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A Coli) coordination polymer known for its crystalline sponge properties (CoSP) is used to sequester
Orange G (OG) and methylene blue (MB) in agueous solutions. Its ability to encapsulate the cationic MB
is much greater than for OG. The CoSP material is notable for its structural transformations under
different conditions (i.e. removal from solvent or immersion in alternative solvent systems) giving rise to

both 3D and 2D networks. Herein, we study the activated semi-amorphous Co sponge (a-CoSP) as
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Accepted 9th May 2017 a host in aqueous solutions and find that guest uptake results in increased crystallinity as evidenced by
powder X-ray diffraction (PXRD). Reactivation releases some dye due to decomposition of the

DOI-10.1039/c7ra022869 the solubility of the building blocks in solution enables the

coordination polymer however,

rsc.li/rsc-advances reconstruction of the sponge.

Introduction

Organic dyes are a class of pollutants that are commonly found
in industrial wastewater due to their wide application as
colorants for textiles, papers, food, and as imaging agents.
There are more than 100 000 commercially available organic
dyes of various sizes, colors, and ionicity that are being
produced annually.> Aside from their toxicities and carcinoge-
nicities, these colored effluents may interfere with the absorp-
tion and reflection of light in water, thereby affecting biological
processes in natural systems.®> Many dyes are stable and non-
biodegradable in water. As a consequence, strict environ-
mental regulations are currently imposed by national and
international agencies for the manufacture and use of these
organic dyes.*

The most common methods for the removal of organic dyes
in wastewater is through physical, chemical, and/or biological
methods.>® Each method has its own advantages and disad-
vantages; however, physical removal via adsorption is generally
considered as the most rapid way to reduce dye concentration in
water.* Nanomaterials have been extensively studied, not only
as adsorbents for the removal of organic dyes in water, but also
as photo-catalysts for degradation.”™ These materials are very
efficient in organic dye removal and degradation but suffer from
agglomeration and post-separation difficulties.”
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Over the past two decades metal-organic frameworks
(MOFs) have attracted attention for their application in the
adsorption and photo-catalytic degradation of organic dyes.>**
One of the practical challenges in the use of MOFs as adsor-
bents for organic dyes is their water instability.* Several studies
have demonstrated that frameworks with N-atom donors are
more water stable than those with O-atom donors, such as
carboxylates.'***

With this in mind, we hypothesized that the [(Co(NCS),)s-
(TPT),]-25(0-CcH4Cly)-5(MeOH) (TPT = 2,4,6-tris(4-pyridyl)-
1,3,5-triazine) “cobalt sponge” coordination polymer (CoSP)
previously reported by Fujita and co-workers'® may serve as
a stable host for the absorption of organic dyes in water. The
host/guest chemistry of this material has been demonstrated
using a variety of guests including tetrathiafulvalene,' fuller-
enes,' titanocene,' aldehydes,”” and cyclohexanone.”® This
ability of MOFs to accommodate guests in crystalline form was

Fig.1 (a) Structure of CoSP (C = gray, N = blue, Co = pink, S = yellow,
CCDC no. 766604, ref. 17); organic dye pollutants orange G (b) and
methylene blue (c).
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known as the crystalline sponge method. The structure of this
Co sponge (Fig. 1a) was initially solved in the cubic space group
Fm3m with octahedral Co(u) centres with two ¢rans NCS ligands
and four pyridyl donors originating from four unique TPT
ligands. Murugesu and co-workers recently reported micro-
crystals of CoSP belonging to the trigonal space group R3m with
the same overall structure as the framework reported by Fujita
and co-workers, with different solvents of crystallization." It
was observed that the orange crystals (i-CoSP; inactive form)
transformed to a green semi-amorphous material (a-CoSP;
activated form) upon removal from the mother liquor, attrib-
uted to the removal of solvent and loss of crystallinity of the
framework. In this activated form, guest molecules can occupy
the void spaces that once housed solvents of crystallization. A
second transformation to a 2D network was also observed.*

Results and discussion

In this work, the crystalline sponge method for the absorption of
an anionic dye, orange G (OG, Fig. 1b), and a cationic dye,
methylene blue (MB, Fig. 1c) was investigated. CoSP crystals
were synthesized in 1 : 1 (v/v) 0-C¢H,4Cl, : MeOH as published in
the literature.'® Crystals still immersed in the mother liquor were
combined with solutions containing OG or MB. The combined
solutions were slowly evaporated to concentrate the dyes.”® The
encapsulation of OG and MB into i-CoSP were observed within
a few minutes, as shown in videos S1 and S2 (ESI}). The
encapsulation process is more distinct with MB, wherein the
orange crystals become light green (Fig. 2a and b). Although
single crystals were obtained that readily reveal the metal-
organic backbone, the location of encapsulated dyes could not
be determined due to disorder. The tendency of guests to display
static disorder was also observed by Fujita and co-workers.>
We were interested in determining if the loss of crystallinity
of CoSP had an effect on the competency of the material for
host/guest chemistry, particularly for organic dyes. The crys-
talline sponge method is predicated on maintaining single
crystal quality, thus the host/guest chemistry of the semi-
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Fig. 2 Images of CoSP crystals before and after absorption of (a) OG
and (b) MB; (c) i-CoSP powder, (d) after adsorption of water, (e) OG,
and (f) MB; and (g) a-CoSP powder, (h) after adsorption of water, (i) OG,
and (j) MB.
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amorphous state has not been explored. For these experi-
ments, microcrystalline CoSP was prepared at a 100 mg scale.”

Upon synthesis, orange microcrystals were obtained. Filtra-
tion of these microcrystals delivers a fine orange powder (i-
CoSP, Fig. 2¢). Air-drying or activation at 120 °C under vacuum
effects a change to a green powder (activated, Fig. 2g).

PXRD patterns of i-CoSP (Fig. 3a) and a-CoSP (Fig. 3d) are
very similar, and also match the pattern of the green semi-
amorphous material reported by Murugesu and co-workers.
SEM provides further evidence that a-CoSP represents
a conversion to the semi-amorphous state. The facets observed
of the crystallites of a-CoSP are softened but still observable in
the activated material (Fig. S1t). Our results are consistent with
the observations of Murugesu, wherein the transformation into
a green powder occurs upon the loss of solvent molecules that
occupy voids in the coordination polymer.

Thermogravimetric analysis

TGA curves (Fig. 4) showed three significant mass-loss steps for
these materials. The first step at 150 °C is consistent with the
removal of H,O, MeOH, and 0-CcH,Cl,. The mass-loss at 350 °C
has previously been attributed to the decomposition of the TPT
ligands.**

The final step at 450 °C corresponds to the decomposition of
the SCN™ ligands.* Both i-CoSP and a-CoSP showed mass loss
as the samples were heated to 150 °C; however, the inactivated
sample underwent a larger percent change, consistent with the
loss of a greater amount of solvent molecules relative to the
activated cage, in which many solvents had already been
removed. As the temperature exceeded ~160 °C, a steep drop in
% weight was observed attributed to a loss of 0-CcH,Cl,.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) analysis further
supported the hypothesis of solvent removal upon activation
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Fig. 3 PXRD patterns of (a) i-CoSP; (b) i-CoSP + H,O; (c) i-CoSP +
aqueous OG; (d) a-CoSP; (e) a-CoSP + H,O; (f) a-CoSP + aqueous OG;
and (g) simulated.
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Fig.4 TGA curves of inactive and activated Co sponge powder before
and after uptake of water and OG.

without a total loss of the framework. The FT-IR spectra of both
the inactive and activated sponges (Fig. 5) showed characteristic
CN stretching bands at <2100 cm ™ that correspond to the SCN ™
ligands.”>?*

The broad band at ~3350 cm™" typically observed for OH
stretching is absent in both materials. However, stretching (3030
and 1600 cm ') and bending (690-900 cm ') bands for the
aromatic rings and stretching (800-550 cm ™) bands for C-Cl are
observed in i-CoSP. These bands are attenuated in a-CoSP, as
expected if the 0-C¢H,Cl, are removed during activation.

Dye update studies

Both inactive and activated powders were tested for the uptake of
0OG and MB. ~10 mg of material were added to 40 uM (18 mg L")
0OG and 10 uM (4 mg L") MB aqueous solutions. These mixtures
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Fig. 5 FT-IR spectra of (a) inactive and (b) activated Co sponge
powder before and after uptake of water and OG.
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were stirred for 30 min at room temperature. The solutions were
analysed over the course of 2 days. The electronic absorption
spectra showed an 8% decrease in OG concentration for i-CoSP
and a 55% decrease for a-CoSP (Fig. 6a and b). i-CoSP removes
a significant amount of MB (70% decrease in MB concentration).
The use of a-CoSP drops the dye concentration even further, by
93% (Fig. 6¢ and d). Fig. 7 summarizes the absorption capacities
(ge) of 10 mg inactive and activated powders for OG and MB. In
all cases, dye uptake is completed within 24 h, resulting in
capacities of 0.4 mg g~ for i-CoSP + OG; 4.6 mg g~ for a-CoSP +
0G; 1.4 mg g ' for i-CoSP + MB; and 1.8 mg g~ * for a-CoSP + MB.
These values indicate that activation is necessary to maximize the
uptake capacity of the Co sponge for both anionic and cationic
dyes.

Absorption kinetics

The kinetics of the absorption processes were investigated
using a series of absorption experiments (Fig. S2a and bf).** The
absorption capacities of MB into both i-CoSP and a-CoSP were
plotted against time and the data were fit with first-order
kinetics, providing rate constants (k;) of 0.09 and 0.20 s,
respectively (Table S1t), indicating that the activated material
more rapidly removes the dye from solution. In both cases, the
maximum absorption capacity is achieved within 40 minutes.
Due to the settling time required for scatter-free spectra, OG
uptake was measured every 20 minutes and all spectral changes
were complete in the blind-time following initial mixing. Since
all uptake occurred within the first 20 minutes, it is clear that
OG is sequestered faster than MB.

The ability to remove guests from such systems is attractive
insomuch that the material may then be reused to sequester
additional molecules.” The equilibrium constant associated
with the host/guest complexation plays a significant role in the
ease with which guests may be removed. The kinetics of the
release of OG and MB were investigated (Fig. S2¢, d and Table
S1t). Using a first-order kinetic model, k_; for dye release was
found to be 0.04 s for OG. For MB, small spectral changes

1.0 1.0
(a) 8% decrease (b) 55% decrease

0.8} i — 0h 0.8f 0h
o }\ —-24h ° n 24 E
g 06 F iy e 48 h g 0.6F ‘ \: """ 48
S S : ’
50.42\'/\ g 04}
< o02pV° \ <02

1 L_re..l. 4 I 1 L

0.0 0.0
300 400 500 600 700 800 900 300 400 500 600 700 800 900

A/ nm A/nm
(! (d),,
0, 0,
C I 70% decrease 0sl — on 93%decrease
. “2ah . '
e 06k == 48 h e 0.6}
8 S04
§ 04 § g
< 02 K < O-ZK
0.0 B — t 0.0k S

300 400 500 600 700 800 900
A/ nm

.300 400 500 600 700 800 900
A/ nm

Fig. 6 UV-vis spectra for the dye absorption of i-CoSP (left) and a-
CoSP (right) with OG (top) and MB (bottom).
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Fig. 7 (a) Absorption capacity (ge in mg dye per g Co sponge) of
inactive and activated Co sponge powder for OG and MB and (b)
images of OG and MB solutions after 0, 24, and 48 h of adding inactive
and activated Co sponge powder.

were observed when the material was reintroduced to solution;
however, these changes are consistent with a small amount of
network dissolving and thus releasing the guest, rather than
release from the intact CoSP. The lack of any significant
absorption from free MB obviates a determination of k_; and
indicates that MB binds much more strongly to the material.*

The water stabilities of i-CoSP and a-CoSP were determined
using UV-vis spectroscopy. CoSP has a characteristic band at
500 nm that is used to monitor stability, though the material is
very insoluble (4 ~ 0.02) over the course of 48 hours this band is
largely unchanged, with evidence for a slight amount of further
dissolution (Fig. S3a and bt). The shoulder at 350 nm is due to
absorption by the encapsulated 0-CcH,Cl, in the inactive
material.*

X-ray methods

We noted an additional crystal transformation behaviour over
the course of our studies. When the semi-amorphous activated
powder is exposed to either water or solutions of dyes in water,
the PXRD patterns indicate that crystallinity is increased rela-
tive to the initial material (Fig. 3). The increase in crystallinity
occurs with restoration of solvent molecules back into the
coordination network as evidenced by the growth of character-
istic bands in the FT-IR spectra (Fig. 5). The presence of
encapsulated water is observed as a broad band at 3350 cm ™~ in
the FT-IR spectra (Fig. 5b). Images of the powders, shown in
Fig. 2, illustrate that the activated material (Fig. 2g) undergoes
a significant colour change when suspended in water (Fig. 2h),
or when exposed to the dyes (Fig. 2i and j). Similar changes
occur for the inactivated material, however given the orange
nature of initial state (Fig. 2¢), the changes are subtler. Upon
reactivation (r-CoSP), i.e. activated material is exposed to solvent
or dye, then reheated at 120 °C for 10 h, solvent removal is very
minimal based on the TGA curves (Fig. S41) and the PXRD
patterns do not show significant differences to those of the
singly-activated materials (Fig. S5f and ht). This is consistent
with a slow dye release rate wherein dyes largely remain and
prevent reuptake. However, r-CoSP is still water stable as
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demonstrated by the minimal decrease in absorption at 500 nm
compared to the activated sponge (Fig. S3ct).

X-ray photoelectron spectroscopy (XPS) has been used to
provide information about the composition of extended networks
and the oxidation states any metal ions present in a sample.>” XPS
was conducted on a-CoSP, a-CoSP + H,0, a-CoSP + OG, and a-
CoSP + MB. In all four samples, survey spectra showed the
presence of Co(u), N, C, S, and O. The first four components are
directly part of the CoSP network, whereas the oxygen originates
from H,O or from the dyes, when present. As shown in Fig. S7-
S10,7 high-resolution peaks corresponding to C 1s indicate
a significant amount of non-oxygenated carbon (~284.8 eV) with
some C-N contributions at higher energy (~286.9 eV).?® In all of
the samples, the Co 2p binding energies show 2p;, and 2p;.
peaks at ~797.2 eV and ~781.2 eV, respectively. These peaks have
satellite bands shifted to higher energy by ~6 eV, diagnostic of
Co(u).>?® Although the bands corresponding to all five elements
(Co, N, C, S, O) are present in all samples, the intensities and high
resolution fits differ due to the compositional changes associated
with activation and guest uptake.

Experimental
Materials and methods

All reagents and solvents were reagent grade and used as
received without further purification. 2,4,6-Tris(4-pyridyl)-1,3,5-
triazine (TPT), Orange G (OG), and o-dichlorobenzene (o-
CeH,Cl,) were purchased from TCI Chemicals. Methylene blue
(MB) was purchased from Acros Organics. Cobalt(u) thiocyanate
(Co(NCS),) was purchased from Alfa Aesar. Methanol (MeOH)
was purchased from Fisher Chemical. Deionized water was used
in all absorption, release, and stability experiments. All UV-vis
spectra were acquired from an Agilent Cary 8454 UV-vis Diode
Array system with a 10 mm rectangular quartz cuvette. Blank
spectra with deionized water were acquired in between runs. All
powder X-ray diffraction (PXRD) patterns were collected from
a Rigaku Ultima IV system with inert atmosphere attachment
and heated sample chamber equipped with Cu source
(0.15418 nm Ko) and operated at 1.76 kW power (40 kV, 44 mA).
Diffraction patterns were measured within 26 range of 5 to 35°
at a rate of 1° min . Thermogravimetric analysis (TGA) curves
were measured from a TA Instruments DSC SDT Q600 instru-
ment at a heating rate of 5° min~' from 25-600 °C under
constant flow of nitrogen (100 mL min~"). Fourier transform-
infrared (FT-IR) spectra were acquired from a Perkin Elmer
1760 FT-IR spectrometer equipped with horizontal attenuated
total reflectance (HATR) from 4000 to 500 cm™ ' wavenumbers.
Field Emission Scanning Microscope (FESEM) images were
captured using a Hitachi SU70 FESEM with Oxford Energy-
dispersive X-ray Spectrometer (EDS). All X-ray photoelectron
spectroscopy (XPS) spectra were measured using a Physical
Electronics Phi Versaprobe 5000 with Al Ko source instrument.

Syntheses

Synthesis of crystalline Co sponge (CoSP). Co sponge crystals,

{[(Co(NCS),)s(TPT),]-25(0-CcH,Cl,)- 5(MeOH)},,,  were  grown

RSC Adv., 2017, 7, 26532-26536 | 26535
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following a published procedure.’® A solution of TPT (6.3 mg, 20
pmol) in 5mL of 1 : 4 (v/v) MeOH : 0-C¢H,Cl, was placed in a dram
vial. Carefully layered on top of this is a 1 mL MeOH solution of
Co(NCS), (7.0 mg, 40 umol). This solution was left to stand for 7
days or until orange crystals are formed on the glass surface.

Synthesis of inactive Co sponge powder (i-CoSP).
{[(Co(NCS),)5(k>-TPT),]- a(H,0)-b(MeOH)},,  (i-CoSP),*
synthesized following a published procedure.”” A solution of
TPT (315 mg, 1.0 mmol) in 250 mL of 1:4 (v/v) MeOH : o-
CcH,4Cl, was placed in a 500 mL round bottom flask and stirred
at 600 rpm. A 50 mL MeOH solution of Co(NCS), (350 mg, 2.0
mmol) was added to the TPT solution. The mixture was stirred
for 15 min and left to stand for 2 h. i-CoSP was collected by
filtration and washed with 0-C¢H,Cl,.

Activated Co sponge powder (a-CoSP). {[(Co(NCS),)s(k°>-
TPT),]-c(H,0)}," (a-CoSP) was prepared by pre-treating the
synthesized powder before use.** This involves heating the
synthesized i-CoSP at 120 °C under vacuum for at least 10 h.

was

Conclusions

In summary, we have established that CoSP MOF first reported
by Fujita and co-workers is capable of serving as a host for two
organic dyes, OG and MB. The absorption capability of the
sponge is greatly enhanced by removal of trapped solvents by
activating with heat at 120 °C for 10 h. The activation accelerates
the transformation to a semi-amorphous material previously
discovered by Murugesu and co-workers. We have shown that
this activation altered the crystallinity of the MOF but does not
hinder host/guest chemistry. Removal of trapped solvents frees
up void spaces for dye encapsulation. CoSP does not degrade in
aqueous solution and remains capable of dye adsorption even
in a semi-amorphous state. The crystallinity of the material was
greatly affected by this host/guest chemistry. The semi-
amorphous activated form regained crystallinity when
immersed in water or solutions of dyes. Although the kinetics of
uptake were faster for OG, the cationic MB bound much more
tightly to the framework, with minimal reversibility.
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