gradually
exchanged with Cu’" ions, and the ratio of Mn*" and Cu’"
reaches finally a balance."

Gas-uptake properties

Within the large octahedral cages and cuboctahedral open
cages, both UPC-15 and UPC-16 possess considerable void
space. To investigate their permanent porosities, the gas iso-
therms were measured for N,, H,, CO, and CH, at various tem-
peratures. The samples were activated at different tempera-
tures, and then the N, sorption isotherms were measured
(Figure 3). It is found that the optimal activation temperatures
for UPC-15 and UPC-16 are 40°C and 80°C, respectively,
where they exhibit larger N,-adsorption capacities. Accordingly,
UPC-15 and UPC-16 were activated at 40°C and 80°C, respec-
tively, for the following gas sorption measurements. Their N,
adsorption isotherms correspond to typical type-l isotherms,
which suggests the retention of the microporous structures
after removal of guest molecules. The BET and Langmuir sur-
face areas for UPC-16 (1409.8 m?’g™' and 1601.8 m?g™") are
slightly larger than those for UPC-15 (1354.2m’g”' and
1539.9 m?g™"). The measured pore volumes for UPC-15 and
UPC-16 are 0.6098 cm*>g~" and 0.6078 cm®g™"', which are small-
er than the values (0.8417 cm®g™" and 0.7320 cm®g™") calculat-
ed from their X-ray crystal structure by PLATON."” The reduced
pore volumes are possibly due to shrinkage of the frameworks
after the removal of the guest molecules. The plots of pore-
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size distribution show that both frameworks have a similar
pore size (Figure S4, Supporting Information). The N,-adsorp-
tion capacities of UPC-15 and UPC-16 at 1 bar are 393 cm’g™'
and 395 cm’g~’, respectively, which are much higher than
those for other MOFs based on triarylboron-functionalized li-
gands reported.'"®

Additionally, the adsorption isotherms for low-pressure H,,
CO, and CH, at various temperatures are also shown in
Figure 4. They all exhibit classical reversible type-l isotherms.
Desolvated UPC-15 can adsorb 119 cm®*g~" (1.06 wt %) of H, at
1 bar and 77K, and up to 71 cm®*g~" (0.63 wt%) at 1 bar and
87 K. The H, uptake capacity at 77 K is higher than that for the
zeolite ZSM-5 (0.7 wt %) and some other microporous MOFs.!"”)
The isosteric heat (Q,) of H, adsorption can be calculated by
fitting the gas adsorption isotherms at 77 K and 87 K. Com-
pared with UPC-15, compound UPC-16 exhibits a higher H,
uptake capacity at 77 K (131 cm®g™"). Figure 4b shows the H,
isosteric heat of adsorption (Q,) for UPC-15 and UPC-16. At
the lowest coverage, the Q,, values for UPC-15 and UPC-16
have estimated values of 6.33 kJmol™' and 6.14 kimol™, re-
spectively, which surpass that of MOF-5 (5.2 kJmol™") and
MOF-177 (4.4 kJmol ™). For UPC-15, the CO, and CH, adsorp-
tion capacities at 273K and 1atm are 49cm’g™’ and
14 cm®*g™", respectively. The Q,, values for CO, and CH,, calcu-
lated by fitting the gas adsorption isotherms at 273 K and
293K, are 25 and 12 kJmol™', respectively. For UPC-16, the
CO, and CH, adsorption capacities at 273K and 1 atm are
nearly identical to those for UPC-15, with total adsorption
amounts of 48 cm®g™' and 16 cm®*g™’, respectively. However,
the Q. values are lower than those for UPC-15. These results
are consistent with previously reported results."*

Host-guest systems

Considering the large channels and anionic frameworks of
UPC-15 and UPC-16, we used these materials to adsorb and
separate dye molecules from DMF solutions by virtue of ionic
selectivity. Here, four dyes with different sizes and charges
were chosen, including a neutral dye (solvent yellow 2), a cat-
ionic dye (methyl orange), and two anionic dyes (methylene
blue and crystal violet). The dimensions of methylene blue and
crystal violet were determined by using the MOPAC 7 software;
they are 14.23 Ax5.62 A and 12.53 Ax12.53 A, respectively.?”
Obviously, they are all smaller than the pore size of UPC-15
(18.8 A), thus ensuring that the dye molecules can access its
pores. The capabilities of UPC-
15 and UPC-16 to capture dyes
can be monitored by UV/Vis ab-
sorption spectroscopy. As
shown in Figure5a and 5b,
when UPC-15 was soaked in
the mixed dye solutions of
methylene blue/solvent yellow
2 and crystal violet/methyl

UPC-16 adsorption at 40 C
UPC-16 desorption at 40 C
UPC-16 adsorption at 80 C
UPC-16 desorption at 80 C
UPC-16 adsorption at 110 C
UPC-16 desorption at 110 C

(a) 400 (b) 400 1
2 30048 > 30043
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Figure 3. The N, sorption isotherms at 77 K for UPC-15 (a) and UPC-16 (b) at different activation temperatures.
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Table 1. Results for the cyanosilylation of aldehyde substrates in the
presence of compounds UPC-15 and UPC-16.

o 0SiMe;

catalyst
+ MesSiCN —— 3

Ar H RT, 24 h Ar CN
Entry Catalyst Ar Yield [%]
1 UPC-15 phenyl 99.0
2 UPC-15 4-fluorophthyl 100
3 UPC-15 4-tert-butylphenyl 96.3
4 UPC-16 phenyl 97.1
5 MnCl, phenyl 77.8
6 CudCl, phenyl 69.3

to a mixture of aldehyde (0.5 mmol) and trimethylsilyl cyanide
(1T mmol), and subsequently the mixture was stirred under a ni-
trogen atmosphere for 24 h at room temperature. The product
yields were then determined by GC-MS and are shown in
Table 1. For UPC-15, the conversion of benzaldehyde reaches
99.0%, which is fairly high compared to the conversion ach-
ieved in the presence of other MOFs.”? Additionally, an excel-
lent result was obtained for p-fluorobenzaldehyde (100% con-
version), and the conversion of p-tertbutyl benzaldehyde was
also a staggering 96.3%. The slightly lower conversion of p-
tertbutyl benzaldehyde may be attributed to a size-selectivity
effect. To investigate the metal ion-dependent variation of the
conversion, desolvated UPC-16 was tested in the cyanosilyla-
tion of benzaldehyde, and the conversion reached 97.1%,
a value slightly lower than that for catalyst UPC-15. This is pos-
sibly due to the fact that a smaller ionic radius leads to stron-
ger steric interactions of the substrates which approach the co-
ordinatively unsaturated metal ions in the framework.”?*' Com-
pared with the inorganic salts (MnCl, and CuCl,), UPC-15 and
UPC-16 exhibit a much higher catalytic activity (Table 1).

Magnetic studies

Magnetic properties for crystalline samples of UPC-15 and
UPC-16 were measured under a field of 1000 Oe in the tem-
perature range 1.8-300 K. The plots of y,T versus T for UPC-15
and UPC-16 are shown in Figure 6. For UPC-15, the T value

15

y4u (cm3mol'1 K)
S

o
1
———

gt

0 T T T T T T
0 50 100 150 200 250 300

Temperature (K)

Figure 6. The magnetic susceptibility plot of y,T versus T for UPC-15 and
UPC-16.
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at room temperature is about 14.05 cm®*mol 'K, which is much
lower than the spin-only value of 17.5 cm®*mol™'K for four un-
coupled spin Mn" ions (S=5/2, g=2.0). The yuT product con-
tinually decreases to a minimum of about 9.09 cm®*mol~"'K at
43.07 K, subsequently increases rapidly to a maximum of
16.92 cm®mol 'K at 31.78 K, and finally descends sharply on
further cooling. It is obvious that UPC-15 exhibits antiferro-
magnetic behavior above 43.07 K owing to the Boltzmann
population of the ground state and depopulation of the excit-
ed states. The sharp increase below 43 K indicates a ferromag-
netic coupling due to spin-canting or canted antiferromagnet-
ism. A similar phenomenon was reported previously.”? The
magnetic susceptibility above 100 K abides by the Curie-Weiss
law, y=C/(T—6), with C=16.39cm’® and 0=-49.89K (Fig-
ure S6, Supporting Information). Compared with UPC-15, com-
pound UPC-16 exhibits distinct magnetic properties. The yuT
value of 2.94 cm®mol™"'K at room temperature is lower than
the spin-only value of 4.18cm®mol™'K for 3.33Cu" and
0.67Mn" ions (assuming Sc,=1/2, Sy,=5/2, and Gcy=gun=
2.0). As shown in Figure 6, the y,T product decreases smooth-
ly, suggesting a dominant antiferromagnetic coupling. The sus-
ceptibility data obeys the Curie-Weiss law above 100 K with
C=3.79cm’® and 6=-—74.17 K (Figure S6). The differences in
the magnetic properties for UPC-15 and UPC-16 are attributed
to the metal-ion change of the framework.

Conclusions

In conclusion, an anionic Mn MOF (UPC-15) was successfully
prepared based on a tris(p-carboxylic acid)tridurylborane (HsL)
ligand under solvothermal conditions. It is constructed by
packing of octahedral cages and cuboctahedral open cages
and has wide-open pores (~18.8 A). Through metal-ion meta-
thesis, Mn?" ions can be partly exchanged by Cu?" ions in
a single-crystal-to-single-crystal manner to generate UPC-16,
which cannot be directly synthesized by a solvothermal reac-
tion of Cu®" and HsL. Both UPC-15 and UPC-16 exhibit selec-
tive adsorption of cationic dye molecules due to their anionic
frameworks, which is different from the separation of dyes
based on the size-exclusion effect. Magnetic measurements re-
vealed that the magnetic behaviors for UPC-15 and UPC-16
are distinctly different. Below 47 K, UPC-15 exhibits a ferromag-
netic coupling while UPC-16 shows a dominant antiferromag-
netic behavior, which is attributed to the metal-specific proper-
ties.

Experimental Section

Synthesis of UPC-15 H;[(Mn,Cl);L;]-30H,0-2.5 DMF-5 Diox:
MnCl,-4H,0 (2.0 mg, 0.010 mmol) and H,L (1.0 mg, 0.0026 mmol)
were dissolved in 1 mL mixed solution of DMF/1,4-dioxane/H,0O (5/
2/1) and heated to 95°C for 50 h in a sealed tube. The resulting
brown crystalline blocks were collected by filtration, washed with
DMF and EtOH, and dried in air (yield: 25%). Elemental analysis
calcd (%) for UPC-15: C 56.0, H 6.54, N 0.56; found: C 57.2, H 6.51,
N 0.54. IR (KBr): 7=3411 (s), 3221 (w), 1628 (s), 1427 (w), 1282 (w),
1094 (w), 859 (w), 625 (m), 480 (w), 392 cm™" (w).
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Synthesis of UPC-16 H;[(Cuj;;3Mn,¢;Cl);Ls]-30 H,0-9 DMF-4 Diox:
In a typical metal-ion exchange experiment, the crystals of as-syn-
thesized UPC-15 were immersed in a DMF solution of CuCl,-2H,0
(0.10Mm) for 15 days, and the solvent was refreshed every three
days. Subsequently, the metal-ion changed crystals were rinsed
and soaked in DMF for 3 days. About 83.2% of Mn*" ions were ex-
changed by Cu*" ions, as assessed by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) analysis. Elemental analy-
sis calcd (%) for UPC-16: C 54.8, H 6.64, N 1.87; found: C 55.3, H
6.58, N 1.65. IR (KBr): 7=3439 (s), 2929 (w), 1653 (s), 1545 (m), 1427
(m), 1273 (w), 1101 (w), 866 (W), 631 (W), 421 cm™" (w).
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