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Two rht anionic metal-organic frameworks were synthesized.
There are six [M(H,0)¢]*" ions hold together by the super-
strong H-bond and arranged in a regular octahedron in each
medium cage. Dye adsorption studies revealed a rapid and
selective adsorption of cationic dyes and the adsorbed dyes
can be released in saturated NaCl aqueous solution.

Metal-organic frameworks (MOFs) have received considerable
attention due to their diverse structural topologies,' tunable
porosity, and potential applications in gas adsorption/storage,
separation, drug delivery and luminescence.” Considerable interest
have been focused on investigating the dyes adsorption from
solution by MOFs in recent times.’ It is well-known that most of
the dyes are very stable against light and oxidation and are
difficult to degrade, making them ideal for many industrial
applications. Unfortunately, many dyes are considered to be toxic
and even carcinogenic. As a result of rapid development of
industries including medicine, textile, leather, printing, and
plastic, a large amount of industrial byproduct containing various
dyes was discharged to the detriment of water quality worldwide,
including China. A rapid and effective method to remove dyes
from contaminated water is now a critical challenge and goal as a
result. Currently, chemical, physical and biological techniques
have been proposed,® among these methods, adsorption rose as
one of the more feasible methods thanks to its efficiency and
economic competitiveness.” MOFs have many advantages as
adsorbents since their topological and pore characteristics are
tunable by simple predesign.® Further ionic MOFs may have more
unique advantages such as selective adsorption of cationic or
anionic dyes by host-guest electronic interactions and/or guest-
guest exchange interactions.’

The rht MOFs have drawn great interest due to their unique
(3,24)-connected structural features, tuneable pore size and shape,
as well as adjustable host-guest interactions since the first
complex was reported by Eddaoudi et al.'® Most research about
rht MOFs have focused on gas adsorption'' and no relevant
examples about dyes adsorption have been reported when this
was written. In this paper, we use one predesigned
hexacarboxylic acid ligand to synthesize two rht anionic MOFs
with formula [(CH3),NH,]¢[M(H,0)]s {M(#’-TATAT),
(H,0),5} - xH,0 (1: M = Co*", x = 6; 2: M = Ni*", x = 11) These
two compounds are very interesting for the following reasons: (i)
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they are the first example of anionic frameworks with rht
topology; (ii) charge compensation of anionic network relies on
protonated [(CH;),NH,]" and guest ([M(H,0)]*"). Unexpectedly,
in each hydrophilic cage there are six [M(H,0)s]*" cations
arranged in a regular octahedron formed by super-strong H-bond
interactions which has not been reported previously; (iii) the
skeletons maybe selectively adsorb cationic dyes in solution by
guest-guest exchange. Dye adsorption studies confirmed 1 and 2
can rapidly and selectively adsorb cationic dyes Methylene Blue
(MB), Crystal Violet (CV), Malachite Green (MG), and Basic
Red 2 (BR2) but hardly adsorb anionic Methyl Orange (MO),
Orange II, and neutral dye molecules Methyl Red (MR) and
Fluorescein (Figure S1) in water. It should be emphasized that
most of research about dye adsorption by MOFs are based on the
size-exclusion effect and in organic solvents,'*** while the
work about dye adsorption in water is relatively rare’>"
Selective adsorption of cationic dyes is even less common,**"*
especially with CV and MG, which have high toxicity and
residue characteristics that could lead to mutations and cancer.
Removal of these two dyes from water is very significant.'

s

Fig. 1 3,24-connected rht anionic framework of 1. Guest molecules, water
molecules and H atoms have been omitted for clarity. Colour code: Co,
cyan; O, red; N, blue; C gray.

Compounds 1 and 2 are anionic MOF prepared from
H¢TATAT, Co(NOs),'6H,0, and Ni(NOs),"6H,0 in DMF/H,0
mixed solution under solvothermal conditions. The formula is
determined by Single-crystal X-ray diffraction, elemental
analysis and thermogravimetric analysis. The anionic framework
was balanced by guest [M(H,O)s]*" and protonated [(CH;),NH,]"
originating from the decomposition of DMF during the reaction.
1 and 2 are isostructural and crystallize in the cubic space group
Fm-3m. In 1, the asymmetric unit contains 1/4 Col, 1/8 Co2, 1/6
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TATAT® and one and a quarter of coordinated water. Col is
coordinated to two water molecules and four carboxyl oxygen
atoms from four individual TATAT® ligands to form a slightly
distorted CoOg octahedral unit. The Co-O bond lengths are
between 2.190(4) and 2.296(5) A. Each TATAT® ligand connects
six CoOg units resulting in an extended 3D and highly porous
(3,24)-connected rht framework (Figure 1), which is similar to
the known 74t topology except the electric charge.'®'' 1 and 2 are
anionic frameworks while other rif networks reported are neutral
or cationic framework balanced by the coordinated NO5".'° Co2
also possesses a slightly distorted octahedral coordination
geometry, bonded by six water molecules with Co-O bond
lengths ranging from 2.098(3) to 2.200(6)A. All [Co(H,O)]*"
ions are free and located in the medium cages (Figure 2b).
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Fig. 2 (a) The large truncated octahedron (T-O,) cage (left), small
truncated tetrahedron (T-7;) cage (middle) and medium cuboctahedron

20 (cub-0;) cage (right) of 1. (b) 3D rAt network (left) and six [Co(H,0)s]*"
arranged in a regular octahedron in medium cage (right) of 1. Different
color represents different TATAT® ligands.

The anionic rht MOF feature three types of nanocages: large,

»s truncated octahedron (T-O;,) which is composed by eight
TATAT® ligands with cage diameter of 2.1 nm (Figure 2a, left);
small, truncated tetrahedron (T-T}) is composed by four TATAT®
ligands with 1.2 nm cage diameter (Figure 2a, middle); and
medium, cuboctahedron (cub-O;) composed by 24 edges of
TATAT® ligands with a 1.4 nm diameter (Figure 2a, right). The
T-O, and T-T, cages are hydrophobic while the cub-O, cage is
hydrophilic. These three cages are ina 1 : 2 : 1 ratio (Figure 2b
and Figure S4) in rht networks. The total accessible volume is
61.6 % for 1 and 61.5 % for 2 calculated by the PLATON'® after
removing all of the guest molecules from the cages. It should be
emphasized that all hydrated metal ions were located in the
hydrophilic medium cages (cub-O,), whose window sizes are
19.388 x 19.388 A’ (the distances between opposite atoms
without consideration of Van der Waals radii). Unexpectedly, in
w each medium cage there are six [M(H,0)]*" ions which arranged
in a regular octahedron with Co2:--Co2 (Ni2---Ni2) distances of
8.685 (8.672) A. The Co2---Col (Ni2---Nil) distances are 6.892
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(6.883) A (Figure 2b). 12 positive charges within ~1.4 nm cavity
have no precedence. The possible reason is that the four O4w at
Co2 or Ni2 form very strong H-bonds with carboxylate O2 with
an O---O distance of 2.142 or 2.139 A as shown in Figure S5.
Generally, the O---O distance is ~2.7 A in normal H-bonds. The
strongest H-bonds may have a distance of ~2.4 A.'” To our
knowledge, this is the strongest H-bond reported until now.'”
These strong H-bonds hold the six metal ions tightly in such a
small cavity. The presence of these strong H-bonds are also
verified by the IR spectrum with a voy at ~1101 cm™ (Figure S6
and S7),"” while there is no obvious peak at ~1101 cm™ in other
TATAT-compounds.'*'8

Since 1 and 2 are stable and hardly soluble in common solvents
including CH,Cl,, CHCl;, MeOH, EtOH, DMF, acetone, and
H,0. In order to investigate the stabilities of their cages, the
samples were activated by solvent-exchange with acetone,
methanol, dichloromethane and chloroform. Powder X-ray
diffraction (PXRD) of the activated samples show the original
sharp diffraction peaks still exist, suggesting that the activated
samples retain the crystalline structures. The PXRD result of
crystals soaked in water only exhibits featureless broaden peaks
and illustrates that the H,O-soaked samples are amorphous
s (Figure S8 and S9). Furthermore, the thermal gravimetric analysis
of as-synthesized, acetone activated, and water soaked samples 1
and 2 were investigated under a nitrogen atmosphere (Figure S10
and S11). The curves of as-synthesized 1 and 2 show a rapid
weight loss and a gradual weight loss process; no obvious
platforms appeared in the 25~800 °C. The acetone-activated
samples 1 and 2 exhibit a first rapid weight loss process before
120 °C, corresponding to the of protonated
dimethylamine and coordinated water. An obvious plateau
appears and the framework is stable to ~380 °C, then the
frameworks begin to rapidly decompose. Interestingly, the curves
of water-soaked samples are similar to those of acetone-activated
samples although there is no solvent exchange, which indicates
the anionic frameworks of acetone and water soaked samples can
remain intact and have a good thermal stability. However, the N,
adsorption experiments failed to give expected results to calculate
the surface area, which usually happens to some highly porous
MOFs, presumably because the frameworks lost their long-range
order under high vacuum.’¢*

To further explore the permanent porosity, the dyes
adsorptions in water were investigated as dye selective adsorption
is more attractive and challenging compared to conventional dyes
adsorption. To evaluate whether 1 and 2 have the ability to
separate dyes with similar size but different charges, eight dyes:
electrically neutral MR and Fluorescein, positively charged MB,
CV, MG, BR2, and negatively charged MO and Orange II, in
which MB has the smallest size in cationic dyes, were chosen as
the models for experiments. The as-synthesized 1 and 2 were
immersed in aqueous solutions containing two dyes with different
charges (MB&MR, CV&Fluorescein, MG&Orange 11,
BR2&MO) at room temperature respectively. Some dyes can be
efficiently adsorbed within several minutes while the crystal color
deepened quickly (Figure S13). The adsorption behaviors of 1
and 2 toward these dyes were recorded by UV-Vis spectroscopy
(Figure 3 and Figure S12). The results revealed that 1 and 2 can
10 rapidly and selectively adsorb cationic dye molecules into their
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Fig. 3 UV-Vis spectra changes of 10.0 ml 8.0 ppm dye mixture in the
presence of 20 mg 1. (a) CV&Fluorescein; (b)) MB&MR; (c)
MG&Orange 1II and (d) BR2&MO. The inset photographs are before
(left) and after adsorption (right).

networks, while anionic and neutral dye molecules were left in the
solution. These phenomena could be explained by the guest-
guest exchange of free [M(H,O)s]*" and [(CH3),NH,]" cations in
the cages with cationic dye molecules. The ICP results show that
the dye molecules exchange with [M(H,0)]*" ions preferentially
when a small amount of adsorption, with the increase of the
adsorption amount, the exchange percentage of the protonated
dimethylamine is also increased (Table S2). The exchange with
[M(H,0),]*" ions can be further proved by a significant decrease in
strong H-bond vy intensity at 1101 cm™ (Figure S6 and S7). The
adsorption rate is MB>MG>CV>BR2, resulting from the
different molecular sizes of these four dyes. Generally, the
adsorption capacity is greatly influenced by the concentration of
the dye solutions. Here, the maximum adsorption capacity was
estimated by adding 10 mg as-synthesized 1 and 2 into 10 mL of a
5 gL' dye aqueous solution for 12 h at room temperature,
respectively. For 1, the adsorption capacity for MB, CV, MG, and
BR2 are 708, 607, 484 and 144 mg-g" respectively. For 2, the
corresponding data are 725, 630, 502 and 152 mg-g”'. All these
values are much higher than those observed for dye molecules on
some MOFs, commercial activated carbon (Table S3), and other
various adsorbents. This is especially true for CV (Table S4)'*
and MG (Table S5)," whose maximum adsorption capacity are the
highest reported. The selective adsorption is not only more
efficient, but also faster. The 50% adsorption time for our system
is ~10 min (Figure S14 and S15), while other literature reported
theirs as several hours.’ Up to date, there are very little work about
dye adsorption in aqueous solution by MOFs reported, only few
examples about their adsorption in DMF solution have been
published and their reported adsorption capacities are much lower."
Preliminary selective adsorption investigations for 1 and 2 indicate
that they could be good materials in the selective removal of
cationic dye molecules from polluted water, which is extremely
important for contamination removal.

In order to investigate whether 1 and 2 could be recycled and
reused, dye release from dye@1 and dye@2 were investigated
and the release experiment was monitored by UV-Vis spectra. As
shown in Figure 4a and Figure S16, the dye molecules in dye@1
and dye@?2 could be released quickly in saturated NaCl solution.
The release reached a plateau within 40 minutes except for CV,
which took about 120 minutes to reach the plateau. In the
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deionized water the dye molecules were barely released,
revealing that Na' could effectively facilitate the release of dye
molecules. The Na“ ion are very small compared with dye
molecules and therefore it should be easy for them to enter cages
to exchange the dye molecules. However, the release efficiency is
not very high. For dye@], the release percent is 17.9 % for MB,
43.4 % for CV, 40.0 % for MG and 51.5 % for BR2 within 120
minute. For dye@2, corresponding efficiencies are 18.5%,
43.9%, 39.9% and 52.4% for MB, CV, MG and BR2 (Table S6).
The release ratios are ranked BR2>CV>MG>MB. It should be
mentioned that the maximum adsorption capacity and the
adsorption rate of MB are larger than those of the other three
dyes, and its molecular size is also the smallest. Surprisingly, the
release ratio of MB is the lowest. For CV and MG, the release
ratio and adsorption capacity are much higher, which indicates
that 1 and 2 have much better adsorption and desorption
capabilities for CV and MG. These two dyes are widely used in
aquaculture as a fungicide, but because they have a high residual
and toxicity characteristics as well as carcinogenic, teratogenic,
and mutagenic effects, many countries have banned or restricted
its use in low concentrations (< 5 ppm). However, due to a lack
of cheap and effective alternatives, they are still widely used in
aquaculture. An effective removal technique from water is
therefore extremely significant and necessary.

(b0,

MB@1 in NaCl
CV@1 inNaCl
MG@]1 in NaCl
BR2@1 in NaCl
CV@1 inH.
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Fig. 4 (a) The dye release from dye@] in a saturated NaCl aqueous
solution and deionized water monitored at dye’s UV-Vis absorption
maximum. (b) Time depend chromatographic column efficiency
determined by the absorbance before and after passing the column.

Taking into account the characteristics of rapid dye adsorption
of 1 and 2, their potential application was further investigated by
column chromatography. The chromatographic columns were
prepared by employing 40 mg crystals of 1 and 2 as the filler. 10
ppm dye in aqueous solution passed through the column with the
flow rate of 0.5 mL/min. The UV-Vis absorbance difference of
the eluent (before and after passing the column) showed the
removal of MB and CV can reach 100 %, and 99 and 98 % for
MG and BR2 within Sminutes (Figure 4b, Figure S17 and S18).
With increasing time, the removal efficiency gradually decreased,
especially for BR2.The percent removed is only 43% in the first 2
hours. This is still much higher in first 2 hours for CV, MB, and
MG (93 %, 87 % and 77 %), for 1 (Table S7). The values for the
column filled with 1 and 2 are basically the same (Table S8).
From the above experiments, we can further infer that 1 and 2
could serve as a good adsorbent to efficiently and selectively
remove cationic dye molecules in polluted water.

In summary, two new rht¢ anionic MOFs with three kinds of
nanocages were synthesized and characterized. To our knowledge,
they are the first examples of anionic networks with rht topology.
Interestingly, there exist six [M(H,O)¢]*" cations arranged in a
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regular octahedron in each 1.4 nm hydrophilic cage. Due to the
anionic network and guest cationic molecules in cages, the two
compounds can rapidly and selectively adsorb cationic dyes (MB,
CV, MG and BR2) by guest-guest exchange in aqueous solution.
s This is the first example of rht MOFs with high dye-adsorption
efficiency and excellent selectivity in water. Of the studied dyes,
CV and MG have higher adsorption and desorption capacity.
These two dyes have been rarely studied. Dye adsorption and
desorption studies revealed the two compounds could be as the
10 potential functional materials to selectively remove cationic dye
molecules in wastewater, which is very significant for
environmental cleanup.
This work was supported by the National Natural Science
Foundation of China (21001073). We thank Instrumental
15 Analysis and Research Center of Shanghai University for
measurements.
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