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Abstract: Highly size/charge-selective molecular inclusions by a charge-switchable zinc-based metal-organic

framework (Zn-MOF) have been achieved, which comprises of two kinds of paddle-wheel building units and four

kinds of nanocages. Featuring counter anions floating in the pore and accessible coordination sites on the skeleton,

Zn-MOF represents exceptional versatility in taking up anionic dyes by ion-exchange, cationic dyes by charge

switch of skeleton, and neutral organic dyes by host-guest interactions. Both size and charge selectivities in the

molecular inclusion by the charged nanocages in Zn-MOF provide an efficient way in designing superior porous

materials with an enhanced level of compatibility and recognition.
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Metal-organic frameworks (MOFs) are designable
crystalline porous materials by stitching inorganic build-
ing blocks with tailored organic linkers, which offer a
higher level of heterogeneity in compositions and rich-
ness of host-guest interactions for molecular inclusions.
The versatility to encapsulate a large variety of mole-
cules are highly desired properties for porous materialsin
molecular sensing!™?, molecular separation®*, hetero-
geneous catalysis®, biomedical diagnosis and drug de-
livery!®” and removal of organic pollutants®®.

Several mechanisms have been proposed for molecu-
lar inclusion driven by ion-exchange’®”, n—m interaction,
hydrogen bonding, electrostatic interaction™, and open
metal sites within MOFs!*3. Up to date, the rational de-
sign of MOFs with exceptional versatility for molecular
inclusion remains largely unestablished!*¥. Thus, it rises
the need of mechanism studies for dye adsorption in di-
verse MOF systems.

Generaly, the neutral zinc-based MOF-5 crystal can
encapsulate both neutral and cationic dyes but not anionic
dyes™. ZIF-8 tends to absorb a small amount of dyes on
the surface because of the charged sites at the external
surfacd™> ¥ Anionic zinc-based MOFs tend to encapsulate
cationic dyes* . Herein, we have studied the dye ad-
sorption properties and related mechanisms of a MOF
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comprising of charged nanocages, with versatility in taking
up neutral, cationic, and anionic molecules with size selec-
tivity controlled by the cages. Featuring nitrate (NO5") as
the counter ions floating within the pore of the MOF, the inclu-
son of anionic dyes was accderated with the ion-exchange
mechanism. The release experiments of dye@Zn-MOF
show afaster rate of salt flowing out in the NaCl solution
compared to that in Et,N*BF, solution, indicating the
anionic dyes are more easily exchanged with the smaller
sized anion. Size selectivity and adsorption kinetics for
anionic dye inclusion have also been performed. More
interestingly, the inclusion of cation dyes by the cationic
framework is actually going through a charge-switch
process by the CI” from the dyes coordinated to the metal
centers in the frameworks. As evidence, the cationic dye
release experiments show a slower rate of migration when
salting out in a NaCl solution compared to that in NaNOs
solution. The adsorption of neutral dyes relies on the poro-
sity of the framework and supramolecular interactions. The
competing adsorptions of cationic and neutral dyes have
shown that the electrostatic interaction is the dominating
process. The heterogeneity and multi-pathway endow
MOFs with the versatility to take up a large variety of
molecules, which can inspire more intelligent design of
MOFs with higher level of compatibility and recognition.
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1 Experimental

1.1 Materialsand instruments

All of the chemicals were obtained from commercial
source. The single-crystal X-ray diffraction data (CCDC-
1814467-1814468) were obtained at beamline BL17B of
the Shanghai Synchrotron Radiation Facility (SSRF)
using X-ray with a wavelength of 0.12398 nm. The
PXRD patterns were collected on a Bruker Advance D8
diffractometer using Cu-Ka radiation (4 = 0.154050 nm)
at 40 kV and 40 mA, at a scanning rate of 2.3°/min and
20range of 3°-30°. The UV-Vis spectra were collected
on an Agilent Carry 5000 spectrophotometer.

1.2 Preparation of compounds

[Zn14(L)4(H20)22] (NO3)4(DMF),: In @20 mL scintillation
vial, 209 mg HeL (0.3 mmol) and 627.5 mg Zn(NOs),-4H,0
(2.4 mmol) were dissolved in 16 mL DMF solution. The
vial was sealed and placed in 85°C for 48 h. Colorless
pyramidal crystals were obtained after cooling down to
room temperature.

[C014(L)4Cl3(H20)2,] CI(DMF),: In 220 mL scintillation
vial, 209 mg HeL (0.3 mmol) and 571 mg CoCl,-6H,0
(2.4 mmol) were dissolved in 16 mL DMF solution. The
vial was sealed and placed at 85°C for 48 h. Blue-black
pyramidal crystals were obtained after cooling down to
room temperature.

1.3 Absorption experiment of organic dyes

The freshly prepared Zn-MOF single crystals were
washed with DMF for three days and three times per day,
then washed with MeOH for five days and three times
per day to remove the DMF. For each dye-absorption ex-
periment, 50 mg Zn-MOF samples were soaked in a 10 mL
dye/MeOH solution in a 20 mL vial. After an interval of
a certain time, the upper solution was taken for UV-Vis
spectra monitor. The absorbance value of the dye/MeOH
solution at 0 h was normalized as 100% in the UV-Vis
spectra.

1.4 Release experiment of organic dyes

After Zn-MOF samples were soaked in the 10 mL
dye/MeOH solution for 48 h, the upper solution was re-
moved and absorption process was terminated. Then the
dye@Zn-MOF samples were washed with 5 mL anhy-
drous methanol for several times until there is no leach-
ing of dyes. Then the dye@Zn-MOF samples were
transferred into 10 mL salt/MeOH solution. The system
was stirred on a shaker for well mixing. After an interval
of a certain time, the upper solution was taken for
UV-Vis spectra monitor, and then poured back to keep
the original system unchanged.

2 Resultsand discussion.

2.1 Crystal Sructure

The crystal structure of the Zn-MOF was first reported
by Hong, et al™, whose property is highly deserved further
exploitation. Sought to use this MOF as a model com-
pound, we have optimized the synthetic condition, obtained
sufficiently large size crystals and investigated the pre-
cise crystal structure by synchrotron radiation diffraction
(Fig. S1).

The Zn-MOF composes four kinds of polyhedral cages
including rhombicuboctahedral, cuboctahedral, truncated
octahedral, and square-bifrustum cages (Fig. S2). All the
cages are bearing positive charges, except the truncated
tetrahedral one. The NO3™ counter anions were found floa-
ting in the pores determined by the single-crystal diffrac-
tion analysis in this work. This result is different from
the crystal structure of the Zn-MOF made from DM SO
with the OH" as counter anion. Regardless of the counter
anions and guest molecules, the nanocages possess large
voids having the diameters of 1.31 nm (Fig. S2(a), yel-
low), 0.96 nm (Fig. S2(b), pink), 1.64 nm (Fig. S2(c),
green), and 0.92 nm x 0.92 nm x 1.4 nm (Fig. S2(d),
orange), respectively.

2.2 Organic dye adsorption by Zn-MOF sin-

glecrystals

To visualize the versatility for molecular inclusion, 13
organic dyes with various sizes and charges (Table S1)
were used in the adsorption experiments in MeOH solu-
tions, including two neutral (SY2 and SD1), four cationic
(MLB*, BF", CV*, and R6G"), and seven anionic dyes
(MO, TOO", AOT-, AR8S", AB1~, OG*, and NC*). The
dye adsorption behaviors were examined by optical micros-
copy of the single crystals of the Zn-MOF with sufficiently
large sizes (Fig. S3).

Surprisingly, the Zn-MOF crystal is able to take up
neutral, cationic and anionic dyes without changing the
original crystal structure (Fig. $4), judging from the ex-
terior and interior of the crystals after immersing in the
dye solutions for several hours. It is a rare case for a
zinc-based MOF crystal. To the best of our knowledges,
there are only a few MOFs can take up both cationic and
anionic dyes. The typical example is the inclusion of
MLB* and MO" in MOF-235!"%l. By controlling the pH of
solution and creating different zeta potential on the sur-
face of MOFs, MOFs like PCN-222!%"! MIL-100(Fe) and
MIL-100(Cr)!®¥ can absorb cationic and anionic dyes
(Table S2).

2.3 Anionic dyeinclusion pathway

Since the Zn-MOF contains counter anions in the

nanocages, it is hypothesized that the anionic dye inclu-
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sion is an ion-exchange process. Due to the difficulty to
analyze the content of nitrate anion in the solution, we
use the multicycle adsorption method to study the dye
inclusion behavior. As shown in Fig. 1(a), AO7" was
used as a probe to monitor the adsorption kinetic of
Zn-MOF, which showed rapid uptake at the beginning
and reached equilibrium after 30 h. The AO7™ solution
was refreshed to break this equilibrium, and found a
second step of dye uptake. Such behavior reveals the
concentration gradient is adriving force for dye inclusion,
besides the host-guest interaction such as n-n interaction
and electrostatic interaction.

To further testify the ion-exchange process in anionic
dyes inclusion, the NaCl and Et,;N*BF; solution were
used for salting out experiment, respectively. As shown in
Fig. 1(b), when immersing the crystal of AR88 @Zn-MOF
into the same concentration methanol solution of NaCl
and Et,N*BF; (0.18 mol/L), the AR88™ will be released
out from the crystals monitoring from the increasing ab-
sorbance intensity of AR88™ at 509 nm. Compared with
the release of AR88™ in Et,N"BF;, the dye release proc-
ess in the NaCl solution is slower, which is due to the
larger size and slower diffusion of BF;.
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The size selectivity of Zn-MOF is illustrated by the
anionic dyes adsorption. Larger size or more charges
dyes such as AB1™ (1.67 nm x 1.333 nm x 1.12 nm), OG>
(1.11 nm x 1.263 nm x 0.496 nm), and NC* (1.27 nm x
1.22 nm x1.04 nm®) penetrated only on the outer part of
the crystals. It is clear that the AB1™ has a dimension
exceed the size of nanocages in the framework, revealing
the capability for exclusive size separation of molecule.
To demonstrate the exclusive dye separation, selective
anion exchange with the framework was investigated by
performing anion-exchange experiments with a green
color binary mixture solution of TOO™ and AB1™ (molar
ratio 1 © 765). As shown in Fig. 2(a), the mixture solu-
tion turns into blue after selective inclusion TOO™ over
AB1 by Zn-MOF. Figure 2(b) shows the rapid drop of
TOO™ and the retention of AB1™ in the solution.

2.4 Cationic dyesinclusion pathway

The exterior and interior optical microscope images of
MLB*@Zn-MOF and the time dependent UV-Vis spectra
of MLB" solution with Zn-MOF single-crystals (Fig. S5)
indicated MLB" were included within the MOF. Here the
CI™ from dyes coordinated to the metal centers in the
frameworks, thus turns the charge of the framework into
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Fig. 1 (a) Dye adsorption kinetics of AO7™ by Zn-MOF, which was immersed into afresh AO7™ solution at 30 h for second uptake,
indicating that the concentration gradient potential served as the driving force for dye inclusion; (b) Release rates of AR88™ (at Amax =
509 nm) salt out from ARS8 @Zn-MOF in 0.18 mol/L methanol solution of NaCl and Et,N*BF, respectively
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Fig. 2 (&) Thetime dependent UV-Vis spectra of the solutions of AB1™ and TOO™ in theratio of 765 : 1 for the competitive adsorption
by Zn-MOF (Ama= 412 nm for TOO™, A= 630 nm for AB1") with inset showing the colour of TOO/AB1 solution before and after
dye inclusion for 600 min, respectively; (b) The adsorption kinetics of AB1™ and TOO™ by Zn-MOF in the binary mixture solution
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Fig. 3 Release profiles of MLB™ (at Ana = 648 nm) salt out
from MLB*@Zn-MOF in saturated methanol solution of
NaNO; and NaCl, respectively

anionic for the incorporation of cationic dyes. This can
be supported by the fact that the counter ions CI™ are
bonding to the metal centers in [Coy4(L)4Cl3(H20)2]
CI(DMF),. Salting out method was tried to investigate
the different control of dyes release in the Zn-MOF. As
shown in Fig. 3, when immersing the crystal of MLB*@
Zn-MOF into the saturated MeOH solution of NaCl, the
MLB" will be released out from the crystals monitoring
from the increasing absorbance of MLB™ at 652 nm. Ob-
viously, the dye release rate in saturated methanol solu-
tion of NaCl solution is slower than that in NaNO; solu-
tion. This result supports the charge-switch mechanism
for dye absorption.

25 Adsorption kinetics difference between
charged and neutral dyes.

To study the influence of electrostatic interaction to
the dye adsorption kinetics, MLB" and SY2 were chose
for the competitive inclusion experiments considering the
similar molecule sizes but different UV-Vis adsorption
wavelengths. As shown in Fig. 4(a), the UV-Vis spec-
troscopy of the mixed dyes solution exhibits that the ab-
sorbance gradually decreased at 652 nm, but remained at
406 nm over 31 h. The dye retention plot (Fig. 4(b))
shows the drop of MLB™ concentration in contrast with
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the almost constant concentration of SY2. Zooming in
the plot, it can be seen that an initial simultaneous uptake
of both MLB™ and SY 2, in which the adsorbed SY 2 was
further kicked out by the MLB*. Such observation indi-
cates that Zn-MOF has faster adsorption rate for charged
MLB* compared with that of the neutral SY2. It was also
observed that neutral dyes could be released in neat
MeOH, while charged dyes would not be released after
adsorbed in the Zn-MOF. The difference of the host-guest
interaction can be well understood by the electrostatic
interaction, which induces faster kinetics and selective
adsorption of charged dyes. This phenomenon is very
useful for selective adsorption and kinetic separation for
large molecules.

3 Conclusions

In this work, the molecular uptake and release behav-
iours of a model MOF comprising charged polyhedral
nanocages toward a series of dyes with varied sized di-
ameters and different charges have been explored. With
the cage-type and charged structura features, the Zn-MOF
represents excellent size selectivity in dye inclusion. The
adsorption rate difference between neutral and charged
dyes implies electrostatic interactions play a key role in
absorption process. The retention of charged dyes after
adsorption also offers an opportunity for controllable
release. This contribution is believed to bring new thoughts
into MOFs design for drug delivery, large molecules
separation, and dye assembly by using the host-guest in-
teractions.
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Fig. 4 () Thetime dependent UV-Vis spectra of the solutions of MLB" and SY2 at theratio of 1 : 1 for the
competitive adsorption by Zn-MOF from 0 to 31 h (Ama = 652 nm for MIB*, Zna = 406 nm for SY 2); (b) The competitive
adsorption rate of MIB* and SY 2 by the Zn-MOF
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General Material and Methods

5,5",5"-(((2,4,6-1,3,5-Trimethylbenzene-1,3,5-triyl)-
tris(methylene))-tris(oxyl))-triisoph- thalic acid (Hel)
was purchased from Chemsoon; zinc nitrate tetrahydrate
[Zn(NOs),-4H,0] and N,N-dimethylformamide (DMF,
99.9%) were purchased from Aladdin. Anhydrous
methanol (MeOH) was purchased from Sinopharm
Chemical Reagent, which was used throughout al the
experiments.

Solvent Yellow-2 (SY 2; CAS#60-11-7) was purchased
from Alfa-Aesar; Sudan-I (SD1; CAS#842-07-9), Basic
Fuchsin (BF" CAS#569-61-9), and Methyl Orange (MO';
CASH547-58-0) were purchased from Macklin. Methyl-
ene Blue trihydrate (MLB™; CASH7220-79-3), Crystal
Violet (CV*; CASH#548-62-9), and Acid Red 88 (ARSS;
CASH1658-56-6) were purchased from Sinopharm
Chemical Reagent; Acid Blue 1 (AB17; CAS#20262-
76-4), Orange G (OG*; CAS#1936-15-8), New Coccine
(NC*; CAS#2611-82-7), and Rhodamine 6G (R6G":
CAS#989-38-8) were purchased from Aladdin; Tropaeolin
OO0 (TOO™; CAS#554-73-4) and Acid Orange 7 (AOT;
CAS#633-96-5) were purchased from Adamas-beta.

The single-crystal X-ray diffraction data were ob-
tained at beamline BL17B of the Shanghai Synchrotron
Radiation Facility (SSRF) using X-ray with a wavelength
of 0.12398 nm. The PXRD patterns were collected on a
Bruker AXS D8 Phaser using Cu-Ka radiation (1 =
0.154050 nm) at 40 kV and 40 mA, at a scanning rate of
2.3°/min and 260 range of 3°-30°. The UV-Vis spectra
were collected on an Agilent Carry5000 spectropho-
tometer. The optical microscope images were taken us-
ingan Optec SZ780 stereoscopic microscope equipped
with adigital camera (PUDA500C).

Syntheses of MOF

[Zn14(L)4(H20)22](NO3)4(DMF),: In a 20 mL scintilla-

tion vial, 209 mg HeL (0.3 mmol) and 627.5 mg

ZNn(NO3),-4H,0 (2.4 mmol) were dissolved in 16 mL
DMF solution. The vial was sealed and placed in a85°C
oven for 48 h. Colorless pyramidal crystals were ob-
tained after cooling down to room temperature. The up-
per supernatant was removed and the Zn-MOF crystal at
the bottom of the vial was washed with 20 mL DMF
three days and three times per day. Then washed with
MeOH for 5 d and three times per day.

[Co14(L)4Cl3(H,0)2,] CI(DMF),:In @ 20 mL scintill-
ation vial, 209 mg HeL (0.3 mmol) and 571 mg
CoCl,-6H,0 (2.4 mmol) were dissolved in 16 mL DMF
solution. The vial was sealed and placed in a85°C oven
for 48 h. Blue-black pyramidal crystals were obtained
after cooling down to room temperature. The upper su-
pernatant was removed and the [Co.4(L)4Cl3(H20)2]
CI(DMF), crystal at the bottom of the vial was washed
with 20 mL DMF three days and three times per day.
Then washed with MeOH for five days and three times
per day.

The crystallographic information of Zn-MOF and
Co-MOF can be seen in CIF format.

8 Co-MOF
N NL " ll M A A
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8
i
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I ) Lorn III tn |||||| |I|||||||I||| |||||||||||||||||||||I||||
s 10 15 20 25 30

20/ (°)

Fig. SI PXRD patterns of Zn-MOF and Co-MOF with simu-
lation bar. All the PXRD were carried out with a few drop of
DMF on the surface
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Fig. S2 (a) The rhombicuboctahedral cage enclosed alternatively by eight Zn,(COO);" and six Zn,(COO), clusters;

(b) The cuboctahedral cage enclosed by four Zn,(COO)," clusters; (c) The truncated octahedral cage enclosed by six Zn,(COO),
clusters; (d) The square-bifrustum cage enclosed alternatively by four Zny(COO);" clusters and four Zn,(COO), clusters.
The open pores size of cagesin (a), (b), (c) and (d) are (e) 0.40 x 0.60 nm, (f) 0.72 x 0.76 nm,

(9) 1.04 x 0.34 nm and (h) 0.70 x 0.90 nm, respectively
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Fig. S3 The optical microscope images of the Zn-MOF crystals before (centered) and after (top and bottom) dye inclusion
experiments. To confirm the uptake homogeneity of dyes, both the exterior and interior of dyes adsorbed MOF crystals
were shown except those for AB~, OG?", and NC*~ with dyes penetrated only the outer part of the crystals
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Fig. S4 PXRD patterns of Zn-MOF and dye@Zn-MOF samples Fig. S5 The time dependent UV-Vis spectra of the solu-
compared with simulation tion of MLB" for adsorption by Zn-MOF from 0to 25 h

All the PXRD were carried out with afew drop of DMF on the surface.
It shows that the crystal structure is still maintained after adsorption of dyes

TableS1 Sructuresand dimension of guest dye molecules with different charges

ETS . i . PN b L
L i | f
Structure é @ ©i> . ] i\/% iy
o~ \ Vi (RS o
L, < 7~ : .
Cr ©©” @5’ N O o/\m
1 K L
3D structure 1 ' § &‘
Abbr. TOO AO7 ARS8 oG NC
Charge -1 -1 -1 -1 -1 -2 -3
Inclusion Yes Yes Yes Yes No No No
) ) X =7.64 x =15.46 x=9.13 x=12.9 x =13.33 x=11.1 x =10.39
Dimension _ _ _ _ _ _ _
(x10°°, m) y =18.87 y=8.0 y=14.23 y =8.63 y =16.72 y=12.63 y=12.2
' z=4.2 z=5.3 z=4.61 z=129 z=11.2 z=4.96 z=12.74
.

Structure ? (>

3D structure

Abbr SD1 SY2 -
Charge 0 0 +1 +1 +1 +1 -
Inclusion Yes Yes Yes Yes Yes No -
Dimension x =9.32 x =13.69 x =15.39 x =10.88 x =13.72 x =13.66
(10, m) y=7.58 y=8.0 y =8.19 y=8.92 y =14.65 y=16.45 -

z=10.89 z=4.02 z=3.88 z=12.09 z=747 z=9.23
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Table S2 The adsor ption capacity of selected MOFsand Zn-M OF toward MLB and MO
MOFs Absorption capacity/(mg ™) Metal Framework charge Ref.
Cationic dye Anionic dye
MOF-5 Congo Red NM Zn Neutral [1]
MOF-5 PyroninY, Azure A NM Zn Neutral [2]
ZIF-8 9.2 (MLB) ~11.6 (MO) Zn Neutral [3]
ZIF-8 5.4 (MLB) 22 (AB40) Zn Neutral [4]
IFMC-2 MLB, CV NA Zn Anionic [5]
Compound 1 MLB, RhB NA Zn Anionic [6]
NENU-505 MLB, BR2 NA Zn Anionic [N
Zn-MOF 12.6 (MLB) 19 (MO) Zn Cationic Thiswork
ITC-4 NA 77.4 (OG) In Cationic [8]
Compound 1 NA 183.5 (OG) In Cationic [9]
MOF-235 252.0 (MLB) 477.0 (MO) Fe Cationic [10]
MIL-100(Fe) 736.2 (MLB) 1045.2 (MO) Fe Cationic [11]
MIL-100(Cr) 643.3 (MLB) 211.8 (MO) Cr Cationic [11]
PCN-222 906 (MLB) 589 (MO) Zr Neutral [12]

NM stands for not mentioned, NA stands for no absorption.
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